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Abstract 

Arwa Waleed Fikri, ñFormation of polycyclic aromatic hydrocarbons from contaminants 

in Claus feedò, M.Sc. Thesis, Material Science, Department of Mechanical engineering, 

Khalifa University of Science and Technology, United Arab Emirates, May 2021. 

In the Claus process, polycyclic aromatic hydrocarbons (PAHs) are the main precursors for 

soot particle formation. The presence of these contaminants in Claus furnace can lower its 

efficiency, reduce sulfur recovery, and increase the operational cost. Therefore, the 

formation of PAHs in the furnace must be minimized. The aim of this work is to study 

different reaction pathways that may lead to PAH formation through quantum chemical and 

kinetics calculations. These calculations include the density functional theory, transition 

state theory, and potential energy diagrams. Three pathways were studied in this work, 

where phenanthrene formation from naphthalene via the conversion of acenaphthylene was 

studied in Pathways 1 and 2, and Pathway 3 explored the development of phenanthrene 

from naphthalene by H and C2H2 additions.  

The energies of the reactants, products, and the transition states were optimized through 

B3LYP and M062X functionals as well and through CBS-QB3 composite method using 

Gaussian 09 software. The potential energy diagrams were plotted to visualize these 

reactions with their energies. The effect of our developed mechanism on PAHs formation 

inside Claus furnace was investigated thorough flame and Claus furnace simulations. It was 

found from an ethylene flame simulation that our mechanism corresponds to 61% increase 

in phenanthrene formation as compared to the mechanism without our reactions. 

Furthermore, Claus furnace simulation showed that the conditions used in industries are not 

suitable for large PAH destruction, and their optimization using detailed reaction 

mechanism could help in finding suitable conditions for aromatics destruction in the 

furnace. 

 

Indexing terms: polycyclic aromatic hydrocarbons, Soot growth, kinetics, Density functional theory, 

Transition state theory. 
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1. Introduction  
1.1 Background to the topic 

Hydrogen sulfide (H2S) is a flammable, colourless, and an extremely hazardous gas 

that naturally occurs in crude natural gas, crude oil, and in hot springs. In addition, 

hydrogen sulfide can be produced through human activities, for instance, during 

wastewater treatment and fossil fuels purification and processing 1,2. The two sulfurous 

compounds that require considerable attention are H2S and sulfur dioxide (SO2), since 

they negatively impact the environment, public health, and refining operations. For 

example, the oxidation of sulfur contaminants during combustion of fossil fuels can lead 

to air pollution and several atmospheric issues. Moreover, for gas processing, these 

compounds can cause corrosion problems, which have significant role in reducing 

downstream catalysts efficiency 3. Under the circumstances of hydrogen sulfide 

exposure, unconsciousness, headaches, memory loss, eye inflammation, fatigue, 

insomnia and irritability can result depending on the concentrations 4. In the last few 

years, strict environmental regulations have been introduced to eliminate sulfur 

compounds from fossil fuels and the amount of sulfur dioxide that is released into the 

atmosphere during combustion 5. Therefore, such compounds must be removed from the 

fuels by a series of processes mainly known as desulfurization 6. To utilize the recovered 

H2S from the desulfurization of natural gas and liquid fuels, one of the most widely used 

sulfur recovery method in industries is Claus process, which has been used for over than 

100 years. It involves H2S thermal oxidation and its reaction with SO2 to produce 

elemental sulfur 7,8, which is easier than H2S to handle, store, transfer, and even use in 

many industrial applications.  
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Fig.1 shows different routes to handle sulfur overstock. Among others, the bold arrow 

indicates the UAEôs sulfur export to the world market with more than 95% of its sulfur 

production 9. 

 

 

Figure 1 - Different routes to handle sulfur overstock [9]. 

 

 

1.2 Problem statement 

With the increased demand for energy, and thus sour gas processing, sulfur 

production is expected to increase in the near future. For instance, UAEôs sulfur 

production may double in the next 10-15 years compared to the current situation. As a 

result, this will lead to high difficulty in balancing sulfur supply and demand, as well as 

absorbing sulfur by the market 9. In general, careful planning and cost management of 

sulfur are required to balance low sulfur value and minimize its operational and 

production cost. In this work, the most serious issue that increases the cost of sulfur 

production and decreases its efficiency in Claus process will be discussed, which is the 

formation of soot that is typically formed in the catalyst layers through the formation of 

polycyclic aromatic hydrocarbons (PAHs) during incomplete combustion of 

hydrocarbons in the furnace.  
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Soot can reduce combustion efficiency and eventually lead to catalyst deactivation 10. 

Consequently, targeted actions must be taken to reduce the considerable costs of Claus 

process that result from permanent catalyst replacement along with process shutdown 

due to PAH formation by studying the conditions that enhance soot formation and 

eliminate them. Along with the soot formation there are many contaminants that 

accompany H2S gas stream and enter the furnace and reduce Claus process efficiency. 

In order to monitor different reactions behind soot formation and where it happens 

exactly, Claus process must be studied. 
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2. Literature review  
2.1 Claus process 

 

The quantity of hydrogen sulphide, presents in raw natural gas, determines its 

treatment process. For instance, natural gas is normally considered sour, if  H2S content 

exceeds 5.7 mg per cubic meter of natural gas 11, and thus, sour gas must be first treated 

in a sweetening unit to remove H2S and CO2 and concentrate it into an acid gas stream. 

This process is widely referred to as ñamine gas treating processò. The treated rich acid 

gas with mainly 20-100% H2S is then passed to a sulfur recovery unit (SRU), which 

normally utilizes Claus process 12,13. This technology can convert H2S into elemental 

sulfur with a conversion efficiency of 96-97%. Various derivatives of the conventional 

Claus process are shown in Fig.2 14, and illustrated in detail as follow 8,13: 

¶ Claus thermal stage (Combustion): one-third of H2S is oxidized with air in 

the furnace and converted into SO2 with approximate operating temperature 

of 1300-1700 K. Such high temperature is sufficient for the remaining H2S to 

react with SO2 to produce S2. Additionally, some contaminants such as 

ammonia and BTX (benzene, xylene, and toluene) are destroyed during this 

stage. The two main reactions that take place in the Claus furnace along with 

their enthalpy are shown below: 

Ὄ2Ὓ +  3ϳ2 ὕ2  O  Ὓὕ2 +  Ὄ2ὕ                                              (1)  

ЎὌὶ     υρψ ὑὐ άέὒ1 

2Ὄ2Ὓ +  ὕ2  O  3ϳ2 Ὓ2 +  2Ὄ2ὕ                                               (2)  

ЎὌὶ    = +47 ὑὐ άέὒ1 

¶ Waste Heat Boiler (WHB): Sulfur is condensed and high-pressure steam is 

produced from water that is used to cool combustion products in this heat 
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recovery unit. 

¶ Claus catalyst stage: The remaining H2S, from the previous stage, is reacted 

with SO2 at lower temperatures ranging from 470-620 K. Alumina- or 

titanium dioxide-based catalyst is widely known to be used as catalyst in this 

stage to produce more sulfur. Moreover, COS and CS2, which are side 

products generated from the Claus thermal stage, can be converted to form 

more H2S in the catalyst stage 15.   

Claus catalyst reaction is shown below: 

2Ὄ2Ὓ +  Sὕ2  O  3ϳ8 Ὓ8 +  2Ὄ2ὕ                                      (3)  

ЎὌὶ     ρπψ ὑὐ άέὒ1 

¶ Sulfur Condenser: The products from WHB and from catalytic sections are 

cooled to condense sulfur using water as the coolant that produces low 

pressure steam. 

¶ Reheaters: The process stream is reheated to a temperature above sulfur dew 

point in order to keep sulfur in the gas phase to prevent liquid sulfur 

deposition to the pores and thus deactivating the catalytic surface.   

 

Figure 2 - Typical arrangement of Claus process [14]. 
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2.2 Challenges with Claus process 

2.2.1 Claus process contaminants 

The main limitation with Claus process is that many contaminants accompany 

H2S feed, such as hydrocarbons, BTX (Benzene, toluene, xylenes), CS2, NH3, CO2,  N2, 

and COS. The efficiency of Claus thermal stage mainly depends on the acid gas 

composition and combustion conditions 16. The main contaminants that play a 

significant role in the Claus furnace will be discussed briefly in this section.  

In general, BTX are easy to destroy under typical combustion condition. 

However, lean acid gas feeds (less than 60% H2S) do not provide sufficient temperatures 

in the furnace to destruct BTX 17. And as a result, failure to oxidize BTX in Claus furnace 

lowers its efficiency, reduces sulfur recovery, increases the operational cost, since BTX 

deactivates the catalyst by plugging the pores of the catalyst and make them inactive, 

and therefore, permanent catalyst replacement is required. Moreover, this can result in 

high pressure drop in the first catalytic section and corrosion of downstream equipment. 

They can also lead to the formation of some toxic compounds such as CO, COS, H2SO4 

and CS2 
18,19.  

There are various solutions proposed in the literature through which BTX could 

oxidized and removed before entering the catalytic sections. One of the first proposed 

solution is preheating the air and acid gas. It can be an effective solution especially in 

case of óósemi-leanò acid gas (~45% H2S), since it is able to increase the furnace 

temperature to a point where it is possible to destroy BTX such as xylene and toluene. 

However, benzene requires temperature above 1,049°C to completely oxidize in the 

Claus furnace. The other solutions include a) oxygen enrichment, b) fuel gas co-firing, 

c) acid gas enrichment, and d) BTX adsorption from acid gas using regenerable 

activated carbon beds. Solution (a) does not support complete destructive of BTX in the 

case of low H2S concentration feed, since it does not increase the temperature high 
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enough for full oxidation. However, for (a) to be a solution, all the acid gas stream has 

to enter the furnace. For solution (b), natural gas must be burned along with the acid 

gases in the furnace for BTX oxidization, though this solution is not technically 

applicable in some cases due to its high operational cost and CS2 formation, which is 

proportional to the added amount of natural gas 18,20.  

Generally, low concentration of H2S in the acid gas stream result in an unstable flame 

in the furnace. Solution (c) provides high H2S concentration feed by using acid gas 

enrichment unit (AGE) to control the flame stability 21. Last but not least, in solution 

(d), activated carbon beds are used for high adsorption of BTX, but in case of moisture, 

water will be adsorbed within the carbon beds instead of BTX, and consequently, feed 

must be first preheated to avoid water condensation 18. 

The formation of CS2 species in Claus furnace that get formed from the initial 

decomposition of many other larger species inside the furnace can play an important 

role in decreasing the efficiency of the whole process. Therefore, it is necessary to 

understand their reaction kinetics to develop new strategies to decrease their formation 

and emission from such environments. According to Karan et al. 22, it is believed that 

the presence of the impurities in the feed such as CO2 and hydrocarbons and their 

interaction with sulfur-containing species can lead to the formation of COS and CS2. 

The two main reactions studied in Karan et al. that may lead to the formation of CS2 

contaminants are the methane-sulfur reaction and methane-hydrogen sulfide reaction. 

They occur in the Claus furnace due to the presence of H2S and sulfur in high 

concentrations at high temperature ranging from (900 to 1300 Јὅ in the post flame 

region of the furnace.  

The first route to produce CS2 is from the reaction between methane (CH4) and sulfur, 

as shown below: 
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ὅὌ ςὛᴼ ὅὛ ςὌὛ                                               (4)  

It is carried out at temperature of 500 to 560 Јὅ with the use of silica gel catalyst. There 

are many studies in the literature where methane-sulfur reaction is studied from 

thermodynamics calculations, catalyst estimation and kinetics studies point of view 22. 

The second route to form CS2 is from methane-hydrogen sulfide reaction, which is less 

studied than methane-sulfur reaction in the literature. It was studied using a quartz 

tubular reactor at temperature range from 1080 to 1280 Јὅ and residence time of (0.4-

0.7 s). The second reaction for CS2 formation can be written as follow: 

   ὅὌ ςὌὛ O  ὅὛ  τὌ                                             (5) 

As mentioned previously regarding the production of CS2 in the Claus furnace, COS 

can be produced in the same way as CS2. They can be produced by the partial oxidation 

of hydrocarbons and CO2 impurities present in the feed acid gas, which lead to many 

side reactions and non-desired products that have an important contribution in 

increasing the emission of sulfur from the Claus process. There are many authors who 

studied COS formation from different routes. One of these studies propose a kinetic 

system to produce COS from CO and S2 and mentioned that most of the COS may form 

during the quenching process of the furnace gases in the waste heat boiler unit 

(WHB)22.  

       There are several pathways mentioned in Clark et al. 23 to form and destruct COS 

in the furnace using different kinetic models. The first pathway presented below 

suggest the production of COS from the thermal decomposition of H2S and CO2 in the 

anoxic region of the furnace, which is the zone in the furnace that has lower temperature 

range compared to the zone near the tip of the burner.  

ςὌὛ P ςὌ  Ὓ                                                           (6) 

ὌὛ  ὅὕ P  Ὄὕ ὅὕὛ                                             (7) 

 



9  

The second suggested pathway to form COS is from the consecutive reactions 

containing H2 and from H2S dissociation that resulted from reaction (6) and the thermal 

decomposition of COS species as shown below 23: 

      Ὄ ὅὕὛ P ὅὕ ὌὛ                                                   (8) 

      ςὅὕὛ P ςὅὕ Ὓ                                                           (9)   

2.2.2 Soot formation in Claus process 

As mentioned previously, furnace temperature in Claus process is not always 

sufficient to destroy all the contaminants that enter the furnace along with the feed. 

Therefore, these contaminants containing carbon atoms can act as a primary source for 

soot formation. Consequently, they must be oxidized before being released to the 

catalytic units. The formation process of soot particles is not easy, where hydrocarbon 

molecules in the fuel is transformed into agglomerates of millions of carbon atoms, 

which is known as soot. Soot can be dealt as a solid particle with random chemical or 

physical structure. 

In general, soot can be formed via different process, but large PAHs are considered as 

a major precursor for soot formation 24. There are several experimental evidences in the 

literature that confirm the role of PAHs in soot formation such as the experiment 

conducted by Ishiguro and co-workers 25 to study the diesel soot particles morphology. 

They found that PAHs are responsible for soot nucleation, where the outer edge of soot 

was observed to have graphitic crystallites that may undertake polycyclic growth and 

form larger aromatic rings 25. 

 

2.3 Formation of polycyclic aromatic hydrocarbons (PAHs) 

Understanding polycyclic aromatic hydrocarbons (PAHs) is of special interest 

in this thesis. The term, PAHs represents a group of several hundred organic  compounds 

with similar chemical properties and various structures and toxicity that are existing in 
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the environment. Generally, PAHs form during the thermal decomposition of organic 

molecules (pyrolysis) and recombination (pyrosynthesis). They have several routes to 

enter the environment either from natural process such as forest fires, volcanoes, oil 

leaks, and even bacteria, or from anthropogenic emissions including power plants, 

production of coal and carbon black. In fact, PAHs have negative effect on the human 

health including nausea, eye irritation and even cataracts, which can result from long-

term exposure to PAHs. Moreover, they are considered toxic for aquatic life, birds, and 

plants, and as a result, their emission to the environment is regulated worldwide.  

The building block of PAHs is called monocyclic aromatic hydrocarbons 

(MAHs), which is often referred to as ñsmallò PAHs (the simplest MAH is benzene). 

The PAHs with higher than six aromatic rings are known as ñlargeò PAHs 26. A PAH 

molecule can be described by three main features: the number of carbon atoms, hydrogen 

atoms, and the functional sites on their edges. These sites are distinguished by the 

number of carbon atoms required for their formation. Different functional sites can be 

seen in Fig.3 27,28. 

 

In a flame environment such as Claus furnace, PAHs can form as a result of incomplete 

combustion 29. Understanding their formation is essential to predict soot formation and 

thus, minimize their production 30. However, inception of soot particles in combustion 

conditions requires solid understanding of different pathways for PAH formation and 

growth. 

Figure 3- different functional sites of a PAH molecule 27. 
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Herein, several mechanisms proposed in the literature for PAHs formation and growth 

are highlighted: 

¶ Hydrogen Abstraction Acetylene (C2H2) Addition (HACA): this mechanism 

was first suggested by Frenklach and Wang 31ï33. It involves the abstraction of 

H atom from a PAH, which activates the molecules through radical site 

formation, followed by acetylene addition to it that motivates molecular growth 

34. Fig.4 shows the reaction path for HACA mechanism, where new aromatic 

ring is formed on armchair site of phenanthrene by C2H2 addition to form larger 

PAH. 

 

 

¶ Aromatic rings condensation with C2H2 addition: this route was proposed by 

Bohm et al. claiming that this mechanism is more efficient than HACA path at 

short reaction times in forming large aromatics 35. As shown in Fig.5, benzene 

is added to the phenyl radical, followed by H loss to form molecule (1), and then 

HACA mechanism take place to form molecule (2). 

 

 

+ 

-H 

Phenyl Benzene 

H, C2H2 

 

 

-H2, -H 

(1) (2) 

 

Figure 4 - HACA reaction pathway of PAH growth 31. 

 

Figure 5 - Ring-ring condensation with C2H2 addition 35. 
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¶ Diels - Alder Mechanism: Proposed by Siegmann & Sattler 29, which is mostly 

present in methane combustion condition, it does not involve any radical 

species. Acetylene behaves as a dienophyl that can effectively fill bay regions 

in the PAHs. As illustrated in Fig.6, the route to form higher PAHs (Pyrene) 

started by cyclic addition of C2H2 to form Diels-Alder adduct, which is followed 

by H2 loss. 

 

 

 

¶ Phenyl Addition Cyclization mechanism (PAC): Shukla et al. 36 suggested that 

PAHs can grow by the addition of phenyl radical (C6H5) followed by the 

elimination of H atom and finally by cyclization (through H2 loss), as can be 

seen in Fig.7. This mechanism is suggested to be more efficient than HACA 

route for PAH growth. 

 

 

¶ Growth by 5-membered ring addition: Mebel and co-workers37 suggest that 

PAHs growth can pass by a 5-membered ring formation. It is commonly known 

that 6-member rings are more favourable than 5-member rings to be found in 

soot particles. Thus, the conversion of 5-membered rings to 6-membered rings 

must occur. Fig. 8 presents the formation of a 5-member ring at a zigzag site by 

Figure 6 - Diels - Alder Mechanism for PAH growth 29. 

 

 

Figure 7 - PAC pathway for PAH growth 36. 
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a HACA mechanism 37. 

  

 

 

 

 

Several studies have been conducted in the literature to understand the growth of PAHs 

through different mechanisms. Charles et al. studied the growth of phenanthrene from 

naphthalene by HACA mechanism and 5-member ring addition 38. Georganta et al. 

studied the growth of pyrene through methyl radical and phenanthrene 2. In 39, the role 

of PAH structure on their growth was studied using HACA mechanism. In spite of these 

studies, the growth rate of PAHs remains under-predicted, suggesting the need to 

develop other mechanisms that may be playing a role in PAH growth in flame 

environments. 

 

  

Figure 8 - PAH growth by 5-membered ring addition 37. 
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3. Thesis objectives 

This thesis aims to investigate the role of PAH growth in Claus process activity. 

Different reaction mechanisms were studied to predict PAH formation and soot 

nucleation. The first pathway for PAH growth is similar to the reaction studied by 

Charles et al. 38, however in this work, the reaction was investigated through higher 

level of quantum calculations such as studying reaction kinetics, calculating the rate 

constant and using furnace simulation tool. The second pathway was developed to 

examine the role of 5-member ring in forming larger PAHs. The third pathway shows 

the development of new reaction to form phenanthrene (A3) from naphthalene (A2) by 

H and C2H2 additions.   

Specific Objectives 

Å Develop new reaction mechanisms for PAH formation 

Å Study the reaction kinetics, transition states and energies for all possible 

pathways 

Å Conduct flame and furnace simulations to identify how fast PAHs can 

grow in flame and Claus furnace conditions. 
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4. Methodology 
4.1 Theory 

All  the proposed reaction pathways for PAH growth in this work was studied through 

quantum chemical calculations. This type of calculations is usually conducted on 

hydrocarbons to predict moleculeôs stable structure, their accurate energetics and some 

useful molecular parameters such as moments of inertia and vibrational frequencies 40. 

Among various quantum calculations methods proposed in the literature such as ab initio 

methods and semi-empirical methods, density functional theory (DFT) has attracted 

increased attention in recent years based on its pragmatic observation. For instance, this 

method is computationally less intensive as compared to the other methods with almost 

identical accuracy 41. Herein, a brief description of different methodologies for reaction 

analysis are presented.  

The optimization of all the molecular structures and energetics calculations involved in the 

suggested PAH reactions was achieved in this work using B3LYP and M062X DFT 

functionals with 6-311++G(d,p) basis set. It must be mentioned that all the DFT 

calculations was performed using Gaussian 09 software 42. Some theories and equations 

behind DFT calculations are discussed below 43,44. 

Density functional theory:  

In quantum chemistry, the solution of Schrödinger equation Ὄ⅞   = ῴ  is required for the 

computational analysis. The term ὌǶ    (Hamiltonian operator) represents the summation of all 

the kinetic energies of the electrons and the nucleus, Ɋ (wavefunction) gives information 

about the spatial positions of both electron and nuclei describing its wave nature, and E 

represents eigenvalue (energy) 43. 
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 DFT can be used as a tool to solve Schrödinger equation based on Hohenberg-Kohn 

theorem, in which the ground state wavefunction can be determined using electronôs ground 

state density. In mathematical terms, energy E is a functional of the electron density ɟ and 

depends on the electronôs spatial coordinates as follow 43: 

           Ὁ [”(ὶ)] =  Ὕ[”(ὶ)] + Ὗ[”(ὶ)]  +  ὠ[”(ὶ)]                                       Eq.1 

where Ὕ is the kinetic energy, Ὗ is the electrons interaction energy, and ὠ is the potential 

energy. 

In order to obtain the ground state electron density, total energy must be minimized 

(ŭȺ/ŭɟ=0) and all the terms must be known. To do so, certain assumptions must be 

considered. The effect of the electron-electron interactions on the kinetic and potential  

energy are not known, therefore, the term T expresses the sum of Kohn-Sham kinetic 

energy Ts[ɟ(r)] of a system with non-interacting electrons of density ɟ and an unknown 

residual TR. In some cases, where the system can be considered as a non-interacting system, 

Ts can be determined using Kohn-Sham orbitals of a single particle (űi(r)) of the i th electron. 

The classical electrostatic interaction energy UH (Hartree or Coulomb energy) with an 

unknown residual UR can be used to obtain the potential energy of an electron-electron 

interaction. The term EXC, known as exchange-correlation energy, is the sum of the two 

terms TR and UR 2. Therefore, another formula is available for energy calculation: 

Ὁ[”(ὶ)]  =  ὝὛ[”(ὶ)] + UὌ[”(ὶ)] + ὠ[”(ὶ)] +  Ὁὢὅ [”(ὶ)]                               Eq.2 

Ὁὢὅ is the only unknown term, and thus, approximations are necessary to overcome the 

difficulties of solving this equation to find Ὁὢὅ. These approximations are functionals, and 

one of the most successful functionals available is B3LYP 45. To obtain the desired results, 

such as molecular structures with lowest energy of all the reactants, products and transition 
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states, density functional theory (B3LYP and M062X) with 6-311++G(d,p) basis set will 

be used. 

Several functionals are used to find the value of Exc: Local Density Functional (LDA), 

Generalised-Gradient Approximation (GGA) and hybrid functionals (HF). The first 

functional (LDA) is the most common approximation. It assumes that the electrons must 

be distributed homogenously, so they can be dealt as a constant at any spatial locations. 

The second assumption (GGA) uses the electron density and its gradients at each point 

(local kinetic energy density) to calculate Exc. One of the mostly used GGA is the BLYP, 

which belongs to Becke exchange functional and Lee, Yang and Parrôs correlation 

functional 46,47.  

The hybrid functional is the one that is used in this thesis, and it  combines linearly in a certain 

amount, the exact HartreeïFock (HF) exchange energy into the exchange and correlation 

obtained from other functionals 45. An example for most popular HF is the B3LYP functional, 

and it is known as the most successful functionals available. In the following part, three 

different hybrid functionals that were used in this work will be discussed briefly.     

B3LYP 

Beckeôs 3-Parameter hybrid functionals uses the exchange functional B3 and the correlation 

functional LYP. This functional gives very good results in a relatively shorter period of time 

as compared to the other HF during energy optimization of the species. In general, to solve the 

Exc term in eq.2 for the HF, the following expression (Eq.3) is used, where Ŭ is a constant that 

can be fitted empirically or theoretically, and for most molecules, is equal to ¼.  

Ὁ ‌Ὁ ρ ‌Ὁ Ὁ                                  Eq.3 

Becke observed that at (‌0, where ‌ is the coupling constant) lower limit, the exchange hole 

and the correlation hole is equal to the exact exchange hole, therefore, the exact exchange 

Ὁ  interferes with GGA exchange Ὁ  forming the hybrid exchange Ὁ .  
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M062X 

There are several Minnesota functionals such as M05-2X, M06-2X, M06-L, etc., but the one 

that was used in this study is the M06-2X functional. This functional has local parts that 

depends on three different variables: spin density, reduced spin density gradient, and spin 

kinetic energy density 48. It was found from Walker et al.49 that that all of the M06 functions 

perform well in terms of predicting the general trends in the conformer relative energies and 

identifying the global minimum conformer. This is in contrast to the B3LYP functional, which 

performed significantly less well for the canonical tautomers of the clusters, where dispersion 

interactions contribute more significantly to the conformer energetics. Moreover, the M06 

functional gave the lowest mean unsigned error for the relative energies of the canonical 

conformers, while M06-2X gave the lowest mean unsigned error for the zwitterionic 

conformers. Therefore, M062x functional was used in this work 49 that is shown in the literature 

to have less errors in estimating energies. 

 

 Composite method (CBS-QB3):  

This composite method is one of various Complete Basis Set (CBS) methods, which was 

developed by Petersson and coworkers 50 to compute very specific and accurate energies. CBS 

calculations are complex energy computations that contain many pre-defined calculations. 

When the keyword QB3 is applied, the distinct steps are applied automatically to compute the 

final energy as an output 50.     

Transition state theory (TST): The reaction kinetics calculations such as the rate constant 

for the reactions involved in the developed mechanism is calculated using TST. Some theories 

behind TST will be discussed briefly in this section.  

From the classical mechanics, to get a successful reaction, the reactants must cross the 
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activation energy barrier (Ea). However, based on quantum mechanics, the reaction have a 

posibility to happen without crossing the value Ea, which is known as quantum mechanical 

tunneling. There are two factors that affect the rate of the reaction, first is the temperature 

fluctuation, and second is the value of the activation energy. The rate calculations and the 

statistical mechanical properties of a system can be obtained using the partition functions. 

This functions relate the macroscopic thermodynamic quantities to microscopic quantities, 

therefore, the reactantôs partition functions and transition stateôs partition function terms can 

be used to calculate the rate constants, as it is shown in the below equation:   

Ὧ ὯὝ
Б

 Ὡ                                 Eq.4 

Where, ə is the tunneling correction factor, kB is Boltzmannôs constant, T is temperature, NR 

is the total number of reactants and h is Planckôs constant. The term ὗ  is the total transition 

stateôs partition function and Qi is the total reactantôs partition functions.  

The total partition can be calculated by multiplying the transitional partition functions (Qt) by 

the rotational partition functions) (Qr) by the vibrational partition functions (Qv) by electronic 

partition functions (Qe). Qe is the molecular structureôs electronic multiplicity. The other 

partition functions are shown below:  

ὗ                                                                   Eq.5 

 

 

ὗ ὍὍὍ Ⱦ
                                                   Eq.6 

 

 

ὗ Б                                                            Eq.7 

where Ia, Ib and Ic are the moments of inertia along the principal axes, m is the molecular 
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mass, vj is a non-negative vibrational frequency, and ɖ is the total number of non-negative 

vibrational frequencies.  

In order to get the rate coefficients A, n and E in the modified Arrhenius equation Eq. (4), the 

data points of the rate constants must be obtained from a linear least-square fitting algorithm. 

                Eq.8 

The tunneling correction factors are obtained by applying quantum tunnelling rule using the 

Wigner method. Eq. (4) expresses the correction factor Cw (T): 

Eq.9 

Where, h is Planckôs constant, ὺɖ is transition stateôs imaginary frequency, and Ὧὄ is the 

Boltzmann constant. Product of Cw (T) and Ὧὄ gives the rate constants for the reactions 53. 

4.2 Output of the software 
 

Potential energy diagram:  

The calculated energies of the reactant, transition states and products obtained from quantum 

calculations (DFT and composite methods) are used to plot a potential energy diagram for each 

pathway studied in this work. During a chemical reaction, potential energy diagram shows the 

difference in potential energy between reactants and products undergoing through a transition 

state. Figure 9 (A) shows a basic potential energy diagram for an endothermic reaction, where 

ЎὌ is positive and the total energy of the system increases since it absorbs energy from the 

surrounding environment, whereas in (B) the total energy of the system decreased as it 

produces energy to the environment 51.    
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 The difference between reactantôs energy and transition stateôs energy is called activation 

energy (Ea) 52, which sometimes referred to as the activation energy barrier; therefore, 

reactants must have sufficient energy to overcome this energy barrier and convert into 

products. If Ea value is low, then the reaction can happen fast, while it is likely to be slow 

when Ea is high 51.    

4.3 Software 

¶ Flame and furnace simulations: Chemkin Pro software is a promising simulation tool 

that evolved at Sandia National Laboratory for solving large chemical simulation 

problems that requires complex mechanics. It is used widely in many fields, such 

as in chemical processing, combustion problems, microelectronics and 

automotive constructions 54. A number of advantages are associated with using 

chemkin tool as compared to the real laboratory environment 55:A core solver for 

complex models with large mechanisms in a short period of time.  

¶ An efficient tool to mix different types of reactors that represents real world design. 

¶  It reduces pollutants emission to the environment, such as NOx. 

In this work, Chemkin Pro will be used as a tool to simulate ethylene flame and to conduct 

Claus furnace simulations to determine the effectiveness of the studied pathways and their 

reactions in the destruction and formation of PAHs in the Claus furnace. The main inputs to 

the software are the values of the frequency factor (A), the temperature exponent (n), and the 

energy (E) for each reaction studied in all the presented pathways, which were obtained using 

the transition state theory. These three parameters will be entered to the software in a form of 

table containing all the reactions.       

Figure 9 - Potential energy diagram, (A) endothermic reaction, (B) exothermic reaction. 
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5. Results and discussion 

 
This chapter gives an overview of the detailed reaction mechanism developed in this work, the 

rate constant calculations and finally presents the flame and Claus furnace simulation. For more 

understanding of the reaction mechanism developed, the first section detailed all the reactions and 

their corresponding pathways, there are three main pathways, pathway 1, 2 and 3. The energies of 

the intermediate species on the potential energy diagram have been plotted relatively to the total 

energy of the reacting species i.e. assuming the energy of the reacting species to be zero. Also, for 

each elementary reaction in all the pathways, the backward reactions were also considered, but 

herein only the forward reactions were explained in detail. The stable chemical species and the 

transition states have been named using alphabets and numbers only to help in the discussion of 

the pathways, and their structures are present in the energy diagrams.       

 

5.1 Potential energy diagrams 

 
Figures 10, 11, and 12 present the potential energy diagrams for Pathway 1, which contains three 

sub-pathways named as pathway A, B and C. which are in series arrangement. It involves the 

growth of phenanthrene (Sc20) from naphthalene (Sa1) by C2H2 additions. The major parts of this 

pathway were previously studied by Charles et al. 38 In this work, these pathways have been studied 

with higher level of theory: CBS-QB3, M062X and B3LYP, which are shown in the figures as 

purple, red and black values, respectively.  
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The blue values represent the energies obtained from Charles et al. work using the hybrid B3LYP 

functional in conjunction with the 6-31G** basis sets.  

 

 

 

 

 

 

 

 

 

Figure 10 shows the potential energy diagram for pathway-A, which involves the reaction path 

for the growth of acenaphthylene (Sa5) from naphthalene by C2H2 addition. The reaction starts 

with hydrogen atom abstraction from Sa1 to form 1-naphthyl radical (Sa2) and H2. This 

endothermic reaction requires an activation energy barrier of 52 kJ/mol with CBS-QB3 theory (75 

kJ/mol with M062X functional and 52 kJ/mol with B3LYP functional) to be crossed by Sa1 to 

yield Sa2. Then, an exothermic reaction takes place where C2H2 molecule is added to the radical 

site in Sa2 to form Sa3 with a low energy barrier of 16 kJ/mol using CBS-QB3 theory (11 kJ/mol 

using M062X functional and 18 kJ/mol with B3LYP functional). Species Sa3 can follow three 

different routes, as shown in Figure 10 and discussed below.  

 

Figure 10 ï Potential energy diagram of pathway A, the reaction path for the growth of acenaphthylene (Sa5) from naphthalene 

by C2H2 addition. 
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Route (i): This route is displayed by the blue line. Sa3 can lose H atom and yield a stable molecule, 

Sa6 with an energy barrier of 181 kJ/mol using CBS-QB3 theory (184 kJ/mol using M062X) to 

be overcome.  

Route (ii): This route is displayed by the black line. Sa3 can take an alternative path by a ring 

closure reaction to form Sa4 with a five membered ring molecule, which requires an activation 

energy of 17 kJ/mol using CBS-QB3 theory (14 kJ/mol using M062X functional) to be crossed. 

The loss of H atom from Sa4 yields acenaphthylene, this endothermic reaction requires to 

overcome an energy barrier of 122 kJ/mol using CBS-QB3 theory (141 kJ/mol using M062X).   

Route (iii): This route is displayed by the green line. Sa3 can also undergo H transfer reaction, 

where H atom at the zig-zag site of Sa3 can be transferred to the C2H2 chain and yield Sa3_1 with 

an energy barrier of 53 kJ/mol using CBS-QB3 theory (65 kJ/mol using M062X). Followed by a 

ring closure reaction to form Sa3_2 with an energy barrier of 64 kJ/mol using CBS-QB3 theory 

(59 kJ/mol using M062X functional).  

Finally, the loss of H atom from the five membered ring at Sa3_2 can form Sa5, which requires to 

overcome a very high energy barrier of 218 kJ/mol using CBS-QB3 theory (219 kJ/mol using 

M062X functional). It is clear that this route is the least favorable route since it has the highest 

activation energies among the other routes.    
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Figure 11 presents the potential energy diagram for pathway-B. It involves the reaction path for 

the growth of the second Five-membered ring on Sa5 and the series of conversions of five-

membered rings into a six-membered ring molecule (Sb13) by C2H2 addition to Sa5. The reactions 

from Sa5 to Sb13 are similar to the reactions in figure 1, but with an extra ring formation. The loss 

of H atom from Sa5 yields Sb7 and H2 with an activation energy of 51 kJ/mol using CBS-QB3 

theory (57 kJ/mol using M062X), followed by addition of C2H2 molecule to the radical site of Sb7 

to form Sb8, this exothermic reaction requires to overcome an energy barrier of 15 kJ/mol using 

CBS-QB3 theory (12 kJ/mol using M062X). Then, Sb8 can follow three different routes as detailed 

below. 

Route (i): This route is displayed by the blue line. Sb8 can lose H atom from C2H2 chain to form a 

stable molecule (Sb14) with an energy barrier of 183 kJ/mol using CBS-QB3 theory (190 kJ/mol 

using M062X) to be overcome. 

 

Route (ii): This route is displayed by the black line. Sb8 can also undergo a ring closure reaction 

to form Sb9 with an energy barrier of 82 kJ/mol using CBS-QB3 theory (96 kJ/mol using M062X). 

Sb9 can either lose H atom and form a stable closed-shell molecule (Sb15) with an energy barrier 

Figure 11 - Potential energy diagram of pathway B, the reaction path for the growth of the Five-membered ring and the  

conversions of five-membered rings into a six-membered ring molecule. 
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of 230 kJ/mol using CBS-QB3 theory (231 kJ/mol using M062X), or have H transfer reaction and 

form Sb10 requiring an activation energy of 129 kJ/mol using CBS-QB3 theory (125 kJ/mol using 

M062X). This is followed by opening one of the five-membered rings forming Sb11, this step has 

a high energy barrier of 173 kJ/mol using CBS-QB3 theory (193 kJ/mol using M062X) to be 

crossed by Sb10.  

Then, a hydrogen atom shifts to the zig-zag site of one of the six-membered ring to form Sb12 

with an energy barrier of 87 kJ/mol using CBS-QB3 theory (100 kJ/mol using M062X). The last 

step in this pathway is the rotation of the free C-C bond toward the five-membered ring which 

brings the CH side into contact with one of the carbons in that ring, yielding 4-phenanthryl (a 

phenanthrene radical-Sb13) with an activation energy of 138 kJ/mol using CBS-QB3 theory (139 

kJ/mol using M062X).  

Route (iii): This route is displayed by the green line. An alternative path can be followed by Sb8 

by transferring the hydrogen from the five-membered ring to C2H2 chain, yielding Sb8_1 with an 

energy barrier of 107 kJ/mol using CBS-QB3 theory (121 kJ/mol using M062X). Sb8_2 is formed 

by a ring closure reaction that requires to overcome an energy barrier of 90 kJ/mol using CBS-

QB3 theory (103 kJ/mol using M062X).  

The transfer of H atom from one of the five-membered rings to the zig-zag site of the molecule 

forms Sb9, which requires an activation energy of 155 kJ/mol using CBS-QB3 theory (147 kJ/mol 

using M062X). By comparing the activation energies of these three routes, it is obvious that this 

route has the highest energies, therefore, it is the least energetically favorable route.  
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Figure 12 presents pathway-C, which involves the reaction path for the formation of Phenanthrene 

(Sc20) from Sb11. The reaction starts by a hydrogen atom addition to the radical site of Sb11 

forming Sc16, a stable molecule. This is an exothermic reaction since C-H bond is formed. Another 

hydrogen atom is added to Sc16 to form Sc17 requiring an activation energy of 13 kJ/mol using 

CBS-QB3 theory (16 kJ/mol using M062X functional). Followed by a rotation of CH2 side group 

towards one of the carbons in the five-membered ring to form a three-membered ring, this step 

requires to overcome an energy barrier of 29 kJ/mol using CBS-QB3 theory (36 kJ/mol using 

M062X) to form Sc18. An activation energy of 63 kJ/mol using CBS-QB3 theory (77 kJ/mol using 

M062X) is involved in the opining of the three-membered ring reaction in Sc18 to form a three 

six-membered ring molecule, the 2-hydrophenanthrene radical (Sc19). The last step is the 

formation of the final product, phenanthrene (Sc20) by the loss of the extra hydrogen atom, where 

the energy barrier involved in this reaction is 137 kJ/mol using CBS-QB3 theory (139 kJ/mol using 

M062X).                                    

Figure 12 - Potential energy diagram of pathway C, the reaction path for the formation of Phenanthrene 

(Sc20). 



28  

Figures 13, 14, and 15 show the potential energy diagrams for Pathway 2 which contains three 

sub-pathways, pathway D, E and F. where pathway D is in a in a parallel arrangement with 

pathway E and F, since pathway E starts with molecule Sd3 whereas pathway F starts with 

molecule Sd5. These figures show several paths growth of different PAHs from Acenaphthylene 

(C12H8) by C2H2 additions using three functional: B3LYP, M062X and CBS-QB3, which are 

shown in the figures as red, black and purple numbers, respectively.  

 

 

 

 

 

 

 

 

Figure 13 presents the potential energy diagram for pathway-D, which illustrates the reaction 

pathway for the formation of 2 five-membered rings molecule (Sb8_2) from acenaphthylene by 

C2H2 addition.  

The first step in this pathway is the abstraction of a hydrogen atom from Sd1 to form Sd2 and H2. 

This endothermic reaction requires an energy barrier of 63 kJ/mol using CBS-QB3 theory (86 

kJ/mol using M062X functional and 64 kJ/mol using B3LYP). The C2H2 addition to the radical 

site of the five-membered ring at Sd2 to form Sd3 requires to overcome an activation energy of 12 

kJ/mol using CBS-QB3 theory (10 kJ/mol using M062X and 13 kJ/mol using B3LYP).  

 

Figure 13 - Potential energy diagram of pathway D. 
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This is followed by H transfer reaction from the six-membered ring to the C2H2 chain of Sd3 

yielding Sd4 with an energy barrier of 100 kJ/mol using CBS-QB3 theory (113 kJ/mol using 

M062X). An energy barrier of 106 kJ/mol using CBS-QB3 theory (121 kJ/mol using M062X) is 

required to be overcome in the rotation of CH2 side group towards the radical carbon in Sd4 

forming a new five-membered ring, the new molecule named as Sd5. Finally, a transfer of 

hydrogen atom from one carbon to the other carbon of the same five-membered ring forms the 

product Sb8_2, this step requires a high energy barrier of 157 kJ/mol using CBS-QB3 theory (146 

kJ/mol using M062X). It is worth mentioning that the further reaction of Sb8_2 are already covered 

in Figure 11 to reach the final stable product.  

 

 

 

 

 

 

 

 

Figure 14 shows the potential energy diagram for pathway-E. It gives another pathway for PAH 

growth from acenaphthylene by several H-transfer and ring closure/opening reactions, and is  

derived from pathway-D. The reaction begins with a ring closure reaction yielding Se4 with a new 

five-membered ring. The activation energy involved in this step is 126 kJ/mol using CBS-QB3 

theory (136 kJ/mol using M062x functional and 125 kJ/mol using B3LYP). Then, several H 

transfer reactions take place from (Se4 O Se5 O Se6 O Se7). The activation energies involved in 

Figure 14 - Potential energy diagram of pathway E, reaction path for PAH growth from 

acenaphthylene. 
























































