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Abstract

:

The properties of the carbon materials obtained as the final product of coal tar pitch carbonization process are a consequence of the type of chemical and physical phenomena occurring through the process. A new simplified approach for modeling of the primary carbonization is presented to provide the semi-quantitative knowledge about the process useful for improving the efficiency of the industries that deal with this process. The proposed approach is based on defining thermodynamic and kinetic equations simply representing numerous phenomena happening during primary carbonization. Partial pressures of emitted volatiles in a simple pitch system are studied. The model enables estimating the mass and enthalpy changes of pitch through thermal treatment consistent with experimental data for mass losses of pitch heat treated up to 550 °C. Application of the model to describe molecular weight distribution changes of pitch during primary carbonization is demonstrated, showing a good agreement between the presented results and the investigations reported by Greinke. For the first time, the effect of important parameters in pitch carbonization, such as the heating rate of the pitch and the carrier gas flow rate, on the emission rate of volatiles is successfully modeled. The present model is well able to estimate the energy requirement for thermal treatment of pitch up to 350 °C.
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1. Introduction


Pitches are widely used for the manufacture of carbon materials (CM) to produce different types of carbon-based electrodes with their own specific applications [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. The graphite type electrodes are used in electric-arc furnaces [2,3,23] and current collectors [8,21,24], and in pitch-based fibers [1,12,13,22,25] while prebaked carbon electrodes are utilized in aluminum smelting industries [4,7,9,10,11,15,17,18,19]. The property and quality of CM are determined based on the properties of pitches and the conditions of the carbonization process to transform the initial pitch to desired products [6,14].



Pitches contain different monomers, oligomers and polymers of polycyclic aromatic hydrocarbons (PAH) and heterocyclic compounds. They have different properties depending on the source from which they are obtained [26,27]. During carbonization, pitch is transformed to infusible coke due to physical and chemical changes happening through the process [26]. Vaporization of the volatile compound constituents of pitch is the most significant physical change occurring in the early stage of the carbonization process and results in raising the average molecular weight of the residual pitch. With further heat treatment of the pitch and thermal oligomerization and irreversible polymerization of the monomer compounds, the size of the aromatic molecules grows. Release of gaseous hydrogen and methane also takes place throughout the carbonization process, with these gaseous products being dominant in the 500–1100 °C range [26,28,29].



The carbonization process is energy-intensive and the most costly stage of the electrode manufacturing process used in the above mentioned industries and significantly affect the final product quality. Meanwhile, the amount of gas emitted through this process is considerable [30]. Therefore, particular attention must be paid to optimization of the energy consumption and minimization of gas emissions, as well as producing a desired quality product [30]. Current knowledge of the carbonization process is qualitative in most aspects [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50]. Over the years, a large number of investigations with the aid of characterization techniques such as mass spectroscopy, Raman spectroscopy, thermal analysis and electron and nuclear magnetic resonance have resulted in a vast knowledge about fundamentals of the carbonization process [32,36,37,38,39,44,45,46]. Franklin, as one of the first investigators in this research field [44,45], and later Oberlin and Bonnamy [36,37,38,39] have reviewed the fundamentals of carbonization process. Brooks and Tylor [40,41,42] have made great efforts to enhance understanding of the nematic liquid formation stage during thermal treatment of aromatic compounds. The chemistry of carbonization has been investigated for many years by Lewis and Marsh [26,31,32,33,34,35,43]. Greinke and Singer [47,48,49,50] continued the work of Lewis using gel permission chromatography (GPC) to quantify the molecular weight distribution of coexisting phases during pitch carbonization as a function of treatment time, gaining fundamental insights into the changing phase relationship during transformation processes. However, a deeper understanding of the vaporization and polymerization reactions occurring during the carbonization process, quantitatively, will improve the CM production processes and allow the development of new pitch-based materials.



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 occurring during CTP carbonization as well as the amount and composition of the released gases. Estimation of such quantities would be useful for the above mentioned industries in order to operate with higher productivity. Indeed, gaining knowledge of the carbonization process aimed at optimizing the production process of both graphite and prebaked electrodes used in electric-arc furnaces, electric motor brushes, sealing materials, carbon bearings, current collectors, pitch-based fibers, and aluminum smelting will result in achieving higher efficiency in these industries. Due to complexity of the process, our proposed approach is based on using prototype reactants and reactions that can represent the most important internal phenomena happening through the primary carbonization process; we reduce to a 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 the heat treatment process. Few experimental data are available in the literature, and we utilized the experimental data set of Bouchard et al. [28] where mass loss of volatile matters during CTP carbonization has been presented in the thesis, coupled with molecular weight distribution changes during primary carbonization of CTP presented by Greinke [47] in order to perform the required calibration. In the present work, Bouchard’s data will be utilized for calibration of the model with the expectation that the proposed approach will be versatile enough to be applied to other sets of experimental data in future works. The present work also neglects the role of impurities such as sulfur, nitrogen and oxygen.




2. Materials and Methods


Coal tar pitch (CTP) is a complex mixture of polycyclic aromatic hydrocarbon (PAH) and heterocyclic compounds, which composition will be evolving during carbonization. CTP carbonization can be considered as divided in two types of processes [26,32,35,51]. The first process is the volatilization 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 [14] 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 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.



The methodology used in the present work to develop a model aimed at semi-quantitative description of CTP primary carbonization is summarized in the following line diagram:
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2.1. Overview of General Steps of Primary Carbonization Process


Primary carbonization has been extensively reviewed starting with Franklin [44,45] as the pioneer in these studies followed by the review works of Oberlin and Bonnamy [36,37,38,39]. Primary carbonization refers to transformation of an initial precursor carbon to mesophase and ultimately a brittle solid state material, 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) [52]. 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 tendency of molecular components of CTP vary extensively 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 [53,54].



Vaporization of low molecular weight compounds and thermal cracking of side chains from aromatic rings are the most significant physical changes occurring during heat treatment of CTP before reaching the temperature range of mesophase and semi-coke formation (350–500 °C) [39,53,55]. Removing of the volatiles resulting in a pitch solution rich in mesogen molecules is a key factor controlling both the conversion to mesophase and subsequently semi-coke [40,53]. The mesophase formation is the result of oligomerization and polymerization reactions of reactive species of pitch to create higher molecular weight compounds satisfying the molecular structural types for liquid crystal formation [26,56].



Greinke studied the kinetics of polymerization reactions occurring during mesophase formation [47]. According to his research, the mesophase is formed as a consequence of the reaction between molecules with MW between 300 and 700. He applied gel permission chromatography (GPC) to investigate the mesophase constituents. He observed that it contains polymerized molecules with molecular weight greater than 1000 but less than 2000 MW. This result indicates that the rate of reactions involving of molecules with 1000 MW and larger is very low. Indeed, the fluidity of mesophase is a consequence of these low reaction rates.



As the temperature reaches around 450 °C, the reaction between PAHs with high molecular weight proceeds further [47]. Irreversible polymerization reactions of PAHs with 700–1200 MW accompanied by dehydrogenation processes result in build up of the initial aromatic planes of semi-coke. However, Greinke’s investigations showed a significant change in the kinetics of reactions in the solid phase when semi-coke formation starts [47].



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 the 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 [29,34].



Consequently, the proposed model to simulate simple heat treatments of an initial CTP material (containing mostly PAH compounds with different molecular weights in the range of the molecular weight distribution of commercial CTPs) from room temperature to the semi-coke formation temperature will be divided into three simplified steps with respect to critical phenomena happening through the process: (1) vaporization of the low MW PAHs below 350 °C (assuming no polymerization reactions in this temperature range, for simplification purposes); (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.




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 of molecular weights [57]. During primary carbonization, CTP is transformed into infusible coke via numerous complicated 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.



2.2.1. Selection of a Set of Representative PAH Compounds Appearing during CTP Primary Carbonization


As shown in Figure 1, coal tar pitch mostly consists of different monomers, oligomers and polymers of PAH compounds with a variety range of molecular weights, typically from 200 to 2000 [26,57]. 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 2.1); the possibility of cracking of side chains from aromatic rings; and formation of methane and hydrogen due to polymerization reactions taking place during heat treatment of pitch.



The selected set of representative PAHs has to include molecules with MWs satisfying typical MWD of CTP (Figure 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 [9]: 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). Three major constituents in CTP, i.e., TS, QI and (TI-QI), are related to fractions with molecular weight less than 1000, larger than 3000 and between 1000 and 3000, respectively [58]. Another important characteristic value of CTP which is affected by MWD is the softening point (SP). According to information reported by Radenovic [9] and Shoko et al. [59], the SP of CTP is affected by the QI value. Hence, it is expected that the CTP with a determined PAH population with a satisfactory balance of the α and β fractions, will result in a reasonable SP.



With respect to the first two curves of Figure 2 (as the results of kinetic studies of Greinke [47]), the selected set of representative PAHs has to include at least one PAH with MW less than 400 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 the emission of low molecular weight, toxic and carcinogenic PAHs [60,61,62,63]. Thus, at least one of these PAHs must be considered in the set of representative PAHs used in the process modeling, in order to provide the prerequisite for prediction of the presence of the toxic PAHs in the vapor phase. In the present work, chrysene, categorized as a highly genotoxic PAH compound [62,63], has been selected.



Considering changes in the MW distribution during the mesophase formation step (350–450 °C) as discussed in Section 2.1 and shown in Figure 2, some PAHs with MW between 300 and 700 are considered for the set of representative PAHs as reactants of oligomerization reactions.



Comparing the curves of Figure 3 (which shows the molecular weight distribution in the semi-coke formation step (450–500 °C) of the carbonization process [47]), 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 the molecular weight of the initial aromatic planes of single crystallite structure which are expected to appear in this step. Ouzilleau et al. [64] presented a size-dependent thermodynamic model for coke crystallites valid for temperature range from 300 K to 2500 K. In their model, the Gibbs energy of coke crystallites is modulated by simple variables (as average La, and Lc) related to an idealized crystallite (Figure 4). The large molecular weight aromatic planes at the semi-coke formation step would correspond to an idealized crystallite structure with n ≈ 5 (or 6), n being the number of aromatic rings on one idealized hexagonal layer as defined in Ouzilleau’s model.



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 the present work) as part of the coke formation step. It results in a continual growth in aromatic molecular size up to 4600 MW species. This is equivalent to the idealized crystallite structure with n ≈ 7 (or 8) in Ouzilleau’s model.



It is assumed in our model that the source of methane emissions during the carbonization process is the cracking of side chains in the structure of some aromatic compounds. Hence, 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 [26,28,29]. In our simplified model, these reactions are limited to a few reactions based on our choice of a 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 Figure 1.



The selected set of representative PAHs is listed in Table 1, together with methane and hydrogen. Its range of MW should represent typical MWD and characteristic values of CTP. It also provides the required reactants and products for the vaporization and polymerization reactions (either in residual pitch or in the emitted gaseous mixture as low PAHs, methane and hydrogen) for modeling of the primary carbonization process.




2.2.2. 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. The quantity of emitted volatile PAHs in this step at a given temperature can be estimated using the estimated partial pressure of 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 (Equation (1-b)) is determined by adding a coefficient (   ϕ i   ) in Dalton’s law (Equation (1-a)). This coefficient    ϕ i    represents the saturation level of the gas mixture by the compound i.


    P i   =     n i     n T       .     P  t o t     



(1-a)









     P   i - e f f e c t i v e     =   ϕ i  .        n i     n T       .     P  t o t      



(1-b)









     α i   =     P i     P i 0   ( T )       



(2)







In these equations,    n i    is number of moles of volatilized component i in the gas mixture,      n T    is the total number of moles of gas,    P i    is the partial pressure of component i,    P  t o t     is the total pressure,    P i 0   ( T )    is the vapor pressure of compound i in a pure state at temperature T and    α i    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. The 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 [65,66]. Using Equations (3) and (4):


    μ i  i s o    =     (    ∂ G   ∂  n i     )     T , P    i s o     =    R T l n α   i  i s o     



(3)






    μ i  m e s o    =     (    ∂ G   ∂  n i     )     T , P    m e s o     =    R T l n α   i  m e s o     



(4)







   ϕ i   s in Equation (1-b) become the model parameters which are determined using measured values of volatiles of low MW PAHs at the given temperature. They should lie in the range 0 <    ϕ i    ≤ 1 and will be discussed in Section 2.2.4.



The computation of      P i 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 [67] or from other vapor pressure functions available in the literature. In the present work, the FactSageTM Thermochemical Software(version 7.2) [68,69] with the data base of ref. [67] is used to compute the vapor pressures.




2.2.3. 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 [47], polymerization reactions involving PAH species between 300–700 MW, the more reactive molecules, are responsible for mesophase formation. In this step, it is necessary to have an idea of the MWD changes in the pitch residue (as shown in Figure 2), to select the range of molecular weights of products in the 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 that of 900 MW molecules. With respect to the selected set of PAHs in Section 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)



(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 [67]. 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). Equations (6)–(8) are other examples of the proposed prototype reactions, consuming 300 MW, 592 MW and 892 MW PAHs to produce 892 MW, 1180 MW and 1484 MW molecules:


3C24H12(iso/meso) = C72H28(iso/meso) + 4H2(g)



(6)






C48H20(iso/meso) + C72H28(iso/meso) = C120H32(iso/meso) + 8H2(g)



(7)






2C48H20(iso/meso) = C96H28(iso/meso) + 6H2(g)



(8)







Table 2 presents reactants and products of some proposed prototype reactions of this type with negative standard Gibbs energy change occurring in the mesophase formation step.



Some other reactions with negative standard Gibbs free energy change (presented in Table 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 examples of these types of reactions are as follows:


C28H20(iso/meso) + 4H2(g) = C24H12(iso/meso) + 4CH4(g)



(9)






C48H20(iso/meso) + 2H2(g) = 2C24H12(iso/meso)



(10)







Hydrogen and methane as well as any low MW PAHs produced 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 Figure 3 are used to propose prototype reactions occurring in this step, as a replacement for the myriad of all reactions really occurring. Equations (11) and (12) (having negative standard Gibbs energy change) can be some examples of these type of reactions regarding the decrease in population of 900 to 1200 MW molecules and the increase in population of 1800 to 2000 MW molecules as seen in Figure 3.


2C72H28(iso/meso) = C144H36(semi-coke) + 10H2(g)



(11)






C72H28(iso/meso) + C96H28(iso/meso) = C168H36(semi-coke) + 10H2(g)



(12)







Beyond 500 °C (up to 550 °C in this work), some prototype polymerization reactions may be 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)



(13)






2C192H40(semi-coke) = C384H60(coke) + 10H2(g)



(14)







Defined prototype reactions in this work which are responsible for semi-coke and coke formation in CTP heat treatment are summarized in Table 3. This table includes some cracking reactions which also take place in this step of the process, producing light PAHs and small amount of methane.



The degree of advancement of all proposed prototype reactions between 350–450 °C and 450–550 °C offers model parameters which can be combined with experimental values of condensable and non-condensable volatile matter, as will be discussed in Section 2.2.4.




2.2.4. Estimation of the Model Parameters


   ϕ i   s, the empirical coefficients in Equation (1-b) and the degree of advancement of the prototype reactions proposed in the previous section are the model parameters which need to be fixed by fitting the experimental data (Bouchard [28] 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 (   m 0   ) containing PAHs with a typical characterization of CTP as shown in Figure 1 is selected as the sample which undergoes the carbonization process. The model assumes this sample is heat treated at a constant heating rate (  Q ˙  ) from room temperature to 550 °C, which is our final temperature for CTP primary carbonization process, in agreement with data in the literature. An inert gas, like Ar, with a constant flow rate (    V ˙    A r   ) 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 the carbonization process and general steps explained in Section 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) and non-condensable part (mostly hydrogen and methane).



   ϕ i   s, as the model parameters, are determined using the measured value of volatile PAHs emitted during pitch heat treatment. The 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 Figure 2 and Figure 3) as well as values measured in Bouchard’s experiments for the amount of emitted condensable (e.g., low MW PAHs) and non-condensable gases (e.g., methane and hydrogen) are utilized to determine the degree of advancement of the prototype reactions. However, these are limited to 350, 450 and 550 °C, the important temperatures associated with the three defined steps in our model.





2.3. Mass and Energy Balance through the Process


With respect to general steps occurring during heat treatment of CTP [26,47,53,56], as the temperature of the pitch reaches around 350 °C, the low MW PAHs are non-mesogen molecules with no tendency to form mesophase (with respect to their clearing temperature) have been removed from the pitch. (Clearing temperature is the temperature upon heating at which liquid crystal reverts to an isotropic liquid.) The pitch is rich in reactive mesogen molecules at this temperature which 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 computed in different ways, below and above this temperature. Actually, 350 °C becomes like a threshold temperature.



A hypothetical reactor design, shown in Figure 5, is used to compute, for a given iteration, the mass and energy balances in the temperature range 25–350 °C. The border of the system under study, 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 (  Δ    T = T     j + 1    −      T   j  )     in the mass and energy balance calculations is fixed equal to 5 °C, which is relatively low compared to the temperature difference of the whole step (i.e., 325 °C). The pitch at a given temperature,       T   j   , (from the previous iteration) enters into the system and undergoes a carbonization process. Heat treatment of the pitch changes the temperature of the system by     Δ T   and vaporization of low MW PAHs is taking place (assuming neither polymerization nor thermal cracking reactions are 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 the next iteration.



Applying the mass conservation law over the system between 25–350 °C results in Equation (15-a):


        ( n   i  p i t c h   )    T   j + 1           + ( n   i  g a s    )   T   j + 1      +            ( n    A r   g a s   )    T   j + 1      =          ( n   i  p i t c h   )    T j       + ( n    Ar   g a s    )   25 ° C      



(15-a)







where    T   j + 1      =       T   j   +  Δ 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 1),    n i  p i t c h     is the number of moles of compound i in the pitch (either in isotropic liquid or in mesophase), and    n i  g a s     is the number of moles of volatile compound i in the gas mixture at any given temperature, which can be estimated in each iteration by following the procedure described in Section 2.2.2.    n  A r   g a s     in both sides of Equation (15-a) will be cancelled out since it is assumed that there is not any retention of gas inside the reactor for the next iteration.



Above the 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 Table 2 and Table 3 as well as volatilization of low MW PAHs are taking 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 the carrier gas. The mass conservation law is applied over the system in these steps considering one iteration of 100 °C as presented in Equation (15-b). The criteria for choosing a 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.


     (   n  i  p i t c h   )    450 ° C ( 550 ° C )      (   n  i  g a s   )    450 ° C ( 550 ° C )    +   (   n   A r   g a s   )    450 ° C ( 550 ° C )    =   (   n  i  p i t c h   )    350 ° C ( 450 ° C )    +   (   n   A r   g a s   )    25 ° C    +    ν i     [ R   1  ]    ξ     [ R   1  ]      + ν   i     [ R   2  ]    ξ     [ R   2  ]      + … + ν   i     [ R   n  ]    ξ     [ R   n  ]       



(15-b)







In this equation    n i  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,    ν i     [ R   n  ]       represents the stoichiometric number of each compound (i = 1,2,…N, either PAH compound or generated gas, i.e., methane and hydrogen, due to chemical reactions, listed in Table 1) in each defined prototype reaction in Table 2 and Table 3, and    ξ     [ R   n  ]     is the degree of advancement of those reactions between 350–450 °C (or 450–550 °C) as the model parameters, determined in Section 2.2.4.



Each term in the mass balance equations either below or above 350 °C are summarized in Table 4.



The First Law of thermodynamic for an open system is formulated as follows:





   Q + W =  Δ  H +  Δ  E  k i n    +  Δ  E  p o t      



(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,   Δ H  ,     Δ  E  k i n      and   Δ  E  p o t     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 (Figure 5), from        T   j    to       T     j + 1     , can be estimated by applying Equation (16), neglecting the two last terms in this equation and considering no non-PV work done on the system:


   Q =    ∑  i    (    H   i  p i t c h   )    T   j + 1         +    ∑  i    (    H   i  g a s   )    T   j + 1         +    (   H   A r   g a s   )    T   j + 1        −   ∑  i    (   H  i  p i t c h   )    T   j        −   (    H    Ar   g a s   )    25 ° C     



(17)




where    H i  p i t c h      is the total enthalpy of compound i in the pitch (either in isotropic liquid or in mesophase),    H i  g a s     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    H  A r   g a s     is the total enthalpy of argon at any given temperature and 1 atm. Enthalpy terms of the species in Equation (17) are determined using the obtained results from mass balance calculations, below and above the fixed threshold temperature, 350 °C (Table 5). The total enthalpy of argon in Equation (17) can be estimated using the molar enthalpy of pure argon at any given temperature and 1 atm and the number of moles of argon, which is dependent on the values of the carrier gas flow rate (    V ˙   A r    ) and heating rate (   Q ˙   ) fixed in Section 2.2.4.



In Table 5,    h i 0     are reference molar enthalpy for the pure components as isotropic liquid (either in iso or in mesophase), gas or semi-coke (coke),   Δ  h  m i x       is the molar enthalpy of mixing of compounds in pitch as a solution and    h  o r i e n t     is the enthalpy contribution of orientational free energy of mesophase [65,66]. The FactSageTM Thermochemical Software [68,69] with the data base of ref. [67], as described in Section 2.2.2, is used to compute the enthalpies of species i at any given temperature T,    h i 0   ( T )   .



Thermodynamic theory for PAH solutions first proposed by Hu and Hurt [65] and improved in our previous work [66] is applied to calculate the 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. [64] can be utilized for estimation of the enthalpy of semi-coke (or coke) species.




2.4. Integrating the Model Equations for Estimation of Mass and Enthalpy Changes through the Primary Carbonization Process


A small mass of pitch with known composition          ( n   i  p i t c h   )    T 0        at room temperature          T   0      is considered as the initial conditions of the system in the following calculations. As most CTP is obtained during a quenching procedure of liquid by-product in a coke oven (see ref. [37,70] for more detail) from 400 °C to room temperature, we assume here that the state of the pitch at To is a glassy isotropic liquid. This assumption is reasonable since there is no evidence for the existence of crystal structure in CTP according to the XRD experiment results [71,72]. 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 compound in the pitch after increasing the temperature of the system by    Δ T  ,         ( n   i  p i t c h   )    T   j + 1         , is determined using Equations (1)–(4) 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 taking place. The amount of the each volatile compound in the gas mixture,         ( n   i  g a s   )    T   j + 1         , is determined by applying Equations (1)–(4) to each compound with respect to the model parameters (   ϕ i   s) and the way to estimate it was noted in Section 2.2.4. However, combining Equations (1)–(4) yields X equations for X unknowns, the 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 the amount of all species in the system at the given temperature results in total moles of the pitch (   n T  p i t c h    ) in that temperature:


       n T  p i t c h        T   j + 1       =   ∑  i       n i  p i t c h        T   j + 1          



(18)







The result for the mass changes of the system due to increasing the temperature by    Δ T   and the energy balance on the system (Equation (17) and Table 5) are applied to estimate the required energy for increasing the temperature of the pitch from        T   j    to       T     j + 1     .



Calculations above 350 °C



Regarding the defined prototype reactions in Section 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 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 limited in these ranges of temperature (Section 2.2.4). The degree of advancement of the defined prototype reactions (Equations (5)–(14) and Table 2 and Table 3) are used to determine the third term and later on right side of molar balance equation (Equation (15-b)) in order to estimate the mass of each species in the residual pitch after increasing the temperature of the system by    Δ T  .



The obtained results for mass changes of residue pitch and amount of species removed from the pitch in mesophase and semi-coke (initial coke) formation steps (350–450 °C and 450–550 °C) as well as the defined energy balance in these temperature ranges (Equation (17) and Table 5) are applied to estimate the required energy for raising the temperature of the pitch from 350 to 450 °C and 450 to 550 °C, respectively.





3. Results and Discussion


Regarding the significance of the type of physical and chemical changes occurring during CTP primary carbonization on the properties of the final product of the process, i.e., carbon materials, the thermodynamic-kinetic model proposed in Section 2 was applied to perform quantitative analysis of these phenomena. In order to make a general investigation of the 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. [57] was modeled. The variation of the evaporation rate of low MW molecules with temperature and the composition of the system was studied. Observations of mass losses during heat treatment of CTP from the thermo-gravimetric analysis (TGA) of Bouchard et al. [28] was modeled. A sensitivity analysis was performed to investigate the ability of the model to estimate the effect of some important parameters in the carbonization process on the quantity of emitted volatile matter. 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 changes through mesophase and semi-coke formation steps of the carbonization process were calculated and consistent with Greinke’s investigation [47]. The energy required to increase the temperature of the 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 the temperature range beyond 350 °C needs further research.



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 Figure 1, a simplified pitch system containing a low molecular weight PAH, anthracene (MW: 178 g/mole), and some medium and high molecular weight PAHs (i.e., 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 (Figure 6) is generated by applying the proposed thermodynamic approach from our previous work [66].



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 Section 2.2.2 and Section 2.4, assuming a near-equilibrium state during a given ΔT iteration. Indeed, calculating the chemical activity of anthracene in the above defined pitch solution (as a mixture of PAH compounds) using the approach developed in our previous work [66] with the aid of Equation (2) permits creation of the iso-partial- pressure lines of anthracene in Figure 6. These lines are the indicators of the emission rate of low molecular weight compounds in the system. The dashed lines 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 equilibrium, even though in this case the amount of the volatile compound decreases with increasing time. It takes more time to evaporate a same amount of this compound from the single isotropic phase system in an isothermal process, and the same is true 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 (623K) when significant amount of the low MW PAHs are formed. According to the mass spectrum of typical CTP shown in Figure 1, there is a small amount of low MW PAH compounds, such as anthracene, in CTP containing PAHs with different molecular weights. Hence, the starting point of this study will be on the right side (anthracene-lean region) of Figure 6. A zoom view of the anthracene-lean region of Figure 6 is shown in Figure 7.



Meanwhile, it is considered that the assumed quenched structure of CTP at 25 °C (discussed in Section 2.4) is retained until 350 °C and the iso-meso equilibrium in pitch is kinetically prohibited in our model below 350 °C. Therefore, partial pressure changes of anthracene during heat treatment of CTP are evaluated by following the dash-dotted lines in Figure 6 in the anthracene-lean region which will be very different with the partial pressure of anthracene in a two-phase system. As the temperature of CTP increases and the evaporation of anthracene is progressing, CTP contains less anthracene. A schematic of composition changes in pitch with an initial mass of 50 g, which undergoes thermal treatment (by applying the heating rate of 50 °C/h and passing the carrier gas with flow rate of 560 cm3/min), is shown as a red solid line in Figure 7. As seen in the figure, this composition change results in substantial changes in the partial pressure of anthracene.




3.2. Application to Bouchard’s Experiments


Bouchard et al. [28] designed several experiments to study the mass loss of the pitches when they goes under the carbonization process. They measured and analyzed the condensable and non-condensable parts of the gaseous mixture released through the CTP heat treatment.



A 50 g mass of pitch containing PAHs from Table 1 is considered as the sample to be studied in this work. The type and quantity of PAHs in the sample (shown in Table 6) are chosen with respect to the MWD of the typical CTP analyzed and reported by Zhang (Figure 1). The criteria for choosing the 50 g mass of pitch is Bouchard’s experiments which were performed for this quantity of pitch. The heating rate of the CTP and the flow rate of the carrier gas in our calculations are fixed with respect to operating conditions of Bouchard’s experiments, at 50 °C/h and 2300 cm3/h (at 25 °C and 1atm), respectively.



3.2.1. Estimation of Mass Changes of CTP (during Heat Treatment)


The calculations in this section are based on our choice of the threshold temperature of 350 °C (fixed in this work, Section 2.3) for the starting point of mesophase spheres formation. However, the model has the 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 Section 2.2.2 and Section 2.4 (considering ∆T = 5 °C in the calculations). Experimental data for total mass loss during this step of the process obtained by Bouchard et al. [28] is utilized to determine the model parameters (   Δ i  s  ), as described in Section 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 which has good agreement with observation of Bouchard et al. in their experiments (Figure 8).



As shown in Figure 8, the 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 compound has been estimated every 5 °C (between 25 and 350 °C) assuming full equilibrium (by setting    ϕ i   s for all volatile species equal to 1 in Equation (1-b)) at every temperature interval and with no constraints for diffusion of volatile matter to the carrier gas.



The carrier gas flow rate affects the evaporation rate of each volatile PAH, with significant volatility. As seen in Figure 9a–c, with a higher carrier gas flow rate, the total mass losses of volatile compounds take place in a more narrow and lower range of temerature. Changes of pitch composition due to evaporation of anthracene occuring during thermal treatment of the pitch sample, which is assumed to be single-phase isotropic liquid in temperature range of 25–350 °C, in different flow rates of carrier gas are shown on zoom view of the anthracene-lean region, Figure 7. As shown in Figure 10, the evaporation paths of anthracene are affected by the flow rate of the carrier gas: the higher the flow rate of carrier gas, the higher is the 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 PAH with temperature have been performed for two different heating rates, 50 and 100 °C/h. As shown in Figure 11a–c, as the heating rate decreases, release of volatile matter is taking place at lower temperatures. On the other hand, when the heat treatment of CTP is performed with a higher heating rate, the system is further away from the equilibrium state. Thus, consideration has to be given to an optimal heating rate for CTP carbonization. In an industrial case, researchers found that the heating rate in an anode baking furnace in the aluminum industry should not exceed 10 to 14 °C/h between 200 and 600 °C [73,74].



Changing the    ϕ i   s 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 (Figure 11d–f). These figures show the variation of mass loss of three volatile compounds (e.g., anthracene, pyrene and chrysene) with temperature by setting two different values of    ϕ i   s (0.7 or 1) but equal for all volatile species in each calculation.



The next step of CTP primary carbonization (350–450 °C), where the mesophase formation starts, has been modeled based on the procedure defined in Section 2.2.3 by arranging the prototype oligomerization reactions between available reactive PAHs and thermal cracking reactions listed in Table 2.



The degree of advancement of prototype reactions as model parameters are determined by following the explanations in Section 2.2.4 and using available experimental data (obtained by Bouchard [28]) for the amount of condensable (volatile PAH) and non-condensable (H2 and CH4) matter released 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, given the limited range of Bouchard’s experiments. Calculations of the amount of volatile matters emitted from the 50 g mass coal tar pitch sample during the mesophase formation step of heat treatment as well as the MWD of the pitch residue, shown in Figure 12 and Figure 13, respectively, are comparable with the experimental data of Bouchard and the trend of MWD changes in the investigations by Greinke [47] (seen in Figure 2).



Modeling of semi-coke and coke formation steps (450–550 °C) is performed by arranging the prototype polymerization reactions proposed in Table 3. The values as measured by Bouchard for the amount of released condensable (volatile PAH) and non-condensable (H2 and CH4) matter in this range of temperature are used as the criteria to fit the reaction rates and model parameters in this step. The 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 Figure 14. The calculated MWD of CTP at the end of semi-coke formation as shown in Figure 15 is consistent with that obtained by Greinke [47]. Figure 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).




3.2.2. Estimation of Energy Requirement of Different Steps of CTP Primary Carbonization


The energy required in the first step of CTP heat treatment (25 to 350 °C) can be calculated by following the procedure explained in Section 2.3 and Section 2.4 . This energy is required both to increase the temperature of pitch to any given temperature and to match the mass changes at that temperature estimated in Section 3.2.2. Starting with a 50 g sample of CTP (MWD shown in Table 6) at room temperature, calculated total required energy at any given temperature in the range of 25–350 °C is presented in Figure 17. The results obtained in Section 3.2.1 for mass changes of CTP with temperature (every 5 °C) have been used in this calculation.



Calculation of required energy in next steps of CTP heat treatment (beyond 350 °C) needs the estimation of the enthalpies of large PAHs oligomer species and semi-coke crystallite appearing during mesophase and semi-coke formation steps, respectively, which are associated with following constraints:




	−

	
In the present work, estimation of the enthalpies of any PAHs is based on critical assessment presented in our previous work [67]. In this reference, due to the lack of experimental data, the application of the developed model to estimate the thermodynamic properties of PAH oligomers has only been justified for a limited number of PAH oligomers.




	−

	
As was proposed in Section 2.3, the enthalpy of semi-coke crystallite (needed for the required energy calculation in semi-coke formation step in temperature range 450–550 °C) can be estimated by applying the model developed for coke by Ouzilleau et al. In their model, perfectly parallel planes (shown in Figure 4) with enthalpy of stacking of zero are assumed in Gibbs energy calculations. However, some issues have to be taken into account in switching from the formalism of estimation of enthalpy of the large planes of oligomer PAHs (established in ref. [67]) in mesophase formation step to Ouzilleau’s formalism for enthalpy estimation of the idealized crystallite structure in the semi-coke formation step. In other words, 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 Figure 4 and to parallelize them.









However, in the present work, calculation of the required energy for the CTP primary carbonization process above 350 °C, where the model faces the limitations mentioned above, has not been presented and is left for future works.






4. Conclusions


For the first time, mass and energy changes of coal tar pitch occurring during the 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. An innovation of the current work is that it can predict 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. For the first time, molecular weight distribution changes of residual pitch through thermal treatment (up to 550 °C) of CTP are estimated using a thermodynamic-kinetic model, proposed in this work, and are consistent with those found experimentally by utilizing gel permission chromatography techniques. 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 has been 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 stages of the primary carbonization process, below 350 °C. Comments were offered on the complexity of estimating the enthalpy changes of residual pitch during mesophase and semi-coke formation as part of CTP carbonization, above 350 °C.



Clearly, due to the complex nature of CTP and the primary carbonization process, some hypotheses 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 relates to neglecting the role played by impurities, such as sulfur, nitrogen, and oxygen, as well as non-PAHs (heterocyclic compounds) which are usually found in CTP, in the 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 [37]. 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 iteration after increasing the temperature of the pitch by a heat treatment. This assumption is not compatible with what really happens in industrial processes. Thus, 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 pitch residue 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 the 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 the primary carbonization process for model justification purposes is recommended.




	−

	
The discussion in Section 3.2.2 presented the weakness of the present model as regards estimation of the enthalpy changes of residual pitch during the mesophase and semi-coke formation steps of the primary carbonization process. Hence, another important aspect of 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 primary carbonization is involved.
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Figure 1. Mass spectra (MS) of a sample of coal tar pitch; permitted from ref. [57]. 
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Figure 2. Molecular weight distribution of pitch during volatilization and mesophase formation steps; permitted from ref. [47]. 
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Figure 3. Molecular weight distribution of pitch during semi-coke formation; permitted from ref. [47]. 
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Figure 4. Idealized crystallite representation used in the coke model developped by Ouzileau et al. (a) idealized ‘‘hexagonal’’ plane with n = 4 showing the positions of the   C  4 3    sites (Red hexagons), the   C  5 4    sites (Blue hexagons) and the   C  6 6    sites (Gray hexagons); (b) crystallite size La, Daa and n parameters; (c) crystallite height Lc and d002 from the stacking of m planes; permitted from ref. [64]. 
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Figure 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; red lines: heat flows. 
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Figure 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; dash-dotted lines: metastable iso-partial-pressure (bar) of anthracene. 
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Figure 7. Zoom view of the anthracene-lean region of Figure 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: 2300 cm3/min). 
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Figure 8. Effect of heating rate on total mass loss during heat treatment of a 50 g mass pitch in temperature range below 350 °C. Solid line: experimental data obtained by Bouchard et al. [28] at 50 °C/h; points: predictions in this work (using    ϕ i  s : 1   and carrier gas flow rate: 2300 cm3/min). 
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Figure 9. Estimated mass loss of (a) anthracene, (b) pyrene and (c) chrysene versus temperature for different carrier gas flow rates. Solid circle: 2300 cm3/min, solid triangle: 560 cm3/min, empty circle: 230 cm3/min (heating rate: 50 °C/h and    ϕ i  s : 1  ). 
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Figure 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; empty circle: 230 cm3/min (heating rate: 50 °C/h and    ϕ i  s : 1 )  . 
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Figure 11. Estimated mass loss of anthracene, pyrene and chrysene versus temperature for different heating rates at carrier gas flow rate of 2300 cm3/min and    ϕ i    s = 1 (a–c) and with different values of    ϕ i   s parameters at a heating rate of 50 °C/h, carrier gas flow rate of 2300 cm3/min (d–f). 
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Figure 12. Calculated released volatile matters from a 50 g coal tar pitch heat treated from Tamb to 450 °C with heating rate of 50 °C/h (Experimental data obtaine from work of Bouchard et al in ref. [28]). 
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Figure 13. Calculated molecular weight distribution of the residue of a 50 g mass coal tar pitch at the end of the mesophase formation step of the carbonization process with heating rate of 50 °C/h. 
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Figure 14. Calculated released volatile matters from a 50 g coal tar pitch in temperature range of Tamb–550 °C during carbonization process with heating rate of 50 °C/h (Experimental data obtaine from work of Bouchard et al in ref. [28]). 
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Figure 15. Calculated molecular weight distribution of the residue of a 50 g mass 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 16. Calculated molecular weight distribution of the residue of a 50 g mass coal tar pitch during coke formation step (where the temperature is about 550 °C) of carbonization process with heating rate of 50 °C/h. 
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Figure 17. Total required energy in first step of carbonization (25–350 °C) of a 50 g CTP sample (using    ϕ i    s: 1, heating rate: 50 °C/h and carrier gas flow rate: 2300cm3/min). 
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Table 1. Selected set of representative PAH compounds in the present work.
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	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.
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Table 2. Proposed prototype oligomerization reactions in mesophase formation step of carbonization process.
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	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
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Table 3. Proposed prototype polymerization reactions in semi-coke/coke formation step of carbonization process.
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	Reaction
	Type of Reaction
	Chemical Reaction





	R1
	Oligomerization/Polymerization
	2C72H28 = C144H36 + 10H2



	R2
	Oligomerization/Polymerization
	C48H20 + C96H36 = C144H36 + 6H2



	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 = C304H60 + 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
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Table 4. Definition of different terms in Equations (15-a) and (15-b).
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	Temperature Range
	       (   n i  p i t c h    )     T j       
	       (   n i  p i t c h    )     T  j + 1        
	       (   n i  g a s    )     T  j + 1        





	25–350 °C
	0, i = 1,2

     (   n i  i s o    )     T j     , i = 3,4,…N
	0, i = 1,2

     (   n i  i s o    )     T  j + 1      , i = 3,4,…N
	0, i = 1,2, and 8, 9,…N

     (   n i  g a s    )     T  j + 1      , i = 3,4,…,7



	350–450 °C
	0, i = 1,2,…5

     (   n i  i s o    )    350    , i = 6,7,…N
	0, i = 1,2,…7

     (   n i  m e s o    )    450    , i = 8,9,…N
	0, i = 8,9,…N

     (   n i  g a s    )    450    , i = 1,2,…,7



	450–550 °C
	0, i = 1, 2,…7

     (   n i  m e s o    )    450    , i = 8,9,…N
	0, i = 1,2,…7

     (   n i  s e m i − c o k e    )    550    , i = 8,9,…N
	0, i = 8, 9,…N

     (   n i  g a s    )    550    , i = 1,2,…,7
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Table 5. Definition of different terms in Equations (17).
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Temperature Range

	
    H   T j    p i t c h     

	
    H   T  j + 1     p i t c h     

	
    H   T  j + 1     g a s     






	
25–350 °C

	
        ∑  i    (  n i   h i 0  )    T j    +   (  n T  Δ  h  m i x   )    T j        i s o    

(i = 3,4,…N)

	
        ∑  i    (  n i   h i 0  )    T  j + 1     +   (  n T  Δ  h  m i x   )    T  j + 1         i s o    

(i = 3,4,…N)

	
        ∑  i    (  n i   h i 0  )    T  j + 1         g a s      

(i = 3,4,…,7)




	
350–450 °C

	
      ∑  i    (  n i   h i 0  )   350   +   (  n T  Δ  h  m i x   )   350         i s o    

(i = 6,7,…N)

	
      ∑  i    (  n i   h i 0  )   450   +   (  n T  Δ  h  m i x   )   450   +   (  n T   h  o r i e n t   )   450         m e s o    

(i = 8,9,…N)

	
        ∑  i    (  n i   h i 0  )   450       g a s    

(i = 1,2,…,7)




	
450–550 °C

	
      ∑  i    (  n i   h i 0  )   450   +   (  n T  Δ  h  m i x   )   450   +   (  n T   h  o r i e n t   )   450         m e s o        

(i = 8,9,…N)

	
      ∑  i    (  n i   h i 0  )   550         s e m i − c o k e    

(i = 8,9,…N)

	
        ∑  i    (  n i   h i 0  )   550       g a s    

(i = 1,2,…,7)
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Table 6. Mass distribution of a 50 g pitch sample at room temperature subjected to the calculations in the present work.






Table 6. Mass distribution of a 50 g 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
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