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Abstract

Arwa WaleedFikri, Foiimation of polycyclic aromatic hydrocarbons from contaminants
in Claus feed , M. S c Matefiah SciericeDepartment oMechanical engineering
Khalifa University of Science and Technology, United Arab Emirdfies, 2021.

In theClaus procesgolycyclic aromatic hydrocarbons (PAH®)ethe main precursors for

soot particle formation. The presence of these contaminants in Claus furnace can lower its
efficiency, reduce sulfur recoverand increasehe operationalcost. Thereforethe
formationof 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 chanacal
kinetics calculations. These calculations include the density functional theangition

state theoryand potential energy diagrasnThree pathways were studied in this work,
wherephenanthrene formation from naphthalene via the conversion of acenaphthylene was
studied inPathways 1 and,2and Rthway 3exploredthe development gbhenanthrene

from naphthalene b andCzH2 additions.

The energies of the reacits, products, and the transition statese optimized through
B3LYP andM062X functionalsas wellandthroughCBS-QB3 composite methodsing
Gaussian 09 softwarelhe potental energy diagrams were plotted to visualize these
reactions with their energies. The effect of our developed mechanistAHs formation
inside Claus furnace was investigated thordilayhe andClausfurnace simulatios It was
found froman ehylene flame simulation that our mechanism corresponds to 61% increase
in phenanthrene formatioms compared to lte mechanismwithout our reactions
Furthermore, Claus furnace simulation showedthe conditions used in industries are not
suitable for large PH destruction and their optimization using detailed reaction
mechanism could help in finding suitable dions for aromatics destruction in the

furnace

Indexing terms: polycyclic aromatic hydrocarbonSoot growthkinetics Density functional theory

Transition state theory
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1. Introduction
1.1Background to the topic

Hydrogen sulfide () is a flammable, colourlesandanextremely 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
wastewatetreatmentandfossil fuels purificationandprocessing-? Thetwo sulfurous
compounds that require considerable attention agdfd sulfur dioxide (S£) since
they negatively impact the environmepyblic health, and refining operations. For
example, the oxidation of sulfur contaminants during combustion of fossil fuels can lead
to air pollution and severalatmospheridssues.Moreover,for gas processingthese
compounds can cause corrosion problembich have significant role in reducing
downstream catalystgfficiency 3. Under the circumstances of hydrogen sulfide
exposure, unconsciousness, headaches, memory loss, eye inflammation, fatigue,
insomnia and irritability can result dependiog the concentratiorfs In the last few
years, strict environmental regulations have been introduced to eliminate sulfur
compaunds from fossil fuels and the amount of sulfur dioxide that is released into the
atmosphere during combustiarTherefore, such compounds must be removed from the
fuels by a series of processes mainly known as desulfuriZafforutilize therecovered
H2S from the desulfization of natural gas and liquid fuels, one of the naggély used
sulfurrecoverymethodin industriess Clausprocessyhich hasbeenusedfor over than
100 years. It involves ¥ thermal oxidation and its reaction with S0 produce
elementakulfur ”8 which is easierthanH,S to handle store,transfer,andevenuse in

many industrial applications.



Fig.1shows different routes to handle sulfur overstédekongotherstheboldarrow
indicategheU A E éu#fur exportto theworld market with more than 95% of its sulfur

production®.

store Sulfur aboveground
I
Sour Gas Processing Sulfur | Export World Market

\
N\
N\

\\
\\
\ \\
|} \\
I i\
- [
reinject H2S Bl St e gl  Use of elemental Sulfur

\ S02, SO3
i) »  burn Sulfur —>» EES{VI{g(eRNelle}
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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
production may double in the next-16 years compared to the currsiitiation. As a
result, this will lead to high difficulty in balancing sulfur supply and demand, as well as
absorbing sulfur by the mark&tin general careful planning and cost management of
sulfur arerequiredto balance low sulfur value and minimize its operational and
production costin this work, he most serious issue that increases the cost of sulfur
productionanddecreasets efficiencyin Clausprocesswill be discussed, which the
formationof sootthatis typically formed in the catalyst layers through the formation of
polycyclic aromatic hydrocarbons (PAHs)during incomplete combustion of

hydrocarbon# thefurnace.



Sootcanreducecombustion efficiency and eventually lead to catalyst deactivation
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 kS gasstream and enter the furnace and reduce Claus process efficiency.
In order to monitor differenreactions behind soot formation and where it happens

exactly, Claus process mustdiedied.



2. Literature review

2.1 Claus process

The quantity of hydrogen sulphide, presents in raw natural gas, determines its
treatmenproces. Forinstancenaturalgasis normally consideredour,if H>S content
exceed$.7mg percubicmeterof naturalgas'?, andthus,sourgasmustbefirst treated
in asweeteninginit to removeH.S andCO; andconcentratét into anacidgasstream.

This processs widely referredto asfi a migasteeatingp r o ¢ €heteeatedich acid
gas with mainly 20100% HS is then passed to a sulfur recovery unit (SRU), which
normally utilizes Claus proces$'3 This technology can convertSl into elemental
sulfur with a conversion efficiency of 9%7%. Various derivatives of tikRenventional

Claus process are shownHiy.2 4 and illustrated in detail as follof>

1 Claus thermal stage (Combustion): g@hgd of H:S is oxidized with air in
the furnace and converted into 84th approximate operating temperature
of 1300:1700K. Suchhightemperaturés sufficientfor theremainingH.Sto
react with SQto produce & Additionally, some contaminants such as
ammonia an@TX (benzene, xylene, and toluene) are destroyed during this
stage Thetwo mainreactionghattakeplacein the Clausfurnacealongwith

their enthalpy are showbrelow:

0¥+ 35020 Y+ QU (1)
yQ VipUipE O
20"+ 020 3 ,"¥+ 200 @)

YQ =+47 0 W &
1 Waste Heat Boiler (WHB): Sulfur is condensed aigh-pressuresteam is

produced from water that is used to cool combustion products in this heat
4



recoveryunit.

Claus catalyst stage: The remainingSHfrom the previous stage, is reacted
with SO at lower temperatures ranging from 48020 K. Alumina or
titaniumdioxide-basedcatalystis widely knownto beusedascatalystin this
stage to produce more sulfuvloreover, COS and GSwhich are side
products generated from ti@aus thermal stage, cam lconverted to form
more HS in the catalysttage'®.

Claus catalyst reaction is showalow:

20"+ 20 3 g"¥+ 200 3)

yQ purEp ¢ Ot
1 Sulfur Condenser: Thgroducts from WHB and from catalytic sections are
cooled to condense sulfur using water as the coolant that produces low

pressuresteam.

1 ReheatersTheprocesstreams reheatedo atemperatur@bovesulfurdew
point in order to keep sulfur in the gabkase to prevent liquid sulfur

deposition to the pores and thus deactivating the catalytiace.

Preheater Preheater

A4 A A
Reacti g
B}rni Fumnaca| WHE v v Tail gas
A
)

Air

Sulfur Condenser Sulfur Condenser Sulfur Condenser

Liquid sulfur Liquid sulfur Liquid sulfur

Figure2 - Typical arrangement of Claus process [14].



2.2 Challenges with Claus process
2.2.1Claus process contaminants

The main limitation with Claus process is that many contaminants accompany
H.S feed, such as hydrocarbons, BTX (Benzene, toluene, xylenesNHzSCO, N2,
and COS. The efficiency of Claus thermal stage mainly depends on the acid gas
composition and combustion conditions ®. The main contaminants that play a

significant role in the Claus furnace will be discussed briefly in this sectio

In general BTX are easyto destroyunder typicalcombustioncondition.
However leanacidgasfeedslessthan60%H2S)donot providesufficienttemperatures
inthefurnacetodestrucBTX Y. And asaresult failure to oxidize BTX in Claus furnace
lowers its efficiency, reduces sulfur recovery, increésesperationatost,sinceBTX
deactivateshe catalystby pluggingthe pores of the catalyst and make them inactive,
and therefore, permanecdtalyst replacement is required. Moreover, this can result in
high pressure drop in the first catalytic section and corrosion of downstgpapment.
Theycanalsoleadto theformationof sometoxic compoundsuchasCO,COS,H.SOu

andCS, 1819

Therearevarioussolutionsproposedn theliteraturethroughwhichBTX could
oxidized and removebefore 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 odendosmemid gas (~45% H2S), since
temperature to a point where it is possible to destroy BTX such as »aretauene
However, benzene requires temperature above 1,049°C to completely oxithee in
Clausfurnace.The othersolutionsincludea) oxygenenrichmentp) fuel gasco-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 BEX in

case of low HS concatration feed, since it does not increase the temperature high
6



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 fumace for BTX oxidization, though this solution is not technically
applicable in some cases due to its high operational cost arfdr@@tion, which is

proportional to the added amount of natural §&8

Generally, low concentration &f2S in theacid gasstreamresultin anunstableflame

in the furnace Solution (c) provides high E5 concentration feed by using acid gas
enrichment unit (AGE) tgontrol the flame stability®. Last but noteast, 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

The formation of C$S species in Claus furnace that get formed frma initial
decomposition ofmany otherargerspecies inside the furoacanplay an important

role in decreasing thefficiency of the whole processherefore, it isnecessary to
understand their reaction kinetics to develop new strategies taskeitreir formation

and emissiorirom such environments. According to Karanal.?? it is believed that

the presence of the impurities in the feed such as &@ hydrocarbons and their
interaction with sulfuicontaining species can lead to the formation of COS and CS
The twomainreactionsstudied in Karan et athat may lead to the formation of £S
contaminants are the methasdfur reaction and methatgdrogen sulfide reaction.
They occur in the Claus furnace due to the presence:8fdtd sulfurin high
concentratios at high temperaire ranging from (900 to 1308 in the post flame
region of the furnace.

The first route to produce G& from the reaction between methane (C&hd sulfur,

as shown below:



00 ¢YO 07Y O (4)
It is carried out at temperature of 500 to 36Qvith the use of silica gel cataly3there
are many studies in the literature where methamdfur reaction is studied from
thermodynamics calculations, catalgstimationand kinetics studies point ofew 22,
The second route to form €18 from methandydrogen sulfide reactiomvhichis less
studied tharmethanesulfur reaction in the literature. Was studiedusing a quartz
tubular reactor at temperature rarfgom 1080 to 128J0 and residence time of (0.4
0.7 s). The second reaction forZG&rmation can be written as follow:

060 ¢OYO 6 10O (5)
As mentioned previously regarding the production of @She Claus furnace, COS
can be produceid the same wagsCS. They can be produced by the partial oxidation
of hydrocarbons and CGOmpuritiespresenin the feed acid gas, which lead to many
side reactions and natesired productghat have an impaant contribution in
increasing the emission of sulfur from the Claus praocHssre are many authors who
studied COS formation from different routes. One of these studies propose a kinetic
system to produce COS from CO ancB8d mentioned that most of the COS may form
during the quenching process of the furnace gases inwhete heat boiler unit
(WHB)2.

There are several pathways mentioned in Clark ét &l.form and destruct COS
in the furnace using different kinetic models. The first pathwessented below
suggestheproduction of COS from thinermal decomposition of43 and CQin 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

CO'YP ¢O Y (6)

0Y 66 P 05 607 (7)



The second suggested pathway to form COSrasn the consecutive reactions
containing H and from HS dissociation that resulted from reactiongyl the thermal
decomposition of COS specias showrbelow?>:

O 00U O0L O (8)

OO ¢co0 Y 9)

2.2.2Sootformation 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 pounaeor
soot famation. 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 prodestarge PAHs are considered as

a major precursor for soot formatiéh There are several experimental evidences in the
literature that confirm the role of PAHs isoot formation such as tlexperiment
conducted by Ishiguro and-seorkers? to study the diesel soot particles morphology.
They found that PAHs amesponsible for soot nucleation, where the outer edge of soot
was observed to have graphitic crystallites that may undertake polycyclic growth and

form larger aromatic rirg?>.

2.3Formation of polycyclic aromatic hydrocarbons (PAHS)

Understanding polycyclic aromatic hydrocarbons (PAHS) is of special interest
in this thesis. The term, PAHSs represexgsoup of several hundred organ@mpounds

with similar chemical properties and various structures and toxicity that are existing in

9



the environment. Generally, PAHs form during the thermal decomposition of organic
molecules (pyrolysis) and recombination (pyrosynthesis). They have several coutes t
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 efi¢ice human

health including nausea, eye irritation and even cataracts, which can result frem long
term exposure to PAHs. Moreover, they are consideredfliaguatidife, birds,and

plants,andasaresult,theiremissiorto theenvironment is regulated worldwide

The building block of PAHs is called monocyclic aromatic hydrocarbons
( MAHs), which is often referred to as fisma
ThePAHs with higher than six ar ¢cmmRAHc rings
molecule can be describedthyeemainfeaturesthenumbeiof carboratomshydrogen
atoms,andthe 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 inFig.32"%8

Zig-zag (Z2) Armchair
.~ (AC)

Free-edge

(FE) *- 5-member

Bay (BY) Ring (R5)
Figure 3- different functional sites of a PAH molecdle
In aflameenvironmensuchasClausfurnace PAHscanform asaresultof incomplete
combustior?®. Understanding their formiah is essential to predict soot formatsord
thus, minimize their productiolf. However, inception of soot particlesdambustion
conditions requiresolid understanding of different pathways for PAH formation and
growth.

10



Herein, several mechanisms proposed in the literature for PAHs formation and growth

arehighlighted:

1 Hydrogen Abstraction Acetylen@,Hz) Addition (HACA): this mechanism
was first suggested by Frenklach and Wahg. It involves the abstraction of
H atom from a PAH, which activates the molecules thhowadical site
formation,followed by acetyleneadditionto it thatmotivatesmoleculargrowth
34 Fig.4 shows the reaction path for HACA mechanism, where new aromatic
ringis formedonarmchairsiteof phenanthrenby C2H2 additionto form larger

PAH.

Figure4 - HACA reaction pathway of PAH growth
T Aromatic rings condensation withzKz 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 aromafitsAs shown irFig.5, benzene
is added to the phenyl radical, followed by H loss to form molecule (1), and then

HACA mechanism take place torfo moleculg2).

© @ = E ,
Phenyl  Benzene

Figure5 - Ringring condensation with £ addition 5,
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{ Diels- Alder Mechanism: Proposed by Siegmann & Satflewhich is mostly
present in mdétane combustion condition, it does not involve any radical
species. Acetylene behaves as a dienophyl that can effectively fill bay regions
in the PAHSs. As illustrated ifig.6, the route to form higher PAHs (Pyrene)
startedoy cyclic additionof CoHz to form Diels-Alder adductwhichis followed

by H: loss.

I—O=0——2=I

l Acetylene

Phenanthrene Diels-Alder Adduct Pyrene

Figure6 - Diels- Alder Mechanism for PAH growth

1 Phenyl Addition Cyclization mechanism (PAC): Shuktaal. *° suggested that
PAHs can grow by the addition of phengdical (GHs) followed by the
elimination of H atom and finally by cyclization (through ldss), as can be
seen inFig.7. This mechanism is suggested to be more efficient than HACA

route for PAHgrowth.

.+ + -H H2 @
o =000

Figure 7 - PAC pathwafor PAH growtl®,

' Growth by 5-memberedring addition: Mebel and co-workers’ suggestthat
PAHs growth can pass by ant®embered ring formation. It is commonly known
that 6member rings are mofavourablethan 5member ringsd be found in
soot particles. Thus, the conversion eangmbered rings to-thembered rings

must occurFig. 8 presents the formation of alBember ring at a zigzag site by
12



a HACA mechanism’.

H,C.H,
-H,.-H P
FingfeS - PAH growth by Bmembered 'r'ing additiof.

Severaktudieshavebeenconductedn theliteratureto understandhegrowthof PAHs
through different mechanisms. Charles et al. studied the grovgthesianthrene from
naphthalene by HACA mechanism anan®mber ring additiod®. Georganta et al.
studied the growth of pyrene through methyl radical and phenanthrem®, therole

of PAH structureontheirgrowthwas studiedusingHACA mechanism. In spite of these
studies, the growth rate of PAHsmainsunderpredicted, suggesting the need to
develop other mechanisms that may be playing a role in PAH growth in flame

environments.
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3. Thesisobjectives

This thesis aims to investtg the role of PAH growth in Claus process activity.
Different reaction mechanismwere studied to predict PAH formation and soot
nucleation. Thefirst pathwayfor PAH growth is similar to the reaction studied
Charles et al®®, however in this work, the reactiamasinvestigated through higher
level of quantum calculations such as studying reaction kinetics, calculating the rate
constant and using furnace simulation tolthe second pathwawas developed to
examire the role of Emember ring in forming largd?AHs. The third pathwaghows
the development of new reaction to fopmenanthrene (A3) from naphthalene (A2) by

H andC2H2 additions

Specific Objectives

A Developnewreaction mechanissfor PAH formation

A Study the reaction kinetics, transition states and energies for all possible
pathways
A Conductflame andurnace simulatiosito identify how fast PAHs can

grow inflame andClaus furnaceonditions

14



4. Methodology
4.1 Theory

All the propo®d reactionpathwaysfor PAH growth in this work was studied through

guantum chemical calculations. This type of calculations is usually conducted on
hydrocarbons to predict mol ecul ebs stable
useful molecular arameters such as moments of inertia and vibrational frequéficies
Among variousquantumcalculationanethodsproposedn the literature suctasabinitio
methodsand semiempirical 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*.. Herein, a brief description of dferent 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 6311++G(dp) basis set. It must be mentioned that all the DFT
calculations was performed using Gaussiars@®ware*’. Some theories and equations

behind DFT calculations are discussed beldff

Density functional theory:

In quantum chemistry, the solution of Schrédinger equation '@ = @ s required for the

computational analysis. The tef@tlamiltonian operator) represents the summation of all
the kinetic energies of the electronsant e nucl eus, Q@ (wavefuncti
about the spatial positions of both electron and nuclei describing its wave nature, and E

represents eigenvalue (ener@y)

15



DFT can beusedas a tool to solve Schrodingerequationbasedon Hohenbergkohn
theorem, in which the ground staterommvefunc
statedensity.In mathematicaterms,energyk is a functionalof the electrondensity} and

depends on the el ectiolowf6s spatial coordinaf

O[" ()] = " ()] + ™M ()] + af” (1)] Eql
where“Yis the kinetic energyYis the electrons interaction energyndwis the potential

energy.

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

( U AHO)iand all the terms must be knowho do so, certain assumptions mist
considered The effect of theelectronelectron interactions on the kinetic and potential
energyare not known, therefore, the term T expreghessum of KohfSham kinetic
energyTq } (af a dystem with noimteracting electrons of densityand an unknown
residualTr. In some cases, where the system can be consideredagéeracting system,
Tscan be determined usikghn-Sham orbitals of a single partici@(f)) of thei" electron.
The classical electrostatic interaction eneldyy (Hartree or Coulomb energy) with an
unknown residualUr can be used to obtain the potential energy oélantronelectron
interaction. The ternkxc, known as exchangeorrelation energy, is éhsum of the two

termsTrandUr 2. Therefore, another formula is available émergycalculation:
ar @] = ") +Ud” ()] + " ()] + Qud" (1)] Eq2

‘Qusis the onlyunknownterm, and thus, approximations are necessary to overcome the
difficulties of solving this equation to fin@»s These approximations are functionals, and
one of the most successful functionals available is B3t°YPo obtairthedesiredresults,

suchasmolecularstructuresvith lowestenergyof all the reactants, products atndnsition
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statesdensity functional theory (B3LYBNnd M062X with 6-311++G(d,p) basis set will
beused.
Several functionals are used to find the value xof Eocal Density Functional (LDA),
Generalisedsradient Approximation (GGA) and hybrid functionalslF). The first
functional (LDA) is the most common approximatidnassumes 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 ancdigemfs at each point
(local kinetic energy density) to calculde. One of the mostly used GGA is the BLYP,
which belongs toBecke exchange functional and Lee, Yang and dPsarrelation
functional?®4’.
The hybrid functional is the one that is used in thesihiandit combineslinearlyin acertain
amount the exact Hartréd-ock (HF) exchange energy into the exchange and correlation
obtained from othefunctionals®. An example fomost populaHF 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

B e ¢ k eParamet8r hybrid functionals uses the exchange functional Bharwbrrelation
functional LYP. This functional gives very good resiitt a relatively shorter period of time
ascompaedto the other HF during energy optimization of the species. In general, to solve the
Exc term in eq.2 for the HF, the followingexgrs i on ( Eq. 3) i s used, wh:
canbefitted empirically or theoretically, and for most moleajis equal to ¥a.

O | O p | O O Eq.3
Becke obserwtthat at|( O, wherg is the coupling constant) lower limit, the exchange hole

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

0O interferes with GGA exchang®  forming the hybrid exchand®
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M062X

There are several iMnesota functionalsuch asvM05-2X, M06-2X, MO6-L, etc, butthe one

that was used in this study is the MBE functional. This functionahaslocal parts that
depends on three different variables: spin density, reduced spsitydgradientand spin
kinetic energydensity“®. It was found from Walker et &.thatthat 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 significanyl less well for the canonical tautomers of the clustengre dispersion
interactions contribute more significantly to the conformer energétloseover,the M06
functional gave the lowest mean unsigned error for the relative energies of the canonical
conformers, while MO&X gave the lowest mean unsigned error for the zwitterionic
conformersTherefore M062x functional was used in this wdfkhat is show in the literature

to have less errors in estimating energies.

Composite method CBS-OB3):

This composite methods one of various Complete Basis Set (CB®thods which was
developed byetersson and coworkéfdo compute very specific and accurate energies. CBS
calculations are complex energy computations that contain maryefined calculations.
When the keyword QB3 is applied, the distinct steps are applied automaticaiypaite the
final energy as an outpelt

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

for the reactions involved in the developed mechanism is calculated usin§drgé theories
behind TST will be discussed briefly in this section.

From theclassical mechanics, to get a suctidseeaction, the reactants must cross the

18



activation energy barrigiga). However, based aquantum mechanics, the reaction have a
posibility to happen without crossing the value Ea, which is known as quantum mechanical
tunneling. There are two factorsathaffect 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 fundions relate the macroscopic thermodynamic quantities to microscopic quantities,
therefore, the reactantdés partition functi ol

be used to calculate the rate constants, as it is shown in the below equation
0 QY — Q Eq4

Where,a is the tunneling correction factdgi s Bol t z ma A s EemperatareNs t ant |,
is the total number of reactantsand s P11 anc k 6 s o is the tetat ttansitiohh e  t e
stateds partQitsonhéunct alonreaadt antos partitdi
The total partition can be calculated by multiplying the transitional partition funct@nby

the rotational partition functions)f) bythevibrational partition functionsgv) byelectronic

partition functions Qe). Qeis themo | ecul ar structureds el ectrc

partition functions are shown below:

0 _ Eq5
0 —— 000 7 Eq6
0 b Eq7

wherela, Ibandlc are the moments of inertia along the principal axes the molecular
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mass, yisanomnegati ve vibrational f r e g u enegative and
vibratioral frequencies.

In order to get theatecoefficientsA, n andE in themodified ArrheniusequationEg. (4), the

data points of the rate constants must be obtained from a lineasdease fitting algorithm.

R(T)= A xT" x exp (;—E) Eq8

The tunnelingcorrection factors are obtained by applying quantum tunnellingising the

Wigner method. Eq. (4) expresses the correction faci¢i C

, 1 (ht)? EqQ
C',l,".T‘l =" _ﬁ<kB_T>

Wher e, h i s PUdes trangitiors stais snaginarg fieguency, an@ is the

Boltzmanncongant.Productof Cy (T) and'@ givestherateconstantsor the reactions,

4.2 Output of the software

Potential energy diagram

The calculated energi@d the reactant, transition states and prodabtained fronguantum
calculations DFT and composite methodaj)eused to plot @otential energy diagrafor each
pathway studied in this worBuring 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 basipotential energy diagram for an endothermic reaction, where
Y'Ois positive and the total energy of the system increases since it absorbs energy from the
surrounding environment, whereas in (B) tiotal energy of thesystemdecreaseds it

produces energy the environment..

ntial Energy ——p

Potential Energy =———p

Pote:

Reaction Progress ——p Reaction Progress =——p
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Figure 9 - Potential energy diagram, (A) endothermic reaction, (B) exothermic reac
The difference bet ween st aenergysstcalled acivagon gy
energy (Ea)®’, which sometimes referretb as the activation energyarrier; therefore,
reactants must have sufficient energy to overcome this energy barrieroanert into
products. If & valueis low, then the reaction can happen fast, while it is likely to be slow

when R is high>L

4.3 Software

1  Elame and furnace simulations Chemkin Pro softwaris a promising simulatiotool

that evolved at Sandia National Laboratfoysolvinglarge chemical simulation
problems that requires complex mechanits used widely in many fields, such

as in chemical processing, combustion problems, microelectronics and
automotive construction¥. A number of advantages are associated with using
chemkin toolascompared to the re&dboratory environmert:A core solver for

complex models with large mechanisms in a short period of time.
1  An efficient tool tomix different types of reactors that represents real world design.
1 It reduces pollutants emission to the environment, such as NO

In this work, ChemkirProwill be usedas a tool to simulatethylene flame and toconduct

Claus furnacesimulationsto determine the effectiveness of the studsatdhways and their
reactionsn the destruebn and formation oPAHs in theClausfurnace.The main inpw to

the softwareare the values of the frequency factor (A), the temperature exponent (n), and the
energy (E) for eacleactionstudied in all the presented pathwaykich were obtained using

the transition state thearyheseahreeparameters will be entered to the safterin a form of

tablecontaining all the reactions
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5. Results and discussion

This chapter gives an overview of the detailed reaction mechanism developed in thishevork

rate constant calculations and finally presents the flame and Claus femmadation. For more
understanding of the reaction mechanism developed, the first section detailed all the reactions and
their corresponding pathways, there laree main pathways, pathway 1, 2 andif# energies of

the intermediate species on the patdrénergy 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, fo
each elementary reaction in all the pathways, the backward reactions were also consitlered, bu
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 o

the pathways, and their structures are present in the enagygams.

5.1 Potential energy diagrams

Figures 10, 11, and 12 present the potential energy diagramsHathwayl, which contains three
subpathways named as pathwAy B and C.which are in series arrangemelttinvolves the
growth ofphenanthrene (Sc20) from naphthalene (Sal):bl &dditions. The major parts of this
pathway were previously studied by Charles ef#h this work, these pathwapsive beestudied
with higher level of theory: CB®B3, M062X and B3LYR 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-81G™ basis sets.

Tsal TSa2 TSa6
52 Sa2 49 48 Sab
: 31 >3 43 30

TSad
<70  Sa5
-85

Figure 107 Potential energy diagram of pathwaytAe reaction path for the growth of acenaphthylene (Sa5) from naphtt
by C2H2 addition

Figure 10 shows the potential energy diagram for pathwayvhich involves the reaction path
for the growth of acenaphthylene (Sa5) from naphthalenezBby &idition. The reaction starts
with hydrogen atom abstraction from Sal to formmaphthyl radical (Sa2) and2HThis
endothermic reaction requires an activation energy bafriie2kJmol with CBSQB3 theory (75
kJmol with M062X functional and 5RJmol with B3LYP functional) to be crossed by Sal to
yield Sa2. Then, an exothermic reaction takes place whetenilecule is added to the radical
site in Sa2 to form Sa3 withlew energy barrier of 18J¥mol using CBSQB3 theory (1kJmol
using M062X functional and 18J¥mol with B3LYP functional). Species Sa3 can follow three

different routes, as shown kigure 10 and discussed below.
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Route (): This route is displayed by the blue line. Sa3 can lose H atom and yield a stable molecule,
Sa6 with an energy barrier of 1&8¥mol using CBSQB3 theory (184«Jmol using M062X) to

be overcome.

Route (ii): This route is displayed by the black line. $aB take an alternative path by a ring
closure reaction to form Sa4 with a five membered ring molecule, which requires an activation
energy of 1/&Jmol using CBSQB3 theory (14&Jmol using M062X functional) to be crossed.
The loss of H atom from Sa4 Yikls acenaphthylene, this endothermic reaction requires to

overcome an energy barrier1i2 kJ/mol using CB®B3 theory(141kJmol using M062X.

Route (iii): This route is displayed by the green line. Sa3 can also undergo H transfer reaction,
where H abm at the zigzag site of Sa3 can be transferred to thid-Chain and yield Sa3_1 with

an energy barrier of 5&¥Ymol using CBSQB3 theory (65Jmol using M062X). Followed by a

ring closure reaction to form Sa3_2 with an energy barrier &Jédol using CBSQB3 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 ZBmol using CBSQB3 theory (21%Jmol using
MO062X 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 - Potential energy diagram of pathw8ythe reaction path for the growth of the Firreembered ring and the
conversions of fivemnembered rings into a simembered ring molecule

Figure 11 presents the potential energy diagram for path&alg involves the reaction pafor

the growth of the second Fhreembered ring on Sa5 and the series of conversions of five
membered rings into a simembered ringnolecule (Sb13) by £H2 addition toSa5.The reactions
from Sab to Sb13 are similar to the reactions in figubeiyith an extra ring formation. The loss

of H atom from Sa5 yields Sb7 and with an activation energy of 54Jmol using CBSQB3
theory(57 kJJmol using M062X), followed by addition @2>H2molecule to the radical site of Sb7

to form Sb8, this exothermic reamti requires to overcome an energy barrier okXBol using
CBS-QB3 theory (1XxJmol 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 #tgnei@ain toform a
stable molecule (Sb14) with an energy barrier of K80l using CBSQB3 theory (19&Jmol

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 Sh9 with an energy barrier of BZmol using CBSQB3 theory (9&J/mol using MO62X).

Sb9 can either lose H atom and form a stable clebetl moleule (Sb15) with an energy barrier
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of 230kJ/mol using CBSQB3 theory (23XkJ/mol using M062X), or have H transfer reaction and
form Sb10 requiring an activation energy of Xd2mol using CBSQB3 theory (12%J/mol using
MO062X). This is followed by opengone of the fivanembered rings forming Sb11, this step has
a high energy barrier of 17&)/mol using CBSQB3 theory (19%J/mol using M062X) to be

crossed by Sb10.

Then, a hydrogen atom shifts to the-zap site of one of the sixembered ring to fornsb12

with an energy barrier of 8J/mol using CBS)B3 theory (10kJ/mol using M062X). The last
step in this pathway is the rotation of the fre€ ®ond toward the fivenembered ring which
brings the CH side into contact with one of the carbons in thg yielding4-phenanthryl (a
phenanthrene radic&b13) with an activation energy of 1B&mol using CBSQB3 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 transfering the hydrogen from the fiveiembered ring to £z chain, yielding Sb8 1 with an
energy barrier of 10kJ/mol using CBSQB3 theory (12kJ/mol using M062X). Sb8_2 is formed

by a ring closure reaction that requires to overcome an energy barriekdf8f using CBS

QB3 theory (10XJ/mol using M062X).

The transfer of H atom from one of the fimeembered rings to the zigag site of the molecule
forms Sb9, which requires an activation energy ofkBBol using CBSQB3 theory (14'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 - Potential energy diagm of pathwayC, the reaction path for the formation of Phenanthren
(Sc20)

Figure 12 presents pathwa§, which involves theeaction path for the formation of Phenanthrene
(Sc20) from Sbl1l. The reaction starts by a hydrogen atom addition to the radical site of Sb11
forming Sc16, a stable molecule. This is an exothermic reaction siideo@d is formed. Another
hydrogen atom isdded to Sc16 to form Scl7 requiring an activation energy kf/h3ol using

CBS QB3 theory 16 kJ/mol using M062X functional). Followed by a rotation of Giitle group
towards one of the carbons in the fivembered ring to form a threeembered ring, ik step
requires to overcome an energy barrier ofka8mol using CBSQB3 theory 86 kJ/mol using
M062X) to form Sc18. An activation energy of &Bmol using CBSQB3 theory {7kJ/mol using
MO062X) is involved in the opining of the threeembered ring redéion in Scl18 to form a three
six-membered ring molecule, theh¥drophenanthrene radical (Scl19). 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 réian is 137kJ/mol using CBSQB3 theory {39kJ/mol using

M062X).
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Figures 13, 14, and 15 showthe potential energy diagrams for Pathvaywhich contains three
subpathways, pathway, 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 figureow several paths growth of different PAHs from Acenaphthylene
(Ci12Hs) by CG:H2 additions using three functional: B3LYP, M062X and GBB3, which are

shown in the figures as red, black and purple numbers, respectively.
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Figure 13- Potential energy diagram of pathway

Figure 13 presentghe potential energy diagram for pathwRy which illustrates the reaction
pathway for the formation of 2 fiveaembered rings molecule (Sb8_2) from acenaphthylene by

C2H2 addition.

The first step in this pathway is the abstraction of a hydrogen atontSiddno form Sd2 andH

This endothermic reaction requires an energy barrier dJ&8ol using CBSQB3 theory (86
kJ/mol using M062X functional and 84/mol using B3LYP). The £E12 addition to the radical

site of the fivemembered ring at Sd2 to form Sd3 requires to overcome an activation energy of 12

kJ/mol using CBSQB3 theory (1&kJ/mol using M062X and 18J/mol using B3LYP).
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This is followed by H transfer reaction from the-gembered ring to the 282 chain of Sd3
yielding Sd4 with an energy barrier of 1@0/mol using CBSQB3 theory (113J/mol using
MO062X). An energy barrier of 10J/mol using CBSQB3 theory (12kJ/mol using M062X) is
required to be overcome in the rotatiof CH: side group towards the radical carbon in Sd4
forming a new fivemembered ring, the new molecule named as Sd5. Finally, a transfer of
hydrogen atom from one carbon to the other carbon of the sammérdered ring forms the
product Sb8 2, this gtaequires a high energy barrier of 1&7/mol using CBSQB3 theory (146
kJ/mol using M062X). It is worth mentioning thtae further reaction @b8 2are alreadgovered

in Figure

Figure 14 - Potential energy diagram of pathw&y reaction path for PAH growth from
acenaphthylene

Figure 14 shows the potential energy diagram for pathkait gives another pathway for PAH
growth from acenaphthylene by severakrbinsfer and ring closure/opening reactioasd is
derived from pathwayD. The reaction begins with a ring closure reaction yielding Se4 with a new
five-membered ringThe activationenergy involved in this step is 1X3/mol using CBSQB3
theory (136kJ/mol using M062x functional and 12&/mol using B3LYP). Then, several H

transfer reactions take place from (Se&e5° Se6C Se7) The activation energies involved in
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