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RÉSUMÉ 

Il est bien établi que le procédé de carbonisation des matériaux joue un rôle critique dans la 

production de matériaux à base de carbone. La carbonisation est définie par la transformation 

thermique d’une substance carbonée en charbon (« carbon material », CM). Les CMs ont plusieurs 

usages, par exemple : les électrodes en graphite pour les fours à arc électriques, les brosses de 

charbon pour moteurs électriques, les scellants, les roulements à bille en acier et carbone, les 

accumulateurs électriques, les anodes et cathodes des alumineries. 

Le brai provenant du goudron (« coal tar pitch », CTP) est par ailleurs très utilisé comme liant dans 

les procédés industriels mentionnés ci-dessus. Par exemple, le CTP est le principal matériau utilisé 

dans la fabrication du liant de la pâte de Söderberg, utilisée dans les anodes précuites du procédé 

Hall-Héroult des alumineries. Le CTP constitue entre 14 et 17% du poids total des blocs anodiques 

de coke vert. Les CTPs industriels ont une composition chimique extrêmement complexe, 

contenant des centaines, voire des milliers de composés, y compris des monomères, des oligomères 

et des polymères d’hydrocarbures aromatiques polycycliques (PAH) avec une large gamme de 

poids moléculaires. Une meilleure compréhension des propriétés thermodynamiques et du 

comportement des phases des constituants des CTPs lors de la carbonisation, et ce à plusieurs 

températures, améliore les procédés de production de CMs et, par conséquent, les propriétés des 

CMs résultants. L'acquisition de connaissances sur la description thermodynamique et la 

configuration d'équilibre de la mésophase, qui apparait lors de la cuisson des blocs anodiques verts 

et des pâtes à enfoncer entre les blocs cathodiques, se traduira par une amélioration de l’efficacité 

du processus de production d'aluminium Hall-Héroult. 
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Les propriétés thermodynamiques des PAHs prédites par Richard et Helgeson, basées sur des 

algorithmes d'additivité de groupe, souffrent d'un manque de cohérence dans la conciliation des 

données de transition de phase (enthalpie de fusion et vaporisation) et le calcul des pressions de 

vapeur à l'aide des fonctions énergétiques de Gibbs pour les phases condensées et gazeuses d'un 

composé PAH donné. L'une des principales contributions de la présente thèse (sous la forme d'un 

premier article) est une évaluation critique des propriétés thermodynamiques des PAH considérés 

importants dans les CTPs, et ce pour les plages de températures typiques des procédés de 

carbonisation (de la température ambiante à 1200 K). Cette évaluation est faite en appliquant 

l'approche CALPHAD, où toutes les données sont examinées de manière cohérente avec les 

données de transition de phase et de pression de vapeur. Un bon accord a été obtenu entre les 

propriétés thermodynamiques des PAH prédites et les données expérimentales disponibles. De 

plus, l'approche proposée offre une amélioration de la capacité prédictive par rapport aux méthodes 

précédentes. Compte tenu de la grande complexité des PAHs et leurs constituants dérivés inclus 

dans les CTPs (oligomères avec un poids moléculaire élevé (MW)), des améliorations ont été 

apportées à la méthode d’Richard et Helgeson pour prédire les propriétés thermodynamiques de 

ces PAHs à poids moléculaire élevé. De plus, le formalisme de l'énergie composée (CEF) a été 

appliqué pour estimer la chaleur spécifique de certains PAHs, tels que le phénanthrène et le pyrène, 

qui présentent un comportement anormal à l'état solide, associé à des pics de dépendance à la 

température des courbes de capacité thermique. 

Au cours de la carbonisation, le brai subit des changements physiques et chimiques et est converti 

en coke infusible (qui ne fond pas). Les principaux changements physiques pertinents se produisant 

lors de la carbonisation du brai sont la volatilisation des composants condensables à bas point 

d'ébullition et le dégagement de gaz. Ces matières volatiles sont en grande partie constituées de 
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composants de faible poids moléculaire, qui se distillent hors du brai avant de pouvoir réagir. Étant 

donné que la température de traitement thermique du CTP atteint, avec le temps, environ 350-

450°C, la polymérisation thermique des composés PAH réactifs se produit, se traduisant par une 

large distribution d'oligomères moléculaires qui apparaissent sous la forme d'une mésophase 

cristalline liquide. Le traitement thermique supplémentaire du brai entraîne une polymérisation 

irréversible supplémentaire et produit du coke infusible. Le processus de déshydrogénation lors de 

la carbonisation du brai s'accompagne d'une croissance continue de la taille des molécules 

aromatiques. L'hydrogène est éliminé en grande partie sous forme de H2 et de CH4 et le rapport 

H/C du CTP diminue régulièrement avec la température du traitement thermique. Cependant, le 

défi industriel consiste à obtenir des CMs de bonne qualité et des procédés efficaces pour la 

production de matériaux à base de carbone, tout en minimisant la consommation d'énergie, les 

émissions environnementales et les coûts. 

Les connaissances actuelles sur les procédés de carbonisation sont qualitatives dans la plupart des 

aspects. Cependant, l'étude du comportement des phases de la mésophase du brai, sur des plages 

de températures de carbonisation typiques, est importante pour optimiser les procédés de 

production industriels des CMs. En tant que tel, sur la base des tentatives précédentes pour décrire 

quantitativement le comportement de transition de phase des brais contenant une mésophase, la 

deuxième contribution de la présente thèse est ainsi présentée (sous la forme d'un deuxième article). 

Il s’agit d’une extension du modèle thermodynamique et de l'approche développée par Hu et Hurt 

pour le calcul de l'énergie libre de Gibbs et l'estimation de la configuration d'équilibre des brais 

contenant une mésophase. Le modèle de Hu et al. est basé sur les comportements de solution non 

idéale et de cristaux liquides de la mésophase, comprenant des termes à la fois pour l'énergie libre 

d’excès de mélange et l'énergie libre d'orientation pour décrire quantitativement le comportement 
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de la mésophase dans le brai. Dans leur travail, le comportement de la mésophase a été estimé en 

résolvant une série d'équations dérivées de l'équation des potentiels chimiques de chaque 

composant dans les phases en équilibre. Une technique stochastique a été utilisée pour minimiser 

la différence absolue entre les deux côtés de ces équations. Pour pallier les limites associées à 

l'application de l'approche de Hu et al. et les difficultés de calcul du potentiel chimique à l'aide de 

la fonction d'énergie de Gibbs, une nouvelle approche est proposée ici, utilisant une technique 

numérique précise et robuste pour minimiser le total de la fonction d'énergie de Gibbs de la 

mésophase directement (i.e. en utilisant l’algorithme « Mesh Adaptive Direct Search », MADS). 

La fiabilité de l’algorithme MADS pour déterminer les minima globaux et locaux d'un ensemble 

de fonctions avec différents degrés de complexité a été présentée précédemment. Le comportement 

des phases des systèmes binaires, ternaires et d'ordre supérieur peut être estimé en utilisant 

l'approche proposée ici. Cette nouvelle approche permet également d'utiliser le modèle 

thermodynamique pour prédire, avec une grande précision, le comportement thermodynamique des 

brais contenant une mésophase présentant des lacunes de miscibilité. 

En combinant des concepts provenant à la fois de l'évaluation critique des propriétés 

thermodynamiques des composés PAH purs, et de la thermodynamique et des relations de phase 

de la mésophase carbonée, une troisième contribution de la présente thèse a été développée (sous 

la forme d'un troisième article). Cette contribution visait à décrire les changements physiques et 

chimiques qui se produisent pendant le processus de carbonisation primaire, ce qui est utile pour 

l'optimisation des procédés dans les applications industrielles mentionnées précédemment. On 

présente donc une nouvelle approche simplifiée pour la modélisation thermodynamique-cinétique 

du procédé de carbonisation primaire pour fournir des connaissances semi-quantitatives sur ce 

procédé. L'approche proposée définit des équations thermodynamiques et cinétiques pour les 
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procédés de vaporisation et de condensation, représentant les nombreux phénomènes complexes se 

produisant pendant la carbonisation primaire. Les variables cibles importantes étudiées dans le 

troisième et dernier article sont la masse du brai résiduel et la composition et le pouvoir calorifique 

des espèces volatiles. Le modèle permet d'estimer la pression partielle des composés volatiles 

PAHs émis ainsi que les variations de masse et d'enthalpie du CTP au cours de la carbonisation 

primaire. Le modèle a été appliqué pour évaluer l'effet de paramètres importants dans la 

carbonisation du brai, tels que la vitesse de chauffage et le débit de gaz porteur sur le taux 

d'émission de matières volatiles. 
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ABSTRACT 

The critical technological role played by the carbonization process in the production of carbon-

based materials is well established. Carbonization is formally defined as the thermal transformation 

of carbonaceous materials into carbon materials (CM). CMs are widely used to produce various 

materials ranging from needle coke for graphite electrodes used in electric-arc furnaces, electrical 

and mechanical carbon materials widely applied to electric motors brushes, sealing materials, 

carbon bearings, current collectors, pitch-based fibers to aluminum-smelting prebaked electrodes. 

Coal tar pitches (CTP) are of great interest as precursors (binders) in the above-mentioned 

industrial production processes. As a specific example, the major constituent of the binder of 

Soderberg paste used in carbon prebaked anodes in the Hall-Héroult  process used for commercial 

plants of aluminum production is coal tar pitch, constituting between 14% and 17% (by mass) of 

the green anode blocks. Commercial CTPs are exceedingly complex materials containing hundreds 

to thousands of different constituents, including monomers, oligomers and polymers of polycyclic 

aromatic hydrocarbon (PAH) and heterocyclic compounds with a wide range of molecular weights. 

A better understanding of the thermodynamic properties and phase behavior of the constituents of 

CTPs during carbonization over a wide range of temperatures will improve CM production 

processes and, consequently, the properties of the resultant CMs.  Obtaining the knowledge about 

thermodynamic description and equilibrium configuration of mesophase-containing pitches, which 

appear during baking of green anode blocks and ramming paste between cathode blocks, will result 

in efficient Hall-Héroult aluminum production process.  

The thermodynamic properties of PAHs predicted by Richard and Helgeson based on group 

additivity algorithms suffer from a lack of consistency in reconciling phase transition data 
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(enthalpy of fusion and vaporization) and the computation of vapor pressures using the Gibbs 

energy functions of the condensed and gaseous phases of a given PAH compound. One of the key 

contributions of the present thesis (in the form of a first paper) is a critical assessment of the 

thermodynamic properties of the important PAHs in CTP in typical carbonization process 

temperature ranges (from room temperature to 1200 K) by applying the CALPHAD approach, 

where all data are rendered consistently with phase transition and vapor pressure data. Good 

agreement was obtained between the predicted thermodynamic properties of PAHs and available 

experimental data. The proposed approach also offers an improvement in predictive capacity 

compared to previous methods. In the view of the high complexity of the PAH and PAH-derived 

constituents of CTP (high molecular weight (MW) oligomers), improvements in Richard and 

Helgeson method for predicting the thermodynamic properties of such high-MW PAHs were 

developed. Moreover, Compound Energy Formalism (CEF) was applied to estimate the specific 

heat of some PAHs, such as phenanthrene and pyrene, which exhibit an anomalous solid state 

behavior associated with peaks in the temperature dependence of the heat capacity curves. 

During carbonization, pitch undergoes physical and chemical changes and is converted into 

infusible coke. The major relevant physical changes that occur during heat treatments of pitches 

(carbonization) are the volatilization of low boiling condensable components and the evolution of 

gases. These volatiles consist largely of low molecular weight components, which distil out of the 

pitch before they can react. As the heat treatment temperature of CTP reaches approximately 350-

450°C over a certain period of time, thermal polymerization of reactive PAH compounds take 

place, which results in a broad distribution of molecular oligomers that appear as a bulk liquid-

crystalline, mesophase. Additional heat treatments of pitch result in further irreversible 

polymerization and produce infusible coke. The dehydrogenation process during pitch 
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carbonization is accompanied by continuous growth in the size of aromatic molecules. Hydrogen 

is removed largely in the form of H2 and CH4 and the H/C ratio of CTP decreases regularly with 

the temperature of the heat treatment. However, the industrial challenge resides in obtaining good 

CM quality and efficient carbon-based materials production processes while minimizing energy 

consumption, environmental emissions, and costs. 

Current knowledge of the carbonization process is qualitative in most aspects. However, the study 

of the phase behavior of the mesophase in pitch over typical carbonization temperature ranges is 

important for optimizing industrial CM production processes. As such, based on previous attempts 

to quantitatively describe the phase transition behavior of mesophase-containing pitches, the 

second contribution of the present thesis is presented (in the form of a second paper). It consists in 

an extension of the thermodynamic model and the approach developed by Hu and Hurt for the 

calculation of the Gibbs free energy and the estimation of equilibrium configuration of mesophase-

containing pitches. Hu et al.’s model is based on the non-ideal solution and liquid crystal behaviors 

of the mesophase that includes terms for both excess free energy of mixing and orientational free 

energy to quantitatively describe the behavior of the mesophase in the pitch. In their work, the 

phase behavior of mesophase pitches was estimated by solving a series of equations derived from 

equating the chemical potentials of each components in the phases in equilibrium. A stochastic 

technique was used to minimize the absolute difference between both sides of these equations. 

With respect to the limitations associated with the application of Hu’s approach and the difficulties 

in calculating the chemical potential using the Gibbs energy function, a new approach is proposed 

here that uses a precise and robust numerical technique for minimization of the total Gibbs free 

energy function of the mesophase directly (i.e. mesh adaptive direct search or MADS algorithms). 

The reliability of MADS algorithms to determine the global and local minima of a set of functions 
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with different degree of complexity has been presented previously. The phase behavior of binary, 

ternary and higher order systems can be estimated using the proposed approach. The new approach 

also makes it possible to use the thermodynamic model to predict the thermodynamic behavior of 

mesophase-containing pitches exhibiting miscibility gaps with high accuracy. 

By combining selected concepts from both the critical assessment of the thermodynamic properties 

of pure PAH compounds and the thermodynamics and phase relationships of carbonaceous 

mesophase, the third contribution of the present thesis is developed (which takes the form of a third 

paper). This contribution was aimed at describing the physical and chemical changes occurring 

during the primary carbonization process, which would be useful for process optimization in the 

above- mentioned industries. A new simplified approach for thermodynamic-kinetic modeling of 

the primary carbonization process to provide semi-quantitative knowledge about the process is 

presented. The proposed approach is based on defining thermodynamic and kinetic equations for 

the vaporization and condensation processes simply representing the numerous complicated 

phenomena happening during the primary carbonization process. The important target variables 

studied in last paper are the mass of the residue pitch and the composition and heating value of 

volatile species. The model enables estimating the partial pressure of the volatile PAH compounds 

emitted as well as variations in the mass and enthalpy of CTP during the primary carbonization 

process. The model was applied to evaluate the effect of important parameters in the carbonization 

of pitch such as the heating rate of the pitch and the carrier gas flow rate on the emission rate of 

volatiles.  
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 INTRODUCTION 

Pitch was described by Webster in 1956 [1, 2] as a black or dark viscous substance obtained as a 

residue following the distillation of coal tar, wood, and petroleum, etc. A more suitable technical 

description of pitch would be that it is a complex mixture of hundreds or thousands of organic 

aromatic compounds (mostly polycyclic aromatic hydrocarbons) with an average molecular weight 

of several hundred of 𝑔 𝑚𝑜𝑙 ⁄ [2-4]. These compounds are formed by an array of thermal 

decomposition, hydrogen transfer, and oligomerization reactions. Although the compounds in pitch 

may melt individually at a fairly high temperature (several hundreds of °C), the pitch mixture 

softens at much lower temperatures (approximately 100-150°C). In fact, the low softening point of 

pitch is key to its useful rheological properties and flow behavior [1]. 

The capacity of thermal transformation of coal tar pitches (CTP) into carbon materials (CM) as 

well as their specific binding properties make CTPs an important source of a wide range of different 

CMs.  CTPs are used in the production of various carbon-based materials ranging from needle coke 

for graphite electrodes used in electric-arc furnaces [5-8], electrical and mechanical carbon 

materials widely applied to electric motor brushes, sealing materials, carbon bearings, current 

collectors [9-15], pitch-based fibers  [16-19] to aluminum-smelting prebaked electrodes [20, 21].  

In this last example, it is used as binder to join calcined petroleum coke and crushed recycled green 

and baked anodes to prepare green anode blocks that will later be baked to obtain the desired 

electrical and mechanical properties suitable for the Hall-Héroult aluminum production process. 

Fig. 1.1 presents the typical steps for the production of pre-baked anodes. The anode raw materials 

consist of calcined petroleum coke, recycled green and baked anodes, and coal tar pitch. The coke 

and butts (after cleaning and crushing) are ground and classified and to the desired particle size 

distribution. This is the dry aggregate preparation step. The dry aggregate is then pre-heated. It is 
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followed by the mixing of the dry aggregate with the softened pitch. The softening point (the 

temperature at which a material softens beyond some arbitrary softness) is one of the main 

properties of coal tar pitch which determines its flow behavior. Maintaining an appropriate pre-

heating temperature (50°C to 60°C above the pitch softening point) is important during adding 

pitch to the dry aggregate blend. This can assure proper pitch penetration into the filler matrix. The 

green anode blocks formed either using a press or a vibro-compactor are placed in an open ring 

baking furnace and undergo thermal transformation process [22].  

 

Figure 1.1 Pre-baked anode manufacturing process flow sheet [22]. 
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Fig.1.2 shows a typical baking program for anode production. The quality of the anodes with 

respect to the properties affected by the baking process is mainly determined by the following 

factors of the baking cycle: controlled heating rate and final baking temperature. 

 

Figure 1.2 Typical baking program for anode production (in open top furnace) [22]. 

During transformation of CTP part of green anode blocks to CM, CTP undergoes a carbonization 

process that enriches it in carbon constituents. In the early steps of the carbonization process, the 

smaller, more volatile PAHs in CTP distill, raising the average molecular weight and viscosity of 

the remaining pitch. Continuing the heat treatment of CTP results in the thermal oligomerization 

and polymerization of the more reactive residual species, the cracking of substituent side chains 

from aromatic rings, and the release of volatiles. As first demonstrated by Brooks and Taylor [23], 

as the heat treatment temperature reaches approximately 350°C, a mesophase in the form of 

anisotropic spherules is observed during the thermal transformation (polymerization) of pitches 

(aromatic compounds) to coke [24, 25]. Mesophase is the intermediate discotic nematic liquid 

crystals whose molecular ordering lies between that of a solid and that of an isotropic liquid [26-

28]. The spherules are composed of mostly fully condensed high molecular weight polycyclic 
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aromatic hydrocarbon (PAH) molecules. The formation of the mesophase allows the spatial 

rearrangement of the molecules favoring the oligomerization and polymerization needed for semi-

coke formation. Additional heat treatments of the pitch up to 400-600°C (as the penultimate stage 

of primary carbonization) result in continuous growth in the molecular size of aromatics due to 

further irreversible polymerization which leads to a brittle solid state materials (semi-coke) 

formation.  

Actually, any changes in heating rate in baking program affects the carbonization process and 

consequently the prebaked anode quality as well as emission of gaseous product through the baking 

process.  

The constituents of the gas released throughout the process are mostly composed of light PAH 

monomers, hydrogen and methane. The designs of some specific processes currently provide 

suitable conditions for burning released volatiles, which can supply about half of the energy 

required for the carbonization process. For example, the gaseous mixture which is emitted during 

the baking of the green anode blocks and penetrated to the flue wall of the baking furnace, is burnt 

and provides some portion of required heat for the baking process. In this way, the fuel 

consumption of system decreases while some PAHs are consumed as fuel. On the other hand, the 

volatiles emitted during the ramming the carbon pastes between cathode blocks in aluminum 

electrolysis cells, are released into the work place. Based on a 4-year analysis of aluminium 

smelters [29-31], PAH monomers have been classified as non-genotoxic, genotoxic, or highly 

genotoxic with respect to the toxicity of benzo(a)pyrene (BaP) as an indicator. Acute or short-term 

exposure to these volatiles has been associated with several health effects. 



5 

 

 

The industrial challenge resides in obtaining a good quality final product and an efficient CM 

production process while minimizing energy consumption, environmental emissions, and cost [32]. 

A better understanding of the factors controlling carbonization and consequently volatilization will 

contribute to developing green and efficient CM production processes.  Information about 

thermodynamic properties of CTP constituents such as vapor pressure and phase transition data 

(which is difficult to get experimentally) enables evaluating the emission rate of volatile matters 

during carbonization. Thermodynamics and relationship of the phases (solid, mesophase, isotropic 

liquid, and gas) appearing during carbonization process, which allows the mass loss and heat 

requirement estimation during the process, will help contribute to improve the CM production 

processes. 

This doctoral project focuses on development of a thermodynamic model to estimate the 

thermodynamic properties and phase behavior of CTP in the gas, liquid, solid phases as well as in 

the mesophase in order to provide the industry with scientific tools for their simulations aimed at 

optimizing the carbon- based material production processes.  

The present thesis is structured as follows. A literature review is presented first. The specific 

objectives are then described. The scientific papers either published or submitted are then presented 

as three chapters of the thesis. Chapter 4 presents “Critical assessment of thermodynamic properties 

of important polycyclic aromatic hydrocarbon compounds (PAHs) in coal tar pitch at typical 

temperature ranges of the carbonization process”, Chapter 5 discusses “Thermodynamics and 

phase relationship of carbonaceous mesophase appearing during coal tar pitch carbonization”, and 

Chapter 6 presents “Modeling the coal tar pitch primary carbonization”. Finally, the strengths and 
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limitations of the present thesis as well as future scientific contributions that may be based on the 

work accomplished to date are discussed. 
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    LITRATURE REVIEW 

To propose a new approach in this thesis for thermodynamic modelling of coal tar pitch and 

carbonaceous mesophase present during primary carbonization leading to optimization of carbon-

based material production process, literature review must include a combination of several practical 

and theoretical knowledge in different fields. These fields can be divided into thermodynamics, 

chemical reactions, material characterization techniques, numerical modelling and process 

optimization. 

Firstly, source of coal tar pitch production, contents, properties and characteristic values of coal tar 

pitch are reviewed in Section 2.1 

A comprehensive literature review of existing studies for qualitative understanding of evolution of 

coal tar pitch during carbonization as well as investigation of carbonaceous mesophase nature 

appearing during carbonization is then presented in Section 2.2.  

Subsequently, in Section 2.3, existing thermodynamic models to predict the properties of coal tar 

pitch in different phase states and phase behavior of mesophase-containing pitches are reviewed. 

Strengths and limitations concerning these models revealed in the literatures are discussed in detail 

in this section.   

2.1 Coal Tar Pitch 

Coal tar pitch (CTP) can be defined as a solid, fusible product of the pyrolysis of coal [33, 34]. The 

characterization of commercial pitches shows them to be exceedingly complex materials 

containing hundreds to thousands of different components: monomers, oligomers and polymers of 

polycyclic aromatic hydrocarbon (PAH) and heterocyclic compounds  with a variety range of 

molecular weight (MW) [3, 4].  
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Fig. 2.1 presents a mass spectrum of a coal tar pitch [21], species are observed at every molecular 

weight interval over the mass range covered [35]. In fact, the pitches prepared from different 

sources exhibit essentially the same degree of diversity in molecular weight [1].  

 

Figure 2.1 Mass spectra (MS) of a sample of coal tar pitch [21]. 

A typical set of some polycyclic aromatic monomers of coal tar pitch is summarized in Table 2.1 

[4, 30, 31]. From an analysis performed over a 4-year period in aluminum smelters [29],[36], it has 

been confirmed that one of these PAHs, benzo(a)pyrene (BaP), is an excellent indicator to evaluate 

the toxicity of a coal tar pitch product. So, the PAH compounds have been classified based on the 

toxicity using BaP as a reference. Table 2.1 shows the classification of PAHs according to their 

genotoxic level and to their relative potency factor [30, 31]. 

2.1.1 Source and industrial applications of coal tar pitch 

Coal tars are produced during the production of metallurgical coke which then used in blast furnace 

to producing iron for steel production [37]. A coking coal is placed in a coke oven (Fig. 2.2) and 

undergoes carbonization at high temperature (1100-1200°C) in reducing atmosphere. The process 



9 

 

 

removes volatile matters of coal and concentrates the carbon to  make coke feed. Released volatiles 

are condensed and form tars. Coal tar pitches are produced by tar direct distillation [37, 38].  

Table 2.1 Some polycyclic aromatic hydrocarbon monomers in coal tar pitch and their relative 

potency factor (RPF) [3, 30, 39]. 

PAH 
Chemical 

Formula 

Molecule 

representation 

Molecular 

weight 
RPF 

Non-genotoxic 

Naphthalene C10H8  128.17 N/A 

Fluorene C13H10  166.22 nil 

Phenanthrene C14H10 
 

178.22 nil 

Anthracene C14H10  178.22 nil 

Pyrene C16H10 
 

202.25 nil 

Naphthacene C18H12  228.29 N/A 

Perylene C20H12 

 

252.31 N/A 

Benzo(b)chrysene C22H14 

 

278.35 N/A 

Coronene C24H12 

 

300.35 N/A 
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PAH 
Chemical 

Formula 

Molecule 

representation 

Molecular 

weight 
RPF 

Ovalene C32H14 

 

398.45 N/A 

Genotoxic 

Benzo(k)Fluoranthene C20H12 

 

252.31 0.01 

Benzo(a)Anthracene C18H12 

 

228.29 0.033 

Fluoranthene C16H10 

 

202.25 0.034 

Benzo(e)Pyrene C20H12 

 

252.31 0.050 

Benzo(b)Fluoranthene C20H12 

 

252.31 0.100 

Indeno(1,2,3-

c,d)pyrene 

C22H12 

 

276.33 0.100 

Highly Genotoxic 

Chrysene C18H12 
 

228.29 0.260 

Benzo(a)pyrene C20H12 

 

252.31 1.000 

Benzo(g,h,i)perylene C22H12 

 

276.33 1.000 
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PAH 
Chemical 

Formula 

Molecule 

representation 

Molecular 

weight 
RPF 

Dibenzo(a,h)anthraceen C22H14 

 

278.35 1.400 

 

Figure 2.2 Products in coal carbonization [38]. 

Coal tar pitch is used in the production of various materials ranging from needle coke for graphite 

electrodes used in electric-arc furnaces [5-8], electrical and mechanical carbon materials widely 

applied to electric motors brushes, sealing materials, carbon bearings, current collectors [9-15], 

pitch-based fibers  [16-19] to aluminum-smelting prebaked electrodes [20, 21]. 
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2.1.2 Content, properties and characteristic values of coal tar pitch 

A. Radenovic [40] reported an average value for properties of coal tar pitch (Table 2.2). This report 

is based on available experimental data in the literature [41, 42].  

Although the separate compounds in the pitch may melt in individually at a fairly high temperature 

(several hundred °C), the pitch mixture softens in low temperature ranges, e.g. at 100-150°C, 

because of its unique rheological properties and glass-like behaviors [1, 35]. The “softening point” 

which is determined using a Mettler softening point apparatus is associated with the flow behavior 

of pitch at a particular temperature. The glass transition of pitches can be determined using 

differential scanning calorimetry (DSC) or thermomechanical analysis (TMA) techniques [43, 44].  

Coking value as another typical property of the pitch represents the amount of remaining carbon 

after releasing hydrocarbons volatile constituents of pitch, which happens during heat treatment of 

pitch in carbon-based material production process. A higher coke value is desired as more carbon 

remains in the residual pitch. Indeed, the high coking value of coal tar pitch distinguishes it from 

other pitches (like petroleum pitch) for use in carbon-based material production processes. [45].    

Liquid chromatographic technique according to ASTM 2007-75 can be used to determine the 

content of aromatic and asphaltene compounds in coal tar pitch. The most frequent coal tar pitch 

characterization method is analysis of group composition of coal tar pitch fractions, based on 

partition of pitches according to solubility of their compounds in organic solvents. On this basis, 

one can distinguish between [40]:  

 α-fraction of resin or quinoline – insolubles (QI) known in two main forms:  

o α1-fraction or primary fraction, formed by cracking of volatile components and their 

separation at high temperatures in the process of coal distillation;  
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o α2-fraction or secondary fraction, formed by polymerization of initially present  α1-

fractions at increased temperatures.  

 β-fraction of resin is the difference between toluene – insolubles (TI) and quinoline – 

insolubles (QI) matter (Fig. 2.3).  

The content of α-fraction in coal tar pitch is determined using the H. March method [42] based on 

dissolution of coal tar pitch in warm quinoline (75⁰C). The obtained mixture is filtered and 

undissolved part washed with toluene and acetone i.e. benzene and acetone. The amount of β-

fraction is calculated from the toluene insolubles (TI) and the quinoline insolubles (QI) fractions 

according to the expression: β-fraction = TI -QI. Toluene insolubles are determined by dissolution 

of coal tar pitch sample in warm toluene and following the technique described in reference [46] . 

A summary of the properties of coal tar pitch is shown in Table 2.2.   

 

Figure 2.3 constituents of coal tar pitch [22]. 
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Table 2.2 Typical properties of coal tar pitch [35, 40]. 

Coal Tar Pitch 

Content 

Softening point, °C 

Tg, °C 

Coking value (%) 

Ash, Wt.% 

Metal, mgkg-1 

Ca 

Na 

V 

Sulphur, wt.% 

Aromatics, wt.% 

Asphaltenes, wt.% 

116 

34 

58 

0.14 

    

140.1 

160.2 

18.2 

0.43 

91.2 

1.3 

Quinoline insoluble, wt% 

Toluene insoluble, wt% 

β-fraction β-fraction 

7.5 

29.6 

22.1 

 

One of the main criteria that determine the use of coal tar pitch as binder in carbon based material 

production is the α-fraction content. This fraction has an effect on carbonization processes and 

product structure. Higher ratio of α1-fraction indicates increased aromatic compound content and 

relatively low pitch softening temperature, necessary for its binding properties. However, higher 

content of that fraction reduces the wetting ability of the pitch. With that in mind, the α1-fraction 

content is limited to 16%. Increase of temperature results in secondary, α2-fraction, which acts as 

a centre of nucleation in the carbonization process, ensuring the creation of well-graphitized 

secondary carbon, which is a result of binder carbonization [40, 42]. 

The XRD patterns of the pitch is shown in Fig. 2.4. This figure shows the convolution of the (002) 

peaks for the pitch. They are assigned to three carbon structures represented by a rather ordered 
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“graphite-like” component (at 2θ about 25.0°) and by two poorly ordered γ-components (at 2θ of 

19.0° and 10.0°). As seen in Fig. 2.4, a dominant proportion of carbon in the pitch occurred in the 

disordered γ1-matter (65%) and much less proportion did for the least ordered γ2-matter (10%). The 

most ordered graphite-like matter accounted for 25 % [47].  

 

Figure 2.4 Fragments of XRD patterns for pitch (1, "graphite-like" carbon fraction;2, γ1-carbon 

fraction, 3,γ2-carbon fraction) [47]. 

Some other investigations [48] indicate that the raw coal tar pitch is an amorphous material with 

no structural ordering in it. 

2.2 Evolution of coal tar pitch during carbonization 

Carbonization is formally defined as the thermal transformation of carbonaceous materials to 

carbon materials (CM). CMs are widely applied to produce graphite electrodes used in electric-arc 

furnaces [5-8], electrode motors brushes, sealing materials, carbon bearing, current collectors [9-

15], pitch based fibers [16-19], and aluminum-smelting carbon electrodes [21, 49]. In reviewing 

the carbon literature, one would have to conclude that there is no area of carbon technology in 

which more progress has been made than in the fundamentals of carbonization [3, 35, 37, 50-52].  
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This increased understanding is the result of the efforts of a large number of investigators 

representing laboratories and institutes throughout the world and development of improved 

characterizations techniques such as chromatographic methods, thermal analysis, mass 

spectroscopy, Raman spectroscopy, and electron and nuclear magnetic resonance [37, 50-56]. 

Franklin is credited as one of the first investigators in this research field [54, 55]. Later, Oberlin 

and Bonnamy continued the work of Franklin. They have extensively reviewed the carbonization 

process [37, 51, 52, 56].  

Fig. 2.5 shows the structural evolution of carbonaceous materials during progressive heat treatment 

[53, 57, 58]. Primary carbonization, as the research interest in this thesis, proceeds up to 750-785K; 

the temperature at which all aliphatic and light compounds are removed and a brittle solid material 

is obtained (semi-coke stage). This solid carbon material composed of relatively large polycyclic 

aromatic molecules mutually cross-linked by a solid medium composed of carbon functions 

containing heteroatoms [59]. This structural description can be represented as a turbostratic 

crystallite structure. The turbostratic order is defined as the absence of graphenic stacks of carbon, 

i.e. two-dimensional crystallographic order. However, continuing the heat treatment up to 2300-

3000 K results in transforming the turbostratic structure into a three-dimensional graphitic structure 

(rigorous definition of graphitization) [51, 52, 56, 59]. 
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Figure 2.5 Raman spectra evolution of a carbonaceous material to graphite [53, 54, 60]. 

2.2.1 Physical and chemical changes during carbonization of pitches 

As pitches go under carbonization, low molecular weight compounds evaporate. Physical 

distillation is accompanied by several chemical reactions including oligomerization and 

polymerization of the more reactive species and cracking of substituent side chains from aromatic 

rings [61]. Low molecular weight by-products, generated through thermal reactions, are also 

included in the volatiles from pitch carbonization. Fig. 2.6 presents thermogravimetric analysis 

(TGA) and gas evolution data for a coal tar binder pitch. The weight loss is attributed largely to 

physical removal of low molecular weight volatiles in the original pitch [3]. 
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Figure 2.6 Thermogravimetric analysis and gas evolution data of coal tar pitch at 10°C min-1 in 

argon [3]. 

From chemistry point of view, carbonization can be envisioned by the scheme shown in Fig. 2.7. 

A small aromatic structure is polymerized to an aromatic polymer, which achieves the turbostratic 

crystalline structure of coke in temperature range of 500-1000°C. Additional heat treatment of coke 

which accompanied by dehydrogenation process results in carbon and ultimately the three-

dimensional order of graphite [50, 62]. 
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Figure 2.7 General reaction scheme for carbonization [50]. 

The overall process of carbonization is exceedingly complex. However, we can consider 

individually the following processes, which represent some of the major reactions involved in the 

pyrolysis of aromatic hydrocarbons: 

1. C-H, C-C bond cleavage to form reactive free radicals; 

2. Molecular rearrangement; 

3. Thermal polymerization; 

4. Aromatic condensation. 

The initial thermal reaction in the carbonization of an aromatic hydrocarbon is poorly understood. 

It is believed to involve the formation of a free radical intermediate (Fig. 2.8) [4, 50, 63, 64]. 
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Figure 2.8 Initial reactions in the pyrolysis of naphthalene and anthracene [4, 50].  

The reacting intermediate once formed, can undergo direct polymerization as in the formation of 

naphthalene polymer (Fig. 2.9). These initial polymerization reactions involve the loss of 

hydrogen. Decreasing of the H/C ratio with heat treatment temperature (up to 1000°C) indicates 

the removal of hydrogen in different forms (hydrogen or methane) during the carbonization of 

pitches (with different characteristics) to coke (Fig. 2.10) [3, 56]. 

 

Figure 2.9 Thermal polymerization of naphthalene [50]. 

Another step in early stages of carbonization is that of thermal rearrangement. This reaction often 

makes it difficult to relate the starting structure to the subsequent course of graphitization. Fig. 2.11 

presents several instances of thermal rearrangement which have been studied by Lewis [28, 50]. 

As shown in the examples for acenaphthalene and bifluorene, this reaction can transform unstable 

five-membered rings into more stable six-membered ring system without the loss of carbon atoms. 

The last example, methyl-phenanthrene illustrates a similar type rearrangement which involves the 

loss of carbon atoms. 



21 

 

 

 

Figure 2.10 H/C ratio changes with heat treatment temperature  [56]. 

 

Figure 2.11 Thermal rearrangement reactions in pyrolysis [50]. 

Either the starting molecule or a rearranged entity serves as the building block in carbonization. 

One of the factors that makes carbonization so complex is the presence of many polymerization 

sites in an aromatic molecule. Various reactivity parameters including localization energies [65, 

66], activation energies and pre-exponential factors [67, 68] as well as steric effects [69-71] can be 

Pitch C 

(93% β resins + 7% γ resins) 

Ashland 240 

(100% γ resins) 

Fluorene 

monomer 

Acenaphthalene 

monomer 
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used to predict the site in aromatic ring at which polymerization should predominantly occur [50]. 

As shown in Fig. 2.12, polymerization process can occur in two stages resulting in either 

noncondensed or condensed polymers [50, 72].  

 

Figure 2.12 Polymerization-condensation process in carbonization [50]. 

The loss of two hydrogen atoms between two naphthalene molecules leads to polymers in which 

the units are linked by single bonds. Additional loss of two hydrogen atoms creates fully condensed 

polymer. 

Eventual polymerization to carbon occurs in two dimensions.  Figs. 2.13 and 2.14 show how the 

molecule zethrene has the perfect shape and reactivity to polymerize in two dimensions to a planar 

graphitic-like structure without vacancies but poorly graphitizing compound 

tetrabenzonaphthalene cannot polymerize without creating vacancies. 
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Figure 2.13 Two-dimensional polymerization for zethrene [50]. 

 

Figure 2.14 Two-dimensional polymerization for tetrabenzonaphthalene [50]. 

 

2.2.2 Carbonaceous mesophase formation 

History and Prospects 

Ramdohr [73] in 1928 for the first time described the optical anisotropy of cokes. Then, Marshall 

[74], Stach [75] and Abramski and Mackowsky [76] and others have described the optical 

anisotropy of various cokes and coke-like carbons [23, 77].  None of them has recognized 

intermediate stages in the development of the characteristic anisotropic mosaic structure. In 1961, 

Zethrene 

monomer 

Tetrabenzonaphthalene 

monomer 
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Taylor made initial observations in the Wongawillie coal seam in New South Wales, Australia [78]. 

An igneous dyke passed vertically through a coal seam, which resulted in the slow carbonization 

of the coal over long distances. Taylor examined the coal samples approaching the dyke using 

polarized-light microscopy and discovered small anisotropic spheres. On approaching the dyke, 

the spheres were larger due to coalescence to form anisotropic coke [79, 80]. Then, in 1965, Brooks 

and Taylor [23, 26] concluded that these spheres are result of formation of nematic liquid crystals 

during the thermal transformation of aromatic compounds (specifically as the constituents of 

pitches) to coke and named them as “carbonaceous mesophase”. Mesophase means “intermediate 

phase” and was suggested to discriminate these materials from conventional “liquid crystals”. 

Brooks and Tylor suggested the name “carbonaceous materials” to emphasize on the liquid crystal 

nature of these carbon-rich materials [23, 26, 79, 81].   

Microscopic view of mesophase formation - Nucleation of mesophase, growth and coalescence  

When pitches and aromatic hydrocarbons are heat treated at temperatures around 350-450°C and 

polymerization reactions are taken place, the size of the constituent polyaromatics is large enough 

to be considered as “discs” [80, 82]. Fig. 2.15 shows the model of constituent molecules in the 

mesophase-containing pitch as proposed by Zimmer and White [83]. When the association of the 

constituent molecules becomes energetically favorable, molecules of this type become bound to 

each other, surface to surface, by van der Waals forces.  

Due to the mobility of the molecules in early stages of polymerization, the association times are 

short but with continuing the polymerization, the time of association of the mesogen molecules 

(molecules with tendency to form mesophase) of similar size and shape increases and, 

consequently, growth units of molecules are formed as reflecting spheres as seen in the optical 
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microscope [80, 84]. Fig. 2.16 shows a model diagram representing mesogen molecules and optical 

micrograph of mesophase spheres when the heat treatment temperature is 450°C [80].  

 

Figure 2.15 Model of a planar aromatic of the type that forms lamellar nematic liquid crystals 

[83]. 

 

Figure 2.16 (a) Schematic diagram of a discotic nematic liquid crystal spheres in a liquid 

pyrolysate; and (b) an optical micrograph of mesophase spheres [80]. 
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Observation of Oberlin indicates that during the very initial stages of mesophase formation, the 

discotic mesogen stacks in columns [33, 51]. Then, as a requirement of minimum surface energy, 

a spherical shape of growing mesophase becomes established [80]. As indicated by electron 

diffraction study carried out by Brooks and Taylor [26], the constituent lamellar molecules of the 

sphere are parallel to each other and parallel to an equatorial plane. Optical microscopy shown in 

Fig. 2.17 indicates that the layers become orientated toward the poles of the spheres and they are 

perpendicular to the interface with the isotropic matrix.  

 

Figure 2.17 Structure of a mesophase spherule [23, 85]. 

The size of mesophase spheres increase with increasing time and /or temperature of carbonization. 

The growth of these spheres continues until contact is made with others and instantaneously a larger 

sphere is formed. This phenomenon is known as “coalescence” (Fig. 2.18) [26, 80]. Coalescence 

is a function of viscosity of the polymeric mesophase which must remain sufficiently deformable 

(low viscosity/high plasticity) to respond to the requirement of minimum surface energy. When 

spheres of low viscosity mesophase coalesce, the structure within the resultant unit is rapidly 

reorganized [80]. The new mesophase units adopt the spherical shape with larger size but do not 
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retain the detail of the Brook and Taylor morphology [26]. Fig 2.18 shows how small spheres in 

position Y with the Brook and Taylor morphology are coalescing to form larger spheres losing 

initial structure and becoming more complicated coalesced spheres (position X).  

 

Figure 2.18 (a) Rearrangement of molecules when two spheres coalesce; (b) optical micrographs 

of mesophase spheres from carbonization of petroleum feedstock at 713 K. [Y] spheres with 

Brooks and Taylor morphology during the coalescence process and [X] spheres with more 

complex structure [26, 80]. 
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When the coalescence of spheres takes place toward the end of the heat treatment process of  pitch, 

they are transformed into bulk of mesophase [35, 86]. Fig. 2.19 shows the schematic of 

transformation of small Brook and Taylor spheres to bulk of mesophase in early stages of 

carbonization [86].   

 

Figure 2.19 Schematic of formation and development of bulk liquid crystalline mesophase. 

Macroscopic view of mesophase formation 

Molecular weight distribution (MWD) changes of pitch during mesophase formation has been 

studied using gel permission chromatography (GPC) by Greinke [87, 88]. MWD obtained for some 

of polymerized pitches heated at 400°C for reaction time between zero and 16 hours are shown in 

Fig. 2.20. After 2 hours, when most of the pitch volatiles are distilled and the pitch becomes rich 

in mesogen molecules, average molecular weight of the pitch increases with time due to 

progressing polymerization reactions and subsequent mesophase formation. The pitch contains 

100% mesophase after 16 hours of heat treatment. This increase in average MW is entirely 

attributed to polymerization reactions of 400-700 MW PAH molecules present in the pitch. The 

most interesting observation of these studies is that significant amounts of pitch components with 

MW greater than 1000 are present in two-hour pitch sample, but molecules with molecular weights 

near 2000 are not observed after 16 hours. This result indicates that the reaction of 1000 MW 

molecules and larger with each other must be extremely slow. In fact, polymerization reactivity of 

molecules with molecular weights between 700 and 1000 rapidly decrease and ultimately 
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molecules larger than 1000 MW react negligibly during mesophase formation. This lack of 

reactivity of the larger molecules ensures that the mesophase remains highly fluid during a wide 

range of reaction conditions. This prolonged fluidity is critical for many industrial processes 

utilizing mesophase pitch.  

Later, Greinke and Singer [89] studied the separated coexisting phases (isotropic liquid and 

mesophase) during transformation of pitch to mesophase by GPC (Fig. 2.21). They established that 

the molecular weight distribution of the mesophase did not change during mesophase formation 

but the average MW of the isotropic liquid increased significantly.  

The results indicates that both coexisting phases contain similarly sized molecules in different 

proportions (Fig. 2.21). This phenomenon can be explained by the polymerization of smaller 

molecules (400-1100 amu) within the isotropic phase, the selective transfer of these molecules into 

the mesophase and also by the stability within the isotropic phase of larger size molecules (>1100 

amu). 

 

Figure 2.20 Molecular weight distribution from GPC curves of pitch as a function of time at 

400°C [87]. 
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Figure 2.21 Number average molecular weight of the coexisting isotropic liquid (line a) and 

mesophase (line b) fractions in the pitch during the transformation [89]. 

2.2.3 Semi-coke (and coke) formation 

As the temperature increases to around 450°C, higher MW PAHs become more reactive because 

of increasing reaction rate constants and activation energies with increasing temperature [87]. 

Further irreversible polymerization accompanied by dehydrogenation process results in a continual 

growth in the aromatic molecular size and semi-coke formation. Greinke’s investigation suggests 

equal molecular reactivity of the 700-1200 MW molecules in semi-coke formation step. However, 

a number of experiments in his studies illustrates that the kinetics of carbonization changes 

significantly after mesophase has formed and when the system is transformed into a semi-coke. It 

is due to a physical phenomenon in which solid state reactions occur in the polymerized pitch [87]. 

Fig. 2.22 shows the MWD changes during semi-coke formation. The polymerization of pitch 

molecules with MW greater than 1000 results in the buildup of the greater than 2000 MW peak in 

this figure [87].  
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Continuing the heat treatment of semi-coke beyond 500°C leads to the formation of carbon 

materials. However, primary carbonization (as the research interest in this thesis) refers to heat 

treatment of pitches up to around 550°C corresponding to early stages of coke formation [37, 51, 

52, 56].  

 

Figure 2.22 Molecular weight distribution of pitch at different times during semi-coke formation 

[87]. 

2.3 Thermodynamics of carbonaceous materials (coal tar pitch) in different 

phase states: solid, mesophase, liquid and gas 

Coal tar pitch as one of the important carbonaceous material, which is used as binder in carbon-

based materials production, appears in different states when it goes under carbonization process. 

Description of phase behavior of pitch in different steps of carbonization requires prediction of 

thermodynamic properties of pitch constituents including different monomers, oligomers and 

polymers of polycyclic aromatic hydrocarbon compounds. Specifically, thermodynamic of 
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mesophase as an intermediate state appearing during the carbonization process is discussed in this 

section.  

2.3.1 Thermodynamics of pure PAHs 

Thermodynamic properties of pure PAHs in different states (solid, liquid or gas) at different 

temperatures can be calculated using standard thermodynamic properties at 298.15 K and 1 bar and 

heat capacity as a function of temperature.  

𝐻𝑇
° =  𝐻298.15 𝐾

° + ∫ 𝐶𝑝 𝑑𝑇
𝑇

298.15
               Eq. (2.1) 

𝑆𝑇
° =  𝑆298.15 𝐾

°  + ∫
𝐶𝑝

𝑇
𝑑𝑇

𝑇

298.15
 Eq. (2.2) 

𝐺𝑇
° =  𝐻𝑇

° − 𝑇. 𝑆𝑇
°   Eq. (2.3) 

One issue in these equations is to find the temperature dependent function of heat capacity. 

Consideration of heat capacity experimental data of PAHs in a wide range of temperature (50-1200 

K) indicates that the molar heat capacities of PAHs in solid, liquid, and gaseous states can be 

represented as a polynomial function of temperature. 

𝐶𝑝(𝑠𝑜𝑙𝑖𝑑) = 𝑎 + 𝑏𝑇 + 𝑐𝑇2 + 𝑑𝑇−2   Eq. (2.4) 

𝐶𝑝(𝑙𝑖𝑞𝑢𝑖𝑑, 𝑔𝑎𝑠) = 𝑎 + 𝑏𝑇 + 𝑐𝑇2 + 𝑑𝑇3 + 𝑒𝑇4   Eq. (2.5) 

a, b, c, d, and e in these empirical functions stand for temperature-independent coefficients for the 

species of interest. Different terms in Eq. (2.4) enables fitting accurately the experimental data of 

solid PAHs in temperature range of interest for the carbonization process (up to 1200 K). 

Meanwhile, flat form of heat capacity function of solid PAHs at high temperature ranges can be 
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correlated using Eq. (2.4). Two last terms in Eq. (2.5) permit correlating the experimental data of 

liquid and gaseous PAHs, which is mostly available in temperature ranges above 300 K. 

Standard thermodynamic properties and correlation for heat capacity of a limited number of PAHs 

in different states can be found using available experimental data in the literatures [90-110].  

Richard and Helgeson [111] have shown that standard thermodynamic properties as well as heat 

capacity coefficients of other pure PAHs (with lack of experimental data reported in the literature) 

can be predicted using group contribution method. In this method, some PAHs (with enough 

experimental data and containing required groups to generate a new high molecular weight 

compound) were selected as reference compounds. These groups for polycyclic aromatic 

compounds studied in Richard and Helgeson’s work are listed in Table 2.3 [111]. 

Standard thermodynamic properties (or heat capacity coefficients) for groups are calculated from 

corresponding standard thermodynamic properties (or heat capacity power function coefficients) 

of the reference compounds using following expression:  

𝛯𝑗
° =  ∑ 𝑛𝑖𝑗  Ξ𝑖

°
𝑖   Eq. (2.6) 

where nij represents the number of moles of the ith group in one mole of jth reference compound, 

Ξ⁰ i and Ξ⁰ j denote any thermodynamic property (or heat capacity function coefficient) of the 

subscripted group and that of jth reference compound, respectively [111]. 
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Table 2.3 Different groups of reference polycyclic aromatic compounds.  

Groups Description 

 Carbon atom in a bridge (B) between two benzene rings in a polycyclic aromatic 

hydrocarbon 

 

 

Group adjoining a bridge (B) between two benzene rings in a polycyclic aromatic 

hydrocarbon  

 Group  not adjacent to a bridge (B) between two benzene rings in a polycyclic aromatic 

hydrocarbon 

 
Group adjacent to two bridges 

  

Group at the junction of three aromatic rings 

 

 
Methyl group adjacent to a bridge 

Finally, standard thermodynamic properties (or heat capacity coefficients) of high molecular 

weight PAH compounds (oligomers or polymers of PAH) can be derived using standard 

thermodynamic properties (or heat capacity coefficients) of the groups present in the compounds 

[111]. 

In Richard and Helgeson’s approach, standard thermodynamic properties and heat capacity 

coefficients of the PAH compounds in different states (liquid and solid) are estimated separately 

without any consideration for consistency between them. Hence, it is expected that these data do 

not have enough accuracy to be utilized for the estimation of other thermodynamic properties (such 

as vapor pressure) which requires the information on different phases. 

The philosophy of the CALPHAD approach is to obtain the thermodynamic data rendered 

consistently with phase transition data and computation of vapor pressure using the Gibbs energy 

CB 
(6) 
(6) 

(6) 

CB 
(6) 
(6) 

CH 
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) 

(C) 
(6) 
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function of condensed and gaseous phases of a given compound [112]. This approach can be 

applied to optimize thermodynamic properties obtained based on group contribution method. 

Moreover, thermodynamic model developed by Richard and Helgeson [111] does not take into 

account PAH compounds exhibiting anomalous behavior due to specific molecular structure which 

is discussed in the next section. Meanwhile, this model has not been extended for thermodynamic 

propertyestimation of PAHs in gas state. 

Anomalous Behavior in PAH Compounds 

Literature review was carried out to determine PAH compounds exhibiting heat capacity anomaly 

in solid state. An anomalous absorption of energy is found in the vicinity of the temperature at 

which the anomalous behavior appears and results in a big jump in temperature dependent heat 

capacity function of these PAH compounds in crystalline phase (see heat capacity function of 

phenanthrene in Fig. 2.23). It has been found that this anomalous behavior which previously 

suggested by the anomalies in thermal expansion is associated with a second-order phase transition 

in solid state [113]. Regarding Eqs. (2.1) and (2.2), changing the heat capacity function of these 

compounds in temperature range of the phase transition affects their temperature dependent 

enthalpy and entropy functions.  

Table 2.4 shows a summary of this study for PAHs with 3 and 4 benzene rings in their molecular 

structure. According to obtained data, some PAH compounds such as phenanthrene, pyrene, and 

chrysene show a phase transition in solid state. X-ray and Neutron diffraction of crystal structure 

of these compounds showed that the overcrowded hydrogen atoms in the molecular structure are 

responsible for the anomalous behavior [114-116].  
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Figure 2.23 Heat capacity and phase transition of phenanthrene [116]. 

 

Table 2.4 Anomalous behavior information of some PAH compounds [96, 109, 113, 114, 116-

123]. 

Number of 
 rings 

3 4 4 

Compound Phenanthrene 
(C14H10) 

Pyrene 
(C16H10) 

Chrysene 
(C18H12) 

geometry  
  

Anomaly in 
 heat capacity 

■[116, 118, 121]  ■ [109, 121] ■ [118, 121] 

Peak temp.(°C) 72 [121],74 [116],72 [114],70 
[123],71 [113],72 [96] 

-152.35 [109],-157 [124] 230 [121] 

Temp. range for 
thermal anomaly (°C) 

58-71 [118] ,45-70  [113],60-80 
[117] 

 234-244 [118] 

∆H of crystal 
transition(cal/mol) 

300 [118] ,260 [113],380 [117] 69±1 [109] 860±40 [121],770±50 

Origin of anomaly Over-crowded hydrogen [121], 
hydrogen overcrowding, 
molecular distortion caused by 
overcrowded H atom [123],[96] 

Over-crowded hydrogen 
[121] 

Over-crowded hydrogen 
[121] 
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Number of 
 rings 

3 4 4 

Crystallography 
method 

x-ray [121] 
neutron scattering [114] 
x-ray and neutron diffraction 
[123] 
infrared and Raman spectra 
[96] 

x-ray [119] 
neutron diffraction [120] 
Ramen Scattering [122] 

x-ray [121] 

Transition effect  Neither order-disorder nor 
displactive change, 
rearrangement of hydrogen 
atoms, slight change on lattice 
constants, [96], [118], [114], 
[113] 

 No change either crystal 
structure or space 
group, only small 
rotation of molecule 
around c-axis, [119] 

Small change on lattice 
constants, no change on 
crystal system or space 
group [118] 

 

Heat Capacity Anomaly in Phenanthrene 

Phenantherene with chemical formula C14H10 is the isomer of anthracene. The solid properties of 

two isomers differ significantly. The most important difference is that phenanthrene has an crystal 

transition at ambient pressure while anthracene does not [124]. The phase transition in 

phenanthrene has been the object of much study since its behavior is unusual. Heat capacity studies 

show a thermal anomaly with a maximum at 347.15 K (Fig. 2.23) [116].  

Structural evidence given by x-ray and neutron diffraction studies shows that the observed phase 

transition may be related to increased vibration of hydrogen atom on the 4th  and 5th  sites of the 

phenanthrene molecule (Fig. 2.24). On passing through the phase transition temperature, both the 

crystal system (which is monoclinic) and the space group remain unaltered. Only slight changes in 

lattice constants are observed during this phase transition [124]. 
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Figure 2.24 Position of the phenanthrene molecule in the unit cell [124].
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2.3.2 Phase transition of single-component PAH 

Fig.2.25 presents melting points for a selection of single-component, fully condensed PAHs. Also, 

as shown in the Fig. 2.25, there is a shaded region identifying the temperature and molecular weight 

range in which carbonaceous mesophase typically appears. The temperature upon heating at which 

mesophase (with a liquid crystal nature) reverts to an isotropic liquid is defined as the clearing 

temperature. Indeed, it can be considered as a “second melting” which is an orientational 

order/disorder transition within the liquid state. 

Some PAHs with melting temperature higher than clearing temperature range cannot form liquid 

crystal. In this case, freezing and appearance of the crystalline solid phase is the first phase 

transition encountered during cooling of isotropic liquid phase [125]. 

 

 

Figure 2.25 Melting points of various single-component PAH [125]. PAH reaction temperatures 

in right panel from Lewis [50]. 



40 

 

 

2.3.3 Phase transitions in binary PAH mixtures 

Hu and Hurt [125] showed that the phase behavior of binary PAH mixture, which has been treated 

by Cummings and Diefendorf [27], can be understood by consideration liquid / nematic equilibrium 

relations. Fig. 2.26 presents a hypothetical phase diagram of the binary mixture consisting of a low 

molecular weight, non mesogenic PAH, component A, and a higher molecular weight mesogenic 

PAH, component B. Note that the melting temperature of pure A lies above the clearing 

temperature . Therefore, as the isotropic liquid A is cooled from high temperature, the first phase 

transition observed is the formation of the crystalline solid. While, cooling the isotropic liquid B 

results in the formation of liquid crystal (mesophase) regarding the clearing temperature of pure B, 

which lies below the melting point. In certain region on the phase diagram (Fig. 2.26) where the 

temperature is above eutectic temperature as well as the melting temperature of component B and 

the composition of A/B mixtures is rich enough in component B (with tendency to form liquid 

crystal),  calculations of Gibbs energy are needed to describe the phase behavior of mesophase-

containing mixtures. Equality of the chemical potential for each component i in different phases at 

equilibrium (i.e. mesophase and isotropic liquid) leads to phase diagram determination of the 

mixture.  These regions on the phase diagram do include mesophase, including a pure mesophase 

region, and a two-phase region with coexisting isotropic liquid.  
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Figure 2.26 Binary phase diagram for generic PAH of low and high molecular weight [125]. 

2.3.4 Thermodynamics of carbonaceous mesophase 

 It is now well known that carbonaceous mesophase is a discotic nematic liquid crystal phase 

composed of mostly fully condensed high molecular weight PAH molecules. Discotic nematic 

liquid crystal phase represents a liquid crystalline phase including nearly planar disc-shape species 

with their basal planes preferentially aligned perpendicular to a common vector (see Fig. 2.27). In 

fact, the species in this phase oriented in parallel but not arranged in planes.  

 

Figure 2.27 Discotic nematic liquid crystalline phase [125] 
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It has been suggested that two driving forces are important for the formation of mesophase: liquid 

crystal nature of mesophase [125, 126] and non-ideal solution behavior of pitches [127, 128].  

The first approach is based on the theory that mesophase is a liquid crystal phase and the 

orientational potential effect is the main subject for mesophase formation. Shishido et al. [126] 

applied the molecular field treatment of mesogen-nonmesogen mixtures to describe a phase 

diagram for a mesophase pitch [129, 130]. Mesogen species in this mixtures refers to low molecular 

weight PAHs whose the melting temperature lies above the clearing temperature and nonmesogen 

molecules are high molecular weight PAHs with the melting point higher than the clearing 

temperature. Their model does not consider the effect of non-ideal mixing of pitch fractions of 

differing molecular weights or chemical compositions and thus can be classified as an ideal solution 

approach. They applied the model to an experimental phase diagram reported previously by 

Mochida and Korari [131]. In the original experiments, Mochida and Korai [131] separated a 

petroleum pitch into benzene soluble (BS) and benzene insoluble (BI) fractions and recombined 

them in various weight ratios and at various temperatures to obtain the partial phase diagram. 

Shishido et al.  [126] treated both fractions as pseudo single components in order to reduce the 

complexity of the problem. They assumed the benzene soluble fraction to be non-mesogenic 

(having no liquid crystal forming tendency), and the benzene insoluble fraction to be mesogenic 

(having liquid crystal forming tendency). Fig. 2.28 compares  binary phase diagram  predicted by 

Shishido et al. and experimental data of Mochido et al. [128]. Later, Hu et al. [125] continue the 

work of Shishido et al. by applying the theory which is based on virtual clearing temperatures 

assigned to individual molecular weight fractions taken as pseudo components. The virtual clearing 

temperatures are determined using an empirical formula. Hu and Hurt [125] offer no technique for 

determining activity coefficients in the mesophase or isotropic phases, thus forcing a potential user 
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to adopt the additional assumption of ideal solution behavior for practical application of the model. 

Fig. 2.29 shows the result (binary phase diagram)obtained by Hu and Hurt [125] in comparison 

with experimental data of Mochida [131]. 

All these attempts were based on ideal solution behavior. Since, there is strong experimental 

evidence for non-ideal solution behavior in pitch [127, 128], Hu et al. [127] utilized a treatment of 

non-ideal solution for an accurate description of mesophase-isotropic liquid equilibrium. In fact, 

they proposed a new theory that integrates two distinct conceptual approaches: liquid crystal and 

non-ideal behavior of mesophase. 

General thermodynamic theory of Hu et al. for mesophase-containing pitch 

In order to develop a comprehensive thermodynamic model, Gibbs free energy model must be 

formulated. Hu and Hurt [127] proposed the Gibbs free energy function of a mesophase-containing 

pitch system (which appears as an intermediate mixture during heat treatment of coal tar pitch) as 

follows: 

G = ∑ 𝑛𝑖 𝑔𝑖
0 + ∆𝐺𝑚𝑖𝑥 + 𝐺𝑜𝑟𝑖𝑒𝑛𝑡+ 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒+ 𝐺𝑒𝑙𝑎𝑠𝑡𝑖𝑐 Eq. (2.7) 

∆𝐺𝑚𝑖𝑥 = ∆𝐺𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙  +  ∆𝐺𝑚𝑖𝑥

𝑒𝑥𝑐𝑒𝑠𝑠 Eq. (2.8) 

where, G is the Gibbs free energy of the system, 𝑔𝑖
0 are reference molar free energy functions for 

the pure components as isotropic liquids, ∆𝐺𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙 is the ideal Gibbs free energy of mixing, ∆𝐺𝑚𝑖𝑥

𝑒𝑥𝑐𝑒𝑠𝑠 

is the excess Gibbs energy of mixing, 𝐺𝑜𝑟𝑖𝑒𝑛𝑡 is the orientational free energy and 𝑛𝑖 are the number 

of moles of each components in the system[127, 132] . Interfacial and elastic strain energies in 

Gibbs free energy function can be neglected when one focuses only on macroscopic samples [133, 

134]. 
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Figure 2.28 Comparison of experimental binary phase diagram with model calculation by 

Shishido et al. [126, 128, 131]. 

 

Figure 2.29 Comparison of experimental binary phase diagram with model calculation by Hu and 

Hurt without any consideration of non-ideal solution behavior [127, 128, 131]. 

 

Mesophase 

Mesophase 
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However, total Gibbs free energy of co-existing phases during the carbonization process, the 

isotropic liquid and the mesophase, can be estimated using Eq. (2.7) and  the submodels described 

by Hu and Hurt [127] for the excess Gibbs energy of mixing and the orientational free energy 

determination of the system: 

𝐺𝑖𝑠𝑜 = [∑ 𝑛𝑖𝑖 𝑔𝑖
0  +   𝑅𝑇 ∑ 𝑛𝑖 ln 𝑥𝑖𝒊  +  ∑ 𝑛𝑖  𝑉𝑖  (𝛿𝑖 −  𝛿̅)

2
𝑖   +  𝑅𝑇 ∑ 𝑛𝑖ln (

ɸ𝑖

𝑥𝑖
)𝑖 ]iso Eq. (2.9) 

𝐺𝑚𝑒𝑠𝑜 = [∑ 𝑛𝑖𝑖 𝑔𝑖
0  +   𝑅𝑇 ∑ 𝑛𝑖 ln 𝑥𝑖𝒊  +  ∑ 𝑛𝑖  𝑉𝑖  (𝛿𝑖 −  𝛿̅)

2
𝑖   +  𝑅𝑇 ∑ 𝑛𝑖ln (

ɸ𝑖

𝑥𝑖
)𝑖 ]meso 

− [
𝑁𝐴

2
 ∑ 𝑛𝑖𝑥𝑗Ɛ𝑖𝑗𝑃̅2(𝑖)𝑃̅2(𝑗)𝑖,𝑗 +   𝑅𝑇 ∑ 𝑛𝑖 ln 𝑍𝑖𝑖  ]meso  Eq. (2.10) 

where, 𝑁𝐴 is Avogadro number, the sums are over all species in the mixture (isotropic liquid or 

mesophase), i=1, 2, …,  N, Vi is the molar volume and 𝛷i is the volume fraction of species i in 

either isotropic liquid phase or nematic phase: 

ɸ𝑖 = 
𝑥𝑖 𝑉𝑖

∑ 𝑥𝑗 𝑉𝑗 𝑗
 Eq. (2.11) 

For application to pitch, the molar volumes in Eqs. (2.7) - (2.9) are set proportional to molecular 

weight as estimated by Hu and Hurt [127]. 

Solubility parameters are known for many low molecular weight compounds in pitch. Hu and Hurt 

[127] proposed an empirical relation to predict solubility parameters as follows: 

δi = δ0 + α (MW – MW0) Eq. (2.12) 

where δ0 and MW0 are reference values (𝛿0 = 10 (𝑐𝑎𝑙 𝑐𝑚−3)1/2, 𝑀𝑊0 = 250 𝑔 𝑚𝑜𝑙−1) chosen 

from experimental solubility parameters for low MW PAHs (with MW around 250 g/mol) which 
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lies in a narrow range near 10 (𝑐𝑎𝑙 𝑐𝑚−3)1/2. The factor α becomes a model parameter that 

describes the effect of increasing molecular weight. 

In Eq. (2.10), Zi is the orientational partition function given by: 

𝑍𝑖 = ∫ 𝑒𝑥𝑝 {−
1

𝑘𝑇
 ∑ Ɛ𝑖𝑗𝑥𝑗𝑃̅2(𝑗)𝑃2(𝑖)(cos 𝜃)𝑗 }

𝜋/2

0
 sin(𝜃) 𝑑𝜃  Eq. (2.13) 

where k is Boltzman constant, θ is the angle between the long axis of the molecule and the optic 

axis of the mesophase (Fig. 2.30), xj is the mole fraction of the mesogen and 𝑃̅2(𝑖) is the single 

component order parameter which is given by: 

𝑃̅2(𝑖) = ∫ 𝑃2(𝑖)
𝜋/2

0
(cos 𝜃) . exp {−

1

𝑘𝑇
 ∑ Ɛ𝑖𝑗𝑥𝑗𝑃̅2(𝑗)𝑃2(𝑖)(cos 𝜃)𝑗  } sin( 𝜃) 𝑑𝜃 /𝑍𝑖 Eq. (2.14) 

where 𝑃̅2(𝑖) = 
3

2
 <cos2 𝜃𝑖> - 

1

2
 (defined as the second Legendre function for each species) and < > 

means the statistical average [18, 35]. 

The Ɛ𝑖𝑗  terms represent the strengths of the pairwise orientation potentials, which are given as 

shown below for molecules of different size: 

Ɛ𝑖𝑗  = Ɛ̃𝑖𝑗 √𝑉𝑖𝑉𝑗 / ∑ 𝑥𝑘𝑉𝑘 Eq. (2.15) 

where the Ɛ̃𝑖𝑗terms are the geometric means of the single component values: 

Ɛ̃𝑖𝑗 = − √Ɛ̃𝑖𝑖  Ɛ̃𝑗𝑗   Eq. (2.16) 

The Ɛ̃𝑖𝑖 terms are related to the single component clearing temperatures, 𝑇𝑐𝑙𝑖
, by the Maier-Saupe 

solution [135, 136] 
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Ɛ̃𝑖𝑖 = - 4.54.k.𝑇𝑐𝑙𝑖
 Eq. (2.17) 

The clearing temperature is the temperature upon heating at which liquid crystal reverts to an 

isotropic liquid. Following empirical relation has been proposed by Hu and Hurt [127] to estimate 

clearing temperatures of each compounds: 

𝑇𝑐𝑙𝑖
 = a + b 𝑀𝑊𝑖 Eq. (2.18) 

where a and b are constants which can be derived using two known clearance temperatures related 

to two compounds with different molecular weights [127, 128]. 

The chemical potential of each species in either isotropic phase or nematic phase is determined as 

derivation of total Gibbs energy. Hu and Hurt [127] estimated the phase diagram by solving a series 

of equations derived from equating the chemical potentials of each species in each phases in 

equilibrium and considering the mass balance and the constraints defined as follows: 

[ln 𝑥𝑖 + ln (
𝑉𝑖

𝑉
) −

𝑉𝑖

𝑉
+

𝑉𝑖

𝑅𝑇
(𝛿𝑖 − 𝛿̅)

2
]iso = [ln 𝑥𝑖 + ln (

𝑉𝑖

𝑉
) −

𝑉𝑖

𝑉
+

𝑉𝑖

𝑅𝑇
(𝛿𝑖 − 𝛿̅)

2
]meso  

- [ln(𝑍𝑖) +  
1

2𝑘𝑇
 (∑ 𝑥𝑘𝑥𝑗Ɛ𝑘𝑗𝑃̅𝑘𝑃̅𝑗

𝑉𝑖

𝑉𝑘,𝑗  ]meso      Eq. (2.19) 

𝑁𝑖𝑠𝑜𝑥𝑖
𝑖𝑠𝑜 + 𝑁𝑚𝑒𝑠𝑜𝑥𝑖

𝑚𝑒𝑠𝑜 =  𝑁𝑖 Eq. (2.20) 

∑ 𝑛𝑖
𝑖𝑠𝑜

𝑖 =𝑁𝑖𝑠𝑜;  ∑ 𝑛𝑖
𝑚𝑒𝑠𝑜

𝑖  =𝑁𝑚𝑒𝑠𝑜   Eq. (2.21) 

Here, i is the number of components in the system and 𝑁𝑖𝑠𝑜and 𝑁𝑚𝑒𝑠𝑜 are total number of moles 

in isotropic liquid and mesophase, respectively.  
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Figure 2.30 Configuration of mesogen molecule [137]. 

Using this approach, improvement was found in phase behavior prediction of Mochida et al. as 

shown in Fig. 2.31. Indeed, the model equations were solved numerically. Efforts were focused on 

solution techniques for the general multicomponent case, since these are needed in carbonizing 

systems due to the broad molecular weight distributions. A stochastic solution technique was used, 

in which each of the individual component mole numbers in the mesophase was perturbed in 

sequence by a random increment, and the mole number in the isotropic phase adjusted to maintain 

the species balance. These trial perturbations were kept if they reduced the absolute difference 

between the right and left hand sides of Eq. 2.19. However, this stochastic technique was found to 

converge for most but not all sets of input parameters. 
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Figure 2.31 Comparison of experimental binary phase diagram with model calculation by Hu et 

al. [127, 128, 131]. 
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 CRITICAL ANALYSIS AND ORGANIZATION OF THE 

THESIS 

In Chapter 1 and Chapter 2, the work undertaken to understand the fundamentals of the primary 

carbonization of carbonaceous materials, with a focus on mesophase formation as an intermediate 

phase appearing during carbonization, was reviewed in detail. A comprehensive review of existing 

thermodynamic models for estimating the thermodynamic properties and phase behavior of coal 

tar pitch (CTP) in the solid, liquid and mesophase states was then performed.  

As the evolutions happening during the primary carbonization process and thermodynamics and 

phase relationship of coal tar pitch and carbonaceous mesophase are the main underpinning of the 

present thesis, a brief critical analysis of the scientific concept that led to the results of this research 

project is given. The objectives of the present thesis are then described. Finally, the structure and 

organization of the present thesis is presented to give a view of the research strategy used to achieve 

the objectives. 

3.1 Critical analysis of the literature review 

Primary carbonization has been extensively reviewed, starting with Franklin [54, 55] as the pioneer 

in these studies,  and following up with the review works of Oberlin and Bonnamy [37, 51, 52, 56]. 

Primary carbonization refers to the transformation of an initial precursor carbon into a mesophase 

state and, ultimately, semi-coke, a brittle solid state materials. It reaches its penultimate stage at 

approximately 400 - 600°C (the exact temperature of completion depending on the precursor 

composition and other factors) [59]. The primary carbonization of CTP, with an emphasis on the 

generation of the mesophase as an intermediate step, is the focus of the present thesis. The goal of 

this critical analysis is to present the proposals of certain important authors within the framework 
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of this doctoral work.  The holes of knowledge related to the process and the thermodynamic 

aspects of pitch carbonization are consequently presented. 

Process aspects of pitch carbonization  

The discovery by Brooks and Taylor [23] in 1965 of a mesophase state in pitch that undergoes 

carbonization had a major impact on the future of carbon technology. The mesophase concept 

explained for the first time how isotropic pitches are transformed into anisotropic materials. In 

addition, the mesophase concept provided the impetus for extensive research and development that 

led to new and significant applications for carbon materials (CM). In the ensuing two decades, an 

extensive number of publications related to mesophase pitch appeared in the literature. Although 

these investigations encompassed a wide variety of practical and fundamental objectives, one of 

the major concerns was to understand the chemistry and development of the mesophase. At this 

time, Lewis [3, 28, 35, 50] revealed his findings related to these aspects. He described the 

conversion of pitch to carbon as a complex process encompassing a multitude of physical and 

chemical transformations of the numerous components of pitch. His studies on pitches as a complex 

mixture PAHs show that polymerization through loss of side chains and hydrogen is the main 

chemical reaction occurring during the transformation of pitch. The continuous increase in 

molecular weight via polymerization and the loss of low molecular weight volatiles results in the 

transformation of pitch into mesophase, semi-coke, coke, and, ultimately, graphite. These various 

aspects, which were reviewed by Lewis [3, 28, 35, 50], led to the development of a general 

mechanistic sequence for pitch carbonization. Greinke [87, 88] continued the work of Lewis using 

gel permission chromatography (GPC). The main objective of his studies was to quantify the 

molecular weight distributions of coexisting phases during pitch carbonization as a function of heat 
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treatment time in order to gain fundamental insights into the changing phase relationships and the 

mechanism of mesophase and semi-coke development during the transformation process.  By the 

way, knowledge about primary carbonization is qualitative in most aspects and only some efforts 

was performed by Greinke to quantify it.   

Indeed the general mechanism above-discussed can be used as the key concepts in the context of 

the present thesis to build the pitch carbonization process formalism in order to quantify the 

thermal, physical and chemical evolutions occurring throughout the process.  

Thermodynamic aspects of pitch carbonization 

A better understanding of the primary carbonization process will be gained through a quantitative 

treatment of the equilibrium phase transformations of PAH compounds and pitches with known 

molecular weight distributions. Group additivity algorithms were developed by Richard and 

Helgeson [111] to estimate the heat capacity function coefficients and standard thermodynamic 

properties of high molecular weight PAHs in solid and liquid states at 25°C and 1 bar. The group 

contributions for each coefficient and property were generated from the thermodynamic properties 

of lower molecular weight reference species for which calorimetric data are available in the 

literature. However Richard and Helgeson’s approach suffers from a lack of consistency in 

reconciling phase transition data (enthalpy of fusion, vaporization) and the computation of vapor 

pressures using the Gibbs energy functions of the condensed and gaseous phases of a given PAH 

compound. As such, conducting a critical assessment of the thermodynamic properties (heat 

capacity functions, enthalpy of formation and absolute entropy) of pure PAH compounds in the 

gas, liquid, and solid states such that all data are rendered consistent is one of the objectives of this 

doctoral work. Meanwhile, there is no consideration for prediction of the heat capacity of PAHs 
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exhibiting an anomalous behavior in solid state in Richard and Helgeson’s model. Specific studies 

is needed on heat capacity function of these specific type of PAHs. 

Due to the complex nature of the mesophase in pitches, the quantitative treatment of the phase 

equilibrium of mesophase-containing pitch is a major challenge. Given this, some considerations 

have to be taken into account to reduce it to a simplified system with respect to the characterization 

of the real system. To date there have been two attempts to develop quantitative descriptions of the 

phase transition behavior of mesophase-containing pitches: one by Shishido et al. [126] and one 

by Hu and Hurt [125, 127, 128]. Shishido et al. [126] applied the molecular field treatment of 

mesogen-nonmesogen mixtures to describe a phase diagram for a mesophase pitch.  This model 

does not consider the effect of non-ideal mixing of pitch fractions of differing molecular weights 

or chemical compositions. Deviations of the estimated phase diagram by Shishido et al. from the 

experimental data (reported by Mochida and Korai [131]) stimulated the search for a treatment of 

non-ideal mixing for accurate description of mesophase/isotropic equilibrium. So, Hu and Hurt 

[125, 127, 128] developed the Gibbs free energy model for mesophase-containing pitches based 

on non-ideal solution and liquid crystal behaviors of mesophase that includes terms for both excess 

free energy of mixing and orientational free energy to quantitatively describe the phase behavior 

of mesophase in pitch. In Hu and Hurt’s work, the phase behavior of mesophase pitches was 

estimated by solving a series of equations derived from equating the chemical potentials of each 

component in the phases in equilibrium. Due to the complexity of the problem, a stochastic 

technique was used to minimize the absolute difference between both sides of these equations. 

Implementing Hu et al.’s approach presents difficulties from a technical point of view as the 

orientation Gibbs energy of the mesophase is defined through the second Legendre function. It has 

been only applied to three data sets reported in the carbon science literature. Utilizing a precise and 
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robust numerical technique for minimization of total Gibbs free energy function of mesophase, 

directly, enables us the estimation of phase behavior of binary, ternary and higher order systems. 

The reliability of MADS algorithm to determine the global and local minima of set of functions 

with different degree of complexity was demonstrated in references [49-51]. The improvement of 

Hu and Hurt’s approach to estimate the thermodynamic behavior of different carbonaceous 

mesophase-containing pitches is another objective of this thesis. 

3.2 Research objectives 

The heart of this doctoral research is the following: 

Research subject: Thermodynamics of carbon materials 

Research question: What are the relationships between the coal tar pitch specifications as the raw 

material used in the carbon-based material production process and the properties of the product, 

the emission of volatile and hazardous materials, and the energy consumption of the process? 

Main objective:  

Development of a thermodynamic model to estimate the behavior and thermodynamic properties 

of CTP in the gas, liquid, solid phases as well as in the mesophase (as an intermediate phase 

appearing through heat treatment of carbon-based materials) in order to provide industry with a 

better mathematical solid-mesophase-liquid-gas relation for their simulations aimed at the 

optimizing the carbon-based material production processes. 

Specific objectives: 

1. Development of a thermodynamic model to predict the thermodynamic properties of pure 

polycyclic aromatic hydrocarbon compounds, in gas, liquid, and solid states; 
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2. Development of a new thermodynamic approach to predict the thermodynamic behavior of 

carbonaceous mesophase with liquid crystal nature that appears as an intermediate phase 

during carbonization of coal tar pitch; 

3. Development of a generic prototype model of the thermal, physical and chemical evolutions 

of coal tar pitch undergoing carbonization process. 

3.3 Organization of the thesis 

This thesis is built in the format of a thesis by article. Each of the specific three objectives defined 

in the previous section constitutes the chapters of the thesis (Chapter 4, 5, and 6) that have 

compatibility with the articles.  

Chapter 4 presents a critical assessment of the thermodynamic properties of important PAHs in 

CTP over typical temperature ranges of carbonization produced in the framework of this doctoral 

work. The CALPHAD approach is used to modify the group additivity algorithm proposed by 

Richard and Helgeson [111] for estimating the heat capacity function coefficients and the standard 

thermodynamic properties of high molecular weight PAHs at 25°C and 1 bar. The philosophy of 

the CALPHAD approach is to obtain the thermodynamic data rendered consistently with phase 

transition data and computation of vapor pressure using the Gibbs energy function of condensed 

and gaseous phases of a given compound. 

The heat capacity function of PAHs exhibiting thermal anomaly behavior, which is associated with 

a second order phase transition, is modeled as a specific case. The modeling is performed using 

Compound Energy Formalism (CEF).  
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Chapter 5 presents a new thermodynamic approach for predicting the phase behavior of 

mesophase-containing pitches, which appears as an intermediate phase during the heat treatment 

of CTP. The proposed approach in this chapter is based on the Gibbs free energy formalism for 

isotropic liquid and mesophase pitches developed by Hu and Hurt [125, 127, 128]. Equilibrium 

configuration of a mesophase-containing pitch system is estimated by minimization of Gibbs free 

energy function, directly, utilizing a precise and robust numerical technique. The application of the 

new thermodynamic approach allows phase behavior prediction of the binary, ternary and higher 

order systems specifically the systems exhibiting miscibility gaps.  

Chapter 6 presents the thermodynamic-kinetic model of the physical and chemical changes 

occurring during heat treatments of CTP developed in the framework of the present thesis. This 

model is based on a general mechanism of pitch carbonization inspired by the work of Lewis and 

Greinke and developed models for estimating the thermodynamic properties of pitch constituents 

(Chapter 4) and phase relationships of mesophase-containing pitches (Chapter 5). The model 

makes it possible to estimate the quantity of gas emitted as well as the mass and enthalpy changes 

of pitch over time during CTP primary carbonization.  
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 ARTICLE 1: CRITICAL ASSESSMENT OF 

THERMODYNAMIC PROPERTIES OF IMPORTANT POLYCYCLIC 

AROMATIC HYDROCARBON COMPOUNDS (PAHS) IN COAL TAR 

PITCH AT TYPICAL TEMPERATURE RANGES OF THE 

CARBONIZATION PROCESS  

Mahnaz Soltani Hosseini, Patrice Chartrand 

Submitted to Calphad, December 15, 2020  

Abstract: Because of the importance of thermodynamic behavior of Polycyclic Aromatic 

Hydrocarbon (PAH) compounds in coal tar pitch carbonization process, a thermodynamic model 

for the prediction of thermodynamic properties of PAH compounds is developed. Heat capacity 

functions as well as standard thermodynamic properties of PAHs in solid, liquid, and gas states are 

estimated using modified group additivity algorithms first proposed by Richard and Helgeson and 

thermal physical data of those PAHs for which enough experimental data exists in the literature. 

For the first time, thermodynamic properties of PAHs are optimized by applying the CALPHAD 

(CaLculation of PHAse Diagrams) approach where all thermodynamic data are rendered 

consistently to reconcile phase transitions and vapor pressure data. The heat capacity function of 

PAHs exhibiting thermal anomaly behavior is modeled as a specific case. This modeling is 

performed using an order-disorder approach with the Compound Energy Formalism (CEF). Good 

agreement has been obtained between the predicted thermodynamic properties of PAHs and 

available experimental data. The proposed model has improved the predictive capacity compared 

to that of the previous models predicting thermodynamic properties of PAHs at typical temperature 

ranges of the carbonization process. The application of the model to predict the thermodynamic 

properties of major and high molecular weight PAHs available in coal tar pitch has been discussed. 
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4.1 Introduction 

The binder pitch, which is one of the major constituents of prebaked carbon anodes used in the 

Hall-Héroult  process for commercial plants of aluminum production constitutes between 14% and 

17% (by mass) of the green anode blocks [40]. Similar binders, as the major constituents of 

Soderberg paste, are also used in some parts of cathode processing and in ramming pastes of 

aluminum electrolysis cells. Characterization of commercial pitches shows them to be exceedingly 

complex materials, containing from hundreds to thousands of different compounds, mostly 

monomers, oligomers and polymers of Polycyclic Aromatic Hydrocarbon (PAH) compounds with 

a variety range of molecular weights [3, 4]. During heat treatment (carbonization) of coal tar pitch 

as a part of the anode baking process, PAH compounds are converted to infusible coke via 

distillation of smaller compounds and polymerization reactions of more reactive residual species 

[138]. Volatile low molecular weight PAHs as well as hydrogen and methane produced by 

chemical reactions, are emitted throughout the process [23, 28, 35, 87, 139]. Burning gaseous 

products inside the anode baking furnace, coming from the anodes placed in pits between two flue 

walls, provides an important part of the energy needed to reach the baking temperature (1100 – 

1250°C) of the system and decreases the fuel consumption of the process. Emission of some 

volatile and toxic PAH compounds during the heat treatment of green anode blocks and ramming  

paste between the cathode blocks pose the health and environment risks, which has to be considered 

as a serious inconvenience of coal tar pitch applications [140].  

However, obtaining a good anode quality and efficient aluminum production process while keeping 

the energy consumption, environmental emissions and cost minimum (industrial challenge) 

stimulates the search for a better understanding of the thermodynamic behavior of coal tar pitch 

constituents during carbonization over a wide range of temperatures. Current knowledge of the 
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thermodynamic properties of PAHs (present in coal tar pitch) such as specific heat and standard 

entropy and enthalpy of formation is not well defined in a consistent manner. It suffers from a lack 

of consistency to reconcile phase transition data (enthalpy of fusion and vaporization) and 

computation of vapor pressures using the Gibbs energy functions of the condensed and gaseous 

phases of a given PAH compound.  Moreover, structural anomalies in some solid PAH compounds 

(like phenanthrene and pyrene) are associated with peaks in the temperature dependence of the heat 

capacity curves.  In the view of high complexity of the PAH and PAH-derived constituents of coal 

tar pitch (high molecular weight (MW) oligomers), improvements to Richard and Helgeson’s 

method [111] for predicting thermodynamic properties of such high-MW PAHs should be 

developed. 

The aim of present work is to develop a thermodynamic model predicting the thermodynamic 

properties (heat capacity functions, enthalpy of formation and absolute entropy) of pure PAH 

compounds, in gas, liquid, and solid states, with consistency in the prediction of their phase 

transition data and their vapor pressure, as an improvement of Richard and Helgeson’s approach. 

For the first time, the CALPHAD approach is applied to optimize the model parameters, where all 

data are rendered consistent. The philosophy of the CALPHAD approach is to obtain the 

thermodynamic data rendered consistently with phase transition data and computation of vapor 

pressure using the Gibbs energy function of condensed and gaseous phases of a given compound. 

Indeed, experimental data for heat capacity, standard entropy and enthalpy of formation at 25°C 

and 1 bar as well as phase transition data (enthalpy of fusion and vaporization) of PAH compounds 

reported in the literature [39, 90, 92-98, 100, 102, 103, 105, 106, 109, 110, 116, 118, 141-171] are 

utilized to develop the proposed  thermodynamic model. Moreover, a thermodynamic model is 
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developed to estimate the specific heat of some PAHs exhibiting an anomalous behavior in solid 

state.  

The paper is organized as follows. Sections 4.2 and 4.3 present the development of the model to 

predict the thermodynamic properties of pure PAH compounds and the heat capacity function of 

PAHs with anomalous behavior, respectively. Section 4.4 presents the main results obtained using 

the proposed  thermodynamic model, with comparison of model predictions with reported 

experimental data, and results obtained by other methods for prediction of thermodynamic 

properties of PAHs (mainly the results derived from first principal calculations for thermodynamic 

properties prediction of PAHs in gaseous state [172] and thermodynamic properties predicted by 

Richard and Helgeson’s method [111]). The future perspectives of the present model is discussed 

in Section 4.5. 

4.2 Thermodynamic model for Gibbs energy of PAH compounds in coal tar 

pitch 

There is a very large number of different components, monomers, oligomers and polymers of PAHs 

with a variety range of molecular weights in coal tar pitch. In the present work, a thermodynamic 

model is developed to predict the thermodynamic properties of unsaturated PAHs that do not 

contain impurity elements such as sulfur and nitrogen.  

Regarding the following basic thermodynamic expressions:  

 

∆𝐻𝑇
° =  ∆𝐻298.15 𝐾

° + ∫ 𝐶𝑝 𝑑𝑇
𝑇

298.15
               Eq. (4.1) 

𝑆𝑇
° =  𝑆298.15 𝐾

°  + ∫
𝐶𝑝

𝑇
𝑑𝑇

𝑇

298.15
 Eq. (4.2) 
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∆𝐺𝑇
° =  ∆𝐻𝑇

° − 𝑇. 𝑆𝑇
°    Eq. (4.3) 

Thermodynamic properties of pure PAH compounds at any given temperature can be calculated 

using the standard thermodynamic properties at 298.15 K and 1 bar and the heat capacity. In these 

equations, heat capacity of pure compounds is a temperature dependent function derived based on 

either theoretical models or experimental calorimetric data.   

The group additivity approach, pioneered by Benson and Buss [173] and continued by Dolmaski 

and Hearing [146] for predicting the thermodynamic properties of organic gases, solids and liquids, 

which was specifically applied by Richard and Helgeson. [111] to predict the thermodynamic 

properties of solid and liquid hydrocarbons, is modified and used in the present work to estimate 

the heat capacity function and standard thermodynamic properties of PAH compounds. The basis 

of group contribution calculations is explained in detail in Section 4.2.1. Subsequently, obtained 

standard thermodynamic properties are optimized by applying the CALPHAD approach, where all 

data are rendered consistent to reconcile phase transition data (enthalpy of fusion, vaporization) 

and computation of vapor pressures using the Gibbs energy functions of the condensed and gaseous 

phases of a given PAH compound. Optimization strategies are presented in Section 4.2.2.  

4.2.1 Basis of the group contribution algorithms 

Very few experimental data sets are available in the literature for heat capacity function coefficients 

and standard thermodynamic properties of high molecular weight PAH compounds. Close 

estimates of these properties can be generated from group additivity algorithms using group 

properties derived from calorimetric data of lower molecular weight reference compounds. 
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 Reference compounds and constituent aromatic groups 

The first step in group contribution algorithms is to determine some reference compounds to define 

the necessary groups to generate the species subjected to thermodynamic properties estimations. 

There should be enough experimental thermodynamic data for them in the literature that make it 

possible to estimate the thermodynamic properties of group constituents. Another criterion to select 

the reference compounds is that they can provide all required groups to create any new high MW 

PAH compound. The total number of reference compounds required to calculate the 

thermodynamic properties of the constituent groups is equal to the total number of these groups.  

The reference compounds and group stoichiometries of the reference compounds are listed in Table 

4.1. A zoom view of the aromatic groups together with a description is shown in Table 4.2. These 

aromatic groups were defined by following and respecting Richard and Helgeson’s work, as the 

main reference used in the present work. As shown in Tables 4.1 and 4.2, each group includes C, 

CH, or 𝐶𝐶𝐻3 and the bonds that attach it to other carbon atoms. The distinguishing feature of these 

groups is the location of the carbon atom. 

Aromatic groups defined in these tables enable the generation of the polycyclic aromatic 

hydrocarbon compounds including the compounds with a methyl substituent (assumed to be 

present in very low concentration in coal tar pitch), adopted in the present work. 
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Table 4.1 Selected reference compounds and group stoichiometries [111]. 

Reference 

compounds 

Formula Molecule representation Group stoichiometries of 

the reference compounds 

Naphthalene 𝐶10𝐻8 

 

                          

 

Phenanthrene 𝐶14𝐻10 

 

   

                      

Anthracene 𝐶14𝐻10 

 

                                    

 

Pyrene 𝐶16𝐻10 

 

    

                                  

4G1 + 4G2 + 4G3 + 2G4 

2G1 + 4G2 + 4G3 

4G1 + 6G2 + 4G3 

4G1 + 8G2 + 2G3 + 2G5 
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Reference 

compounds 

Formula Molecule representation Group stoichiometries of 

the reference compounds 

Triphenylene 𝐶18𝐻12 

 

     

                      

1-

Methylnaphthalene 
𝐶11𝐻10 

 

     

                      

 

Table 4.2 Selected reference compounds and group stoichiometries [111]. 

Groups Abbreviation Description 

 

 

𝐺1 

 

Group on a bridge (B) between two benzene rings in a 

polycyclic aromatic hydrocarbon. 

 

 

 

 

 

𝐺2 

 

Group adjoining a bridge (B) between two benzene rings in a 

polycyclic aromatic hydrocarbon. 

6G1 + 6G2 + 6G3  

2G1 + 3G2 + 4G3 + G6 

           (C) 
(C) 

CB 

(C) 
(6) 
(6) 

CH        

(C
B
) 

(C) 
(6) 
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Groups Abbreviation Description 

  

𝐺3 

 

Group that is not adjacent to a bridge (B) between two benzene 

rings in a polycyclic aromatic hydrocarbon. 

  

𝐺4 

 

Group that is adjacent to two bridges (B) between two benzene 

rings in a polycyclic aromatic hydrocarbon. 

  

𝐺5 

 

Group at the junction of three aromatic rings in a polycyclic 

aromatic hydrocarbon. . 

 

 

 

𝐺6 

 

Group including a methyl chain and adjoining a bridge (B) 

between two benzene rings in a polycyclic aromatic 

hydrocarbon. 

 Calculation of group contribution to the thermodynamic properties of high 

molecular weight PAH compounds 

Regarding the group additivity hypothesis, any standard thermodynamic property or heat capacity 

function coefficient of the jth reference compound (𝛯𝑗
°) can be expressed as: 

𝛯𝑗
° =  ∑ 𝑛𝑖𝑗  Ξ𝑖

°
𝑖   Eq. (4.4) 

Where nij represents the number of moles of the ith group in one mole of jth reference compound 

and Ξ𝑖
° denotes any heat capacity power function coefficient or standard thermodynamic property 

at 298.15 K and 1 bar of the subscripted group.  

(C) 

(C) 

CH (6) 

           (C) 
(C) 

CB 

(C) 
(6) 
(6) (6) 

(C
B
) 

(C
B
) 

(6) CH 

C         

(C
B
) 

(C) 
(6)  CH3 
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The heat capacity function and standard thermodynamic properties of the aromatic G1, G2 and G3 

groups can be calculated from those of naphthalene, phenanthrene and triphenylene using Eq. (4.4) 

and the group stoichiometries for these reference compounds as are shown in Table 4.1. Combining 

the heat capacity coefficients and the standard thermodynamic properties of these aromatic groups 

with those of anthracene, pyrene and 1-methylnaphthalene according to the strategy and group 

stoichiometry shown in Table 4.1 allows the calculation from Eq.(4.4) of the corresponding 

coefficient and properties of G4 , G5 and G6 groups. The heat capacity function coefficients and 

standard thermodynamic properties of any high molecular weight PAH compounds can be derived 

using heat capacity coefficients and standard thermodynamic properties of the groups having 

contributed to the compounds.  

In the present work, some modifications are proposed to apply group contribution algorithms to 

predict the thermodynamic properties of PAH-derived constituents, high MW oligomers, and 

polymers, of coal tar pitch which are considered as constituents of graphene sheet [25, 174]. Very 

large polycyclic aromatic hydrocarbons (VLPAHs) such as quaterrylene and dicoronylene (Fig. 

4.1) can be considered subsections of a graphene sheet (Fig. 4.2) since the length of both 

quaterrylene and dicoronylene is about 17.9 Å [25]. 
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Figure 4.1 Perylene, coronene, and their oligomers [25]. 

 

 

Figure 4.2 Coronene “star” heptamer and its possible transformation to a graphene plate having a 

diameter of 26.4 Å [25]. 

The modifications are based on consideration of different types of aromatic rings available in the 

monomers of these VLPAHs (Fig. 4.3): 1) Internal ring, which is surrounded by other aromatic 
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rings on all sides, 2) External ring, which is surrounded by other rings on two sides and 3) Semi-

internal ring, which is surrounded by other rings on more than two sides, shown as IN-R, EX-R, 

and SIN-R, respectively. Subsequently, three aromatic groups are defined and introduced to the 

model with respect to which aromatic rings are placed around them. These aromatic groups named 

G5 as the aromatic group at the junction of two SIN-R and one EX-R, G7 as the aromatic group at 

the junction of one SIN-R and two EX-R, and  G8 as the aromatic group at the junction of two SIN-

R and one IN-R (shown in Fig. 4.3). 

 

Figure 4.3 Definition of three different aromatic groups at the junction of three aromatic rings. 

Group stoichiometries of coronene and perylene are listed in Table 4.3. Combining the 

thermodynamic properties of aromatic G1 , G2 and G3 groups with those of perylene and coronene 

(as new reference compounds) in accord with the group stoichiometry seen in Table 4.3 enables 

the calculation from Eq. (4.4) of correspondence heat capacity coefficients and standard 

thermodynamic properties of the aromatic G7 and G8 groups. 
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Table 4.3 Group stoichiometries of perylene and coronene. 

Reference 

compounds 
Formula 

Molecule representation Group stoichiometries 

of new reference 

compounds 

Perylene 

 
𝐶20𝐻12 

 

 

Coronene 

 
𝐶24𝐻12 

 

 

 

 

4.2.2 Thermodynamic model parameters 

The heat capacity function coefficients and standard thermodynamic properties of constituent 

groups in solid, liquid and gas PAHs are defined as the thermodynamic model parameters which 

are used to predict the heat capacity function coefficients and standard thermodynamic properties 

of PAHs in different states by applying group additivity algorithms followed by the CALPHAD 

approach to optimize them. Then, Gibbs energy, enthalpy, and entropy of any solid, liquid and gas 

PAHs at any given temperature can be generated using derived thermodynamic model parameters 

utilizing Eqs. (4.1-4.4). 

6G1 + 8G2 + 4G3 + 2G7  

6G1 + 12G2 + 6G8 

* 

* 

* Groups at the junction of three aromatic rings in perylene and coronene (shown in Fig. 4.3) 
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 Coefficients for Heat capacity function of PAHs 

Solid polycyclic aromatic hydrocarbon compounds 

Following semi-empirical expression is used to fit the heat capacity function of solid PAH 

compounds: 

𝐶𝑝(𝑠𝑜𝑙𝑖𝑑) = 𝑎 + 𝑏𝑇 + 𝑐𝑇2 + 𝑑𝑇−2   Eq. (4.5) 

In some cases, getting a unique correlation for the entire range of temperature of coal tar pitch 

carbonization process is not possible. In this case, correlations should be obtained in different 

ranges of temperature using the proposed method by Voronin and Kutsenok (see ref. [175] for 

detail). Heat capacity experimental data, reported in the literature [92, 95, 96, 101, 104, 109, 116, 

154, 166, 171], are used to obtain the heat capacity correlations of all the solid reference 

compounds. The heat capacity coefficients of the reference PAHs, together with those of perylene 

and coronene corresponding to Eq. (4.5) are summarized in Table A.1.  

Liquid and gas phases 

The reported experimental data [95, 97, 98, 105, 109, 116, 156] for the heat capacity of liquid and 

gaseous PAH compounds can be represented as a function of temperature as follows:  

𝐶𝑝(𝑙𝑖𝑞𝑢𝑖𝑑, 𝑔𝑎𝑠) = 𝑎 + 𝑏𝑇 + 𝑐𝑇2 + 𝑑𝑇3 + 𝑒𝑇4   Eq. (4.6) 

Two last terms in Eq. (4.6) enable us to fit accurately the experimental data of liquid and gaseous 

PAHs which is mostly available in temperature ranges above 300 K.  

Fitting the experimental data with Eq. (4.6) results in the heat capacity coefficients of reference 

compound in liquid and gas states as summarized in Table A.2. 
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Constituent groups in Solid, liquid and gaseous PAHs  

The values of the 𝑎, 𝑏, 𝑐, 𝑑 and 𝑒 coefficients of the constituent groups of the solid, liquid and 

gaseous PAH compounds (listed in Table 4.2 and 4.3) are calculated using the above obtained 

values (the heat capacity coefficients of reference PAH compounds) and applying group 

contributions calculations as described in Section 4.2.1.2. Tables 4.4 and 4.5 show the heat capacity 

coefficients of constituent groups in solid, liquid and gaseous states.  

It should be noted that the heat capacity coefficients of aromatic G7 and G8 groups are only 

calculated in solid state and not in liquid and gaseous states with respect to the following 

explanation. Two new reference compounds, i.e. perylene and coronene, which introduced to the 

model at the end of Section 4.2.1.2 for modification purpose, suffer from lack of heat capacity 

experimental data in liquid state and consequently calculation of the heat capacity of the constituent 

groups (i.e. G7 and G8) in liquid state is not possible. Meanwhile, using group contribution 

algorithm and experimental data for gaseous perylene and coronene result in the same values for 

heat capacity of G5, G7, and G8 groups. So, the heat capacity coefficients of aromatic G7 and G8 

groups in liquid and gaseous states are considered as those of G5 group in Table 4.5.   
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Table 4.4 Heat capacity coefficients of the constituent groups in the solid PAH compounds 

derived by group contribution calculation. 
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By the way, as discussed in Section 4.2.1.2, heat capacity function coefficients of G7 and G8 groups 

are only needed in the estimation of heat capacity function coefficients of PAH-derived 

constituents, high MW oligomers, and polymers, of coal tar pitch and not in those of PAH 

monomers. 

For the verification purposes, the heat capacity function coefficients of reference PAH compounds 

have been regenerated from group additivity algorithms using group properties (listed in Tables 

4.4 and 4.5) and Eq. (4.4). The heat capacity of these compounds in solid, liquid and gas states as 

a function of temperature were estimated using Eqs.( 4.5 and 4.6) and shown in Figs. A.2, A.4, 

A.6, A.8 and A.10 in Appendix A.   

 

Table 4.5 Heat capacity coefficients of the constituent groups in the liquid and gas PAH 

compounds derived by group contribution calculation. 

Group state 
Heat capacity coefficients 

a1 b2 c3 d4 e5 

G1 
liquid -1.617360E+01 1.093380E-01 -1.119950E-04 3.827290E-08 0.000000E+00 

gas -4.649600E+00 7.170500E-02 -6.146730E-05 1.999860E-08 -1.158070E-12 

G2 
liquid 9.444750E-01 8.622750E-02 -5.865660E-05 1.486880E-08 0.000000E+00 

gas -9.378990E+00 1.026970E-01 -9.358780E-05 4.409810E-08 -8.385950E-12 

G3 
liquid 1.392490E+01 2.393380E-02 2.250530E-05 -1.619910E-08 0.000000E+00 

gas -5.683710E+00 8.306620E-02 -7.088990E-05 3.650290E-08 -8.439500E-12 

G4 
liquid 9.340290E+00 5.005510E-02 -7.306680E-06 -6.070890E-09 0.000000E+00 

gas -8.776320E+00 9.450110E-02 -7.296430E-05 2.536960E-08 -2.722110E-12 

G5 
liquid 1.416440E+01 -4.233970E-02 8.962710E-05 -4.037230E-08 0.000000E+00 

gas -2.373540E+00 4.935830E-02 -4.544510E-05 2.511450E-08 -6.241770E-12 

G6 
liquid -1.411738E-01 2.689842E-01 -2.378692E-04 7.715645E-08 0.000000E+00 

gas -1.101553E+01 2.128106E-01 -1.721755E-04 6.749102E-08 -9.503758E-12 

1 J mol-1 K-1; 2 Jmol-1K-2; 3 J mol-1 K-3; 4 Jmol-1K-4; 5 J mol-1 K-5 
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 Entropy and enthalpy of formation at 298.15 K and 1 bar (∆𝑯𝟐𝟗𝟖 𝑲
° , 𝑺𝟐𝟗𝟖 𝑲

° ) 

of PAHs and constituent groups 

Experimental data for standard thermodynamic properties of reference PAH compounds in solid 

and gas states, which are available in the literature [39, 90, 92-98, 100-103, 105, 106, 109, 110, 

116, 118, 141-146, 148-173, 175-178], together with those derived from first principle calculations 

in gaseous state [172], are summarized in Table A.5. Experimental values of enthalpy and entropy 

of fusion of PAH compounds as the required information for liquid phase thermodynamic property 

calculations are listed in Table A.6.  

These data, which are obtained separately without any consideration of consistency between them, 

do not have enough accuracy for the estimation of thermodynamic properties such as vapor 

pressure and phase equilibria data. The philosophy of the CALPHAD approach [112] is to obtain 

the thermodynamic data rendered consistently with phase transitions and vapor pressure data. The 

CALPHAD approach is applied to optimize the enthalpy and entropy of formation of PAH 

compounds in solid, liquid and gas states while satisfying the available experimental data for vapor 

pressure and phase transitions thermodynamic data. Phase transition data and vapor pressures of 

reference compounds as a function of temperature calculated using both standard thermodynamic 

properties of PAHs obtained by group contribution algorithms and those optimized with the 

CALPHAD approach are shown in Figs. (A.1, A.3, A.5, A.7 and A.9) in Appendix A. Comparing 

the results presented in these figures (highlighted as before and after CALPHAD) shows how the 

CALPHAD approach can be applied to estimate the thermodynamic properties of PAH compounds 

in a consistent manner.  Meanwhile,  good agreement between experimental data [110, 147, 161, 

179-190] and estimated values in these figures shows that the obtained optimized values of standard 
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thermodynamic properties can be utilized reliably to predict thermodynamic data of PAH 

compounds. 

Optimized values of standard thermodynamic properties at 298.15 K and 1 bar and phase transition 

data of reference compounds are summarized in Tables A.5 and A.6, respectively. Subsequently, 

entropy and enthalpy of formation at 298.15 K and 1 bar of the constituent groups (listed in Tables 

4.2 and 4.3) in solid, liquid and gaseous PAH compounds are calculated using optimized values of 

standard thermodynamic properties at 298.15 K and 1 bar of reference PAH compounds and 

applying group contribution calculations as described in Section 4.2.1.2. Table 4.6 shows standard 

thermodynamic properties at 298.15 K and 1 bar of constituent groups in solid, liquid and gaseous 

states. It is important to point out that with respect to the subject discussed in Section 4.2.1.2, this 

table includes the standard thermodynamic properties of G7 and G8 groups as the aromatic groups 

introduced to the model for modification purpose which is only utilized in the estimation of the 

standard thermodynamic properties of PAH-derived constituents, high MW oligomers and 

polymers, of coal tar pitch and not in those of PAH monomers.  

The standard thermodynamic properties of PAHs adopted in the present work can be estimated 

using group contribution algorithms and the thermodynamic properties of constituent groups (listed 

in Table 4.6) as well as applying the CALPHAD approach to optimize them.  
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Table 4.6 Entropy and enthalpy of formation at 298.15 K and 1 bar of the constituent groups in 

the solid, liquid and gaseous PAH compounds from group contribution calculation. 

Group 
∆𝑯𝟐𝟗𝟖 𝑲

°  (kJ mole-1) 𝑺𝟐𝟗𝟖 𝑲
°  (J mole-1 K-1) 

solid liquid gas solid liquid gas 

G1 1.027907E+04 6.846422E+03 1.374594E+04 1.353433E+00 -1.366000E+01 -1.739543E+01 

G2 5.863926E+03 8.119181E+03 1.168583E+04 2.278917E+01 3.289500E+01 4.629013E+01 

G3 8.458483E+03 1.236173E+04 1.914076E+04 1.829907E+01 2.828250E+01 4.633158E+01 

G4 1.323923E+04 1.993953E+04 2.420519E+04 1.860457E+01 3.155530E+01 4.610353E+01 

G5 7.572321E+03 9.597051E+03 1.730251E+04 -2.093300E+00 -4.231000E+00 3.499750E+00 

G6 -1.698033E+01 -2.329556E+01 -1.111935E+01 7.392496E+01 6.928722E+01 9.700356E+01 

G7 2.398548E+01 3.042708E+01 3.492553E+01 -1.275236E+00 4.902884E+00 5.135100E+00 

G8 2.272483E+01 2.212005E+01 3.111083E+01 -9.441183E-02 -6.494944E+00 2.736787E+00 

 

However, some modifications are needed to be made to the proposed model in the case of 

prediction of standard thermodynamic properties of the PAH compounds which suffer from a lack 

of experimental data. The following procedure is proposed for optimization purposes when there 

is not enough phase transition and vapor pressure data for the PAH compound subjected to standard 

thermodynamic properties calculations. Consequently, specific application of this modification 

appears for standard thermodynamic properties prediction of high molecular weight PAH 

oligomers.   

Resonance stabilization energies and molecular rotational symmetry are significant factors to be 

considered in predicting standard thermodynamic properties of aromatic hydrocarbons.  

The resonance energy of an aromatic compound is a measure of the extra stability of the conjugated 

system compared to the corresponding number of isolated double bonds [191-193].  Resonance 

energy as an important attribute of PAH compounds affects the enthalpy of formation of these 

compounds. Resonance energies of some conjugated hydrocarbons have been reported in the 

literature [193-196]. In these studies, it has been shown that the resonance energy of compounds 
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containing aromatic segments (like PAH oligomers) can be estimated as the sum of resonance 

energies of the various aromatic segments in it [194].  

In the present work, the enthalpy of formation at 298 K and 1 bar of the PAH compounds with lack 

of experimental data (including PAH oligomers), which already predicted using the proposed 

approach at the beginning of Section 4.2.2.2, is modified by calculating the resonance energies of 

these compounds and using resonance energies of the constituents segments in the compound 

reported in the literature [193-196]. In fact, the effect of the resonance energy in this calculation 

appears as a subtracting factor in the initial estimated values of enthalpy of formation at 298 K and 

1 bar. 

The relationship between molecular symmetry and entropy of the compounds was first observed 

by Carnelley [197] and then thoroughly reviewed by Brown [198]. Yalkowsky and Martin et al. 

[199, 200] were the first to quantitate the role of molecular symmetry in determining the entropy 

of specific compounds. They observed that the melting points of a number of disubstituted benzene 

isomers are inversely related to the logarithms of their rotational symmetry numbers. In other 

words, a symmetrical molecule with a high-symmetry number σ has increased order and reduced 

rotational entropy by the amount of R ln(σ), which elevates the melting point [201, 202]. The 

rotational symmetry number, σ, is defined as the rotational degeneracy of the molecule. It is equal 

to the number of identical images that can be produced by rotation of the molecule within 360 in 

any direction.  The rotational symmetry number of some simple molecules has been reported in 

references [202, 203].  

Using these reported values and the fact that UPPER (United Physical Property Estimation 

Relationship) gives the radially symmetrical molecules a value of 20 to indicate that they are more 
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symmetrical than benzene, the symmetry number of the PAHs adopted in the present work can be 

evaluated. Subsequently, the entropy at 298 K and 1 bar, which has been already estimated using 

the defined approach at the beginning of  Section of 4.2.2.2, will be revised with -R ln(σ) term, 

where R and σ represent the gas constant value and the symmetry number of the molecule, 

respectively. 

4.3 Application of Compound Energy Formalism (CEF) to predict heat 

capacity functions of PAHs with anomaly behavior 

As a summary of the literature review [113-116, 124, 204-206], some PAH compounds like 

phenanthrene, pyrene, and perylene exhibit heat capacity anomaly in the solid state. An anomalous 

absorption of energy is found in the vicinity of the temperature at which the anomalous behavior 

appears and results in a big jump in temperature-dependent heat capacity function of these PAHs 

in the crystalline phase (Fig. 4.4) [116].  

Phenanthrene with chemical formula 𝐶14𝐻10 is the isomer of anthracene. The solid properties of 

the two isomers differ significantly The most important difference is that phenanthrene has a crystal 

transition at ambient pressure while anthracene does not [124]. The phase transition in 

phenanthrene has been the object of much study since its behavior is unusual. Heat capacity studies 

show a thermal anomaly with a maximum of 347.15 K [116]. 
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Figure 4.4 Heat capacity and phase transition of highly purified phenanthrene: a, liquid; b, crystal 

I; c, crystal II; d, crystal III (mole fraction of impurity: 0.00013) [116]. 

 

Structural evidence given by X-ray and neutron diffraction studies shows that the overcrowded 

hydrogen atoms in the molecular structure are responsible for the anomalous behavior [124]. In 

fact, the observed transition may be related to increased vibration and rearrangement of hydrogen 

atoms on the 4𝑡ℎ and 5𝑡ℎ sites of the phenanthrene molecule (Fig. A.11 in Appendix A) [114-116, 

124]. On passing through the phase transition temperature, the lattice constants for the monoclinic 

cell increase conspicuously, while both the crystal system (which is monoclinic) and the space 

group remain unaltered [113, 124]. It has been found that this phase transition which previously 

suggested by the anomalies in thermal expansion is associated with a second-order phase transition 

[113]. 

The Compound Energy Formalism (CEF) is used to develop the thermodynamic model for the heat 

capacity function prediction of PAHs with anomalous behavior in solid state. The application of 
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CEF has been presented previously [207, 208] and will not be described in detail in the present 

article. It is common, in the CEF, to represent the list of species mixing on the respective sub-

lattices using a description similar to (A;B)x(D;E)y(F;G;H)z representation, where A, B,…,H are 

chemical species and x, y and z are the sublattice stoichiometric factors. A simple case can be 

represented as (A;B)(C;D). In this case, in the system under consideration there are four elements 

and the composition is conveniently can be plotted on a square where the corners represent the four 

basic compounds AC, BC, AD, and BD and the parameters 𝑋𝐵 and 𝑋𝐷 used to represent the 

composition of any intermediate point, Fig. 4.5, where 𝑋𝐵 =  
𝑛𝐵

𝑛𝐴+ 𝑛𝐵
 and 𝑋𝐷 =  

𝑛𝐷

𝑛𝐶+ 𝑛𝐷
 . Using the 

Gibbs free energies of pure components and minimization of Gibbs energy of the system as defined 

in references [207, 208] enables the calculation of the internal state of the system. 

 

Figure 4.5 Representation of the composition in an quaternary system where the components mix 

each other, two and two [207]. 

Applied to our specific case, for any given PAH compound, sublattice species are: the compound 

before phase transition represented as (𝐶𝑥𝐻𝑦) and the compound after the phase transition, 

(𝐶𝑥𝐻𝑦)
𝑃

. In the CEF, for our choice of sublattice species, four end-members are defined: 

(𝐶𝑥𝐻𝑦): (𝐶𝑥𝐻𝑦), (𝐶𝑥𝐻𝑦): (𝐶𝑥𝐻𝑦)
𝑃

, (𝐶𝑥𝐻𝑦)
𝑃

: (𝐶𝑥𝐻𝑦)  and (𝐶𝑥𝐻𝑦)
𝑃

: (𝐶𝑥𝐻𝑦)
𝑃

. It should be noted 

that (𝐶𝑥𝐻𝑦) ∶ (𝐶𝑥𝐻𝑦) and (𝐶𝑥𝐻𝑦)
𝑃

: (𝐶𝑥𝐻𝑦)
𝑃

 end-members are present in temperature ranges 
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much below and much above the solid phase transition temperature, respectively, and 4 end-

members in different proportions are available between these two temperature limits (including 

solid phase transition region).  

The Gibbs energy functions of the four end-members, i.e, 𝐺(𝐶𝑥𝐻𝑦):(𝐶𝑥𝐻𝑦) , 𝐺(𝐶𝑥𝐻𝑦):(𝐶𝑥𝐻𝑦)
𝑃
, 

𝐺(𝐶𝑥𝐻𝑦)
𝑃

:(𝐶𝑥𝐻𝑦) , and 𝐺(𝐶𝑥𝐻𝑦)
𝑃

:(𝐶𝑥𝐻𝑦)
𝑃

 are defined based on Gibbs energy function of sublattice 

species, as follows: 

𝐺(𝐶𝑥𝐻𝑦):(𝐶𝑥𝐻𝑦)  =  2 𝐺(𝐶𝑥𝐻𝑦)                                                               Eq. (4.7) 

𝐺(𝐶𝑥𝐻𝑦):(𝐶𝑥𝐻𝑦)
𝑃

  =  𝐺(𝐶𝑥𝐻𝑦)+ 𝐺(𝐶𝑥𝐻𝑦)
𝑃

 + 𝐷𝐺1+ 𝐷𝐺𝑒𝑥                                                 Eq. (4.8) 

𝐺(𝐶𝑥𝐻𝑦)
𝑃

:(𝐶𝑥𝐻𝑦)  =  𝐺(𝐶𝑥𝐻𝑦)
𝑃

 + 𝐺(𝐶𝑥𝐻𝑦)+ 𝐷𝐺1+ 𝐷𝐺𝑒𝑥                                                 Eq. (4.9) 

𝐺(𝐶𝑥𝐻𝑦)
𝑃

:(𝐶𝑥𝐻𝑦)
𝑃

 =  2 𝐺(𝐶𝑥𝐻𝑦)
𝑃

+ 2𝐷𝐺1   Eq. (4.10) 

In these equations 𝐺(𝐶𝑥𝐻𝑦) and 𝐺(𝐶𝑥𝐻𝑦)
𝑃

 are the Gibbs energies of sublattice species (i.e. chemical 

species) which are defined with Eqs. (4.1-4.3) at any given temperatures.  

In Eqs. (4.1-4.3), ∆𝐻298.15 𝐾
°  and 𝑆298.15 𝐾

°  are entropy and enthalpy at 298.15 K and 1 bar of PAH 

compound, i.e. (𝐶𝑥𝐻𝑦), which are estimated by applying the method presented in Section 4.2.2.2. 

The heat capacity, 𝐶𝑝, in Eqs. (4.1-4.3) represents the heat capacity function of sublattice species. 

Heat capacity of the compound before phase transition represented, 𝐶𝑝(𝐶𝑥𝐻𝑦)
, can be calculated by 

following the approach defined in Section 4.2.2.1. The heat capacity of  the compound after phase 

transition, 𝐶𝑝(𝐶𝑥𝐻𝑦)
𝑃

 
is described as follows: 
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𝐶𝑝(𝐶𝑥𝐻𝑦)
𝑃

 
=  𝐶𝑝(𝐶𝑥𝐻𝑦)

+ 𝑎  Eq. (4.11) 

 𝐷𝐺1 , 𝐷𝐺𝑒𝑥 and 𝑎 in Eqs. (4.8-4.11) become model parameters which are determined in such a 

way satisfying heat capacity function of PAH compound in whole temperature ranges under study 

(including solid phase transition temperature). Subsequently, coded Gibbs energy equations (Eqs. 

4.7-4.10) used in a Gibbs energy minimization routine permits the computation of the internal state 

of equilibrium of solid PAH compound.   

4.4 Results and discussion 

The present thermodynamic model was applied to estimate the thermodynamic properties, phase 

transition data as well as vapor pressures of pure PAHs. The estimation of the heat capacity function 

of PAHs with an anomalous behavior was performed using the concept defined in Section 4.3 and 

utilizing the SOLUTION and EQUILIB modules of the FactSageTM thermochemical software.  

4.4.1 Prediction of heat capacity function coefficients of PAHs 

The group properties summarized in Tables 4.4 and 4.5 and Eqs. (4.4) have been used to calculate 

the heat capacity function coefficients of some PAH compounds. Naphthacene, pentacene, 

perylene, and coronene were selected to be studied in this section. These compounds are commonly 

found in coal tar pitch and there is enough reported experimental data in the literature to allow the 

comparison of their thermodynamic properties with predictive calculation results. It is important 

to be pointed out that to justify determined heat capacity function coefficients of G5 group, perylene 

and coronene are considered as the compounds subjected to the prediction in this section. 

Regarding the subject presented in Sections 4.2.1.2 and 4.2.2.1, the heat capacity function 

coefficients of them are estimated by using those of G1-G6 groups without any intervention of 
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thermodynamic properties of G7 and G8 groups (application of the thermodynamic properties of G7 

and G8 groups will be discussed in Section 4.4.3). The heat capacity function coefficients of these 

compounds in solid, liquid and gas states have been estimated and summarized in Table A.3 and 

Table A.4, respectively. The results for heat capacity function of naphthacene, pentacene, perylene 

and coronene as a function of temperature are shown in Figs. 4.6-4.13. The predictive calculations 

are compared with reported experimental data and those obtained according to Richard and 

Helgeson’s prediction method [111, 156, 166, 171, 209]. Although there is some deviation between 

the results from this work and experimental data (seen in Figs. 4.7, 4.9, 4.11, and 4.13 as zoom 

view of a portion of Figs. 4.6, 4.8, 4.10, and 4.12), a major improvement was achieved when 

compared to Richard and Helgeson’s prediction.  

As seen in these figures, Richard and Helgeson’s approach can predict the heat capacity of solid 

PAH compounds only in a specific range of temperature, neither at low ranges nor at high ranges 

of temperature. At low temperatures, heat capacity values of solid PAHs predicted by Richard and 

Helgeson have a dramatic difference from experimental data and those predicted in the present 

work. In fact, the type of heat capacity function chosen to model the heat capacity of PAHs affects 

the results. The heat capacity correlation proposed in this work (Eq. 4.5) is different from that used 

by Richard and Helgeson (Eq. 6 in ref. [111]) and improves the heat capacity prediction of solid 

PAH compounds. According to the dependence of the heat capacity of solid components on the 

temperature, reported as experimental data or predicted theoretically, the heat capacity will become 

plateau at relatively high temperatures [175]. The heat capacity values of solid PAHs predicted 

using the model presented in this work in the temperature range of interest for the carbonization 

process (25 – 1200°C) can satisfy the plateau function of heat capacity at relatively high 

temperatures while the Richard and Helgeson’s method cannot. 
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The proposed model can predict a reasonable heat capacity function for PAH compounds in liquid 

and gaseous states. There is a good agreement between the heat capacity of gas PAHs predicted in 

the present work and experimental data. Predicted heat capacity function of liquid PAHs shows 

good agreement with experimental data in temperature ranges where the data is available (only one 

data set reported by Wong [166] for liquid perylene) and can satisfy the trend of heat capacity 

function at high temperature, which is expected to be plateau such as solid and gaseous states. A 

major improvement is achieved when compared to Richard and Helgeson’s prediction for liquid 

PAHs which are so linear. Indeed, in Richard and Helgeson’s method, the heat capacity of most of 

the reference compounds in liquid state (naphthalene, anthracene, pyrene, phenanthrene, and 

triphenylene) has been correlated linearly (Table 2 in ref. [111]) which results in so linear heat 

capacity function of liquid PAHs subjected to the prediction. 
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Figure 4.6 Comparison of the predicted heat capacity of naphthacene (solid, liquid and gas state) 

with experimental data and Richard and Helgeson’s predicted values [111, 156, 166, 209]. 
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Figure 4.7 Zoom view of a portion of Fig. 4.6.  
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Figure 4.8 Comparison of the predicted heat capacity of pentacene (solid, liquid and gas state) 

with experimental data and Richard and Helgeson’s predicted values [111, 156, 209]. 
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Figure 4.9 Zoom view of a portion of Fig. 4.8. 
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Figure 4.10 Comparison of the predicted heat capacity of perylene (solid, liquid and gas state) 

with experimental data and Richard and Helgeson’s predicted values [111, 156, 166] (for 

anomaly, see Section 4.4.4). 
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Figure 4.11 Zoom view of a portion of Fig. 4.10. 
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Figure 4.12 Comparison of the predicted heat capacity of coronene (solid, liquid and gas state) 

with experimental data and Richard and Helgeson’s predicted values [111, 156, 166]. 



92 

 

 

 

Figure 4.13 Zoom view of a portion of Fig. 4.12. 

4.4.2 Prediction of standard thermodynamic properties of PAHs 

Entropy and enthalpy of formation at 298 K and 1 bar of PAH compounds adopted in the present 

work can be generated from group additivity algorithms and the group properties presented in Table 

4.6. The obtained values have been optimized by applying the CALPHAD approach for compounds 

with enough available experimental data. However another approach (as presented in Section 

4.2.2.2) which considers the effect of resonance energy and molecular rotational symmetry, was 

used to modify the values obtained from group additivity algorithms for PAHs suffering from a 

lack of experimental data.  
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 Applying the CALPHAD approach for standard thermodynamic 

properties and vapor pressure predictions of PAHs 

Standard thermodynamic properties predicted using group additivity algorithms were optimized by 

applying the CALPHAD approach, as explained in Section 4.2.2.2. Firstly, standard 

thermodynamic properties of PAHs subjected to the calculations are calculated using standard 

thermodynamic properties of the constituents groups (listed in Table. 4.6) and applying group 

contribution method. Obtained Standard thermodynamic properties are then optimized by applying 

CALPHAD approach. Standard thermodynamic properties in solid and gas states and phase 

transition data of some PAHs such as naphthacene, pentacene, and perylene with enough 

experimental data [39, 93, 105, 112, 113, 115, 118, 167, 172, 177, 210, 211] are estimated and 

summarized in Tables 4.7-4.9. It is important to be pointed out that in order to justify determined 

standard thermodynamic properties of G5 group, perylene is considered as a compound subjected 

to prediction in this section. Regarding the subject presented in Sections 4.2.1.2 and 4.2.2.2, 

standard thermodynamic properties of this compound are estimated by using those of G1-G6 groups 

without any intervention of thermodynamic properties of G7 and G8 groups (application of the 

thermodynamic properties of G7 and G8 groups will be discussed in Section 4.4.3).  

Tables 4.7-4.9 compare the thermodynamic properties of naphthacene, pentacene and perylene 

obtained using group contribution calculations, optimized by applying the CALPHAD approach, 

the values reported in the literature (experimental data and data from first principle calculations) 

and those derived by Richard and Helgeson [111]. There is a good agreement between optimized 

values (obtained by applying the CALPHAD approach), experimental data and the data from first 

principle calculations. The deviation between the values predicted by Richard and Helgeson, group  
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Table 4.7 Enthalpy of formation at 298.15 K and 1 bar of some PAHs in solid and gas states. 

Compound Formula 

∆H°f (kJ mole-1) 

solid gas 

Exp. value 
Group 

contr. 

Opt. 

value 

Predict. 

by 

Helgeson 

Exp. value 
FPC 

value 

Group 

contr. 

Opt. 

value 

Naphthacene    
[39, 93, 115, 

172] 
C18H12 203-209.7 171.9 202.1 180.6 336.7-348.5 320.4 302.6 330.4 

Pentacene         
[39, 93, 172] 

C22H14 - 219 249.3 232.1 - 411.2 378.5 411.9 

Perylene           
[39, 93, 167, 

172, 211] 
C20H12 180.4-186.0 157.6 183.1 162.8 315-321.3 319.4 287.1 315.1 

 

Table 4.8 Entropy of some PAHs in solid and gas states at 298.15 K and 1 bar. 

Compound Formula 

S°298.15K (J mole-1 K-1) 

solid gas 

Exp. 

value 

Group 

contr. 

Opt. 

value 

Predicted by 

Helgeson 

Exp. 

value 

FPC 

value 

Group 

contr. 

Opt. 

value 

Naphthacene           

[39, 93, 172, 

179] 
C18H12 215.4 246.9 249.8 246.9 - 444.7 450.5 441.7 

Pentacene       

[39, 93, 172] 
C22H14 - 286.8 286.3 286.7 - 499.8 507.94 501.2 

Perylene         

[39, 172, 179] 
C20H12 264.6 259.4 261.1 270.8 - 461.5 458.27 501.2 

 

Table 4.9 Phase transition properties of some PAHs. 

Compound 

To
fusion (K) ∆H°fusion  (kJ mole-1) ∆S°fusion  (J mole-1 K-1) 

Exp. 

value 

Pred. 

value 

Pred. 

by 

Helg. 

Exp. 

value 

Pred. 

value 

Pred. 

by 

Helg. 

Exp. 

value 

Pred. 

value 

Pred. 

by 

Helg. 

Naphthacene 

[113, 115, 

210] 

613.0-623.0 618.0 581.2 35.9 35.6 47.1 58.1 57.6 81.1 

Pentacene 

[113, 167] 
544.0 544.0 631.6 - 44.5 71.8 - 81.3 113.7 

Perylene 

[105, 118, 

172, 177] 

533.0-553.0 543.0 472.0 31.9-32.6 31.4 18.1 58.8-60.0 57.8 38.4 
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contribution method and the experimental data shows that applying the CALPHAD approach is 

required to optimize the set of thermodynamic properties with full consistency. 

The vapor pressures of naphthacene, pentacene, and perylene as a function of temperature have 

been calculated using the predicted heat capacity function in the present work (Section 4.1) and 

optimized values of entropy and enthalpy of formation at 298.15 K and 1 bar (Tables 4.7-4.9) 

utilizing the FactSageTM thermochemical software. The results are shown in Figs. 4.14- 4.16 [111, 

178, 187]. Although available   experimental data for vapor pressure of PAH compounds is limited 

but it is enough to show that the present work significantly improves the estimation of vapor 

pressures of PAH compounds in comparison with that proposed by Richard and Helgeson [111]. 

As shown in Fig. 4.16, there is some uncertainty in the experimental vapor pressure data of 

perylene. The vapor pressure values of perylene presented by Goldfarb and Suuberg  [178] are 

slightly higher than those obtained by Oja and Suuberg [187] in the same range of temperature. In 

their paper, Goldfarb and Suuberg explain that the high purity of the used perylene sample in his 

studies and good agreement obtained between several different experiments results in more reliable 

set of vapor pressure data compared to another set of vapor pressure data reported by Oja and 

Subberg. Thus, the set of vapor pressure data presented by Goldfarb and Suuberg has been utilized 

in the CALPHAD approach. 
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Figure 4.14 Calculated vapor pressure of naphthacene as a function of  temperature [111, 187]. 

 

Figure 4.15 Calculated vapor pressure of pentacene as a function of temperature [111, 187]. 
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Figure 4.16 Calculated vapor pressure of perylene as a function of temperature [111, 178, 187]. 

 Standard thermodynamic properties prediction of PAHs with lack of 

experimental data 

It was pointed out in the second part of Section 4.2.2.2 that the predication of standard 

thermodynamic properties of PAH compounds which suffers from a lack of experimental data 

needs some considerations concerning resonance energy and molecular rotational symmetry of 

these molecules. Following the approach proposed in that section and the method defined for 

resonance energy and molecular rotational symmetry calculations [193-195, 202, 203], standard 

thermodynamic properties of some PAHs such as Benzo[a]anthracene, Benzo[e]pyrene, 

Dibenzo[a,c]anthracene, Dibenzo[a,j]anthracene and Dibenzo[a,j]naphthacene are estimated and 

shown in Table 4.10. Comparison  of the estimated standard thermodynamic properties with 

experimental data and the data obtained by first principles calculation (FPC) [39, 93, 172, 212] 
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confirms the pertinence of applying the proposed approach for optimizing the standard 

thermodynamic properties estimation of PAHs in the case of a lack of experimental data. 

Table 4.10 Entropy and enthalpy of formation at 298.15 K and 1 bar of some PAHs in solid and 

gas states. 

Compound Formula 

∆H°f (kJ mole-1) S°298.15 K (J mole-1 K-1) 

solid gas solid gas 

Exp. 

value 

Pred. 

value 

Exp., 

FPC  

value 

Pred. 

value 

Exp. 

value 

Pred. 

value 

Exp., 

FPC   

value 

Pred. 

value 

Benzo[a]anthracene 

[39, 93, 172] 
C18H12 

167.5 – 

174.1 
156.2 

284.3-

296.3 
274.9 - 255.7 458.0 448.3 

Benzo[e]pyrene 

[172] 
C20H12 - 153.6 299.8 283.2 - 253.7 463.7 458.3 

Dibenzo[a,c]anthracene [39, 

172] 
C22H14 

176.1-

193.5 
190.8 331.0 337.8 - 298.2 511.8 506.2 

Dibenzo[a,j]anthracene [172] C22H14 - 185.9 346.2 323.2 - 298.2 507.4 506.1 

Dibenzo[de,mn]naphthacene 

(Zethrene)[172] 
C24H14 - 260.8 431.3 420.0 - 295.6 523.2 516.4 

 

The vapor pressures of Benzo[a]anthracene and Benzo[e]pyrene as a function of temperature have 

been estimated using the predicted heat capacity of aromatic groups and optimized values of 

entropy and enthalpy of formation at 298.15 K and 1 bar listed in Tables 4.4, 4.5, and 4.10, 

respectively. Figs. 4.17 and 4.18 show a good agreement between predicted and experimental 

values of the vapor pressure of  Benzo[a]anthracene and Benzo[e]pyren.  
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Figure 4.17 Calculated vapor pressure of benzo[a]anthracene as a function of temperature [111, 

212]. 

 

Figure 4.18 Calculated vapor pressure of benzo[e]pyrene as a function of temperature [111, 212]. 
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4.4.3 Application to prediction of thermodynamic properties of high molecular 

weight PAHs 

Heat capacity function coefficients, entropy and enthalpy of formation at 298 K and 1 bar of high 

MW PAH oligomers can be generated from group additivity algorithms, group properties presented 

in Tables 4.4-4.6 and the approach presented in Section 4.2.2.2 for estimating standard 

thermodynamic properties of PAHs suffering from a lack of experimental data. Regarding the 

paucity of experimental data for oligomers of PAHs, the application of the present model has only 

been verified for the predictions of the melting and boiling temperatures of quaterrylene (bi-

perylene) and tri-phenylene. The melting point of quaterrylene is estimated as 759 K compared  to 

the experimental value of 816 K [25]. The boiling points of quaterrylene and tri-perylene were 

estimated as 1046 K and 1237 K, respectively. While there is no data in the literature to compare 

with, the values seem reasonable with respect to the boiling point of monomer for this compound 

(i.e. 𝑇𝑏𝑝𝑒𝑟𝑦𝑙𝑒𝑛𝑒
= 740 𝐾).  

4.4.4 Prediction of heat capacity function of PAHs with anomalous behavior 

To conclude the discussion  from Section 3, about the unusual phase transition in solid state of 

some PAHs such as phenanthrene which has a special molecular structure (Fig. A.11 in Appendix 

A), this phase transition is a second-order phase transition with only slight changes in lattice 

constants. There are no changes in either crystal structure or the space group. Indeed, an anomalous 

absorption of energy is found in the vicinity of the temperature at which the anomalous behavior 

appears results in a big jump in temperature-dependent heat capacity function of these compounds 

in crystalline phase [124, 204, 206]. Model parameters defined in Section 4.3 , i.e. 𝐷𝐺1 , 𝐷𝐺𝑒𝑥 in 

Eqs. (4.8-4.10), are optimized to match the experimental data of heat capacity of phenanthrene in 
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the transition region as listed in Table 4.11. The value of the model parameter “a” in Eq. 4.11 is 

also determined as 10 by fitting to heat capacity experimental data. Subsequently, the heat capacity 

function of phenanthrene has been estimated using the FactSageTM thermochemical software (both 

the SOLUTION and EQUILB modules) and optimized model parameters and are shown in Fig. 

4.19. Scientific heat capacity in this figure represents the anomalous heat capacity function of the 

compound predicted by applying the proposed approach in Section 3, a combination of group 

additivity algorithm and compound energy formalism (CEF). As seen in Fig. 4.20, as a zoom view 

of solid phase transition region of Fig. 4.19, the proposed approach in this work has the ability to 

model the heat capacity of PAH compounds with anomalous behavior in solid state.  

Regarding the heat capacity experimental data for pyrene and perylene [96, 109, 166], [96, 109, 

166], these compounds exhibit an unusual phase transition (above the room temperature) which 

can be modeled using the procedure mentioned for phenanthrene. Using CEF formalism parameters 

in Table 4.11 and a equal to zero in Eq. 4.11 predicted values of heat capacity for pyrene and 

perylene are shown in Figs. 4.21 and 4.22.  
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Table 4.11 Optimized CEF formalism parameters corresponding to Eqs. (4.8-4.10) 

Phenanthrene 

𝐺(𝐶14𝐻10)𝐿:(𝐶14𝐻10)𝐿
=  2 𝐺(𝐶14𝐻10)𝐿

 

𝐺(𝐶14𝐻10)𝐿:(𝐶14𝐻10)𝐻
=   𝐺(𝐶14𝐻10)𝐿

+ 𝐺(𝐶14𝐻10)𝐻
+ 5150 + 1.3𝑇 

𝐺(𝐶14𝐻10)𝐻:(𝐶14𝐻10)𝐻
=  2 𝐺(𝐶14𝐻10)𝐻

+ 7500 − 21.4𝑇 

Pyrene 

𝐺(𝐶16𝐻10)𝐿:(𝐶16𝐻10)𝐿
=  2 𝐺(𝐶16𝐻10)𝐿

 

𝐺(𝐶16𝐻10)𝐿:(𝐶16𝐻10)𝐻
=   𝐺(𝐶16𝐻10)𝐿

+ 𝐺(𝐶16𝐻10)𝐻
+ 8400 − 3.6𝑇 

𝐺(𝐶16𝐻10)𝐻:(𝐶16𝐻10)𝐻
=  2 𝐺(𝐶16𝐻10)𝐻

+ 8200 − 19.2𝑇 

Perylene 

𝐺(𝐶20𝐻12)𝐿:(𝐶20𝐻12)𝐿
=  2 𝐺(𝐶20𝐻12)𝐿

 

𝐺(𝐶20𝐻12)𝐿:(𝐶20𝐻10)𝐻
=   𝐺(𝐶20𝐻12)𝐿

+ 𝐺(𝐶20𝐻12)𝐻
+ 4780 + 8.2𝑇 

𝐺(𝐶20𝐻12)𝐻:(𝐶20𝐻12)𝐻
=  2 𝐺(𝐶20𝐻12)𝐻

+ 8600 − 15.6𝑇 
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Figure 4.19 Predicted heat capacity of phenanthrene [116, 171]. 

 

Figure 4.20 Zoom view of solid phase transition region of Fig. 4.19.  
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Figure 4.21 Predicted heat capacity of pyrene [96, 109]. 

 

 

Figure 4.22 Predicted heat capacity of perylene [166]. 
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Predicting the transition temperature of anomalous PAH compounds in solid solutions  

According to the X-ray and neutron diffraction patterns reported in the literature [114, 120, 123, 

213-215], the crystal structures of PAH compounds studied in this section are similar and are 

known to form solid solutions [216-219]. Applying the conventional method for fitting the 

experimental data at the anomalous region of these compounds in pure state cannot be extended to 

predict the heat capacity function of solid solutions containing anomalous PAH compounds. 

Nevertheless, the heat capacity function of anomalous PAHs solid solutions can be predicted 

following the approach proposed in the present work. 

The heat capacity of phenanthrene-pyrene solid solution as a function of temperature is estimated 

by applying the CEF described in Section 4.3. Pyrene and phenanthren both exhibit anomaly 

behaviors. Therefore, defining two sublattice species for each compounds, before and after phase 

transition, results in 16 end-members as the basis for the Gibbs energy calculations in the CEF. 

Subsequently, following the procedure defined in Section 4.3, the heat capacity of the solid solution 

can be estimated. Fig. 4.23 shows the heat capacity function of a solid solution of 0.33 mole fraction 

of phenanthre. In fact, the transition temperature of the solid solution varies depending on the molar 

fraction of PAH compounds. This result is consistent with the investigation of Couvrat et al. [220] 

for the phenanthrene-Dibenzothiophene solid solution which contains at least one well known PAH 

compound with an anomalous behavior (i.e. phenanthrene).  

Obviously, regarding Eqs. (2.1) and (2.2), changing the heat capacity function of the solid solutions 

containing PAHs with anomalous behavior in temperature range of the phase transition affects their 

temperature dependent enthalpy and entropy functions.  
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Figure 4.23 Heat capacity of phenanthrene-pyrene solid solution (67 mol%: pyrene). 

 

4.5 Conclusion and outlook 

The present thermodynamic approach enables the calculation of the heat capacity function and 

standard thermodynamic properties of PAH-derived constituents of coal tar pitch and consequently 

the estimation of their other thermodynamic properties (such as vapor pressure and the Gibbs free 

energy) which will be  required for ongoing studies on coal tar pitch carbonization processes. In 

fact, in the present work, group contribution algorithms extended by Richard and Helgeson [111] 

to predict the thermodynamic properties of PAHs are modified by applying the CALPHAD 

approach to optimize the predicted values in a consistent manner to reconcile phase transition data 

and computation of vapor pressures. A good agreement was obtained for the model’s prediction of 

PAHs thermodynamic properties, in comparison with experimental data reported in the literature 

and values derived by other prediction methods. One of the strengths of the proposed model is that 
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it predicts heat capacity, enthalpy of formation, absolute entropy and vapor pressure of PAHs in 

the entire temperature range of the carbonization process (25-1200°C) consistent with experimental 

data, while the previous prediction methods are able to predict these thermodynamic properties 

only in a specific and narrow range of temperature. A thermodynamic model was also developed 

for the prediction of anomalous changes of heat capacity for some PAHs exhibiting a phase 

transition in solid state.  

The developed thermodynamic model in the present work will serve as the basis for future work to 

estimate thermodynamic properties of mixtures containing different PAH compounds and also to 

predict thermodynamic behavior of carbonaceous mesophase as an intermediate state appearing 

during coal tar pitch carbonization process. This models enables the extension of a new approach 

to obtain semi-quantitative knowledge for the thermal, physical and chemical evolutions of coal 

tar pitch occurring during the carbonization process which can be applied as a useful tool for 

improving the different aspects of this process such as energy consumption, environmental 

emissions and cost.  
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DURING COAL TAR PITCH CARBONIZATION 
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Abstract: Carbonaceous mesophase appears as an intermediate product in production of electrical 

and mechanical carbon materials, needle coke for graphite electrodes used in electric-arc furnaces, 

pitch-based fibers and aluminum-smelting prebaked electrodes through carbonization process. A 

thermodynamic approach for phase behavior estimation of carbonaceous mesophase is presented 

to provide more insights and to lead to semi-quantitative modeling of this process. Phase behavior 

of binary, ternary and multi-component systems are described by minimization of the Gibbs free 

energy function proposed by Hu and Hurt for mesophase pitches which exhibits orientational 

energy contribution of molecules in mesophase. The model enables estimating the reversible phase 

transition of mesophase upon temperature cycling as suggested by Lewis. The capability of the 

model to estimate the molecular weight distribution of species in the phases in equilibrium and 

variation of mesophase content with thermal soaking time has been discussed. Estimated ternary 

isothermal sections showing isotropic-mesophase and iso- iso immiscibility are presented for the 

first time. The phase behavior of ternary systems with average molecular weight in the range of 

average molecular weight of coal tar pitches are described. The application of the model to phase 

diagram prediction of the specific systems, which exhibit the miscibility gap, has been studied. 
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5.1 Introduction 

Some organic materials exhibit more than a single transition from solid to liquid, thereby 

necessitating the existence of one or more intermediate phases [24, 127]. Molecular ordering in 

these intermediate phases, known as “mesophase”, lies between that of a solid and that of an 

isotropic liquid [24]. As first demonstrated by Brooks and Taylor [23, 78], mesophase is observed 

during the thermal transformation of pitches and aromatic compounds to coke. When such 

materials (e.g. naphthalene) are heat treated at temperatures of about 350-450°C for a certain period 

of time, a bulk liquid-crystalline mesophase from an isotropic liquid phase is formed (Figure. 5.1). 

The general four-stage conversion of liquid crystals (obtained by polarized light microscopy) 

during whole process is diagramed as follows: (I) generation of optically anisotropic spheres in 

isotropic matrix, (II) growth of anisotropic spheres in isotropic matrix, (III) coalescence of 

anisotropic spheres in isotropic matrix, and (IV) deformation and disintegration of anisotropic 

coalesced spheres to form bulk liquid-crystalline mesophase [28, 35, 80, 86, 139, 221].  

 

Figure 5.1 Formation and development of bulk liquid crystalline mesophase under a suitable 

condition (scale bar in PLM micrographs is 100 μm)-permitted from ref. [86]. 
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The important technological role of carbonaceous mesophase in production of carbon-based 

materials through carbonization process has been well established. There has been a large number 

of studies on mesophase formation related to the production of various materials ranging from 

needle coke for graphite electrodes used in electric-arc furnaces [5-8], electrical and mechanical 

carbon materials widely applied to electric motors brushes, sealing materials, carbon bearing, 

current collectors [9-15], pitch-based fibers [16-19] to aluminum-smelting prebaked electrodes [20, 

21]. However, the study of phase behavior of mesophase in pitch at typical temperature ranges of 

carbonization is an important step in optimization of the above-mentioned process. It has been 

studied that carbonaceous mesophase appears as an intermediate product in carbonization process 

via polymerization of basic compounds in coal tar pitch [28, 35]. The characterization of 

commercial pitches shows them to be exceedingly complex materials containing from hundreds to 

thousands of different components, monomers, oligomers and polymers of polycyclic aromatic 

hydrocarbon compounds (PAHs) with a variety range of molecular weight [3, 4]. So, due to the 

complex nature of mesophase in pitches, the quantitative treatment of phase equilibrium of the 

mesophase-containing pitch system is a major challenge and needs some consideration to simplify 

it into a simple multi-component system with respect to the characterization of the real system. To 

date there have been two attempts to the quantitative descriptions of the phase transition behavior 

of mesophase-containing pitches: one by Shishido et al. [126, 129, 130, 137] and one by Hu et al. 

[125, 127, 128].  

Shishido et al. applied the molecular field treatment of mesogen-nonmesogen mixtures to describe 

a phase diagram for a mesophase pitch [126]. This model does not consider the effect of non-ideal 

mixing of pitch fractions of differing molecular weights or chemical compositions [222]. 

Deviations of the estimated phase diagram by Shishido et al. from the experimental result obtained 
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by Mochida and Korai [131] stimulated the search for a treatment of non-ideal mixing for accurate 

description of mesophase/isotropic equilibrium. So, Hu and Hurt developed the Gibbs free energy 

model for mesophase-containing pitches based on non-ideal solution and liquid crystal behaviors 

of mesophase that includes terms for both excess free energy of mixing and orientational free 

energy to quantitatively describe the phase behavior of mesophase in pitch [127]. In Hu and Hurt’s 

work, the phase behavior of mesophase pitches was estimated by solving a series of the equations 

derived from equating the chemical potentials of each components in the phases in equilibrium. A 

stochastic technique was used to minimize the absolute difference between both sides of these 

equations. This integrated model has been only applied to three data sets reported in the literature 

related to carbon science. 

The aim of the present work is to propose a new approach to describe the phase diagrams of 

mesophase-containing pitch. With respect to the difficulties in the chemical potential calculation 

from the Gibbs energy function, the proposed approach utilizes a robust numerical technique for 

minimization of total Gibbs free energy function of mesophase. Using the proposed approach, 

phase behavior of binary, ternary and higher order systems can be estimated which is applicable 

for optimization of carbonization process as an interest aspect of above mentioned industries. 

Meanwhile, the new approach enables us to apply the thermodynamic model to predict the 

thermodynamic behavior of the mesophase-containing pitch exhibiting miscibility gap, with high 

accuracy. 

5.2 Thermodynamic model of carbonaceous mesophase 

Carbonaceous mesophase is a discotic nematic liquid crystal phase composed of mostly fully 

condensed high molecular weight polycyclic aromatic hydrocarbon (PAH) molecules. It has been 
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suggested that two driving forces could be important for the formation of mesophase: The first is 

based on the theory that mesophase is a liquid crystal phase, and thus postulates that orientational 

potential effect is important for mesophase formation. The second is based on non-ideal solution 

behavior of pitches [125-128]. There is strong evidence for non-ideal solution behavior in pitches. 

Therefore, it is necessary to utilize the thermodynamic model integrating these two approaches, 

liquid crystal and non-ideal behavior of mesophase, to predict the thermodynamic behavior of 

mesophase. The thermodynamic model of Hu and Hurt [127] is used in this work. We will show 

that different results are obtained by our phase equilibrium calculation approach in section 5.3.  

5.2.1 Overview of the general thermodynamic theory 

In order to develop a comprehensive thermodynamic model, Gibbs free energy model for isotropic 

liquid and mesophase must be formulated. Equilibrium configuration of a mesophase-containing 

pitch system (which appears as an intermediate mixture during heat treatment of coal tar pitch) can 

be estimated by minimization of Gibbs free energy function proposed by Hu et al. [127] as follows:  

G = ∑ 𝑛𝑖 𝑔𝑖
0 + ∆𝐺𝑚𝑖𝑥 + 𝐺𝑜𝑟𝑖𝑒𝑛𝑡 Eq. (5.1) 

∆𝐺𝑚𝑖𝑥 = ∆𝐺𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙  +  ∆𝐺𝑚𝑖𝑥

𝑒𝑥𝑐𝑒𝑠𝑠 Eq. (5.2) 

where, G is the Gibbs free energy of the system, 𝑔𝑖
0 are reference molar free energy functions for 

the pure components as isotropic liquids, ∆𝐺𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙 is the ideal Gibbs free energy of mixing, ∆𝐺𝑚𝑖𝑥

𝑒𝑥𝑐𝑒𝑠𝑠 

is the excess Gibbs energy of mixing, 𝐺𝑜𝑟𝑖𝑒𝑛𝑡 is the orientational free energy and 𝑛𝑖 are the number 

of moles of each components in the system[127, 132] . Interfacial and elastic strain energies in 

Gibbs free energy function can be neglected when one focuses only on macroscopic samples [133, 

134]. 
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However, considering Gchem as the ideal and the excess energy of mixing terms and Gorient as 

orientational term in Eq. (5.1) as well as the submodels described by Hu and Hurt [127] for the 

excess Gibbs energy of mixing and the orientational free energy determination of the system, total 

Gibbs free energy of co-existing phases during the carbonization process can be estimated as 

follows: 

𝐺𝑐ℎ𝑒𝑚= [∑ 𝑛𝑖𝑖 𝑔𝑖
0  +   𝑅𝑇 ∑ 𝑛𝑖 ln 𝑥𝑖𝒊  +  ∑ 𝑛𝑖  𝑉𝑖  (𝛿𝑖 −  𝛿̅)

2
𝑖   +  𝑅𝑇 ∑ 𝑛𝑖ln (

ɸ𝑖

𝑥𝑖
)𝑖 ] Eq. (5.3) 

𝐺𝑜𝑟𝑖𝑒𝑛𝑡 = - [
𝑁𝐴

2
 ∑ 𝑛𝑖𝑥𝑗Ɛ𝑖𝑗𝑃̅2(𝑖)𝑃̅2(𝑗)𝑖,𝑗 +   𝑅𝑇 ∑ 𝑛𝑖 ln 𝑍𝑖𝑖  ] Eq. (5.4) 

The Gibbs energy of the isotropic phase is purely chemical as 𝐺𝑖𝑠𝑜 =  𝐺𝑐ℎ𝑒𝑚
𝑖𝑠𝑜 , while for mesophase, 

the orientational contribution term must be taken into account in the Gibbs energy formulation:  

𝐺𝑚𝑒𝑠𝑜 = 𝐺𝑐ℎ𝑒𝑚
𝑚𝑒𝑠𝑜 + 𝐺𝑜𝑟𝑖𝑒𝑛𝑡.

𝑚𝑒𝑠𝑜  Eq. (5.5) 

Here, 𝑁𝐴 is Avogadro number, the sums are over all species in the mixture (isotropic liquid or 

mesophase), i=1, 2… N, Vi is the molar volume and 𝛷i is the volume fraction of species i in either 

isotropic liquid phase or nematic phase. Zi is the orientational partition function and 𝑃̅2(𝑖) is average 

order parameter for component i in mesophase.  

The solubility parameter (𝛿𝑖) can be estimated using empirical relation proposed by Hu and Hurt 

[127]:    δi = δ0 + α (MW – MW0), where δ0 and MW0 are reference values (𝛿0 = 10 (𝑐𝑎𝑙 𝑐𝑚−3)1/2, 

𝑀𝑊0 = 250 𝑔 𝑚𝑜𝑙−1) chosen from experimental solubility parameters for low MW PAHs (with 

MW around 250 g/mol) which lies in a narrow range near 10 (𝑐𝑎𝑙 𝑐𝑚−3)1/2. The factor α becomes 
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a model parameter that describes the effect of increasing molecular weight. Average of solubility 

parameter (𝛿̅) in Eq. (5.3) is defined by Hu [128] as:  𝛿̅ = 
∑ 𝑛𝑖 𝛿𝑖𝑉𝑖𝑖

∑ 𝑛𝑖𝑉𝑖𝑖
. 

The Ɛ𝑖𝑗  term in Eq. (5.4) is a parameter describes the strengths of the pairwise orientation potentials 

and defines as:  Ɛ𝑖𝑗  = − √Ɛ̃𝑖𝑖 Ɛ̃𝑗𝑗  . √𝑉𝑖𝑉𝑗 / ∑ 𝑥𝑘𝑉𝑘.  Here, the Ɛ̃𝑖𝑖 term is related to the single 

component clearing temperatures, 𝑇𝑐𝑙𝑖
 (in K), by the Maier-Saupe solution [135, 136] as Ɛ̃𝑖𝑖 = - 

4.54.k.𝑇𝑐𝑙𝑖
.  

The clearing temperature is the temperature upon heating at which liquid crystal reverts to an 

isotropic liquid. The empirical relation has been proposed by Hu and Hurt [127] to estimate clearing 

temperatures of each compounds: 𝑇𝑐𝑙𝑖
 = a + b 𝑀𝑊𝑖. a  and b  are constants which can be derived 

using two known clearance temperatures related to two compounds with different molecular weight 

[127, 128].                                                                                                                                                               

The chemical potential of each species in either isotropic phase or nematic phase is determined as 

derivation of total Gibbs energy. The difference between chemical potentials derived in this work 

and those described by Hu et al. [127] will be discussed in section 5.3. For more detail information 

on the Gibbs energy formulation see the ref. [127]. 

5.2.2 New approach for phase behavior prediction by Gibbs energy 

minimization using MADS 

Hu et al. predicted the equilibrium configuration of pitch systems by equating the chemical 

potential of each compounds in the isotropic liquid and mesophase phases in equilibrium derived 

from the Gibbs free energy function. In this work, the Gibbs energy function is minimized (directly) 
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to find the composition of the phases in equilibrium. Considering 𝑔𝑖
0s in Eq. (5.3) are the constant 

values and with respect to the Gibbs energy definition of the isotropic phase and mesophase as 

above mentioned: 𝐺𝑖𝑠𝑜 and 𝐺𝑚𝑒𝑠𝑜, the number of moles of each species in the co-existing phases 

are determined by minimization of total Gibbs energy defined in Eq. (5.6): 

min
𝑛∈ℝ𝑁

 { 𝐺𝑖𝑠𝑜 (𝑛𝑖𝑠𝑜 , 𝑇, 𝑃0) + 𝐺𝑚𝑒𝑠𝑜(𝑛𝑚𝑒𝑠𝑜, 𝑇, 𝑃0)} Eq. (5.6) 

where 𝑛𝑖𝑠𝑜 = (𝑛1
𝑖𝑠𝑜 , 𝑛2

𝑖𝑠𝑜 … 𝑛𝑖
𝑖𝑠𝑜 … , 𝑛𝑟

𝑖𝑠𝑜) and 𝑛𝑚𝑒𝑠𝑜 = (𝑛1
𝑚𝑒𝑠𝑜 , 𝑛2

𝑚𝑒𝑠𝑜 … 𝑛𝑖
𝑚𝑒𝑠𝑜 … , 𝑛𝑝

𝑚𝑒𝑠𝑜) represent 

the vector number of isotropic liquid and mesophase, respectively and r and p are the dimensions 

of 𝑛𝑖𝑠𝑜 and 𝑛𝑚𝑒𝑠𝑜. 𝑃0 = 1 𝑎𝑡𝑚 indicating the pressure of the system. 𝑛𝑖
𝑖𝑠𝑜 and 𝑛𝑖

𝑚𝑒𝑠𝑜 are subjected 

to the constraints: ∑ 𝑛𝑖
𝑖𝑠𝑜𝑟

𝑖=1 =𝑁𝑖𝑠𝑜 and ∑ 𝑛𝑖
𝑚𝑒𝑠𝑜𝑝

𝑖=1 =𝑁𝑚𝑒𝑠𝑜 (𝑁𝑖𝑠𝑜and 𝑁𝑚𝑒𝑠𝑜 being the total number 

of moles in isotropic liquid and mesophase, respectively).  

The minimization problem defined by Eq. (5.6) can, in principle, be solved with a mathematical 

optimization software exploiting first and second derivatives (Hessians) information or, if no 

Hessians are provided, using quasi-Newton methods. In the Hu and Hurt formalism, Hessians are 

difficult to implement from a technical point of view as the orientation Gibbs energy of the 

mesophase is defined through the second Legendre function (for detail see Section 2.3.4). Failing 

to provide 1st and 2nd derivatives of the Gibbs energy, in order to solve Eq. (5.6), one must consider 

utilizing free-derivatives minimization techniques.  Instead of considering metaheuristic methods, 

like Hu and Hurt via the simulated annealing method [223], to approximate the global minimum, 

we have chosen a free-derivative optimization method, i.e. with a rigorous convergence method. 

In particular, we considered the mesh adaptive direct search (MADS) [224]. This choice was 

motivated by considering several requirements for the solver. In particular, it had to provide default 
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values for all the algorithmic parameters and handle constraints via a built-in strategy. The MADS 

algorithm [224] is a direct search method generalizing the coordinate search [225] and the 

generalized pattern search [226] algorithms. The principle of MADS is basically that at each 

iteration trial points are generated on a spatial discretization and the functions defining the black-

box are evaluated at these locations. Then, depending on the success of these evaluations, the 

coarseness of the discretization is updated and the new trial points are generated. The convergence 

analysis in MADS is based on Clarke’s calculus for nonsmooth functions [227]. The reliability of 

MADS algorithm to determine the global and local minima of set of functions with different degree 

of complexity was demonstrated in references [228-230]. From practical point of view,  Nonlinear 

Optimization with the MADS algorithm (NOMAD) software [231] has been utilized to solve Eq. 

(5.6) and the exactness of the solution has been approved employing both Latin hypercube 

sampling (LHS) search and variable neighborhood search (VNS) [228].  

To ensure that the global minimum was reached, a rigorous convergence test has been performed 

and Eq. (5.6) has been solved via MADS for different total calculation times, which are not 

controlled by NOMAD, via convergence analysis, but imposed by the user. The convergence tests 

were based on square deviations of both Gibbs energy and mole fraction of phases in equilibrium 

versus time. The convergence tests are given in Appendix B for 2, 3 and 6 component systems as 

a function of CPU time (calculation time per one CPU). After a certain CPU time, the global 

minimum is reached and no improvement in solving of Eq. (5.6) can be found beyond this 

characteristic time, which indicates the unicity of the solution. The required CPU time (in second) 

to converge to the global minimum increases exponentially with the size of the system as: 

ln(𝑡𝐶𝑃𝑈) = 0.75𝑁 + 4.2 for N greater than 2. 
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 Binary phase diagram calculation 

The composition of each phase in equilibrium in a given binary mesophase-containing pitch can 

be computed by applying the following procedure. At a given temperature, Gibbs free energy of 

the binary systems with different compositions (from pure component 1 to pure component 2) is 

calculated using Eqs. defined in section 5.2.1 and built in MATLAB software [232]. Drawing of 

obtained Gibbs free energy values versus composition help us to have an idea of equilibrium 

configuration of the system at the given temperature. To find the composition of the phases in the 

equilibrium in the binary mesophase –containing pitch with a specified composition, the procedure 

defined in section 5.2.2 is applied. Temperature and the global composition of the pitch are the 

independent variables, which are considered as the entered values in MATLAB and NOMAD 

programs. The number of phases in equilibrium as well as the composition of each phase are 

estimated as the outcome of the programs. It distinguished that the entered global composition will 

be considered as the composition of either isotropic liquid phase or mesophase when it is in one-

phase region of the Gibbs free energy vs composition curve. In the case of two-phase system, the 

composition of each phases in equilibrium are determined as the variables in Eq. (5.6).  

 Phase behavior prediction of ternary and multi-component pitch systems 

The equilibrium configuration of a ternary mesophase-containing system can be determined as 

follows. At first, three binary systems are defined with two components from three components of 

a specified ternary system. In a given temperature, the composition of the phases in equilibrium 

for three binary systems is determined based on the procedure explained in section 5.2.2.1.  

Finally, the procedure defined for binary phase diagram is applied to find the composition of the 

phases in equilibrium of different solutions in the ternary system in the given temperature.  



118 

 

 

This procedure is applicable to predict the partition ratios of molecules in the phases in equilibrium 

of heat- treated multi-component pitch systems. 

5.3 Results and discussion 

The general thermodynamic theory explained in section 5.2.1 and the Gibbs energy minimization 

approach defined in section 5.2.2 were applied to different mesophase-containing pitch systems.  

For binary system, visual observations of phase behavior in naphthalene pitch from hot stage 

microscope experiments of Lewis [28] was modeled and compared with calculated phase diagram 

by Hu et al. [127]. Predicted binary phase diagram was able to estimate the variation of mesophase 

content of pitch with thermal soaking time which was consistent  with experimental data reported 

by Kumar et al. [12]. For ternary system, a three component system containing typical low, medium 

and high molecular weight compounds available in coal tar pitch analyzed by Zhang et al. [21] was 

studied. The molecular weight distribution (MWD) in the coexisting meso and isotropic phases in 

petroleum pitch data of Greinke and Singer (determined by GPC) [87] was modeled to investigate 

the application of the model for phase behavior prediction of multi-component pitch system. In all 

the systems studied, the equilibrium calculations using the model equations for mesophase-

containing pitch systems were performed with the MATLAB and NOMAD software [231, 232]. 

The strength of the proposed approach in thermodynamic behavior prediction of two or three 

available phases in equilibrium will be presented in section 5.3.2.   
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5.3.1 Prediction of binary phase diagram describing the behavior observed in 

the hot stage experiments by Lewis 

Lewis presents a series of photomicrographs for the mesophase-containing naphthalene pitch as it 

was being heated and then cooled on the hot-stage [28]. The results indicate that mesophase 

formation is reversible for a few cycle of heating and cooling. However, ongoing thermal reactions 

gradually eliminate its reversible behavior [233-235].  

Figure 5.2 shows the binary phase diagram of naphthalene pitch (studied by Lewis) predicted in 

the present work using the defined thermodynamic model and numerical approach in section 5.2. 

The following parameters (as used by Hu et al. [127]) are used to generate the phase behavior 

observed by Lewis [28]: 𝑀𝑊1= 600 g mol-1  𝑀𝑊2 = 1400 g mol-1, 𝑇𝑐𝑙1
= 300 K, 𝑇𝑐𝑙2

= 890 K, α = 

0.0024 (cal.cc-1)1/2 / (g mol-1). MW and 𝑇𝑐𝑙  are the molecular weight and the clearing temperature 

of the lowest and the highest compounds found in naphthalene pitch, respectively and α is solubility 

parameter.  

Observation of Lewis [28] for phase transition of naphthalene pitch when heated from about 650-

770 K is predictable in obtained phase diagram by following any dotted line in gray shaded region 

in Figure 5.2. The mesophase in pitch gradually is converted to isotropic phase during heating and 

reappeared upon cooling. 

According to the phase diagram shown in Figure 5.2, reappearance of small isotropic spherules in 

mesophase occur at the temperature which is a much lower temperature than the isotropic 

conversion of the mesophase. This result has agreement with that has been previously noted by 

Lewis [236].   
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Figure 5.2 Calculated binary phase diagram of naphthalene pitch observed in hot stage 

microscope experiments of Lewis [28].  

The big difference between the calculations in the present work and those by Hu et al., seen in 

Figure 5.2, can be explained as follows: 

Hu and Hurt estimated the phase diagram by solving a series of equations derived from equating 

the chemical potentials of each species in each phases in equilibrium and considering the mass 

balance and the constraints defined in Eqs. (5.17) - (5.19) in ref. [127].  

Derivation of Gibbs free energy of the system and equating the chemical potential of each species 

in the phases in equilibrium (Appendix C) results in a new equation (Eq. (5.7) replacing of Eq. (17) 

in ref. [127]) where 
𝑉𝑖

𝑉
 in summation term appeared only when k ≠ j: 
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[ln 𝑥𝑖 + ln (
𝑉𝑖

𝑉
) −

𝑉𝑖

𝑉
+

𝑉𝑖

𝑅𝑇
(𝛿𝑖 − 𝛿̅)

2
]iso = [ln 𝑥𝑖 + ln (

𝑉𝑖

𝑉
) −

𝑉𝑖

𝑉
+

𝑉𝑖

𝑅𝑇
(𝛿𝑖 − 𝛿̅)

2
]meso  - 

[ln(𝑍𝑖) +  
1

2𝑘𝑇
 (∑ 𝑥𝑘𝑥𝑗Ɛ𝑘𝑗𝑃̅𝑘𝑃̅𝑗

𝑉𝑖

𝑉𝑘≠𝑗  +  ∑ 𝑥𝑘𝑥𝑗Ɛ𝑘𝑗𝑃̅𝑘𝑃̅𝑗)𝑘=𝑗 ]meso   Eq. (5.7) 

Obviously, applying Eq. (5.7) in phase equilibrium calculations instead of Eq. (17) in Hu’s work 

results in different phase diagram.  In this work, the Gibbs energy minimization approach (defined 

in section 5.2.2) was applied for phase behavior estimation instead of equating of chemical 

potential approach proposed by Hu et al. which is difficult to implement for phase diagram 

calculation of multi-component systems. Satisfying the Eq. (5.7) by the results obtained from the 

new approach indicates that one can be confident of the results. It should be noted that re-producing 

of the results presented in Figure 5.2 as Hu’s results could not possible because of lack of data for 

orientational partition and second Legendre of the species in nematic phase in references [127, 

128].     

Figure 5.3 is a zoom view of the high MW compound-rich region of Figure 5.2. The calculated 

compositions of the phases in equilibrium for the binary system at temperature close to clearing 

temperature of the higher MW specie (shown in Figure 5.3) has been presented in Table 5.1. It is 

concluded (from the data of Table 5.1) that the applied method in this work has the ability to 

compute the equilibrium conditions without numerical failure for the binary system very close to 

pure state. In other words, Table 5.1 shows how the mole fraction of the higher MW specie in the 

phases in equilibrium at temperature very close to 890 K, gradually reaches to 1. 
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Table 5.1 Calculated composition of the phases in equilibrium of the binary system shown in 

Figure 5.3. 

Temperature (K) 

Mole fraction higher MW 

species 

Mesophase Isotropic liquid 

889.000 0.999177392 0.998827466 

889.500 0.999721547 0.999602823 

889.600 0.999830244 0.999757873 

889.700 0.999937281 0.999910628 

889.756 0.999999905 0.999999864 

 

 

Figure 5.3 Zoom view of the high MW compound-rich region of Figure 5.2. 
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5.3.2 Prediction of mesophase content with varying thermal soaking time 

Polarized light optical microscopy is the technique most commonly employed (ASTM D 4616 

standard procedure) to measure the mesophase content of pitches [237].  Kumar et al. [12] utilized 

this technique to determine the mesophase content of different pitch samples heat treated at  380°C 

with different thermal soaking time.  The results indicates that as thermal soaking time increased 

the mesophase content of the pitches also increased.  

The fraction of mesophase of a specific pitch at a given temperature can be estimated by applying 

the lever rule in binary phase diagram predicted in this work (see Figure 5.2). As thermal soaking 

time increases , the growth of aromatic molecules takes place due to the greater extent of 

polymerization condensation reactions [235, 238]. Obviously, it is concluded from Figure 5.2 that 

the mesophase content of pitch increases as the heat treatment of the pitch progresses by the time 

at 380°C. This result is consistent with that obtained by Kumar et al. [12]. 

5.3.3 Application to ternary phase diagram prediction 

The semi-quantitative treatment of phase equilibrium of mesophase pitches as the intermediate 

appearing in coal tar pitch carbonization process is strongly desired for improving the capabilities 

of the modeling of whole carbonization process. The characterization of commercial pitches shows 

them to be exceedingly complex materials containing from hundreds to thousands of different 

components, monomers, oligomers and polymers of polycyclic aromatic hydrocarbon compounds 

(PAHs) with a variety range of molecular weight [1, 3, 4, 21]. In order to construct a computational 

tool to compute and study the phase equilibrium in the pitch, such a complex system has to be 

simplified. the mesophase-containing pitch system can be simplified as a ternary system containing 
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the typical low, medium and high molecular weight compounds in the range of MW distribution 

analyzed and reported by Zhang et al. [21]. In this way, the phase behavior of the system can be 

shown and illustrated on a triangle, graphically (which is not possible for higher order systems) to 

help initial thermodynamic understanding of carbonization process. Consistency between 

estimated phase behavior of simplified system (including 2 or 3 components) and the experimental 

data will be a confirmation that the technique is applicable for thermodynamic behavior prediction 

of the higher order mesophase-containg pitches (as will be presented in section 5.3.5). 

So, the phase diagram prediction of the ternary mesophase pitch systems can be considered as a 

research interest in the optimization of coal tar pitch carbonization process. A mesophase-

containing pitch system consisting of three compounds with different molecular weights as 500, 

1200 and 1600 g mol-1 was studied in this work at different temperatures using the approach 

explained in section 5.2.2.2. The criteria for the molecular weight selection has been based on the 

molecular weight distribution of mesophase pitch (ranging from 500 to 1800 g mol-1 ) investigated 

by Greinke utilizing gel permission chromatography (GPC) [87]. Regarding to Greinke’s 

investigation and the proposed model in Hu and Hurt’s work [127], the mesophase pitch system 

can be defined with respect to size (MW) of the constituent compounds which appears as an 

important parameter, e.g. 𝑇𝑐𝑙 , in the thermodynamic model (where clearing temperature represents 

the property of megenic molecules).However, the model has no consideration for the existence of 

the hydrogen donor molecules in the mesophase pitch. The improvement can be made by taking 

into account other parameters, affected by the property of these molecules, in the model as future 

works. 

All the phase diagrams in this section generated using the parameters as follows:  
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MWA = 500 g mol-1, MWB = 1200 g mol-1, MWC = 1600 g mol-1, 𝑇𝑐𝑙𝑖
(K) = 373 +

(685 − 373)
( 𝑀𝑊𝑖 −400)

(1000−400)
  [127] and α = 0.0024 (cal.cc-1)1/2/ (g mol-1).  

Figures. 5.4 and 5.5 show the phase diagrams of the ternary system at 600 K and 700 K. In these 

cases, three equilibrium zones can be distinguished labeled as “isotropic liquid”, “mesophase” and 

“iso-meso” which are two one-phase and one two-phase regions, respectively.  

 

Figure 5.4 Calculated ternary phase diagram at 600 K. 
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Figure 5.5 Calculated ternary phase diagram at 700 K.  

In these figures, filled circles show one-phase regions. The tie –lines in two-phase regions (dotted 

lines in the figure) represent the composition of the phases in the equilibrium (shown as empty 

circles) which have been calculated following the method presented in section 5.2.2.2.  

The phase diagram calculation, presented in Figure 5.6, was performed for the same ternary system 

at 800 K. Calculating and drawing the Gibbs free energy of three binary systems generated with 

two of three compounds enables us to determine the equilibrium configuration of the system when 

there is more than one two- phase region. Figure 5.7 shows the calculated Gibbs free energy of the 

binary system consists of the compounds with molecular weights 500 and 1600 versus composition 
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at 800 K.  It is predicted that there is a miscibility gap in isotropic liquid phase which results in 

ternary phase diagram shown in Figure 5.6. There are four equilibrium regions named “isotropic 

liquid”, “mesophase”, “iso-meso” and “iso-iso” in Figure 5.6 which are two one-phase and two 

two-phase regions, respectively.  

 

Figure 5.6 Calculated ternary phase diagram at 800 K. 
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Figure 5.7 Calculated Gibbs energy of binary system (MW1 = 500 g mol-1, MW2 = 1600 g mol-1) 

at 800 K. 

As seen in Figure 5.5, a mixture with equal amounts of A, B and C components  (seen as □) at 700 

K forms mesophase. So, as conclusion, a mixture containing comparable amounts of the lowest 

and the highest molecular weight compounds in the system (in this case, 500 and 1600 g mol-1) can 

be appeared as mesophase, completely. 

As shown in the isothermal ternary phase diagrams in Figures 5.4-5.6 and 5.8, the two-phase region 

is extended as the temperature of the system is decreased. 
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Figure 5.8 Calculated ternary phase diagram at 870 K. 

5.3.4 Application of ternary phase diagram to phase behavior observation of 

Lewis 

The phase behavior of the mixtures with different compositions including the considerable amount 

of the lowest molecular weight compound which have the same average molecular weight in the 

range of the average molecular weight of the pitches was studied by applying isothermal ternary 

phase diagrams predicted in section 5.3.2. 

Following the mixtures with different compositions seen as filled triangles in Figures 5.5, 5.6 and 

5.8 on the constant average molecular weight (1260 g mol-1) line shows the conversion of the 
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mesophase in pitch to isotropic liquid during heating and reappearing of that upon cooling. It has 

agreement with the phase behavior that Lewis observed for phase transition of naphthalene pitch. 

Reappearance of isotropic liquid phase in mesophase at 600 K, by following the filled triangles in 

Figure 5.4, is an approve of the reversible phase transition effect  observed in many pitches and 

suggested by Lewis [236]. 

5.3.5 Application to petroleum pitch data of Greinke and Singer 

The model is applied to predict the molecular constitutions of the coexisting anisotropic and 

isotropic phases of a heat treated petroleum pitch obtained by Greinke and Singer [89]. Clearing 

temperatures of compounds in the system are calculated based on clearing temperatures of 

compounds with molecular weights 400 and 1000 defined in Hu and Hurt paper: 373 K and 685 K, 

respectively [127].  

Following the procedure defined in Section 5.2.2, number of moles of the compounds in the phases 

in equilibrium (i.e. mesophase and isotropic liquid) are estimated by minimization of the Gibbs 

energy of the system. Using the results obtained, the ratio of mass of each compound in isotropic 

liquid phase to that in mesophase are then calculated. Figure 5.9 shows a good agreement between 

the data for molecular weight distribution in the phases in equilibrium of the heat treated petroleum 

pitch derived by Greinke and Singer [89] and that predicted in  the present work. Replacing of Eq. 

(17) in Hu’s work by Eq. (5.7) in this work as well as utilizing precise numerical technique in 

Gibbs free energy minimization approach results in the phase behavior estimations with less 

deviations from experimental data comparing to those presented by Hu et al. [127]. 



131 

 

 

 

Figure 5.9 Partition ratios of molecules in the coexisting phases in a heat treated petroleum pitch. 

Points: experimental data obtained by Greinke and Singer [89]; dotted line: predicted by Hu 

[127]; solid line: predictions in this work. 𝑇𝑐𝑙𝑖
= 373 + (685 − 373)

( 𝑀𝑊𝑖 −400)

(1000−400)
 (K) and α = 

0.00183 (cal.cc-1)1/2/(g mol-1). 

Clearly, it is interpreted from this figure that the mesophase contains significantly more of the 

higher molecular weight species than the isotropic phase. This result is consistence with that 

obtained by supercritical fractionation (experiment and prediction) by Burgess, Zhuang and Thies 

[222, 239, 240].  

5.4 Conclusion and outlook 

The phase behavior of the mesophase-containing pitch, which has an important role in optimization 

of coal tar pitch carbonization process, can be estimated by applying the present thermodynamic 

approach. The binary and ternary phase diagrams of mesophase-containing pitches reproduced the 

reversible phase transition observed in the hot stage microscope experiments of Lewis [28]. A 
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strength of the current work is that it predicted phase diagrams of mesophase pitches up to 

temperature very close to clearing temperature. 

Estimation of mesophase content of the pitches with varying thermal soaking time is consistence 

with that experimentally determined by utilizing polarized light optical microscopy technique [12, 

237]. The thermodynamic approach and the new proposed MADS minimization technique can be 

utilized easily, for the phase behavior estimation of ternary system as the simplified system of coal 

tar pitch containing hundreds to thousands compounds. Interpretation of theses isothermal ternary   

phase diagrams simplifies the phase behavior prediction of mesophase-containing pitches. 

Meanwhile, the miscibility gap appearing in the phase diagram of the specific systems is 

predictable using the proposed approach. The model is applicable to estimations of the partition 

ratios of molecules in the co-existing phases in equilibrium in heat treated multi-component pitch 

consistent with experimental data and those predicted previously. 

The present thermodynamic approach as a useful calculating tool will serve for future work to 

predict, quantitatively, the thermal, physical and chemical evolutions of coal tar pitch occurring in 

carbonization process which has important effect on energy consumption, environmental emission 

and cost of the process.  
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Abstract: The properties of the carbon materials as the final product of pitch carbonization process 

are a consequence of the type and extent of the chemical and physical phenomena occurring under 

the process conditions. A new simplified approach for thermodynamic-kinetic modeling of the 

primary carbonization process is presented to provide the semi-quantitative knowledge about the 

process. The proposed approach is based on defining thermodynamic and kinetic equations for both 

vaporization and condensation processes simply representing numerous complicated phenomena 

happening during primary carbonization process. Partial pressures of the emitted volatile 

compound in a simple pitch system containing typical components of coal tar pitch has been 

studied. The model enables estimating the mass and enthalpy changes of coal tar pitch which goes 

under thermal treatment. Good agreement has been obtained between calculated mass losses during 

heat treatment (up to 550°C) of coal tar pitch and experimental data. The model has been applied 

to describe molecular weight distribution changes of coal tar pitch through the primary 

carbonization as investigated by Greinke. The effect of important parameters in carbonization of 

pitch, such as heating rate of pitch and carrier gas flow rate, on emission rate of volatile matters 

has been modeled for the first time. The present model is capable to estimate the energy 

requirement for thermal treatment of coal tar pitch up to 350°C.  
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6.1 Introduction 

Pitches are of great interest as precursors for the manufacture of carbon materials (CM) having 

different properties and applications [241-245]. CMs are widely applied to produce graphite 

electrodes used in electric-arc furnaces [5-8], electric motors brushes, sealing materials, carbon 

bearing, current collectors [9-15], pitch-based fibers [16-19], aluminum-smelting prebaked 

electrodes [20, 21] and others. In the processes to prepare CM from pitches, carbonization via 

thermal treatment plays a fundamental role to determine the properties of the resultant CM [242, 

243].  

Commercial pitches are exceedingly complex materials containing from hundreds to thousands of 

different components, monomers, oligomers and polymers of polycyclic aromatic hydrocarbon 

(PAH) and heterocyclic compounds, with a variety range of molecular weight [3, 4]. During 

carbonization, pitch goes under physical and chemical changes and converted to infusible coke [3]. 

The smaller, more volatile compounds in pitch distil, raising the average molecular weight and the 

viscosity of the solid residue. Physical distillation is accompanied by thermal oligomerization of 

the more reactive residual species and the cracking of substituent side chains from aromatic rings. 

Further irreversible polymerization and dehydrogenation processes occur with additional heat 

treatment which results in a continual growth in aromatic molecular size. Release of gaseous 

hydrogen and methane also takes place throughout the carbonization process, being dominant 

gaseous products in the 500°C-1100°C range [3, 61, 246].  

Precautions must be taken during industrial production of CM from pitches to maintain or improve 

the final product quality while minimizing the energy consumption,  gas emissions and cost [32]. 

Current knowledge of the carbonization process is qualitative in most aspects [247]. A deeper 
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understanding of the vaporization and polymerization reactions occurring during carbonization 

process to evaluate the carbonization process, quantitatively, will improve the CM production 

processes and allow the development of new pitch-based materials [243].  

The aim of the present work is to propose a new approach to describe and to model physical and 

chemical changes occurring during primary carbonization of coal tar pitch (CTP). The developed 

model can provide the semi-quantitative knowledge required for the estimation of mass and 

enthalpy changes occuring during CTP carbonization as well as the amount and composition of the 

released gases. Estimation of such quantities would be useful for process optimization for the 

above-mentioned industries. Due to complexity of the process, our proposed approach is based on 

using prototypes reactants and reactions that can represent the most important internal phenomena 

happening through the primary carbonization process and by reducing to the minimum the required 

time-dependent variables (such as considering only a heating rate). The important target variables 

studied in the present work are the mass of the residue pitch and the composition and heating value 

of volatile species.   

The proposed model has to be calibrated using available experimental data indicating mass and 

molecular weight distribution changes of CTP occurring during heat treatment process. Few 

experimental data are available in the literature, and we took the experimental data set of Bouchard 

et al. [246] where mass loss of volatile maters during CTP carbonization has been presented in the 

thesis, coupled with molecular weight distribution changes during primary carbonization of CTP 

from Greinke [87] in order to perform the required calibration. So, in the present work, Bouchard’s 

data will be utilized for calibration of the model with the expectation that the proposed approach 
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will be versatile enough to be applied to other set of experimental data in future works. The present 

work is also neglecting the role of impurities such as sulfur, nitrogen and oxygen. 

6.2 Thermodynamic-kinetic modeling of coal tar pitch heat treatment process 

during primary carbonization 

Coal tar pitches (CTP) comprise complex mixtures of polycyclic aromatic hydrocarbon (PAH) and 

heterocyclic compounds, which composition will be evolving during carbonization through 

volatilization and chemical reactions, such as polymerization and oligomerization.  A number of 

investigations on CTP carbonization have pointed out that it can be considered as divided in two 

types of processes [3, 50, 248, 249]. The first process involves the removal of light PAHs from the 

pitch and a slight polymerization of PAH compounds and thermal cracking reactions, and the 

second process involves the condensation of aromatic rings giving rise to polyaromatic compounds 

of higher molecular mass [243] which is accompanied by  evaporation of low MW PAHs. 

Hydrogen is removed largely in the form of H2 and CH4 throughout the whole process. 

Considering both processes through mass balance, thermodynamic and kinetic equations can 

provide a semi-quantitative description useful for the simulation and optimization of primary 

carbonization processes to obtain CM with good properties while keeping the energy consumption, 

environmental emissions and costs to acceptable values. Due to the complex nature of pitches and 

the complicated different physical and chemical changes happening through carbonization process, 

the challenge is to simplify the modeling approach by a careful selection of constitutive species 

while keeping it representative of the major characteristics of the system. 
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6.2.1 Overview of general steps of primary carbonization process 

Primary carbonization has been extensively reviewed starting with Franklin [54, 55] as the pioneer 

in these studies followed by the review works of Oberlin and Bonnamy [37, 51, 52, 56]. Primary 

carbonization refers to transformation of an initial precursor carbon to mesophase and ultimately a 

brittle solid state materials, semi-coke and reaches its penultimate stage at approximately 400 - 

600°C (the exact temperature of completion depending on the precursor composition and other 

factors) [59]. Mesophase and semi-coke are the intermediate discotic nematic liquid crystals and 

solid phases, appearing after the softening and distillation of the starting CTP materials (as the 

initial precursor carbon) at around 350°C. They are composed of mostly fully condensed high 

molecular weight polycyclic aromatic hydrocarbon (PAH) molecules. The formation of mesophase 

permits the spatial rearrangement of the molecules favoring oligomerization and polymerization 

needed for semi-coke formation. 

In order to develop a semi-quantitative model of internal phenomena occurring during primary 

carbonization, the general steps describing the major observed changes must be defined.  

The numerous molecular components of CTP vary extensively in terms of their tendency to form 

a mesophase. Namely, it can be regarded as relatively large and disc-like molecules corresponding 

to mesogen molecules with tendency to liquid crystal formation and small or non-disc-like 

molecules to non-mesogen molecules [126, 250].  

As the heat treatment temperature of CTP reaches the mesophase and semi-coke formation 

temperature (350 - 500°C), both distillation and thermal cracking mechanisms tends to operate in 

such a manner as to remove the lower molecular weight molecules of the precursor prior to 

mesophase formation [56, 250, 251]. The removal of these volatile components resulting in a pitch 
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solution rich in mesogen molecules appears to be a key factor controlling both the conversion to 

mesophase and subsequently semi-coke and the time required for the first appearance of mesophase 

nuclei [23, 250]. This nucleation and growth of the mesophase is generally thought to be a result 

of thermal polymerization reactions of more reactive residual species which tend to build up the 

higher molecular weight compounds in such a manner as to satisfy the average molecular structural 

requirements for liquid crystal formation [3, 252]. 

The kinetics of pitch polymerization during mesophase formation has been studied using gel 

permission chromatography (GPC) by Greinke [87]. According to Greinke’s investigations, when 

mesophase is forming in the pitch, molecules in the MW range of 300-700 are the most reactive. 

Rate constant studies indicate a nearly constant reactivity of the all these molecules in this 

molecular weight range. The analysis of these studies shows that significant amounts of 

polymerized molecules with MW greater than 1000 are present in the mesophase, but that 

molecules with molecular weights near 2000 are not observed. This result indicates that the 

reactions involving of molecules with 1000 MW and larger must be extremely slow. This lack of 

reactivity of the larger molecules ensures that the mesophase remains highly fluid during a wide 

range of reaction conditions. This prolonged fluidity is critical for many industrial processes 

utilizing mesophase pitch.  

As the temperature increases to around 450°C, higher MW PAHs become more reactive with 

respect to their activation energy and reaction rate constants [87]. Further irreversible 

polymerization accompanied by dehydrogenation process results in a continual growth in the 

aromatic molecular size and semi-coke formation. Greinke’s investigation suggests equal 

molecular reactivity of the 700-1200 MW molecules in semi-coke formation step. However, a 
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number of experiments in his studies illustrates that the kinetics of carbonization changes 

significantly after mesophase has formed and when the system is transformed into a semi-coke. It 

is due to a physical phenomenon in which solid state reactions occur in the polymerized pitch [87].  

Continuing the heat treatment of semi-coke beyond 500°C ends up in the formation of carbon 

materials. However, primary carbonization refers to heat treatment of pitches up to around 550°C 

corresponding to early stages of coke formation. 

Hydrogen and methane are removed throughout the whole process due to dehydrogenation and 

scission of aliphatic chains from aromatic rings [61, 253].  

Consequently, the proposed model to simulate simple heat treatment of an initial CTP material 

(containing mostly PAH compounds with different molecular weights in the range of molecular 

weight distribution of commercial CTPs) from room temperature to the semi-coke formation 

temperature will be divided in three simplified steps with respect to critical phenomena happening 

through the process: 1) vaporization of the low MW PAHs below 350°C (no polymerization 

reactions in this temperature range for simplification purpose); 2) mesophase formation between 

350 - 450°C with thermal polymerization, dehydrogenation and cracking reactions taking place; 

and 3) semi-coke (and early steps of coke) formation occurring in the temperature range from 450 

to 550°C.  

6.2.2 Simplified approach for modeling of internal phenomena occurring in 

coal tar pitch primary carbonization 

CTP is a complex material containing from hundreds to thousands of different monomers, 

oligomers and polymers (mostly PAHs based) with a variety range of molecular weights [21]. 

During primary carbonization, CTP is transformed into infusible coke via numerous complicated 
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physical and chemical reactions. Hence, modeling of such a complex system and reactions to 

simulate all the phenomena, physical and chemical changes, happening through the above-

mentioned process is not possible and crude simplifications are needed, which will be discussed in 

the following sections.  

 Selection of a set of representative PAH compounds appearing during CTP 

primary carbonization 

As shown in Fig. 6.1, coal tar pitch mostly consists of different monomers, oligomers and polymers 

of polycyclic and heterocyclic aromatic hydrocarbon compounds with a variety range of molecular 

weight typically from 200 to 2000 [3, 21]. It has been well established that the intermediate and 

final products of the primary carbonization, i.e. mesophase and semi-coke, are composed of 

polyaromatic molecules mutually cross-linked by a medium composed of carbon functions 

containing heteroatoms (e.g. nitrogen, sulfur, and oxygen) which enter the process through 

available heterocyclic compounds in the pitches [37]. These heteroatoms are important for coke-

pitch interactions in anode production. For simplification purposes in our modeling approach, it is 

decided at this point not to consider impurities (sulfur, nitrogen and oxygen) and other non-PAH 

compounds (heterocyclic compounds) that can be usually found in CTP. 

In order to simplify such a complex material, some criteria have been defined as follows. The 

criteria for selection of a set of representative PAHs are based on: either typical molecular weight 

distribution (MWD) or characteristic values of CTP; the information about key components which 

participate in vaporization and polymerization reactions occurring in the primary carbonization 

process (Section 6.2.1); possibility of cracking of side chains from aromatic rings; and methane 

and hydrogen evolutions due to polymerization reactions taking place during heat treatment of 

pitch. 
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The selected set of representative PAHs has to include molecules with MWs satisfying typical 

MWD of CTP (Fig. 6.1) and/or characteristic values of CTP, e.g. α-fraction and β-fraction of resin. 

The most frequent CTP characterization method is analysis of group composition of CTP fractions, 

based on partition of pitches according to solubility of their compounds in organic solvents. On 

this basis one can distinguish between [40]:  α-fraction of resin or quinoline-insolubles (QI) and β-

fraction of resin which is the difference between toluene-insolubles (TI) and quinoline-insolubles 

(QI) matter. Three major constituents in CTP, e.g., TS, QI and (TI-QI) are related to fractions with 

molecular weight less than 1000, larger than 3000 and between 1000 and 3000, respectively [22]. 

Another important characteristic value of CTP which is affected by MWD is the softening point 

(SP) of CTP. According to information reported by Radenovic [40] and Shoko et al. [254], SP of 

CTP is affected by QI value. Hence, it is expected that the CTP with determined PAH population 

which is satisfying α and β fraction, will result in a reasonable SP.  

 

Figure 6.1 Mass spectra (MS) of a sample of coal tar pitch [21]. 

With respect to the first two curves of Fig. 6.2 (as the results of kinetic studies of Greinke [87]), 

the selected set of representative PAHs has to include at least one PAH with MW less than 400 
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since these volatile compounds are available in pitch and distilled out during the first steps of the 

heat treatment process. Meanwhile, it is well-known that carbonization of CTP has been a concern 

regarding health, safety and environment because of emission of low molecular weight, toxic and 

carcinogenic PAHs [29, 140, 255, 256]. So at least one of these PAHs must be considered in the 

set of representative PAHs in order to provide the prerequisite for prediction of availability of the 

toxic PAHs in vapor phase through the process modeling. In present work, chrysene, categorized 

as a highly genotoxic PAH compound [140, 256], has been selected. 

Considering MW distribution changes in mesophase formation step (350 - 450°C) as discussed in 

Section 6.2.1 and shown in Fig. 6.2, some PAHs with MW between 300 and 700 are considered in 

the set of representative PAHs as reactants of oligomerization reactions. 

Comparing the curves of Fig. 6.3 (which shows the molecular weight distribution in semi-coke 

formation step (450 -500°C) of carbonization process [87]), one can observe a very slow, but 

apparently equal reactivity of molecules with MW between 700 and 1200 in this step. The 

polymerization of pitch molecules with MW greater than 1000 results in the build-up of the 2000 

MW species and larger.  

These large molecular weights are considered in our model to be related to molecular weight of the 

initial aromatic planes of single crystallite structure which is expected to appear in this step. 

Ouzilleau et al. [257] presented a size-dependent thermodynamic model for coke crystallites valid 

for temperature range from 300K to 2500K. In their model, the Gibbs energy of coke crystallites 

is modulated by simple variables (as average La, and Lc) related to an idealized crystallite (Fig. 

6.4). The large molecular weight aromatic planes at the semi-coke formation step would correspond 
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to an idealized crystallite structure with n≈5 (or 6) as defined in Ouzilleau’s model, n being the 

number of aromatic rings on one idealized hexagonal layer as defined in Ouzilleau’s model.  

 

Figure 6.2 Molecular weight distribution of pitch during volatilization and mesophase formation 

steps [87].  

 

Figure 6.3 Molecular weight distribution of pitch during semi-coke formation [87].  

Greinke has not studied the thermal polymerization kinetics of pitch molecules during coke 

formation (beyond 500°C). However, it is well known that further irreversible polymerization and 

dehydrogenation reactions occur with further heat treatment of CTP (up to 550°C in present work) 

as part of the coke formation step. It results in a continual growth in aromatic molecular size up to 
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4600 MW species. This is equivalent to the idealized crystallite structure with n≈7 (or 8) in 

Ouzilleau’s model. 

 

Figure 6.4 Idealized crystallite representation used in the coke model developped by Ouzileau et 

al. [257] : (a) idealized ‘‘hexagonal’’ plane with n = 4; (b) crystallite size La, Daa and n 

parameters; (c) crystallite height Lc and d002 from the stacking of m planes.  

It is assumed in our model that the source of methane emissions during carbonization process is 

the cracking of side chains in the structure of some aromatic compounds. So, the PAH compounds 

with side chains are considered as other key components (tetra-methyl-coronene is proposed in this 

work) in the set of representative PAHs. During the primary carbonization process, methane and 

hydrogen are evolved through complex chemical reactions in which numerous PAHs participate as 

reactants [3, 61, 246]. In our simplified model, these reactions are limited to a few reactions based 

on our choice of set of representative PAHs. 

For the purpose of simplification, oligomers and polymers of PAH compounds in selected set of 

PAHs are limited to the oligomers of coronene and tetra-methyl-coronene monomers whose 

molecular weight can satisfy the typical MWD of CTP shown in Fig. 6.1. 

The selected set of representative PAHs is listed in Table 6.1, together with methane and hydrogen. 

Its range of MW should permit to satisfy typical MWD and characteristic values of CTP. It also 

provides the required reactants and products for the vaporization and polymerization reactions 
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(either in residual pitch or in emitted gaseous mixture as low PAHs, methane and hydrogen) for 

modeling of the primary carbonization process.  

Table 6.1 Selected set of representative PAH compounds in the present work.  

Specie 

No. 
Name 

Chemical 

Formula 
MW 

1 Hydrogen H2 2 

2 Methane CH4 16 

3 Anthracene C14H10 178 

4 Pyrene C16H10 200 

5 Chrysene C18H12 220 

6 Coronene C24H12 300 

7 Tetra-methyl-coronene C28H20 356 

8 Bi-coronene C48H20 596 

9 Tri-coronene C72H28 892 

10 Tetra-coronene C96H36 1188 

11 Penta-coronene C120H44 1484 

12 Penta.tmc* C128H52 1588 

13 Hexa-coronene C144H36 1764 

14 Hexa-tmc* C152H52 1876 

15 Hepta-coronene C168H36 2052 

16 Hepta-tmc* C176H48 2160 

17 Octa-coronene C192H40 2344 

18 Deca-coronene C240H48 2928 

19 12-coronene C288H52 3508 

20 12-tmc* C304H84 3732 

21 14-coronene C336H52 4084 

22 14-tmc* C352H76 4300 

23 16-coronene C384H60 4668 

*tmc: tetra-methyl-coronene 

 Estimation of volatile PAHs emission during CTP heat treatment 

In the first step of the primary carbonization defined above (Section 2.1), below 350°C, low MW 

PAHs are vaporized and removed from the condensed residue. The model simulates the primary 

carbonization of a fixed mass of CTP being heat treated under a fixed flow of inert gas in the 

equivalent of a plug-flow reactor subjected to a constant heating rate. Quantity of emitted volatile 

PAHs in this step at a given temperature can be estimated using the estimated partial pressure of 
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each compound in an ideal gas mixture based on Dalton’s law and the estimated chemical activity 

of these compounds in the condensed mixture.  Effective partial pressure of each compound in an 

ideal gas mixture (Eq. 6.1-b) is determined by adding a coefficient (𝜙𝑖) in Dalton’s law (Eq. 6.1-

a). This coefficient 𝜙𝑖 represents the saturation level of gas mixture by the compound i. 

𝑃𝑖 = 
𝑛𝑖

𝑛𝑇
 . 𝑃𝑡𝑜𝑡 Eq. (6.1-a) 

𝑃𝑖−𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝜙𝑖 . 
𝑛𝑖

𝑛𝑇
 . 𝑃𝑡𝑜𝑡 Eq. (6.1-b) 

𝛼𝑖 = [
𝑃𝑖

𝑃𝑖
0]

(𝑇)

  
Eq. (6.2) 

In this equations, 𝑛𝑖 is number of mole of volatilized component i in the gas mixture, 𝑛𝑇 is the total 

number of moles of gas, 𝑃𝑖 is the partial pressure of component i, 𝑃𝑡𝑜𝑡 is the total pressure, 𝑃𝑖
0(𝑇) 𝑖s 

the vapor pressure of compound i in pure state at temperature T and 𝛼𝑖 is the chemical activity of 

compounds i in the condensed pitch, which is assumed to be a mechanical mixture of a high 

viscosity isotropic+mesotropic solutions. Chemical activity of compound i in the pitch of a known 

composition at a given temperature (either isotropic liquid phase or iso-meso phases assumed in 

equilibrium) is determined by the chemical potentials of species i derived from the Gibbs free 

energy of the pitch system [127, 258] and using Eqs. (6.3) and (6.4):  

µi
iso −  µi

0 iso = (
∂G

∂ni
)

T,P,nj≠i

iso

− gi
0 iso=  RTln𝛼𝑖

𝑖𝑠𝑜   
Eq. (6.3) 

 

µi
meso − µi

0 meso= (
∂G

∂ni
)

T,P,nj≠i

meso

−  gi
0 meso=   RTln𝛼𝑖

𝑚𝑒𝑠𝑜 
Eq. (6.4) 
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𝜙𝑖s in Eq. 6.1-b become the model parameters which are determined using measured values of 

volatiles low MW PAHs at the given temperature. They should lie in the range 0 < 𝜙𝑖  1 and will 

be discussed in Section 6.2.2.4.  

The computation of 𝑃𝑖
0(𝑇), the vapor pressures of all species i at a given temperature T, can be 

performed using our critical evaluation of the thermodynamic properties of PAH compounds 

[Chapter 4] or from other vapor pressure functions available in the literature. In the present work, 

the FactSageTM Thermochemical Software [259, 260] with the data base obtained in Chapter 4 is 

used to compute the vapor pressures.  

 Defining prototype chemical reactions as a reduced description of the 

mesophase and semi-coke formation steps 

In the second step of our model, as the temperature of the CTP reaches approximately 350°C, the 

low molecular weight compounds have been mostly removed from the condensed system, and the 

nucleation of mesophase spheres starts due to numerous thermal polymerization reactions between 

the more reactive PAH compounds. In order to construct a model for estimating the mass and 

enthalpy changes of the residual pitch, some prototype reactions are defined. According to the 

kinetic studies of Greinke [87], polymerization reactions involving PAH species between 300-700 

MW, the  more reactive molecules are responsible for mesophase formation. MWD changes of 

pitch residue in this step (as shown in Fig. 6.2) are necessary to have an idea about range of 

molecular weight of products in proposed prototype reactions. For example, as seen in this figure, 

progressing the mesophase formation results in decreasing the population of PAHs with MW 300 

and 600 and increasing of 900 MW molecules. So, with respect to selected set of PAHs in Section 
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6.2.2.1, one can postulate that the following reaction can be used to replace most reactions that are 

really taking place in CTP for this discussed change of MWD:   

C24H12(iso/meso) + C48H20(iso/meso) = C72H28(iso/meso) + 2H2(g) Eq. (6.5) 

The Gibbs free energy change of this prototype reaction at a given temperature in the temperature 

range of mesophase formation step (350°C and higher) can be calculated using our critical 

evaluation of the thermodynamic properties of PAH compounds [Chapter 4]. This reaction has a 

negative standard Gibbs energy change (∆G°) which indicates that it occurs spontaneously under 

standard condition (here we can assume P(H2) is high). Eqs. (6.6) - (6.8) are other examples of the 

proposed prototype reactions, consuming 300MW, 592MW and 892MW PAHs to produce 892 

MW, 1180 MW and 1484MW molecules: 

3C24H12(iso/meso) = C72H28(iso/meso) + 4H2(g) Eq. (6.6) 

C48H20(iso/meso) + C72H28(iso/meso) = C120H32(iso/meso) + 8H2(g) Eq. (6.7) 

2C48H20(iso/meso) = C96H28(iso/meso) + 6H2(g) Eq. (6.8) 

Table 6.2 presents reactants and products of some proposed prototype reactions of this type with 

negative standard Gibbs energy change occurring in mesophase formation step.  

Some other reactions with negative standard Gibbs free energy change (presented in Table 6.2) are 

proposed in this step which are responsible for light PAHs production and methane formation due 

to thermally induced bond cleavage of naphthenic rings or scission of aliphatic side chains from 

aromatic rings, respectively. Some example of these type of reactions are as follows: 

C28H20(iso/meso) + 4H2(g) = C24H12(iso/meso) + 4CH4(g)   Eq. (6.9) 
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C48H20(iso/meso) + 2H2(g) = 2C24H12(iso/meso)       Eq. (6.10) 

Hydrogen and methane as well as produced low MW PAHs in this step are removed from the 

system. 

In the next step of modeling, occurring in the temperature range between 450 and 550°C, 

polymerization reactions involving species with MW between 700-1200 are taking place. The 

measured changes in MWD shown in Fig. 6.3 are used to propose prototype reactions occurring in 

this step, as a replacement for the myriad of all reactions really occurring. Eqs. 6.11 and 6.12 

(having negative standard Gibbs energy change) can be some examples of these type of reactions 

regarding the decrease in population of 900 to1200 MW molecules and the increase in population 

of 1800 to 2000 MW molecules as seen in Fig.6.3. 

Table 6.2 Proposed prototype oligomerization reactions in mesophase formation step of 

carbonization process.  

Reaction Type of reaction Chemical reaction 
R1 Oligomerization/Polymerization 2C24H12 = C48H20 + 2H2 

R2 Oligomerization/Polymerization 3C24H12 = C72H28 + 4H2 

R3 Oligomerization/Polymerization 2C48H20 = C96H36 + 2H2 

R4 Oligomerization/Polymerization C24H12 + C48H20 = C72H28 + 2H2 

R5 Oligomerization/Polymerization C48H20 + C72H28 = C120H44 + 2H2 

R6 Oligomerization/Polymerization 2C28H20 = C56H36 + 2H2 

R7 Oligomerization/Polymerization C56H36 + C72H28 = C128H52 + 6H2 

R8 Oligomerization/Polymerization C56H36 + C72H28 = C120H52 + 6H2 

R9 Cracking C28H20 + 4H2 = C24H12 + 4CH4 

R10 Cracking C56H36 + 8H2 = C48H20 + 8CH4 

R11 Cracking C48H20 + 2H2 = 2C24H12 

R12 Cracking C56H36 + 2H2 = 2C28H20 

 

2 C72H28(iso/meso) = C144H36(semi-coke) + 10H2(g)   

 

Eq. (6.11) 

C72H28(iso/meso) + C96H36(iso/meso) = C168H36(semi-coke) + 14H2(g) Eq. (6.12) 
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Beyond 500°C (up to 550°C in this work), some prototype polymerization reactions are defined 

resulting in larger molecules with MW about 4600 equivalent to n≈7 (or 8) and initiation of coke 

formation: 

2C176H48(semi-coke) = C352H76(coke) + 10H2(g)  Eq. (6.13) 

2C192H40(semi-coke) = C384H60(coke) + 10H2(g)    Eq. (6.14) 

Defined prototype reactions in this work which are responsible for semi-coke and coke formation 

in CTP heat treatment has been summarized in Table 6.3. This Table includes some cracking 

reactions which are also taken place in this step of process producing light PAHs and small amount 

of methane.  

Table 6.3 Proposed prototype polymerization reactions in semi-coke / coke formation step of 

carbonization process.  

Reaction Type of reaction Chemical reaction 
R1 Oligomerization/Polymerization 2C72H28 = C144H36 + 10H2 

R2 Oligomerization/Polymerization C48H20 + C96H36 = C144H36 + 10H2 

R3 Oligomerization/Polymerization C72H28 + C96H36 = C168H36 + 14H2 

R4 Oligomerization/Polymerization C56H36 + C96H36 = C152H52 + 10H2 

R5 Oligomerization/Polymerization C56H36 + C120H44 = C176H48 + 16H2 

R6 Oligomerization/Polymerization 2C96H36 = C192H40 + 16H2 

R7 Oligomerization/Polymerization 2C120H44 = C240H48 + 20H2 

R8 Oligomerization/Polymerization 2C144H36 = C288H52 + 10H2 

R9 Oligomerization/Polymerization 2C152H52 = C304H84 + 10H2 

R10 Oligomerization/Polymerization 2C168H36 = C336H52 + 10H2 

R11 Oligomerization/Polymerization 2C176H48 = C352H76 + 10H2 

R12 Oligomerization/Polymerization 2C192H40 = C384H60 + 10H2 

R13 Cracking C48H20 + 2H2 = 2C24H12 

R14 Cracking C56H36 + 2H2 = 2C28H20 

R15 Cracking C56H36 + 8H2 = C48H20 + 8CH4 

Degree of advancement of all proposed prototype reactions between 350-450°C and 450-550°C 

becomes model parameters which can be determined using experimental values of condensable 

and non-condensable volatile matters and will be discussed in Section 6.2.2.4.  
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 Estimation of the model parameters 

𝜙𝑖s, the empirical coefficients in Eq. (6.1-b) and the degree of advancement of the proposed 

prototype reactions in previous section are the model parameters which need to be fixed by fitting 

the experimental data (Bouchard [246] in our case). The procedure for the estimation of these 

model parameters is based on defining a simple system which can well describe all the internal 

phenomena in CTP primary carbonization process. 

A small initial mass of CTP (𝑚0) containing PAHs with typical characterization of CTP shown in 

Fig. 6.1 is selected as the sample which goes under carbonization process. The model assumes this 

sample is heat treated at a constant heating rate (𝑄̇) from room temperature to 550°C which is our 

final temperature for CTP primary carbonization process, in agreement with literature data. An 

inert gas, like Ar, with a constant flow rate (𝑉̇𝐴𝑟) is passed through the system during the heat 

treatment to carry the emitted gas out. We will show later the impacts of small, average or large 

values of this flow rate (normalized by the initial mass). 

The following measurements are needed to provide the required information for the estimation of 

the above mentioned model parameters. Mass loss of the sample due to volatilization of light 

compounds has to be detected using either Thermal Gravimetric Analysis (TGA) during the heat 

treatment or by weighting the sample at some critical temperatures after starting the chemical 

reactions. These temperatures are limited to 350°C (start of mesophase formation), 450°C (semi-

coke formation) and 550°C (coke formation) which are defined based on the concept of 

carbonization process and general steps explained in Section 6.2.1. At these temperatures, the 

emitted gas mixture composition has to be analyzed utilizing gas chromatography (GC) and mass 

spectrometry (MS) after cooling and separation into the condensable part (e.g. low MW PAHS) 
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and non-condensable part (mostly hydrogen and methane). Obviously, mass loss and composition 

of the gas mixture emitted might change depending on the type of pitch used and the heating rate 

during thermal treatment process of the pitch.  

In the present work, 𝜙𝑖s, as the model parameters are determined using measured values of volatile 

PAHs emitted during pitch heat treatment previously reported by Bouchard et al. [246] . MWD of 

pitch residue in different steps of CTP heat treatment (either in mesophase or in semi-coke 

formation steps) investigated by Greinke (shown in Figs. 6.2 and 6.3) as well as measured values 

in Bouchard’s experiments for amount of emitted condensable (e.g. low MW PAHs) and non-

condensable gases (e.g. methane and hydrogen) are utilized to determine degree of advancement 

of the prototype reactions. However, these are limited to 350, 450 and 550°C, the important 

temperatures associated to the three defined steps in our model.  

6.2.3 Mass and energy balance through the process 

With respect to general steps occurring during heat treatment of CTP [3, 87, 250, 252] , as the 

temperature of the pitch reaches around 350°C, the low MW PAHs as non-mesogen molecules with 

no tendency to form mesophase (with respect to their clearing temperature*) have been removed 

from pitch and the pitch is rich in reactive mesogen molecules at this temperature to build up the 

higher molecular weight compounds in such a manner as to satisfy the average molecular structural 

requirements for mesophase formation. This temperature has been fixed at 350°C in the present 

work and mass and energy balances are performed in different ways, below and above this 

temperature. Actually, 350°C becomes like a threshold temperature. 

A hypothetical reactor design, shown in Fig. 6.5, is used to compute, for a given iteration, the mass 

and energy balances in temperature range between 25-350°C. The border of the system under study, 
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mass and energy flows are shown in the figure as dashed, red solid and blue solid lines, 

respectively. The temperature difference between the two iterations (∆𝑇 =  𝑇𝑗+1 −  𝑇𝑗) in the mass 

and energy balance calculations is fixed equal to 5°C, which is relatively low compared to the 

temperature difference of whole step (i.e. 325°C). The pitch at a given temperature, 𝑇𝑗, (from 

previous iteration) enters into the system and goes under carbonization process. Heat treatment on 

the pitch changes the temperature of the system by ∆𝑇 and vaporization of low MW PAHs is taken 

place (assuming neither polymerization nor thermal cracking reactions occurring in this 

temperature range of the process). It is assumed that all the generated gaseous species due to 

volatilization are removed from the system through the carrier gas to be burnt and there is not any 

retention of gas inside the reactor. There will be also no gas in the reactor input flow except carrier 

gas at 25°C and 1atm for next iteration.  

 

Figure 6.5 Hypothetical reactor design used to compute the mass and energy balances at every 

iteration in our model; dashed line: border of the system, blue lines: mass flows, and red lines: 

heat flows.  

Applying the mass conservation law over the system between 25-350°C results in Eq. (6.15-a):  
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(𝑛𝑖
𝑝𝑖𝑡𝑐ℎ)𝑇𝑗+1 

+  (𝑛𝑖
𝑔𝑎𝑠

)𝑇𝑗+1
+  (𝑛𝐴𝑟

𝑔𝑎𝑠
)𝑇𝑗+1

=  (𝑛𝑖
𝑝𝑖𝑡𝑐ℎ)𝑇𝑗

+  (𝑛𝐴𝑟
𝑔𝑎𝑠

)25°𝐶  Eq. (6.15-a) 

Where, 𝑇𝑗+1 = 𝑇𝑗 + ∆𝑇 is the temperature of the pitch and gas after increase, i = 1, 2, …N represents 

the species in the system excluding argon at any given temperature either in pitch or in gas (N is 

number of the species listed in Table 6.1),  𝑛𝑖
𝑝𝑖𝑡𝑐ℎ

 is the number of mole of compound i in the pitch 

(either in isotropic liquid or in mesophase), and  𝑛𝑖
𝑔𝑎𝑠

 is the number of moles of volatile compound 

i in gas mixture at any given temperature which can be estimated in each iteration by following the 

procedure described in Section 6.2.2.2. 𝑛𝐴𝑟
𝑔𝑎𝑠

 in both sides of Eq. (15-a) will be cancel out since it 

is assumed that there is not any retention of gas inside the reactor for next iteration. 

Above threshold temperature (350°C in this work) during mesophase and semi-coke formation, i.e. 

between 350-450°C and 450-550°C,  polymerization and thermal cracking reactions listed in 

Tables 6.2 and 6.3 as well as volatilization of low MW PAHs are taken place. It is assumed that 

there is no gas in the reactor input flow except carrier gas at 25°C and 1atm since all the generated 

gaseous species due to either volatilization or polymerization and thermal cracking reactions are 

pushed out of the system by carrier gas. Mass conservation law is applied over the system in these 

steps considering one iteration of 100°C as presented in Eq. (6.15-b). The criteria for choosing 

100°C step in the calculations is the lack of required experimental data for determining the degree 

of advancement of chemical reactions in intermediate steps.  

(𝑛𝑖
𝑝𝑖𝑡𝑐ℎ)450 °𝐶(550°𝐶) +   (𝑛𝑖

𝑔𝑎𝑠
)450°𝐶 (550°𝐶) +  (𝑛𝐴𝑟

𝑔𝑎𝑠
)450°𝐶 (550°𝐶) =

 (𝑛𝑖
𝑝𝑖𝑡𝑐ℎ)350°𝐶 (450°𝐶) + (𝑛𝐴𝑟

𝑔𝑎𝑠
)25°𝐶 +  𝜈𝑖

[𝑅1]
𝜉[𝑅1] + 𝜈𝑖

[𝑅2]
𝜉[𝑅2] + ⋯ + 𝜈𝑖

[𝑅𝑛]
𝜉[𝑅𝑛]   Eq. (6.15-b) 
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In this equation 𝑛𝑖
𝑔𝑎𝑠

 is the number of moles of volatile compound i either in condensable gas, i.e. 

low MW PAHs, or in non-condensable gas, i.e. methane and hydrogen at any given temperature, 

𝜈𝑖
[𝑅𝑛]

 represents the stoichiometric number of each compounds (i = 1,2,…N, either PAH compound 

or generated gas, i.e. methane and hydrogen, due to chemical reactions, listed in Table 6.1) in each 

defined prototype reactions in Tables 6.2 and 6.3, and 𝜉[𝑅𝑛] is the degree of advancement of those 

reactions between 350-450°C (or 450-550°C) as the model parameters, determined in Section 

6.2.2.4.  

Each term in mass balance equations either below or above 350°C are summarized in Table 6.4. 

Table 6.4 Definition of different terms in Eqs. (6.15-a) and (6.15-b).  

Temp. 

Range 
(𝒏𝒊

𝒑𝒊𝒕𝒄𝒉
)𝑻𝒋

 (𝒏𝒊
𝒑𝒊𝒕𝒄𝒉

)𝑻𝒋+𝟏
 (𝒏𝒊

𝒈𝒂𝒔
)𝑻𝒋+𝟏

 

25-350°C 0, i = 1,2 

(𝑛𝑖
𝑖𝑠𝑜)𝑇𝑗

, i = 3,4,…N 

0, i = 1,2 

(𝑛𝑖
𝑖𝑠𝑜)𝑇𝑗+1

, i = 3,4,…N 

0, i = 1,2, and 8, 9,…N 

(𝑛𝑖
𝑔𝑎𝑠

)𝑇𝑗+1
, i = 3,4,…,7 

350- 450°C 0, i = 1,2,…5 

(𝑛𝑖
𝑖𝑠𝑜)350, i = 6,7,…N 

0, i = 1,2,…7 

(𝑛𝑖
𝑚𝑒𝑠𝑜)450, i = 8,9,…N 

0, i = 8,9,…N 

(𝑛𝑖
𝑔𝑎𝑠

)450, i = 1,2,…,7 

450- 550°C 0, i = 1, 2,…7 

(𝑛𝑖
𝑚𝑒𝑠𝑜)450, i = 8,9,…N 

0, i = 1,2,…7 

(𝑛𝑖
𝑠𝑒𝑚𝑖−𝑐𝑜𝑘𝑒)550 , i = 8,9,…N 

0, i = 8, 9,…N 

(𝑛𝑖
𝑔𝑎𝑠

)550, i = 1,2,…,7 

The First Law of thermodynamic for an open system is formulated as follows: 

𝑄 +  𝑊 =   ∆𝐻 +  ∆𝐸𝑘𝑖𝑛 + ∆𝐸𝑝𝑜𝑡   Eq. (6.16) 

where 𝑄 denotes the quantity of energy supplied to the system as heat, 𝑊 denotes the amount of 

non-PV work done by the surrounding on the system, ∆𝐻,  ∆𝐸𝑘𝑖𝑛 and ∆𝐸𝑝𝑜𝑡 are the change in the 

enthalpy, kinetic energy and potential energy of the system, respectively.  

The required energy for increasing the temperature of the above defined system (Fig. 6.5), from  𝑇𝑗 

to 𝑇𝑗+1,can be estimated by applying Eq. (6.16) with neglecting two last terms in this equation and 

considering no non-PV work done on the system: 
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𝑄 =  ∑ (𝐻𝑖
𝑝𝑖𝑡𝑐ℎ)𝑇𝑗+1 𝑖  + ∑ (𝐻𝑖

𝑔𝑎𝑠
)𝑇𝑗+1 

+  (𝐻𝐴𝑟
𝑔𝑎𝑠

)𝑇𝑗+1 𝑖 − ∑ (𝐻𝑖
𝑝𝑖𝑡𝑐ℎ)𝑇𝑗 𝑖 −

 (𝐻𝐴𝑟
𝑔𝑎𝑠

)25°𝐶  Eq. (6.17) 

where 𝐻𝑖
𝑝𝑖𝑡𝑐ℎ is the total enthalpy of compound i in the pitch (either in isotropic liquid or in 

mesophase), 𝐻𝑖
𝑔𝑎𝑠

 is the total enthalpy of volatile compound i either in condensable gas, i.e. low 

MW PAHs, or in non-condensable gas, i.e. methane and hydrogen at any given temperature and 

𝐻𝐴𝑟
𝑔𝑎𝑠

 is the total enthalpy of argon at any given temperature and 1 atm. Enthalpy terms of the 

species in Eq. 6.17 are determined using the obtained results from mass balance calculations, below 

and above fixed threshold temperature, 350°C (Table 6.5). Total enthalpy of argon in Eq. (6.17) 

can be estimated using molar enthalpy of pure argon at any given temperature and 1 atm and 

number of mole of argon which is dependent on values of carrier gas flow rate (𝑉̇𝐴𝑟) and heating 

rate (𝑄̇) fixed in Section 6.2.2.4.   

Table 6.5 Definition of different terms in Eq. (6.17).  

Temp. 

range 
𝑯𝑻𝒋

𝒑𝒊𝒕𝒄𝒉
 𝑯𝑻𝒋+𝟏

𝒑𝒊𝒕𝒄𝒉
 𝑯𝑻𝒋+𝟏

𝒈𝒂𝒔
 

25-350°C [∑ (𝑛𝑖ℎ𝑖
0)𝑇𝑗

+  (𝑛𝑇∆ℎ𝑚𝑖𝑥)𝑇𝑗𝑖 ]
𝑖𝑠𝑜

  

(i = 3,4,…N) 

[∑ (𝑛𝑖ℎ𝑖
0)𝑇𝑗+1

+  (𝑛𝑇∆ℎ𝑚𝑖𝑥)𝑇𝑗+1𝑖 ]
𝑖𝑠𝑜

  

(i = 3,4,…N) 

[∑ (𝑛𝑖ℎ𝑖
0)𝑇𝑗+1𝑖 ]

𝑔𝑎𝑠

    

(i = 3,4,…,7) 

350- 450°C 

[∑ (𝑛𝑖ℎ𝑖
0)350 + (𝑛𝑇∆ℎ𝑚𝑖𝑥)350𝑖 ] 𝑖𝑠𝑜   

 

(i = 6,7,…N) 

[∑ (𝑛𝑖ℎ𝑖
0)450 + (𝑛𝑇∆ℎ𝑚𝑖𝑥)450𝑖 +

(𝑛𝑇ℎ𝑜𝑟𝑖𝑒𝑛𝑡)450] 𝑚𝑒𝑠𝑜  
(i = 8,9,…N) 

[∑ (𝑛𝑖ℎ𝑖
0)450𝑖 ]𝑔𝑎𝑠   

 

(i = 1,2,…,7) 

450-550°C 

[∑ (𝑛𝑖ℎ𝑖
0)450 + (𝑛𝑇∆ℎ𝑚𝑖𝑥)450𝑖 +

(𝑛𝑇ℎ𝑜𝑟𝑖𝑒𝑛𝑡)450] 𝑚𝑒𝑠𝑜     
(i = 8,9,…N) 

[∑ (𝑛𝑖ℎ𝑖
0)550𝑖 ] 𝑠𝑒𝑚𝑖−𝑐𝑜𝑘𝑒   

 

(i = 8,9,…N) 

[∑ (𝑛𝑖ℎ𝑖
0)550𝑖 ]𝑔𝑎𝑠  

 

(i = 1,2,…,7) 

In Table 6.5,  ℎ𝑖
0 are reference molar enthalpy for the pure components as isotropic liquid (either 

in iso or in meso phase), gas or semi-coke (coke), ∆ℎ𝑚𝑖𝑥  is the molar enthalpy of mixing of 

compounds in pitch as a solution and ℎ𝑜𝑟𝑖𝑒𝑛𝑡 is the enthalpy contribution of orientational free 

energy of mesophase [127, 258]. The FactSageTM Thermochemical Software [259, 260] with the 
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data base obtained in Chapter 4, as described in Section 2.2.2,  is used to compute the enthalpies 

of species i at any given temperature T, ℎ𝑖
0(𝑇). 

Thermodynamic theory for PAHs solutions first proposed by Hu and Hurt [127] and improved in 

our previous work [258] is applied to calculate enthalpy of mixing and orientation enthalpy terms 

for the isotropic phase and mesophase. The thermodynamic model for idealized coke crystallite 

developed by Ouzilleau et al. [257] can be utilized for estimation of the enthalpy of semi-coke (or 

coke) species. 

6.2.4 Integrating equations for estimation of mass and enthalpy changes 

through the primary carbonization process   

A small mass of pitch with known composition [(𝑛𝑖
𝑝𝑖𝑡𝑐ℎ)𝑇0

] at room temperature [ 𝑇0] is considered 

as the initial conditions of the system in the following calculations. As most CTP are obtained 

during a quenching procedure of liquid by-product in coke oven (see ref.[37, 38] for more detail) 

from 400°C to room temperature, we assume here that the state of the pitch at 𝑇0 is a glassy 

isotropic liquid. This assumption is reasonable since there is no evidence for existence of crystal 

structure in CTP regarding to the XRD experiment results [47, 48]. Considering the above defined 

threshold temperature of 350°C, the calculation procedure for mass and enthalpy changes through 

CTP heat treatment is divided in two parts, below and above threshold temperature. 

 

Calculations below 350°C  

Starting from room temperature, the number of moles of each compounds in the pitch after 

increasing the temperature of the system by∆𝑇,[(𝑛𝑖
𝑝𝑖𝑡𝑐ℎ)𝑇𝑗+1

], is determined using Eqs. 6.1- 6.4 
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and 15-a. It was previously assumed that there is no chemical reaction occurring during these first 

steps of the process and only vaporization is taken place. The amount of the each volatile 

compounds in the gas mixture,[(𝑛𝑖
𝑔𝑎𝑠

)𝑇𝑗+1
], is determined by applying Eq. 6.1- 6.4 to each 

compounds with respect to the model parameters (𝜙𝑖s) and the way to estimate it in Section 6.2.2.4. 

However, combining Eqs. 6.1- 6.4 yields X equations for X unknowns, number of moles of X 

volatile compounds in the gas mixture. Solving these equations, numerically, results in amount of 

volatile PAHs at the given temperature. Summation over amount of all species in the system in the 

given temperature results in total mole of the pitch (𝑛𝑇
𝑝𝑖𝑡𝑐ℎ

) in that temperature: 

(𝑛𝑇
𝑝𝑖𝑡𝑐ℎ)

𝑇𝑗+1
= ∑ (𝑛𝑖

𝑝𝑖𝑡𝑐ℎ)
𝑇𝑗+1

𝑖  Eq. (6.18)  

The result for the mass changes of system by increasing the temperature by ∆𝑇 and the energy 

balance on the system (Eq. 6.17 and Table 6.5) are applied to estimate the required energy for 

increasing the temperature of pitch from  𝑇𝑗 to 𝑇𝑗+1.  

Calculations above 350°C 

Regarding to the defined prototype reactions in Section 6.2.2.3, in the temperature range between 

350°C and 550°C, when the mesophase, semi-coke and coke formations start, some new high MW 

and low MW PAHs, hydrogen and methane are produced due to thermal polymerization and 

cracking reactions. The degree of advancement of these reactions which have been already 

determined as the model parameters in Section 6.2.2.4 controls the amount of the mass losses of 

either condensable (low MW PAHs) or non-condensable (hydrogen and methane) compounds 

through the process. However, the estimations of mass losses after 350°C are limited to interval 

temperatures, 350- 450°C and 450 - 550°C, since the degree of advancements of the reactions are 
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limited in theses ranges of temperature (Section 6.2.2.4). Degree of advancement of defined 

prototype reactions (Eqs. 6.5-6.14 and Tables 6.2 and 6.3) are used to determine the third term and 

later on right side of molar balance equation (Eq. 6.15-b) in order to estimate the mass of each 

species in residual pitch after increasing the temperature of the system by ∆𝑇. 

The obtained results for mass changes of residue pitch and amount of removed species from pitch 

in mesophase and semi-coke (initial coke) formation steps (350 – 450°C and 450 – 550°C) as well 

as defined energy balance in these temperature ranges (Eq. 6.17 and Table 6.5) are applied to 

estimate required energy for raising the temperature of pitch from 350 to 450°C and 450 to 550°C, 

respectively.  

6.3 Results and discussion 

The thermodynamic-kinetic model proposed in Section 6.2 was applied to perform quantitative 

analysis of physical and chemical changes occurring during CTP primary carbonization process. 

In order to make a general investigation of volatile matter emission rate through CTP heat 

treatment, a simplified system containing typical low, medium and high molecular weight PAHs 

available in CTP analyzed by Zhang et al. [21] was modeled. The variation of evaporation rate of 

low MW with temperature and composition of the system was studied. Observations of mass losses 

during heat treatment of CTP from Thermo-Gravimetric Analysis (TGA) of Bouchard et al. [246] 

was modeled. A sensitivity analysis was performed to investigate the ability of the model to 

estimate the effect of some important parameters in carbonization process on quantity of emitted 

volatile matters. The variation of mass losses of low MW PAHs occurring during the process with 

heating rate, carrier gas flow rate, and saturation level of emitted gaseous species as real and 

internal variables of the model, respectively, were evaluated. The molecular weight distribution 
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changes through mesophase and semi-coke formation steps of carbonization process were 

calculated consistent with Greinke’s investigation [87]. Required energy to increase the 

temperature of pitch sample in Bouchard’s experiment from room temperature to 350°C, which 

results in estimated mass losses in this temperature range, was calculated. Estimation of the 

enthalpy changes of pitch (with the aim of energy requirement analysis) through the carbonization 

process in temperature range beyond 350°C needs further research.  

6.3.1 General prediction of gas emission rate during heat treatment of coal tar 

pitch (below 350°C) 

With respect to the typical molecular weight distribution of coal tar pitch shown in Fig. 6.1, a 

simplified pitch system containing a low molecular weight PAH, anthracene (MW: 178 g / mole), 

and some medium and high molecular weight PAHs (e.g. bi-coronene, tri-coronene and Tetra-

coronene) with MW 596, 892 and 1180 g / mole, respectively, is selected to be studied in this 

section. In order to simplify the studies, a binary phase diagram exhibiting the thermodynamic 

behavior of this pitch system (Fig. 6.6) is generated by applying the proposed thermodynamic 

approach in our previous work [258]. 

The partial pressure of anthracene in the pitch system in the temperature range of 25 – 350°C (either 

in one-phase or two-phase region) can be estimated by following the procedure explained in 

Sections 6.2.2.2 and 6.2.4, assuming a near-equilibrium state during a given T iteration. Indeed, 

calculating the chemical activity of anthracene in above defined pitch solution (as a mixture of 

PAH compounds) using the developed approach in our previous work [258] with the aid of Eq. 

(6.2) permits to create the iso- partial- pressure lines of anthracene on Fig. 6.6. These lines are the 

indicators of the emission rate of low molecular weight compound in the system. The dashed lines 



161 

 

 

and dash-dotted lines represent the iso-partial pressure of anthracene in single isotropic liquid, two-

phase and metastable single-phase regions, respectively.  

As seen in the figure, the partial pressure of low MW compounds through the constant temperature 

process will decrease if the system under study has a single isotropic liquid phase and will be the 

same when the system contains two phases in the equilibrium, even though in this case the amount 

of the volatile compound decreases with increasing time. So, it takes more time to evaporate a same 

amount of this compound from the single isotropic phase system in an isothermal process, and 

similarly in a heating process if the high viscosity isotropic liquid is maintained rather than an 

equilibrated high MW mesophase with a low MW isotropic liquid. This figure can be used to study 

the volatile PAHs emissions aspects of CTP heat treatment from room temperature to 350°C (623 

K) when the significant amount of the low MW PAHs are evolved. According to mass spectrum 

of typical CTP shown in Fig. 6.1, there is a few amount of low MW PAH compounds, like 

anthracene, in CTP containing PAHs with different molecular weight. Hence, the starting point of 

this study will be on the right side (anthracene-lean region) of Fig. 6.6. A zoom view of the 

anthracene-lean region of Fig. 6.6 is shown in Fig. 6.7.  

  



162 

 

 

 

Figure 6.6 Binary phase diagram of anthracene and a mixture of representative PAHs, which do 

not contain anthracene indicating partial pressure of low MW compound; Dashed lines: iso-

partial-pressure (bar) of anthracene and dash-dotted lines: metastable iso-partial-pressure (bar) of 

anthracene.  
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Figure 6.7 Zoom view of the anthracene-lean region of Fig. 6.6; Red solid line: evaporation path 

of anthracene during heat treatment of a 50 g pitch sample (heating rate: 50°C/h and carrier gas 

flow rate: 560 cm3/min) 

Meanwhile, it is considered that the assumed quenched structure of CTP at 25°C (discussed in 

Section 6.2.4) is retained until 350°C and the iso-meso equilibrium in pitch is kinetically prohibited 

in our model below 350°C. So, partial pressure changes of anthracene during heat treatment of 

CTP are evaluated by following the dash-dotted lines in Fig. 6.6 in anthracene-lean region which 

will be very different with partial pressure of anthracene in a two-phase system. As the temperature 

of CTP increases and the evaporation of anthracene is progressing, CTP becomes further diluted 

in anthracene. A schematic of changes in pitch composition by temperature is shown as red solid 

Isotropic liquid 
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line in Fig. 6.7. As seen in the figure, this composition changes results in a substantial changes on 

partial pressure of anthracene.  

6.3.2 Application to Bouchard’s experiments 

Bouchard et al. [246] designed several experiments to study the mass loss of the pitches when they 

go under carbonization process. They measured and analyzed the condensable and non-

condensable parts of released gaseous mixture through the CTP heat treatment. 

A 50 grams mass of pitch containing PAHs from Table 6.1 is considered as the sample to be studied 

in this work. Type and quantity of PAHs in the sample (shown in Table 6.6) are chosen with respect 

to MWD of the typical CTP analyzed and reported by Zhang (Fig. 6.1). The criteria for choosing 

the 50 grams mass of pitch is Bouchard’s experiments which have been performed for this quantity 

of pitch. Heating rate of CTP and flow rate of carrier gas in our calculations are fixed with respect 

to operating conditions of Bouchard’s experiments, 50°C/h and 2300 cm3/h (at 25°C and 1atm), 

respectively.  

 Estimation of mass changes of CTP (during heat treatment) 

The calculations in this section are based on our choise of the threshold temperature of 350°C (fixed 

in this work, Section 6.2.3) for the starting point of mesophase spheres formation. However, the 

model has flexibility to be used with another threshold temperature (in the range of 300 - 400°C) 

based on own experimental data.   

The total amount of emitted volatile PAHs in the first step of heat treatment (25 to 350°C) was 

estimated applying the proposed approach described in Sections 6.2.2.2 and 2.4 (considering ∆T = 

5°C in the calculations). Experimental data for total mass loss during this step of the process 
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obtained by Bouchard et al. [246] is utilized to determine the model parameters (ɸ𝑖𝑠), as described 

in Section 6.2.2.4. A strength of the proposed model is that the emission of volatile compounds is 

predictable even at low temperatures. By setting the reasonable values of the saturation level 

coefficients for all volatile species (in this case equal to 1), the model can estimate the trend of the 

total amount of PAHs lost with temperature observed by Bouchard et al. in their experiments (Fig. 

6.8).  

Table 6.6 Mass distribution of an arbitrary 50 grams pitch sample at room temperature subjected 

to the calculations in the present work. 

Name Chemical 

Formula 

MW Mass 

(g) 
Anthracene C14H10 178 0.03 

Pyrene C16H10 200 0.04 

Chrysene C18H12 220 0.044 

Coronene C24H12 300 9 

Tetra-methyl-coronene C28H20 356 27 

Bi-coronene C48H20 596 10 

Tri-coronene C72H28 892 3 

Tetra-coronene C96H28 1180 0.886 

 

Figure 6.8 Effect of heating rate on total mass loss during heat treatment of a 50 g pitch in 

temperature range below  350°C, Solid line: experimental data obtained by Bouchard et al. [246] 

at 50°C/h; Points: predictions in this work (using ɸ𝑖s = 1 and carrier gas flow rate : 

2300cm3/min).  

   This work: 30°C/h 

    This work: 50°C/h 

    This work: 100°C/h 

      Bouchard  et al.: 50°C/h 
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As shown in Fig. 6.8, heating rate affects the residence time of pitch at each temperature and 

consequently on emission of volatile matter. However, a sensitivity analysis will be helpful to study 

(in detail) the effect of heating rate as well as flow rate of carrier gas on the mass loss of volatile 

matters during CTP heat treatment and will be discussed as follows.  

In this section, mass losses of each volatile PAH compounds has been estimated every 5°C 

(between 25 and 350°C) assuming full equilibrium (by setting ɸ𝑖s for all volatile species equal to 

1 in Eq. 6.1-b) at every temperature intervals and no constrains for diffusion of volatile matter to 

the carrier gas.  

The carrier gas flow rate affects the evaporation rate of each volatile PAHs with significant 

volatility. As seen in Figs. 6.9a -6.9c, in higher carrier gas flow rate, total mass losses of volatile 

compounds are taken place in a more narrow and lower range of temerature range. Changes of 

pitch composition due to evaporation of anthracene in different flow rates of carrier gas can be 

shown on zoom view of anthracen-lean region, Fig. 6.7. As shown in Fig. 6.10, evaporation paths 

of anthracene are affected by flow rate of carrier gas: more flow rate of carrier gas, more 

evaporation rate of anthracene.  

In order to evaluate the heating rate effect on mass losses, the calculations for estimation of changes 

in mass loss of each volatile PAHs with temperature have been performed for two different heating 

rates, 50 and 100°C/h. As shown in Figs. 6.11a -6.11c, as the hating rate decreases, release of 

volatile matters is taking place at lower temperatures. On the other hand, when the heat treatment 

of CTP is performed with higher heating rate, the system is further away from the equilibrium state. 

It means that there is an optimum heating rate to be used in pitch carbonization process. As an 
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industrial case, a few researchers investigated that the heating rate in anode baking furnace in 

aluminum industry should not exceed 10 to 14°C/h between 200-600°C [138, 261]. 

However, changing the ɸ𝑖s values for each volatile species , as the extremely simple kinetic model 

parameter, to less than 1(in the previous calculations) enables us to estimate the behavior of a 

system with conditions closer to the equilibrium state (Figs. 6.11d -6.11f). These figures show the 

variation of mass loss of three volatile components (e.g. anthracene, pyrene and chrysene) with 

temperature by setting two different values of ɸ𝑖s (0.7 or 1) but equal for all volatile species in 

each calculation. 
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Figure 6.9 Estimated mass loss of  a)antheracene, b)pyrene and c)chrysene versus temperature for 

different carrier gas flow rates. Solid circle: 2300 cm3/min, solid triangle: 560 cm3/min and 

empty circle: 230 cm3/min (heating rate: 50°C/h and 𝜙𝑖𝑠: 1).  
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Figure 6.10 Effect of carrier gas flow rate on anthracene evaporation path during heat treatment 

of a 50 g pitch sample (assumed as one-phase glassy isotropic liquid); Solid circle: 2300 

cm3/min, solid triangle: 560 cm3/min, and empty circle: 230 cm3/min (heating rate: 50°C/h and 

𝜙𝑖𝑠: 1). 
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Figure 6.11 Estimated mass loss of anthracene, pyrene and chrysene versus temperature for: 

different heating rates at carrier gas flow rate of 2300cm3/min and ɸ𝑖s = 1 (a – c) and different 

values of ɸ𝑖s parameters (0.7 and 1) at heating rate 50°C/h, carrier gas flow rate 2300 cm3/min (d 

– f).  
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Next step of CTP primary carbonization (350 – 450°C), where the mesophase formation starts, has 

been modeled based on the defined procedure in Section 2.2.3 by arranging the prototype 

oligomerization reactions between available reactive PAHs and thermal cracking reactions listed 

in Table 6.2. 

Degree of advancement of prototype reactions as model parameters are determined by following 

the explanations in Section 6.2.2.4 and using available experimental data (obtained by Bouchard 

[246]) for the amount of released condensable (volatile PAH) and non-condensable (H2 and CH4) 

matters in this range of temperature. In the present work, these model parameters has been only 

determined for carbonization treatment with 50°C/h heating rate since the Bouchard’s experiments 

are limited. Calculated amount of volatile matter emitted from the 50 g coal tar pitch sample during 

mesophase formation step of heat treatment as well as MWD of the pitch residue, shown in Figs. 

6.12 and 6.13, respectively, are comparable with experimental data of Bouchard and trend of MWD 

changes investigated by Greinke [87] (seen in Fig. 6.2). 

 

Figure 6.12 Calculated released volatile matter from a 50 g coal tar pitch heat treated from  Tamb 

to 450°C with heating rate of 50°C/h.  
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Figure 6.13 Calculated molecular weight distribution of the residue of a 50 g mass coal tar pitch 

at the end of mesophase formation step of carbonization process with heating rate of 50°C/h.  

Modeling of semi-coke and coke formation steps (450 - 550°C) is performed by arranging the 

prototype polymerization reactions proposed in Table 6.3. The measured values by Bouchard [246] 

for the amount of released condensable (volatile PAH) and non-condensable (H2 and CH4) matters 

in this range of temperature are the criteria to fit the degree of advancement of prototype reactions 

as the model parameter in this step. Calculated mass loss either by volatilization of produced low 

MW PAHs due to thermal cracking or emission of hydrogen and methane through dehydrogenation 

reactions and thermal cleavage of side chains from aromatic rings are shown in Fig. 6.14. 

Calculated MWD of CTP at the end of semi-coke formation shown in Fig. 6.15 is consistent with 

that obtained by Greinke [87]. Fig. 6.16 shows MWD at 550°C when the initial plane of coke is 

built up. 

It is important to point out that the proposed model can be applied to estimate the mass loss of CTP 

during the primary carbonization by using any available set of experimental data, not necessarily 

Bouchard’s data, to calibrate the model and following the overall procedure defined above (with 

some changes in certain aspects of the model). 
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Figure 6.14 Calculated released volatile matter from a 50 g coal tar pitch in temperature range of 

Tamb - 550°C during carbonization process with heating rate of 50°C/h.  

 

Figure 6.15 Calculated molecular weight distribution of the residue of a 50 g coal tar pitch at the 

end of semi-coke formation step of carbonization process with heating rate of 50°C/h. 
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Figure 6.16 Calculated molecular weight distribution of the residue of a 50 g coal tar pitch during 

coke formation step (where the temperature is about 550°C) of carbonization process with 

heating rate of 50°C/h.  

 Estimation of energy requirement of different steps of CTP primary 

carbonization 

Required energy in the first step of CTP heat treatment (25 to 350°C) can be calculated by 

following the procedure explained in Sections 6.2.3 and 6.2.4. This energy is required both to 

increase the temperature of pitch to any given temperature and to meet the mass changes at that 

temperature estimated in section 6.3.2.2. Starting with a 50 g sample of CTP (MWD shown in 

Table 6.6) at room temperature, calculated total required energy at any given temperature in the 

range of 25-350°C has been presented in Fig. 6.17. The results obtained in Section 6.3.2.1 for mass 

changes of CTP with temperature (every 5°C) has been used in this calculation. 
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Calculation of required energy in next steps of CTP heat treatment (beyond 350°C) needs the 

estimation of enthalpies of large PAHs oligomer species and semi-coke crystallite appearing during  

mesophase and semi-coke formation steps, respectively:  

 

Figure 6.17 Total required energy in first step of carbonization (25-350°C) of a 50 g CTP sample 

(using ɸ𝑖s = 1, heating rate: 50°C/h and carrier gas flow rate : 2300 cm3/min).  

-In the present work, estimation of enthalpies of any PAHs is based on critical assessment presented 

in our previous work [Chapter 4]. Due to the lack of experimental data, the application of developed 

model to estimate the thermodynamic properties of PAH oligomers has only been justified for a 

limited number of PAH oligomers.  

-As it was proposed in Section 6.2.3, the enthalpy of semi-coke crystallite (with the aim of required 

energy calculation in semi-coke formation step in temperature range 450-550°C) can be estimated 

by applying developed coke model by Ouzilleau et al. [257]. In their model, the perfectly parallel 

plane (shown in Fig.6.4) whose enthalpy of stacking to be zero are assumed in Gibbs energy 

calculations. However some considerations has to be taken into account in switching from the 

formalism for estimation of enthalpy of the large planes of oligomer PAHs (established in Chapter 

Pitch sample: 50 g 

Carrier gas flow rate: 2300 cm3/min 

Heating rate: 50°C/h 
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4) in mesophase formation step to Ouzilleau’s formalism for enthalpy estimation of the idealized 

crystallite structure in semi-coke formation step. In other word, transforming such a large plane of 

high MW PAH oligomers to idealized semi-coke crystallite (satisfying Ouzilleau’s model) requires 

energies to bring them to the configuration shown in Fig. 6.4 and to parallelize them. 

However, in the present work, calculation of the required energy in CTP primary carbonization 

process above 350°C, where the above mentioned considerations are needed, has not been 

presented and left for future works.  

6.4 Conclusion and outlook 

Mass and energy changes of coal tar pitch occurring during primary carbonization process can be 

estimated by applying the present thermodynamic-kinetic model. Model estimations on mass losses 

of CTP in different steps of primary carbonization, i.e. vaporization, mesophase and semi-coke 

formation steps are in good agreement with corresponding experimental data. A strength of the 

current work is that it predicts the emission of volatile compounds even at low temperatures. The 

proposed model is able to evaluate the partial pressure changes of emitted low MW PAHs during 

heat treatment of the typical CTP. Estimation of molecular weight distribution changes of residual 

pitch through thermal treatment (up to 550°C) of CTP is consistent with that experimentally 

investigated by utilizing gel permission chromatography technique. The strength and innovation of 

the present work for theoretical evaluation of the effect of the important parameters during 

carbonization of pitch, such as the heating rate of the pitch and the flow rate of the carrier gas, on 

the emission rate of volatile matter was demonstrated. The present model was applied to calculate 

the enthalpy changes of coal tar pitch (with the aim of process energy requirement calculations) in 

early stage of the primary carbonization process, below 350°C. A discussion was given on 
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complexity in estimating the enthalpy changes of residual pitch during mesophase and semi-coke 

formation as part of CTP carbonization, above 350°C. 

Obviously, due to the complex nature of CTP and the primary carbonization process, some 

hypothesis and simplifications were needed to make the modelling of the process possible, which 

resulted in a certain number of limitations and weaknesses in the present model as follows:  

- The first limitation is related to the neglecting the role played by the impurities, such as sulfur, 

nitrogen, and oxygen etc., as well as non-PAHs (heterocyclic compounds) which are usually found 

in CTP, in carbonization process. It has been well established that the intermediate and final 

products of the primary carbonization, i.e. mesophase and semi-coke, are composed of 

polyaromatic molecules mutually cross-linked by a medium composed of carbon functions 

containing heteroatoms (e.g. nitrogen, sulfur, and oxygen) which enter the process through 

available heterocyclic compounds in the pitches [37]. These heteroatoms (𝑁2 and 𝑂2) are important 

for coke-pitch interactions in anode production. Indeed, in the present model the effect of the ratio 

of cross-linking heteroatoms (e.g. sulfur, nitrogen and oxygen) to hydrogen atoms of precursor 

carbon materials (CTP in this work) on the efficiency of the primary carbonization and the quality 

of the final product was ignored by neglecting the presence of the impurities and heterocyclic 

compounds in coal tar pitch. Hence, one aspect that will be treated in future work is development 

of a more appropriate model to predict the physical and chemical evolutions occurring during 

primary carbonization of any source of CTP containing heteroatoms.  

- In the mass and energy balance calculations, the temperature of the condensed pitch was assumed 

to become equal and uniform in all directions instantaneously at each iterations after increasing the 

temperature of the pitch by a heat treatment. This assumption is not compatible with what really 
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happens in industrial processes. So, it is recommended to improve the predictive capacity of the 

present model by considering adequate heat transfer equations for the calculation of temperature 

gradients in condensed pitch.  

- Only one set of experimental data (Bouchard’s experiments) was found in the literature to 

calibrate the model. Although the model developed seems to be versatile enough to reproduce the 

experimental data for the heat treatment of different types of CTP in different operating conditions, 

it is recommended to design and run a certain number of experiments reporting the changes of both 

the mass of residue pitch and the composition of volatile species throughout CTP primary 

carbonization in order to extend the application of the proposed model to predict different 

experimental data sets.  

- The paucity of experimental data made it difficult to assess the uncertainties associated with the 

process energy requirement calculations in 25-350°C temperature range. Performing some CTP 

heat treatment experiments in order to generate a data set including energy consumption of different 

steps of primary carbonization process for model justification purposes is recommended.  

- Following the discussion in Section 3.2.2 presented the weakness of the present model to estimate 

the enthalpy changes of residual pitch during mesophase and semi-coke formation steps of primary 

carbonization process, another important aspect as future work is to extend the present model so 

that it can be applied to calculate the required energy for heat treatment of CTP beyond 350°C.  

In the longer term, the developed thermodynamic-kinetic model will serve as the basis for future 

work to simulate any industrial process (such as anode baking, cathode production, and ramming 

paste processes in aluminum industries) in which the primary carbonization is involved. 
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 GENERAL DISCUSSION 

The main goal of the present thesis can be summarized as follows:  

Predict the thermodynamic properties of the final products and the emissions of volatiles in carbon 

material production process, using a basic kinetic model, for different coal tar pitches used as 

precursors.  

As a reminder and conclusion from previous chapters (Introduction and Literature Review), the 

capacity of thermal transformation of coal tar pitches (CTP) to carbon materials (CM) as well as 

their specific binding properties make CTPs an important source of precursors in CM production 

processes. Among these processes, the production of green anode blocks and prebaked anodes is 

very important in Québec due to its intensive aluminum production. Also, the calcining of carbon 

ramming pastes used between cathode blocks in aluminum electrolysis cells is important for the 

same industry. 

 The specifications of CTPs have a major effect on both the properties of the final product and the 

quality and quantity of the gaseous (hazardous) mixtures that evolve during the thermal 

transformation of CTPs in both CM production and ramming processes. The present thesis thus 

aimed to provide a semi-quantitative understanding of the CTP thermal transformation process to 

industries that depend on this process. In this way, estimation of volatile matter emissions 

(including genotoxic compopunds) and energy consumption of the CTP carbonization process as 

well as prediction of CMs will be possible which  can be useful to develop an efficient green 

process. 

Based on the main goal of the present thesis, the first step was to simplify the modeling approach 

by a careful selection of constitutive species, which represent the major characteristics of the 

system. The second step was to gain a better understanding of the thermodynamic properties of 
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polycyclic aromatic hydrocarbon (PAH) monomers and oligomers, which are the main constituents 

of CTP. It was found that the current knowledge of the thermodynamic properties (such as specific 

heat and standard entropy and enthalpy of formation) of PAHs, which first proposed by Richard 

and Helgeson [111], are not defined in a consistent manner. It suffers from a lack of consistency to 

reconcile phase transition data and the computation of the vapor pressures using the Gibbs energy 

functions of the condensed and gaseous phases of a given PAH compound. In addition, their model 

does not take into consideration structural anomalies in some solid PAH compounds, such 

phenanthrene and pyrene that are associated with peaks in the temperature dependence of the heat 

capacity curves. The development of an approach aimed at improving the Richard and Helgeson’s 

method for predicting the thermodynamic properties of PAHs in a consistent manner thus became 

one of the most important goals of the present thesis and led to the writing of the first paper (Chapter 

4). The two objectives of the paper were to apply the CALPHAD approach to estimate the phase 

transition data and vapor pressure values of PAH compounds consistently with experimental data, 

and to use CEF to predict  heat capacity (as a function of the temperature) of PAHs exhibiting an 

unusual phase transition in the solid state. 

A comprehensive literature review of the thermal transformation of the pitches provided 

information on the thermodynamics and phase behavior of the carbonaceous materials during this 

transformation. Brooks and Taylor first demonstrated that the mesophase is observed as an 

intermediate phase during the thermal transformation of the pitches and aromatic compounds to 

coke. The characterization of the mesophase showed that it is mainly composed of fully condensed 

high molecular weight PAHs, which are generated by polymerization reactions between basic 

compounds in CTP occurring during the transformation process. The molecular ordering in these 

intermediate phases lies between that of a solid and that of an isotropic liquid. Studying the phase 



182 

 

 

behavior of the mesophase in CTP is a critical step for optimizing this process. The comprehensive 

literature review of a large number of studies on the thermodynamics of the carbonaceous 

mesophase revealed the work of Hu and Hurt [127], which proved to be  key to the present thesis. 

Hu and Hurt developed the Gibbs free energy model for mesophase-containing pitches based on 

non-ideal solutions and liquid crystal behaviors of the mesophase. They predicted the equilibrium 

configuration of pitch systems by equating the chemical potential of each compounds in the 

isotropic liquid and the mesophase phases in equilibrium derived from the Gibbs free energy 

function. The numerical (stochastic) method used by Hu and Hurt to minimize the absolute 

difference between both sides of these equations is difficult to implement from a technical point of 

view as the orientation Gibbs energy of the mesophase is defined through the second Legendre 

function. Due to the limitations in their formalism, they only applied it to three experimental data 

sets. Following the work of Hu and Hurt, the path to be taken was to propose a new thermodynamic 

approach to describe the phase behavior of mesophase-containing pitches while overcoming the 

above-mentioned limitations. This led to the writing of a second paper (Chapter 5). The new 

approach described in this paper proposes to estimate the equilibrium configuration of a 

mesophase-containing pitch system by minimization of Gibbs free energy function developed by 

Hu and Hurt, directly, utilizing NOMAD (Nonlinear Optimization with the MADS algorithm), a 

precise and robust numerical technique. 

Lastly, it is important to discuss the place of the thermodynamic-kinetic model (Chapter 6) in the 

present thesis. Prior to the present thesis, investigations of the thermal transformation 

(carbonization) of pitch to coke had been qualitative in most aspects. The thermodynamic 

developments described in Chapters 4 and 5 focus on one aspect of the process: the impact of 

temperature. The combination of a thermodynamic description and kinetic studies to incorporate 
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the effect of time is needed to achieve the main goal of the present thesis: i.e. predicting the 

relationship between the properties of CTPs and the important target variables of the transformation 

process, i.e. the properties of the product and the compositions and heating values of volatile 

species. The proposed approach is based on defining thermodynamic and kinetic equations for the 

vaporization and the condensation processes simply representing the numerous complicated 

phenomena happening during the primary carbonization process and by reducing to the minimum 

the required time-dependent variables (such as considering only a heating rate). The work presented 

herein is the first to describe a semi-quantitative knowledge that can be used to simulate and 

optimize the primary carbonization process and reflects the highly innovation nature of the present 

thesis.  
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 CONCLUSION 

In this thesis, for the first time, a thermodynamic model for the prediction of thermodynamic 

properties of PAH compounds, using the CALPHAD approach, was developed. The heat capacity 

functions and standard thermodynamic properties of PAHs in solid, liquid, and gas states initially 

calculated based on group additivity algorithms (first proposed by Richard and Helgeson), are 

optimized by applying the CALPHAD approach where all thermodynamic data are rendered 

consistent with phase transitions and vapor pressure data. Some PAH compounds exhibit heat 

capacity anomaly in the solid state. An anomalous absorption of energy is found in the vicinity of 

the temperature at which the anomalous behavior appears and results in a big jump in temperature-

dependent heat capacity function of these PAHs in the crystalline phase. The heat capacity function 

of these PAHs was modeled using the Compound Energy Formalism (CEF). The proposed model 

offers an improvement of the predictive capacity compared to previous methods predicting 

thermodynamic properties of PAHs at typical temperature ranges of the primary carbonization 

process. 

In this doctoral project, for the first time, a thermodynamic approach for phase behavior estimation 

of mesophase-containing pitches, by Gibbs free energy minimization (using MADS algorithms), 

was developed. The Gibbs energy function of mesophase pitches, first proposed by Hu and Hurt, 

is minimized, directly, to describe well equilibrium configuration of binary, ternary, and multi-

component PAH mixtures. The models enables predicting phase diagram of the specific systems, 

which exhibit the miscibility gap.  

In the present thesis, for the first time, a new simplified approach for thermodynamic-kinetic 

modelling of the primary carbonization process was presented. This model makes it possible to 



185 

 

 

estimate emission rate of volatile compounds and mass and enthalpy changes of CTP which goes 

under thermal treatment. The effect of important parameters in carbonization of pitch, such as 

heating rate of pitch and carrier gas flow rate, on emission rate of volatile matter can be 

theoretically evaluated by applying the proposed model. The model developed is capable to 

estimate the energy requirement for thermal treatment of coal tar pitch up to 350°C.  

This chapter discusses the following aspects: A summary of the work and its limitations and 

recommendations for future research. The summary of the work emphasizes the main innovations 

and contributions of the work to the advancement of carbon science and the development of related 

technologies. The limitations discussed provide a clear understanding of the scope of the 

conclusions in order to avoid extrapolating them beyond their fundamental limit. The last part 

highlights some proposals for extending and improving the work presented herein and 

demonstrates the multidisciplinary and collaborative potential of the work.  

8.1 Summary of the work 

In the framework of the present thesis, a new thermodynamic model for predicting the 

thermodynamic properties of polycyclic aromatic hydrocarbon (PAH) compounds, which are 

major constituents of coal tar pitch (CTP), is proposed. It is based on the group additivity 

algorithms developed by Helgeson et al. [111] to predict the thermodynamic properties of any 

given PAH compound using the thermodynamic properties of groups that contribute to the 

compounds. As a reminder, the thermodynamic properties of the group constituents were calculated 

using the thermodynamic properties of low MW PAHs, with enough experimental data to use them 

as reference compounds.  The CALPHAD approach was applied for the first time to optimize the 

standard thermodynamic properties of PAHs derived from the group contribution method, where 
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all data are rendered consistently with the phase transition and vapor pressure data. Good 

agreement and a major improvement were found comparing to experimental data and the results 

from previous predictive methods. As a specific case, the heat capacity of PAHs exhibiting an 

unusual phase transition in the solid state was predicted using Compound Energy Formalism (CEF) 

and was validated using a set of experimental data. The proposal of utilizing the CALPHAD 

approach and CEF to predict the thermodynamic properties of PAHs in the temperature ranges of 

carbonization process is the first of the major contributions of the present thesis (Paper 1 presented 

in Chapter 4). 

With respect to the critical technological role played by the mesophase as an intermediate phase 

appearing during thermal treatment of CTP in CM production processes, a new approach for 

describing the phase behavior of mesophase-containing pitches is proposed (Paper 2 presented in 

Chapter 5). Based on the thermodynamic theory developed by Hu and Hurt [127] for the Gibbs 

energy calculation of mesophase-containing pitch systems, proposal of a new approach for 

minimization of the Gibbs energy is one of the key advances of the present thesis. NOMAD and 

MATLAB Software were utilized to apply the proposed approach for description of the equilibrium 

configuration of the mesophase-containing pitches. In fact, the model developed enables estimating 

the reversible phase transition of the mesophase upon temperature cycling, the molecular weight 

distribution of species in the phases in equilibrium, and phase behavior of the specific systems 

exhibiting miscibility gaps. 

A final significant contribution of the work reported in the present thesis is the thermodynamic-

kinetic model developed for predicting the physical and chemical changes occurring during the 

primary carbonization process (Paper 3 presented in Chapter 6). This model, which combines a set 
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of thermodynamics and kinetics notions, is the main result of the present thesis.  The partial 

pressures of the volatiles emitted as well as the mass and enthalpy changes of residue pitch that 

undergoes thermal treatment can be estimated by applying the proposed model. For the first time 

the effect of the important parameters in carbonization of pitch, such as the heating rate of the pitch 

and the flow rate of the carrier gas, on the emission rate of volatile matters has been evaluated 

theoretically. There is a good agreement between results obtained and the measurements, and 

observations during the CTP heat treatment experiments.  

8.2 Limitations of the work  

Obviously, the models proposed in the present thesis, whether to predict the thermodynamic 

properties of PAH compounds as major constituents of CTP or to estimate the physical and 

chemical changes occurring during the heat treatment of CTP, have a certain number of weaknesses 

and limitations.  

The first limitation is related to the neglecting the role played by the impurities, such as sulfur, 

nitrogen, and oxygen etc., as well as non-PAHs (heterocyclic compounds) which are usually found 

in CTP, in carbonization process. It has been well established that the intermediate and final 

products of the primary carbonization, i.e. mesophase and semi-coke, are composed of 

polyaromatic molecules mutually cross-linked by a medium composed of carbon functions 

containing heteroatoms (e.g. sulfur and oxygen) which enter the process through impurities and 

(or) heterocyclic compounds in the pitches. Indeed, in the present model the effect of the ratio of 

cross-linking heteroatoms (e.g. sulfur, nitrogen and oxygen) to hydrogen atoms of precursor carbon 

materials (CTP in this work) on the efficiency of the primary carbonization and the quality of the 
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final product was ignored by neglecting the presence of the impurities and heterocyclic compounds 

in coal tar pitch.  

The approach proposed in Chapter 4 for the prediction of the thermodynamic properties of PAHs, 

which suffers from a lack of experimental data given that the CALPHAD approach could not be 

used, needs information on the resonance energy of the molecules. This information is available in 

the literature for a limited number of PAHs.  However this is not the case for PAH oligomers, 

which are of great interest in the present thesis. One proposal presented in the present thesis is to 

estimate the resonance energy of these oligomers roughly as a factor of the resonance energy of 

the corresponding monomers. However, the accuracy of this approach has to be justified by 

comparing the estimated thermodynamic properties of these oligomers with the experimental data, 

which was not possible for all cases due to the lack of experimental data.  

Another limitation concerns the assumed uniform temperature profile of the condensed pitch in the 

thermodynamic-kinetic modeling of the CTP heat treatment process (as presented in Chapter 6). In 

the mass and energy balance calculations, the temperature of the residue pitch is assumed to 

become equal and uniform in all directions instantaneously at each iterations after increasing the 

temperature of the pitch by a heat treatment. This assumption is not compatible with what really 

happens in industrial processes.   

The next limitation is the approach used to calibrate the thermodynamic-kinetic model presented 

in Chapter 6. Although the model developed seems to be versatile enough to reproduce the 

experimental data for the heat treatment of different types of CTPs in different operating 

conditions, only one set of experimental data was available in the literature to calibrate the model 
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(Bouchard’s experiments). As such, some new CTP heat treatment experiments for validation 

purposes will need to be designed and performed.  

Lastly, there are a number of limitations with respect to the application of the proposed 

thermodynamic-kinetic model to estimate the energy requirements of the different steps of CTP 

primary carbonization. The paucity of experimental data makes it difficult to assess the 

uncertainties associated with the calculated required energy of the process in the 25-350°C 

temperature range. Moreover, as was discussed in Chapter 6, some considerations have to be taken 

into account for energy balance calculations above 350°C. Indeed, switching from the formalism 

proposed in the present thesis for the enthalpy calculations of PAH oligomers (available in the 

mesophase) to the formalism developed by Ouzilleau et al. for  the enthalpy calculations of semi-

coke needs further research, which was beyond the scope of the present thesis.  

8.3 Recommendations for future research 

This section discusses recommendations aimed at mitigating the limitations associated with the 

proposed models (presented in Section 8.2) and the potential of applying the research presented 

herein to future research and development.  

- Ignoring the presence of impurities such as sulfur, oxygen and nitrogen in the CTP constituents 

limits the applicability of both proposed models in Chapters 4 and 6.  Hence, one aspect that will be 

treated in future work is development of a more appropriate model to predict the physical and chemical 

evolutions occurring during primary carbonization of any source of CTP containing heteroatoms and 

impurities. 

- It is recommended that the mass and energy balance calculations in heat treatment process 

modeling be modified by considering adequate heat transfer equations for the calculation of 
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temperature gradients in condensed pitch. In fact, substituting the former assumed uniform 

temperature with a predicted temperature profile of residue pitch at each iterations in these 

calculations will improve the predictive capacity of the proposed thermodynamic-kinetic model. 

 - In the context of Chapter 6, only reported experimental data set of Bouchard et al. was used to 

justify the application of the thermodynamic–kinetic model to evaluate the effect of CTP 

specification, the heating rate and the flow rate of the carrier gas in the CTP heat treatment process 

on mass losses occurring during the process. It would be interesting to extend the application of 

the proposed model to predict the other data set of experimental data reporting the mass of the 

residue pitch, the composition and heating value of volatile species as well as the energy 

consumption of the process that vary with time and temperature throughout the process. However, 

it would first be necessary to design and run a certain number of experiments to analyze the 

important target variables of the primary carbonization process. 

- The scope of this work could be extended by attempting to estimate the enthalpy of residue pitch 

at heat treatment temperatures exceeding 350°C. An approach will have to be developed to estimate 

the enthalpy of the pseudo transition of PAH oligomers to semi-coke (that occurs at 450°C as fixed 

in this work). This would make it possible to predict the energy requirements of the different steps 

of the primary carbonization process.    

- The thermodynamic-kinetic model of CTP primary carbonization will serve for future 

developments in carbon science-based technologies. It could be integrated in carbon material 

production processes (such as anode baking, cathode production or ramming paste processes 

contributing in electrolytic production of aluminum) for simulation and optimization purposes. 
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APPENDIX A   HEAT CAPACITY FUNCTION COEFFICIENTS AND 

THERMODYNAMIC PROPERTIES OF PAHS 

 

Table A.1 Summary of coefficients for Eq. (4.5) of solid reference compounds. 

Compound Formula 
Temperature 

(K) 

Heat capacity coefficients 

a1 b2 c3 d4 

Naphthalene 

[92, 116, 154] 
𝐶10𝐻8 

50-250 4.789582E+01 5.260242E-02 -4.747476E+04 1.226948E-03 

250-500 -4.692328E+01 9.124217E-01 -3.908098E+05 -6.182930E-04 

500-1000 1.481289E+02 3.015227E-01 -6.153400E+06 -8.325301E-05 

1000-1200 1.239281E+02 3.266520E-01 -1.975335E-03 -9.033912E-05 

Anthracene 

 [92, 95] 
𝐶14𝐻10 

50-250 3.392659E+01 3.629566E-01 -3.759303E+04 7.624590E-04 

250-500 -1.529827E+02 1.458852E+00 1.288759E+06 -9.563297E-04 

500-1000 2.107971E+02 4.525379E-01 -1.365638E+07 -1.595327E-04 

1000-1200 1.968459E+02 4.230661E-01 -5.611546E-03 -1.295599E-04 

Phenanthrene 

[92, 116, 154, 

171] 

𝐶14𝐻10 

50-200 6.242438E+01 -1.131418E-03 -6.315749E+04 1.915390E-03 

200-400 -1.119287E+02 1.396477E+00 5.794539E+05 -1.115927E-03 

400-1000 1.052610E+02 5.366475E-01 -3.226375E+06 -1.724426E-04 

1000-1200 1.553805E+02 4.291547E-01 -1.914677E-02 -1.180640E-04 

Pyrene 

[96, 109] 
𝐶16𝐻10 

50-250 3.702457E+01 3.023675E-01 -3.781335E+04 1.217449E-03 

250-500 -1.337287E+02 1.529698E+00 3.845164E+05 -1.067601E-03 

500-1000 2.606328E+02 3.722991E-01 -1.360757E+07 -1.050310E-04 

1000-1200 2.056891E+02 4.286711E-01 -3.141964E-03 -1.200230E-04 

Triphenylene 

 [109] 
𝐶18𝐻12 

50-200 1.719275E+01 7.536159E-01 -1.667881E+04 -2.926266E-05 

200-500 -1.748541E+02 1.744192E+00 1.584001E+06 -1.154687E-03 

500-1000 2.133311E+02 6.141157E-01 -1.299914E+07 -2.123189E-04 

1000-1200 2.156219E+02 5.545603E-01 -6.819850E-03 -1.678233E-04 

Perylene [166] 𝐶20𝐻12 

50-200 3.562509E+01 4.260449E-01 -2.442449E+04 1.492123E-03 

200-600 -1.769402E+02 1.734660E+00 1.995003E+06 -9.983409E-04 

600-1000 4.009765E+02 4.312657E-01 -3.282141E+07 -1.628867E-04 

1000-1200 
3.020082E+02 4.974842E-01 -9.390413E-03 -1.627771E-04
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Compound Formula 
Temperature 

(K) 

Heat capacity coefficients 

a1 b2 c3 d4 

Coronene [166] 𝐶24𝐻12 

50-200 4.073861E+01 2.076734E-01 -2.289082E+04 3.150419E-03 

200-500 2.223779E+01 
1.131111E+00 

-1.154316E+06 -3.576729E-04 

500-1000 -5.711782E+00 1.262698E+00 -4.098349E-02 -5.219392E-04 

1000-1200 2.486622E+02 7.154911E-01 -1.774394E-02 -2.271054E-04 

1-

Methylnaphthale

ne [154] 

𝐶11𝐻10 

50-300 -1.631462E+01 8.852082E-01 5.108956E+04 -8.425365E-04 

300-500 -7.743780E+01 8.756533E-01 2.423388E+06 -4.094545E-04 

500-1000 1.085148E+02 4.882533E-01 -9.356061E+06 -1.918050E-04 

1000-1200 1.474176E+02 3.663063E-01 -6.453756E-03 -1.177652E-04 

1 J mol-1 K-1; 2 J mol-1 K-2; 3 J mol-1 K-3; 4 J mol-1 K 

 

Table A.2 Summary of coefficients for Eq. (4.6) of liquid and gas reference compounds.  

Compound Formula state 
Heat capacity coefficients 

a1 b2 c3 d4 e5 

Naphthalene 

[97, 98, 105] 
𝐶10𝐻8 

Liq. 2.7130E+01 6.5932E-01 -3.6860E-04 7.1225E-08 0.0 

Gas -6.9550E+01 8.8646E-01 -7.8084E-04 3.6240E-07 -6.962E-11 

Anthracene 

[95, 156] 
𝐶14𝐻10 

Liq. 1.3464E+01 9.7811E-01 -6.0720E-04 1.3563E-07 0.0 

Gas -9.6402E+01 1.2189E+00 -1.0497E-03 4.5313E-07 -7.7378E-11 

Phenathrene 

[116, 156] 
𝐶14𝐻10 

Liq. -3.3270E+00 1.0505E+00 -7.0990E-04 1.7751E-07 0.0 

Gas -9.7607E+01 1.2353E+00 -1.0909E-03 4.9059E-07 -8.871E-11 

Pyrene 

[109, 156] 
𝐶16𝐻10 

Liq. -9.6011E-01 1.0904E+00 -6.9297E-04 1.5890E-07 0.0 

Gas -1.0975E+02 1.3732E+00 -1.22724E-03 5.5601E-07 -1.0108E-10 

Triphenylene

[109, 156] 
𝐶18𝐻12 

Liq. -7.8254E+00 1.3170E+00 -8.8888E-04 2.2165E-07 0.0 

Gas -1.1827E+02 1.5448E+00 -1.3557E-03 6.0359E-07 -1.0790E-10 

1-

Methylnaphth

alene [154] 
𝐶11𝐻10 

Liq. 2.60447E+01 8.42077E-01 -5.47808E-04 1.33512E-07 0.0 

Gas -7.11865E+01 9.96575E-01 -8.59433E-04 3.85794E-07 -7.07358E-11 

1 J mol-1 K-1; 2  J mol-1 K-2; 3 J mol-1 K-3; 4 J mol-1 K-4; 5 J mol-1 K-5 
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Table A.3 Prediction of heat capacity coefficients for Eq. (4.5) of solid PAHs. 

Compound Formula Temp. (K) 
Heat capacity coefficients 

a1 b2 c3 d4 

Naphthacene 𝐶18𝐻12 

50-250 1.995737E+01 6.733108E-01 -2.771129E+04 2.979702E-04 

250-400 -2.590421E+02 2.005283E+00 2.968327E+06 -1.294366E-03 

400-500 -2.590421E+02 2.005283E+00 2.968327E+06 -1.294366E-03 

500-1000 2.734653E+02 6.035530E-01 -2.115936E+07 -2.358124E-04 

1000-1200 2.697637E+02 5.194802E-01 -9.247756E-03 -1.687806E-04 

Pentacene 𝐶22𝐻14 

50-200 5.988141E+00 9.836649E-01 -1.782956E+04 -1.665187E-04 

200-250 -6.155798E+00 1.009002E+00 3.402372E+04 4.262108E-05 

250-400 -3.651015E+02 2.551714E+00 4.647896E+06 -1.632403E-03 

400-500 -2.501148E+02 1.836391E+00 5.174311E+06 -7.021610E-04 

500-1000 3.361335E+02 7.545682E-01 -2.866234E+07 -3.120921E-04 

1000-1200 2.697637E+02 5.194802E-01 -9.247756E-03 -1.687806E-04 

Perylene 𝐶20𝐻12 

50-200 -8.207050E+00 1.057115E+00 8.665330E+03 -7.272038E-04 

200-250 -2.590085E+01 6.500822E-01 9.667334E+05 1.178689E-03 

250-400 -1.966541E+02 1.877413E+00 1.389063E+06 -1.106362E-03 

400-500 -4.138438E+02 2.737243E+00 5.194892E+06 -2.049846E-03 

500-1000 3.687029E+02 4.497673E-01 -2.338033E+07 -1.449073E-04 

1000-1200 2.659305E+02 5.540766E-01 9.184918E-03 -1.697824E-04 

Coronene 𝐶24𝐻12 

50-200 -5.900666E+01 1.664113E+00 5.935361E+04 -2.123086E-03 

200-250 2.720057E+02 -1.538138E+00 -2.678011E+05 5.845444E-03 

250-400 -2.402542E+02 2.143855E+00 9.991880E+05 -1.009711E-03 

400-500 -8.918231E+02 4.723344E+00 1.241667E+07 -3.840164E-03 

500-1000 6.794466E+02 1.210705E-01 -4.414273E+07 -1.008414E-05 

1000-1200 3.665477E+02 5.531094E-01 4.119445E-02 -1.737004E-04 

1 J mol-1 K-1; 2 J mol-1 K-2; 3 J mol-1 K-3; 4 J mol-1 K 

 

Table A.4 Prediction of heat capacity coefficients for Eq. (4.6) of liquid and gas PAHs.  

Compound Formula state 
Heat capacity coefficients 

a1 b2 c3 d4 e5 

Naphthacene 𝐶18𝐻12 
Liquid -2.030040E-01 1.296900E+00 -8.458040E-04 2.000330E-07 0.000000E+00 

Gas -1.232540E+02 1.551290E+00 -1.318570E-03 5.438740E-07 -8.513870E-11 

pentacene 𝐶22𝐻14 
Liquid -1.386970E+01 1.615680E+00 -1.084410E-03 2.644370E-07 0.000000E+00 

Gas -1.501060E+02 1.883700E+00 -1.587430E-03 6.346100E-07 -9.289910E-11 

perylene 𝐶20𝐻12 
Liquid -5.457510E+00 1.356900E+00 -8.719490E-04 2.030470E-07 0.000000E+00 

Gas -1.304110E+02 1.682780E+00 -1.491960E-03 6.690170E-07 -1.202780E-10 

coronene 𝐶24𝐻12 
Liquid -7.218320E-01 1.436720E+00 -8.380880E-04 1.658300E-07 0.000000E+00 

Gas -1.546870E+02 1.958740E+00 -1.764530E-03 7.998560E-07 -1.450300E-10 

1 J mol-1 K-1; 2  J mol-1 K-2; 3 J mol-1 K-3; 4 J mol-1 K-4; 5 J mol-1 K-5 
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Figure A.1 Vapor pressure of naphthalene as a function of temperature [179-181, 183, 188]. 

 

Figure A.2 Heat capacity of naphthalene (solid, liquid and gas) as a function of temperature [92, 

97, 98, 101, 105, 111, 154]. 
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Figure A.3 Vapor pressure of anthracene as a function of temperature [178, 179, 184, 186, 187, 

190]. 

 

Figure A.4 Heat capacity of anthracene (solid, liquid and gas) as a function of temperature [92, 

95, 101, 103, 104, 111, 156]. 
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Figure A.5 Vapor pressure of phenantrene as a function of temperature [179, 182, 186, 187]. 

 

Figure A.6 Heat capacity of phenanthrene (solid, liquid and gas) as a function of temperature 

[111, 116, 156, 171] (for anomaly, see Section 4.4.4).  
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Figure A.7 Vapor pressure of pyrene as a function of temperature [147, 161, 185, 187, 189, 190]. 

 

Figure A.8 Heat capacity of pyrene (solid, liquid and gas state) as a function of temperature [96, 

109, 111, 156] (for anomaly, see Section 4.4.4).  
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Figure A.9 Vapor pressure of triphenylene as a function of temperature [178]. 

 

 

Figure A.10 Heat capacity of triphenylene (solid, liquid and gas state) as a function of 

temperature [111, 156, 166].  
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Figure A.11 Position of the phenanthrene molecule in the unit cell [124] 
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Table A.5 Experimental data and optimized values of entropy and enthalpy of formation  at 

298.15K and 1 bar of solid, liquid and gas reference PAH compounds. 

Compound Formula 

∆𝑯𝟐𝟗𝟖
°  (kJ mole-1) 𝑺𝟐𝟗𝟖

°  (J mole-1 K1) 

solid gas solid gas 

Exp. 

value 

Opt. 

val. 

Exp. 

value 

FPC 

value 

Opt. 

val. 

Exp. 

value 

Opt. 

val. 

Exp. 

value 

FPC 

valu

e 

Opt. 

value 

Naphthalene 

[39, 90, 92-98, 

102, 103, 105, 

116, 143, 152, 

154, 156, 162, 

164, 172] 

C10H8 
64.9-

81.6 
77.8 

146.0-

155.0 
150.6 150.8 

162.8-

167.4 
167.1 

333.9-

336.5 
334.2 335.8 

Anthracene 

[39, 90, 92, 93, 

95, 102, 103, 

155-157, 167, 

168, 172] 

C14H10 
116.2-

128.9 
124.9 

227.0-

233.0 
230.9 226.7 

207.2-

207.5 
207.0 

391.4-

392.6 
389.5 393.2 

Phenanthrene 

[39, 90, 92, 93, 

95, 96, 102, 103, 

116, 156, 172] 

C14H10 
109.6-

116.2 
110.1 

201.2-

207.1 
201.4 201.5 

211.7-

215.1 
215.4 

394.6-

396.7 
395.9 393.1 

Pyrene 

 [93, 96, 109] 

[39, 110, 172] 

C16H10 
114.5-

125.2 
120.0 

214.9-

225.7 
225.5 221.4 

215.1-

234.9 
220.1 402.0 399.5 400.5 

Triphenylene 

[39, 93, 109, 

148, 172]  

C18H12 
141.0-

151.8 
147.6 

265.7-

274.5 
270.1 267.4 254.6 254.7 - 450.4 451.5 

Perylene [39, 93, 

172, 211] 
C20H12 

180.0-

184.4 
183.1 

315.0-

321.3 
319.4 315.1 264.4 261.1 - 461.6 469.1 

Coronene [93, 

166, 172] 
C24H12 

145.4-

159.2 
152.3 

284.0-

306.0 
294.9 293.3 280.9 281.0 - 468.8 467.4 

1-Methylnaphthalene 
[39, 162] 

C11H10 - 47.1 
114.2-

119.6 
- 120.1 - 218.2 - - 386.3 
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Table A.6 Experimental data and optimized values of phase transition thermodynamic data of 

reference PAH compounds. 

Compound 

Formula 

To
fusion ∆H°fusion  (kJ mole-1) ∆S°fusion  (J mole-1 K-1) 

Exp. value 
Opt. 

value 
Exp. value 

Opt. 

value 
Exp. value 

Opt. 

value 

Naphthalene[39, 93, 

100, 141, 142, 144, 

145, 153, 154, 159, 

169, 170, 176] 

C10H8 350.0-353.4 351.0 16.4-19.3 18.8 51.6-54.4 53.6 

Anthracene 

[39, 93, 95, 146, 149, 

151, 160, 163]  

 

C14H10 488.9-491.0 487.1 28.8-31.5 29.9 59.2-61.0 61.3 

Phenanthrene [39, 93, 

106, 151, 158-160, 

173] 

C14H10 371.4-373.8 371.9 15.7-18.6 18.2 46.1-49.9 48.9 

Pyrene [39, 93, 109, 

118, 147, 161, 165, 

173, 178] 

C16H10 422.3-424.0 423.8 15.3-17.4 19.7 36.3-42.5 46.5 

Triphenylene[39, 93, 

106, 109, 150, 173]  
C18H12 471.0-471.2 470.8 23.0-24.7 24.0 49.1-52.1 51.0 

Perylene 

[39, 106, 177] 
C20H12 542.0-544.0 543.0 31.9-32.6 31.4 58.8-60.0 57.8 

Coronene [39, 141] 

 
C24H12 709.0-710.5 710.5 19.2-21.2 18.09 - 25.46 

1-Methylnaphthalene 

[39, 177] 
C11H10 240.7-242.7 241.2 6.95 6.87 20.7 and 28.6 27.17 
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APPENDIX B   CONVERGENCE TESTS FOR MIN G AND VARIABLES 

IN EQ. (5.6) 
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APPENDIX C   CHEMICAL POTENTIAL FORMULATION OF THE 

SPECIES IN ISOTROPIC LIQUID AND NEMATIC PHASES 

  

Giso = [∑ nii gi
0  +   RT ∑ ni ln xii  +  ∑ ni Vi  (δi −  δ̅)

2
i   +  RT ∑ niln (

ɸi

xi
)i ]iso 

 
(1) 

Gmeso = [∑ nii gi
0  +   RT ∑ ni ln xii  +  ∑ ni Vi  (δi −  δ̅)

2
i   +  RT ∑ niln (

ɸi

xi
)i ]meso − 

[
Nav

2
 ∑ nixjƐijP̅2(i)P̅2(j)i,j +   RT ∑ ni ln Zii  ]meso   

 (2) 
where, 
 

 

Ɛij = Ɛ̃ij √ViVj / ∑ xkVk 

 
(3) 

Ɛ̃ij = − √Ɛ̃ii Ɛ̃jj  

 

(4) 

Ɛ̃ii = - 4.54.k.Tcli
 

 
(5) 

δ̅ = 
∑ ni δiVii

∑ niVii
 

 
(6) 

ɸi = 
xi Vi

∑ xk Vk k
 

 
(7) 

ln (
ɸi

xi
) = ln (

Vi

∑ xkVkk
) 

 
(8) 

Zi = ∫ exp {−
1

kT
 ∑ ƐijxjP̅2(j)P2(i)(cos θ)j }

π/2

0
 sin(θ) dθ  

 
(9) 

P̅2(i)= ∫ P2(i)
π/2

0
(cos θ) . exp {−

1

kT
 ∑ ƐijxjP̅2(j)P2(i)(cos θ)j  } sin( θ) dθ /Zi 

 
(10) 

Based on chemical potential definition:       

 

 

µi
iso = (

∂G

∂ni
)

T,P

iso

 

 

(11) 

µi
meso = (

∂G

∂ni
)

T,P

meso

 

 

(12) 

Some additional relations:  
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∂Ɛjk

∂ni
N = Ɛjk 

1

∑ nm
N

m
 (1 − 

Vi

∑ xm
N  Vm

N
m

)    ; j ≠ k 

 
(13) 

∂Ɛjk

∂ni
N

 = 0 ; j = K 

 
(14) 

∂(∑ nj
N ln Zjj  )

∂ni
N   =  ln (Zi) + ∑ nj

N 1

Zj
j   

∂Zj

∂ni
N 

 

(15) 

∂Zj

∂ni
N   = 

1

KT
 ∑ xj

Nxm
N

j,m≠ j ƐjmP̅2(j)P̅2(m)  
Vi

∑ xk
NVkk

 − 
1

KT
 ∑ (xj

NƐijP̅2(i)P̅2(j) −j

 xj
Nxj

NƐjjP̅2(j)P̅2(j)) − 
1

KT
 ∑ nj

Nxm
N

j,m ƐjmP̅2(j)P̅2(m)
´

 

 
(16) 

∂(∑ nj
N xk

NƐjkP̅2(j)P̅2(k)j,k )

∂ni
N   =  2 ∑ xj

NƐjjj=i  P̅2(j)P̅2(j)   − ∑ (xj
Nxj

NƐjjP̅2(j)P̅2(j) −j

2 nj
Nxj

NƐjjP̅2(j)P̅2(j)
´ ) +  2 ∑ xj

NƐijj≠i  P̅2(i)P̅2(j)  − ∑ xj
Nxm

N
j,m≠ j ƐjmP̅2(j)P̅2(m)  

Vi

∑ xk
NVkk

   + 

∑ nj
Nxm

N
j,m≠j ƐjmP̅2(j)P̅2(m)

´   +    ∑ nj
Nxm

N
j,m≠j ƐjmP̅2(j)

´ P̅2(m) 
 

(17) 

∂(∑ nj ln xjj  )

∂ni
  =  lnxi 

 
(18) 

∂(∑ njln (
Vj

∑ xkVkk
)j )

∂ni
  =  ln (

Vi

∑ xkVkk
) + 1 −

Vi

V
 

 

(19) 

∂(∑ nj Vj  (δj− δ̅)
2

j )

∂ni
  =  Vi (δi −  δ̅)

2
 

 

(20) 

Substituting Eqs. (13) – (20) into Eqs. (11) and (12) and equating the chemical potential 

of each species in the isotropic liquid and nematic phases result in: 

 

 

[ln xi + ln (
Vi

V
) −

Vi

V
+

Vi

RT
(δi − δ̅)

2
]iso = [ln xi + ln (

Vi

V
) −

Vi

V
+

Vi

RT
(δi −

δ̅)
2

]meso− [ln(Zi) +  
1

2kT
 (∑ xjxmƐjmP̅jP̅m

Vi

Vj,m≠j  +  ∑ xjxjƐjjP̅jP̅j)j ]meso   (21) 

  

 


