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”It matters not what someone is born, but what they grow to be.”

Albus Dumbledore



Abstract

With increasing environmental concerns, gasoline and lubricant oils with high octane num-
ber are being preferred as they result in reduced emissions from vehicles. Octane number of
high molecular weight hydrocarbons can be increased by selectively isomerizing and crack-
ing them into low molecular weight hydrocarbons. Catalytic hydroisomerization and hy-
drocracking is an important process to selectively branch and crack high molecular weight
hydrocarbons in the petroleum industry. Research in modelling of these reactions is pri-
marily based on characterizing and quantifying the vast network of reactions taking place in
hydroisomerization and hydrocracking. This particular work focuses on reaction modelling
of hydroisomerization and hydrocracking of n-Heptane in bifunctional catalysts based on
Single Event Microkinetic (SEMK) approach. SEMK is a novel approach, which takes into
account every fundamental step occurring in the vast reaction network and accounts for
contribution of each of these steps to overall reaction rate. Results obtained via modelling
by SEMK approach were fitted to experimental results in order to obtain estimates of rate
constants of elementary steps.

An SEMK based model was created in three phases: reaction network generation, obtain-
ing kinetic coefficients via SEMKmodel and development of rate equations and reactor model.
The concentrations of individual species obtained from the model were fitted into experimen-
tal results to get estimations of kinetic rate coefficients of elementary steps. Estimations of
these coefficients were obtained at three different temperatures (519K, 531K and 544K). A
thorough analysis of results was performed in three parts. In the first part, the mass balance
across the reactor is observed to ensure credibility of results obtained under steady state re-
actor conditions. In the second part, the product distribution of all components across the
reactor was analyzed and compared with experimental results. It was observed that the
product profiles fitted well with experimental observations for species formed in considerable
amounts. In the third part, estimations of kinetic rate coefficents were obtained and com-
pared with literature trends. It was observed that the parameters mostly followed literature
trends. In the end recommendations are provided for overcoming the shortcomings of the
present model for future study.
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1
Introduction

In the petroleum industry, there is an excessive demand for cleaner fuels with high energy
efficiency. It has been observed that diesel fuels produced by Fischer-Tropsch (FT) process ex-
hibit excellent properties like high cetane number (typically above 70), diminished amounts of
sulfur, nitrogen and aromatics. Hence, these fuels result in reduced emissions of pollutants
from the engine [1]. FT processes produce a wide span of carbon numbers ranging from C1 to
C21+. The heavier products of FT processes form major source of feedstocks for petrochem-
ical products like lubricating oils and kerosene [1]. These heavy product components from
FT processes usually contain long chain waxes and paraffins. Also, petroleum feedstocks
contain long and linear alkanes of varying carbon numbers. All these long chain alkanes
need to be selectively branched and converted to smaller chain alkanes in order to increase
the octane number of gasoline and low temperature properties of diesel and lubricating oils
[2–5]. The chemical treatment for achieving this is called catalytic hydroisomerization and
hydrocracking. Hydroisomerization is selective branching of linear alkanes into branched
isomers. Whereas, hydrocracking is breaking of linear alkanes into lower molecular weight
alkanes. Bifunctional catalysts are used for these chemical treatments [1]. Bifunctional cat-
alysts are a particular set of hydrogenation catalysts which contain both, Lewis metal base
sites and Brønsted acid sites [6].

Since past few decades, owing to the rising environamental concenrs a lot of research is
being carried on hydrocracking and hydrotreating processes [7–11]. Research has mainly
been focused on two aspects: higher catalytic efficiency and better quantification of reaction
kinetics. The studies strive for superior comprehension of isomerized and cracked prod-
uct distribution so as to achieve desired product properties. Various approaches have been
developed so far to improve understanding of reaction kinetics of hydroisomerization and hy-
drocracking [12–15]. This process usually contains an input feed of long chain alkanes and
output of products comprising a distribution of multiple isomers and low molecular weight
cracked products. To produce fuel of higher grade, selective isomerization with a particular
product distribution is required [16]. Hence reaction models are needed which can help in
designing reactors with desired product distributions. Due to multiplicity of reactions and
components involved, efforts are put to simplify the model to a maximum extent while main-
taining the accuracy of the model. Major types of reaction models developed so far are based
on Lumping, Continuous Lumping and Mehchanistic approaches [6, 17, 18].

In literature, early studies of catalytic hydrocracking of complex feedstocks were mostly
focused on development of lumped kinetic models. In these models, feedstock is divided into
psuedocomponents known as ’lumps’. These lumps are formed of components on the basis
of their boiling point range, degree of branching in components, carbon number, molecular
weight etc [19–21]. For example, Steijns and Froment have considered reversible hydroiso-
merization reaction network as in Scheme 1.1 for their work on kinetic analysis of hydroc-
racking of n-Decane and n-Dodecane [22]. For the simplified reaction network in Scheme 1.1,
rate constants for global conversion of lumps are considered for rate expressions of lumped
species.
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2 1. Introduction

Feed n-Alkanes Monobranched Alkanes Dibranched Alkanes

Scheme 1.1: Reaction Scheme for lumped kinetic approach to hydroisomerization of n-Alkane by Steijns and
Froment [22]

On the basis of boiling point ranges, Weekman and Nace gave reaction scheme as in
Scheme 1.2 for fluidized catalytic cracking of charged gas oil (C1) into gasoline boiling fraction
at 410oF (C2) and remaining fraction of butanes, dry gas and coke (C3) [23].

C1 a1C2 + a2C3

C2 C3

Scheme 1.2: Reaction Scheme for lumped kinetic approach to catalytic cracking of charged gas oil by Weekman
and Nace [23]

A more detailed lumped model of 10 lumps is considered by Jacob et al. for fluidized
catalytic cracking of feedstock charge into gasoline, light products, heavy fuel oil and light
fuel oil [17]. Stangeland considered a model comprising of feedstock lumps in a series of
50oF range of cuts in boiling points. Herein, it is assumed that every heavier cut cracks into
a lighter cut of lumps [24]. In order to achieve more accuracy in models, greater number
of lumps were considered by researchers. As the number of lumps increases in model, the
number of parameters to be estimated also increase and this increases the computational
complexity. Another major shortcoming of lumped model is the dependence of kinetic pa-
rameters on composition of feedstock. Hence for each different input feedstock, new set of
parameters have to be estimated [11].

All of the above mentioned works have been based on discrete lumping approach. Laxmi-
narasimhan et al. developed a model for hydrocracking of vaccum gas oil based on continu-
ous lumping approach [18]. In this model, the rate constant for hydrocracking is formulated
as a continous monotonic function of true boiling points of components in the mixture at a
particular time. Along the length of reactor, more heavy components are cracked into lighter
components and the true boiling point of mixture changes. Hence the rate constant in this
model is a monotonic function of residence time. Both dicrete and continuous lumping ap-
proach, however, do not take into account the fundamental chemistry of reactions taking
place in hydroisomerization and hydrocracking. In these models, rate constants are esti-
mated solely on the basis of observed conversions between lumps. This drawback of lumping
models highlights the need for development of mechanistic models.

Mechanistic models take into account the chemistry of individual components and reac-
tions in a network. Liguras et al. tried to overcome the shortcomings of lumping models
by considering mechanistic aspects of reaction chemistry. They further divided lumps of
normal, branched and cyclic paraffins into carbon centers [25]. Rates of reactions involving
these carbon centers were modelled as functions of carbon number and position. Quann et
al. developed a new model known as ’Structural-Oriented Lumping’ to describe composition
and reactions in complex hydrocarbon mixtures. In this model, a hydrocarbon molecule is
represented as a vector of structural features in increasing order. To represent a mixture of
hydrocarbons, a set of these vectors is considered with associated weight percentage of each
vector [26].

For all the models described till now, the major hindrance to their application for industry
scale is their specificity to simple feedstocks and non-accountibility of elementary carbon
chemistry taking place during the process [27]. To tackle the former problem in case of
lumped models, more lumps can be introduced into the model. However complex mixtures
in industrial processes involve large number of lumps. Taking into account all the different
lumps adversely affects the simplicity of model. Also for lumped models, the existence of
multiple routes for conversion between two lumps limits the model to represent complicated
reaction network. In case of structural mechanistic modelling, these models are less capable
of adapting to complex feed mixtures of arbitrary compositions and are hence plagued by
specificity.
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In the vast network of reactions taking place inside the bifunctional catalyst, every step
has a finite contribution towards reaction rate. In order to account for every step, Froment et
al., developed a kinetic modelling approach comprising of all elementary steps using chem-
istry of carbenium ions [6, 27]. This approach is called as ’Single Event Microkinetic’ (SEMK)
model. As this model accounts for all individual steps, the number of unknown parameters
for a SEMK model in case of hydroisomerization and hydrocracking of single n-Alkane feed
will be much greater than those in case of lumped model for the same. However in case of
complex feeds, as the number of elementary steps is limited in number, the same elemnetary
steps will be encountered repeatedly and hence the number of unknown parameters will not
increase much. Therefore in case of complex feeds the number of unknown parameters in
SEMK model will be almost same or less than those in lumped models. Based on boolean
matrices approach developed by Clymans et al.[28] and Hillewaert et al. [29], Baltanas et
al. devised a method to generate reaction network in hydroisomerization and hydrocracking
via a computer algorithm [30]. Vynckier et al. extended the SEMK model for single feed
alkanes to complex feedstocks by introducing lumping in elementary kinetics [6]. Svoboda et
al. determined rate parameters for hydroisomerization and hydrocracking of n-Octane using
SEMK model [31]. Martens et al. used SEMK to model hydrocracking of C8-C12 paraffins of
Pt/USY zeolites [15]. Park et al. incorporated Evans-Polanyi relationship with SEMK model
to reduce parameters using thermodynamic contraints for conversion of methanol to olefins
[32]. Martinis et al. used the same approach for alkylation of isobutane with butenes [33].

In this work, SEMK approach is used to investigate the reaction mechanism and prod-
uct distributions of hydroisomerization and hydrocracking of n-Heptane. The reactions are
carried out on bifunctional catalyst of zeolite framework type BEA. This particular catalyst
has been chosen due to its large pore size and hence minimum diffusive effects and shape
selectivity on products. In this work, firstly a reaction network and kinetic model is devel-
oped based on the SEMK approach to quantify net rates of formation of different isomers and
cracked products. Next, the model is fitted to experimental results provided by our industrial
partner and estimation of rate constants for reactions is obtained. Furthermore, the product
distributions are studied and compared with experimental results and trends in literature.





2
Model

In case of Single Event Microkinetic Model (SEMK) for hydroisomerization and hydrocracking
of n-alkane in a bifunctional catalyst, rate equation pertaining to every elementary step in
the reaction network is taken into account. Every elementary step has a finite contribution
towards the overall reaction. As the overall reaction consists of multiple elementary steps,
modelling of rate constants of these steps will demand large amount of computations. The
SEMK model hepls to mitigate this problem to a large extent. In this chapter, a model is
developed using the SEMK approach in which all elementary steps in hydroisomerization
and hydrocracking of n-heptane are taken into account. In first section of this chapter, an
algorithm is developed to store and account for every elementary step in the reaction net-
work. Next, rate constant governing rate equation of each step is identified. Thermodynamic
constraints are used to then reduce the number of independent rate constants for all steps.
As mentioned earlier, the last section develops an overall rate equation by obtaining net rate
of formation of each species in the network using independent rate constants derived in pre-
vious section.

The development of model is divided into following stages:

1. Reaction network generation

2. Kinetic coefficient via Single Event Micro-Kinetic (SEMK) model

3. Development of rate equations and reactor model

2.1. Reaction Network Generation
In this section, a reaction network is generated on computer by using the approach first de-
veloped by Baltanas and Froment [30]. First, a method is deviced to store species molecules
in the network. Then, algorithms are developed for carrying out elementary steps on each
molecule via suitable operation method. Lastly, all the individual elementary steps are com-
piled together in a bigger network algorithm to generate an interconnected web of hydroiso-
merization and hydrocracking reactions.

2.1.1. Species Storage
To account for every elementary step taking place in the reaction network, it is necessary to
have a database of all reactions taking place in the catlalyst and respective species involved
in these reactions in a relevant form. This is achieved by storing every molecule species in
either of the two forms: Boolean Matrix (BM) form and Standardized Vector (SV) form [30].
In the case of BM, all elementary reactions can be easily performed on molecules via boolean
matrix operations. As a large amount of memory space is required to store BM’s, storage of
species is preferred in the form of SV [30]. In this form, a molecule is tored in the form of a
vector consisting two arrays. The first array stores character of each carbon atom (1=primary,

5



6 2. Model

2=secondary, 3=tertiary, 4=quarternary) and second array stores nature of carbon atoms as
given by conventions in Table 2.1 [6]. The SV form especially helps when dealing with more
complex aromatic and naphthenic spcies or longer chain hydrocarbons [6].

Table 2.1: Conventions to denote nature of carbon atoms in Standardized Vector (SV) form for storage of
molecules. The SV representation of hydrcarbon molecules is suitable for high molecular weight hydrocarbons as
compared to the Boolean Matrix (BM) representation (described in Figure 2.1) due to its requirement of low storage

space as compared to BM form.

Index Nature of atom
1 aromatic carbon atom
2 naphthenic carbon atom part of double bond
3 other naphthenic carbon atom
4 acyclic carbon atom part of double bond
5 other acyclic carbon atom

For an efficient execution of reaction network, all hydrocarbons should be stored in SV
form and while performing elementary reactions, the SV should be converted into BM. Ma-
trix operations should then be carried out on BM to obtain the product. The formed product
should be stored again in SV form. The focus of present work is on hydroisomerization and
hydrocracking of n-heptane, which involves not more than 12 paraffin species. Further-
more, the entire network algorithm requires a run time of few minutes. Therefore, due to
the low memory requirement and limited run time, all the storage and matrix operations are
performed on BMs’ in this work. However, for hydrocracking and hydroisomerization of an
input of complex range of species, species should be stored in SV form and elementary steps
should be performed in BM form [6].

Boolean Matrix (BM)
A Boolean Matrix (BM) or Binary Matrix contains all its elements in the boolean domain i.e.
in domain {0, 1}. In the BM form, an n-Heptane molecule is represented as given in Figure
2.1. In this figure, n-Heptane molecule is represented in the form of Matrix A. The presence
or absence of bond between atom i and j is given by the value of element Aij in the matrix
as 1 or 0. For example, in BM representation of n-Heptane molecule in Figure 2.1, atom 2
is bonded to atoms 1 and 3. Hence elements A12 = A21 = A23 = A32 = 1. Similarly, atom
2 is not bonded to any atom other than 1 and 3. Hence in second row of matrix A, all the
elements other than A21 and A23 are zero. The primary, secondary, tertiary or quarternary
nature of an atom i is given by the number of non-zero elements in row i of BM. Hence the
BM for a general molecule is defined as in Equation 2.1.

Figure 2.1: Boolean Matrix (BM) representation of n-heptane molecule in the form of Matrix A in right hand side.
The presence or absence of bond between atom i and j is given by the value of element Aij in the matrix as 1 or 0.
The BM form is used for carrying out computer generation of reaction network in this work. All the reactions are

carried out as matrix operations on individual BM representations of carbenium ions, olefins and paraffins.

Aij = Aji = {
0 𝑖𝑓 𝑏𝑜𝑛𝑑 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑒𝑥𝑖𝑠𝑡 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖 𝑎𝑛𝑑 𝑗
1 𝑖𝑓 𝑏𝑜𝑛𝑑 𝑒𝑥𝑖𝑠𝑡𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖 𝑎𝑛𝑑 𝑗 (2.1)
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Every BM is accompanied by an associated 2 element array [30]. This array consists of
information about the presence of charge or double bond in the molecule. The associated
array is defined as in Table 2.2.

Table 2.2: Description of Associated Array in BM representation of molecule. It consists of information about the
presence of charge or double bond in the molecule. This array is essential to differentiate between carbenium ion,

olefin and paraffin species.

Associated Array Description
[0, r] Carbenium ion where positive charge is on atom r
[s, t] Olefin where the double bond is between atoms s and t

2.1.2. Matrix Operations for Elementary Reactions
Before devicing methods to performmatrix operations for elementary reactions on each stored
species, it is important to identify the quasi-equilibriated and non-equilibriated elementary
steps taking place inside catalyst. For an incoming stream of n-Heptane into catalyst bed
inside reactor, n-Heptane, and other paraffins generated in later sections of the reactor, is
first physisorbed into the pores of catalyst. This physisorbtion is modelled by means of Lang-
muir Isotherms. The physisorbed paraffins are dehydrogenated into olefins on metal sites
of bifunctional catalyst. These olefins undergo protonation, isomerization, cracking and de-
protonation in acid sites of bifunctional catalyst. Newly formed olefins as a result of all the
reactions on acid sites, are hydrogenated to paraffins on metal sites and transported out of
catalyst via desorption. It is assumed that catalyst has sufficient activity to quasi-equilibriate
hydrogenation and dehydrogenation. The reactions taking place on acid sites are the elemen-
tary steps to be modelled as rates for these reactions depend on species involved as well as the
type of reaction [6, 27]. Hence matrix operations are deviced for protonation, isomerization,
cracking and deprotonation reactions to generate the network. These elementary reactions
are presented in Schemes 2.1, 2.2, 2.3, 2.4, 2.6-2.10 and 2.11.

Protonation: Olefins, which are formed on metal sites as a result of dehydrogenation of
paraffins, get protonated into carbenium ions on acid sites. Since primary carbenium ions are
much less stable as compared to secondary and tertiary carbenium ions, formation of primary
carbenium ions is not considered in any part of reaction network generation [27]. Protonation
of every olefin will give two carbenium ions unless one of the cations formed is a primary
carbenium ion. The protonation operation on stored species in BM form involves changing
the first element of associated array to zero and changing the second element to appropriate
ID of charged carbon. The code also takes care of prohibiting formation of primary carbon
atoms.

n-Hept-2-ene
[ኾ, ኿]

ዄ HᎼ

⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪

⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩

n-Heptane - 2+
[ኺ, ኾ]

n-Heptane - 3+
[ኺ, ኿]

Scheme 2.1: Protonation reaction of n-Hept-2-ene
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Hydride Shift: Hydride shifts are carbocation rearrangement reactions in which hydrogen
atom attached to carbon in 𝛼 position of positive charge migrates to the positively charged
atom and hence charge is shifted to the perviously uncharged carbon atom in 𝛼 position.
Only hydride shifts in adjacent carbon atoms are considered in the network. Hydride shift is
performed on BM by simply changing the ID of charged atom (element ’r’ in Table 2.2) in the
associated array.

n-Heptane - 2+ n-Heptane - 3+

Scheme 2.2: Hydride shift reaction of n-Heptane - 2+

Methyl Shift: Methyl shift is carried out by type A isomerization in the present model.
In this type of isomerization, the number of methyl branches in the molecule remain same
[34]. Type A isomerization in computer algorithm is performed by checking the character of
carbon in 𝛼 position with respect to positive charge, whose position is stored in the associated
array ([0, i] if charge is on atom i) of BM. Index of 𝛼 carbon is obtained by checking non-zero
elements of ith row of BM. Primary, secondary, tertiary or quarternary character of 𝛼 carbon is
in turn obtained by checking for number of non-zero elements in the respective rows. Methyl
shift is feasible if the nature of 𝛼 carbon is either tertiary or quarternary. After checking
nature of 𝛼 carbon, if methyl shift is possible, the relevant rows and columns in the BM are
changed along with the index of charged carbon in the associated array.

3,3-Dimethylpentane - 2+ 2,3-Dimethylpentane - 3+

Scheme 2.3: Methyl shift reaction of 3,3-Dimethylpentane - 2+

PCP Branching: Type B isomerization takes place via decomposition of Protonated Cyclo-
propane (PCP) ring. In this type of isomerization, the degree of branching changes in the
molecule [34]. Index of 𝛽 carbons with respect to positively charged carbon atom is required
for PCP ring formation and decomposition. Positions of 𝛽 carbons are obtained using the
square normalized matrix of BM i.e S = BMኼ− I [30]. The identity of 𝛽 carbon with respect to
any atom i is obtained by checking for non-zero elements in the ith row of S. Only 𝛽 carbon
atoms which are not quarternary in nature are eligible for formation of PCP ring. If an eligible
𝛽 carbon is detected, an activated complex of PCP ring is formed between charged atom, 𝛼
carbon and 𝛽 carbon. A range of products is formed as each bond in PCP ring is cleaved one
at a time. The positive charge after bond cleavage is alotted to the carbon atom with higher
degree of branching. In case both the atoms are of same nature, the charge is allocated to
both the atoms with equal probability and as a result two products are formed. Provisions for
appropriate PCP ring formation, bond scission and charge allocation can be made in the code
and a range of product BMs’ is obtained as given in example PCP decomposition of n-Heptane
- 3+ in Figure 2.5. The code also makes provision to avoid formation of primary ions.
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3-Methylhexane - 3+
3,3-Dimethylpentane - 2+

Scheme 2.4: PCP branching reaction of 3-Methylhexane - 3+

Scheme 2.5: Mechanism for PCP ring formation and decomposition of n-Heptane - 3+. In this reaction, PCP rings
are first formed with eligible ᎏ carbon atoms with respect to charged carbon in carbenium ion. Each bond in the
PCP ring is then selectively cleaved to form a range of products with less, same or more degree of branching with

respect to the reactant molecule.

Cracking: In cracking, long-chain hydrocarbon molecules break into smaller fragments.
Cracking takes place via 𝛽 scission, wherein, the two electrons in the 𝛽 C-C bond with respect
to positive charge migrate towards the 𝛼 C-C bond of positive charge. Thus this 𝛼 C-C bond
becomes unsaturated and the carbon in 𝛽 position becomes electron deficient and attains
positive charge [34]. The above mechanism is implemented in a computer code to facilitate
output of two matrices of cracked molecules. 𝛽 scission is classified into four types as : A,
Bኻ, Bኼ, C and D. Type A mechanism involves three side chains on 𝛽 carbon with respect
to positive charge. This type of cracking results in formation of tertiary carbenium ion and
alkene with one of the bonded atoms as tertiary carbon. Type Bኻ and Bኼ mechanisms result
in formation of tertiary and secondary carbenium ions respectively. In type C mechanism,
both of the cracked products have secondary carbon atoms. Type D mechanism leads to
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formation of primary carbenium ions which is very unlikely and hence is not considered in
cracking on C዁Hዄኻ኿. Only types Bኻ, Bኼ and C are observed in cracking of C዁Hዄኻ኿ [34] and are
implemented as matrix operations on C዁Hዄኻ኿ in the code. All the cracking reactions involved
in present work are illustrated in Schemes 2.6, 2.7, 2.8, 2.9 and 2.10.

2-Methylhexane - 4+

n-Propane - 2+
ዄ

n-But-1-ene

Scheme 2.6: Type C cracking of 2-Methylhexane - 4+

3-Methylhexane - 5+ n-Butane - 2+
ዄ

n-Prop-1-ene

Scheme 2.7: Type C cracking of 3-Methylhexane - 5+

2,2-Dimethylpentane - 4+ Isobutane - 2+
ዄ

n-Prop-2-ene

Scheme 2.8: Type BᎳ cracking of 2,2-Dimethylpentane - 4+

2,3-Dimethylpentane - 4+

n-Propane - 2+
ዄ

n-But-2-ene

Scheme 2.9: Type C cracking of 2,3-Dimethylpentane - 4+

Deprotonation: Carbenium ions undergo deprotonation to form olefins. Like protonation,
every deprotonation reaction can result in formation of two types of olefins. Similar to pro-
tonation, implementation of deprotonation in code also involves making required changes in
associated matrix.
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2,4-Dimethylpentane - 2+ n-Propane - 2+
ዄ

Isobut-1-ene

Scheme 2.10: Type BᎴ cracking of 2,4-Dimethylpentane - 2+

n-Heptane - 3+

⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪

⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩

n-Hept-2-ene

n-Hept-3-ene

ዄ HᎼ

Scheme 2.11: Deprotonation reaction of n-Heptane - 3+

Standardized Matrices
During the execution of above elementary steps on matrices, the numbering order of atoms
in molecule might get random, as seen in products of Figure 2.5, and different matrices may
represent the same molecule. To solve this problem, a code was developed to convert every
randomly numbered matrix into a standardized matrix in which atoms are numbered in a
prioritized manner. While numbering, first priority is given to primary chain while the side
chains are numbered according to their order of occurance on primary chain. An example
of this is illustrated in Figure 2.2. After execution of every elementary step, the products are
standardized and then stored in the database.

Figure 2.2: Standardized numbering of 2,2-Dimethylpentane for a standard Boolean Matrix representation. This
standardized form of numbering was implemented into the algorithm to avoid different representation of same

molecule.

2.1.3. Reaction Network Algorithm
All the elementary steps described in Section 2.1.2 are carried out sequentially on each of the
involved species according to a Network Algorithm described in Figure 2.3 [6]. In this algo-
rithm, paraffins are first accepted as feed and converted into carbenium ions via sequential
dehydrogenation and protonation. The ions then undergo isomerization and cracking. The
algorithm ensures that every new carbenium ion species undergoes isomerization, cracking
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and deprotonation sequentially. The algorithm stops when no new ionic, olefinic or praffinic
species is detected. This is established by having a separate flag for ions, olefins and paraf-
fins. Whenever a flag turns 1, a new species is detected and it undergoes all the sequential
reactions. When all three flags are zero, it indicates formation of no new species and the
network algorthim terminates.

2.1.4. Network Generated Data
After complete network generation with the help of algorithm described in Section 2.1.3, a
network of all elementary steps and species involved is obtained. The data in this network
is extracted in the form of one long 2D matrix named as ’Reaction Network Data’ and three
3D matrices named as ’Reactant Data’, ’Product Data’ and ’Olefin Product Data’ respectively.
Reaction Network Data is of dimensions (n x 6) and it contains information about all the
reactions taking place in the network. Each row of this matrix contains information about
one reaction and hence, the number of rows (n) of this matrix is equal to total number of
reactions taking place in the network. In each row, first five elements indicate in boolean (0
or 1) if the reaction is methyl shift, PCP branching, cracking, hydride shift or protonation. For
example, if a reaction is hydride shift, the first five elements of this row will be [ 0 0 0 1 0 ].
In case of cracking reaction, the sixth and last element of the row is non-zero and contains
index of olefin product in stack named ’Olefin Product’. If a row represents protonation or
isomerization reaction, this last element is 0. Reactant Data stack is of dimensions (7 x 7
x n) and it contains reactants participating in each of the reactions. Product Data stack is
also of dimensions (7 x 7 x n) and consists of corresponding products of reaction. Olefin
Product Data stack of dimensions (7 x 7 x ncr) contains the olefin product of every cracking
reaction whose index, is stored in last column of Reaction Network Data. Hence the number
of matrices in this stack ( ncr) is equal to total number of cracking reactions taking place in
the network. This data management system for reaction network is designed inhouse and is
illustrated in detail in Figure 2.4.

The network generated data described above, is used to extract information about all
isomerization and cracking reactions taking place in the network. The condensed form of
this information is given in Table 2.3. The extracted information from Figure 2.4 is used to
model net reaction rate equations for formation of each of the involved species. This reaction
modelling is further elucidated in Section 2.3.1.

Table 2.3: Information extracted from network generated data for species and elementary reactions; the number
of reactions are in ’n x 2’ format as they encompass both forward and backward reactions. It is assumed that

cracking only takes place in forward direction and there is no oligomerization of cracked products back into long
chain alkanes. Hence cracking is not in ’n x 2’ format.

Reaction Network Data
Number of paraffins 12
Number of olefins 31
Number of carbenium ions 25
Protonation reactions 44 x 2
Deprotonation reactions 44 x 2
Hydride shifts 13 x 2
Methyl shifts 4 x 2
PCP branchings 29 x 2
Cracking reactions 5
Total number of
elementary reactions 273

2.2. Kinetic coefficients via Single Event Micro-Kinetic model
In Table 2.3, it can be observed that the number of different elementary reactions is more
than hundred. Hence, before modelling rate parameters and rate equations pertaining to all
elementary reactions, it is important to define these rate parameters and reduce the num-
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Figure 2.3: Computer Algorithm for Reaction Network Generation
FlagC: 0 if no new carbenium ion species formed; 1 if new carbenium ion species formed;

FlagO: 0 if no new olefin species formed; 1 if new olefin species formed,
FlagP: 0 if no new paraffin species formed; 1 if new paraffin species formed;

Register unique reaction: stores type of reaction, reactant BM and product BM
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Figure 2.4: Data management system developed inhouse for storage of reactions, data is procured in the form of
one long 2D matrix ’Reaction Network Data’ and three 3D matrices namely, ’Reactant Data’, ’Product Data’ and
’Olefin Product Data’. Each row in ’Reaction Network Data’ represents one reaction of type MS (methyl shift), PCP
(PCP branching), Cr (cracking), HS (hydride shift) and Pr (Protonation). Index of each row represents index of

reactant in ’Reactant Data’ and index of product in ’Product Data’. For a cracking reaction, the additional olefin
product is stored in ’Olefin Product Data’ whose index is given in ’Olefin’ column of ’Reaction Network Data’

ber of independent parameters as much as possible. This will help in deriving simpler rate
equations with limited number of unknown parameters. In this section, firstly Transition
State Theory is used to model rate constants for elementary steps [35]. Then, the number of
independent rate constants are identified and reduced significantly in number by applying
thermodynamic constraints.

2.2.1. Kinetic Rate Constant
According to Transition State Theory [35], the rate coefficient for an elementary step can be
given as in Equation 2.2:

𝑘 = (kb𝑇ℎ )𝑒𝑥𝑝(Δ𝑆
፨

𝑅 )𝑒𝑥𝑝(−Δ𝐻
፨

𝑅𝑇 ) (2.2)

The entropy of a species is given as summation of translation, rotational, vibrational and
electronic contributions. The rotational contribution to entropy in itself consists of external
and internal rotational terms as given in Equations 2.3 and 2.4 [11]. Here 𝜎Ext and 𝜎Int are
external and internal symmetry numbers respectively.

𝑆oExtRot = 𝑆̂oExtRot − 𝑅ln(𝜎Ext) (2.3)

𝑆oIntRot = 𝑆̂oIntRot − 𝑅ln(𝜎Int) (2.4)
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Table 2.4: Number of Single Events for Hydroisomerization and Hydrocracking Reactions. These expressions can
be easily implemented in a computer algorithm [27]

Reaction
Type

Number
of Single Events

Protonation 1
Deprotonation 𝑛ᎎH
Hydride Shift 2𝑛ᎎH
Methyl Shift 2𝑛ᎎMe
PCP Ring - 𝛼 cleavage 2𝑛ᎏH
PCP Ring - 𝛽 cleavage 2

When accounting for entropy of optically active compounds, an additional term 𝑅ln(2፧)
is deducted from the entropy term. Here 𝑛 is the number of chiral centres in the molecule.
This term accounts for the loss of indistinguishability due to mixing of enantiomers. Hence
the total rotational contribution of entropy is given by Equation 2.5.

𝑆oRot = 𝑆̂oRot − 𝑅ln(
𝜎Int𝜎Ext
2፧ ) (2.5)

The term 𝑅ln(᎟ext᎟intኼᑟ ) is called as ’global symmetry number’. This term accounts for all the
symmetry changes taking place in the reaction when the reactant converts into itermediate
activated complex.

Ideally, symmetry number is calculated by counting the number indistinguishable struc-
tures obtained when the molecule is rotated about its terminal methyl rotors, external molec-
ular axis and internal molecular axis [36]. This method requires structural identification of
each reactant and activated complex involved in the reaction. It is not possible to calculate the
symmetry number numerically when using structural identification techniques. This would
require higher level molecular visualization programs and thus it is difficult to implement
this method in a MATLAB code. In order to circumvent this inconvenient implementation,
the ratio ( ᎟reactant

᎟activated complex
) = 𝑛e is taken into account. The ratio 𝑛e corresponds to number of

single events resulting in a particular same reaction. Number of single events can be equated
to the ratio of statistical factors in the forward and reverse direction of the reaction [37]. For
reactions involved in hydroisomerization of hydrocarbons, the ratio of statistical factors can
be directly calculated using Table 2.4 [27]. This way the number of single events can be easily
implemented in the computer algorithm.

The kinetic rate constant of any given reaction is thus given by Equation 2.6

𝑘 =
𝜎Rgl
𝜎ጽgl

𝑘b𝑇
ℎ exp(Δ𝑆̂

o

𝑅 )exp(−Δ𝐻
o

𝑅𝑇 ) = 𝑛e𝐴̂appexp(
−𝐸a,app
𝑅𝑇 ) (2.6)

𝑛e =
𝜎Rgl
𝜎ጽgl

(2.7)

Herein, 𝑛e is the number of single events leading to the product as a result of reaction.

2.2.2. Independent Kinetic Parameters
As observed in Equation 2.6, a kinetic rate constant mainly comprises of two independent
parts: Entropy contribution and Enthalpy contribution. These are the two unknown quanti-
ties to be found out for each type of reaction in order to get rate of formation of all components
in reaction network. From Equation 2.6, it can be inferred that, rate equations for all the
carbenium ions, olefins and paraffins will contain unknown kinetic coefficients as given in
Table 2.5.

The entropy in Equation 2.6 comprises of translational, rotational, vibrational and elec-
tronic contributions [11]. For unimolecular reactions, the contribution of translational en-
tropy term will be zero as the masses of reactant and activated complex are same. For all
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Table 2.5: Number of unknown parameters pertaining to rate equations of carbenium ions, olefins and paraffins
in reaction network prior to applying thermodynamic constraints and assumptions.

Reaction
Type Unknown Parameters
Protonation 44
Deprotonation 44
Hydride Shift 13
Methyl Shift 4
PCP Ring 29
Cracking 5
Total 139

isomerization reactions, once the contribution of symmetry in structures is factored out from
rotational entropy terms, the remaining contribution by difference in moments of inertia of
reactants and products can be considered same for all reactions belonging to a particular
’type’ 1. This is mainly due to the fact that in isomerization reactions, there are not much
structural differences in reactants and activated complexes taking part in those reactions.
A similar reasoning can be given for vibrational contributions. The number of electrons in
reactant and activated complex are same, and hence electronic contribution can also be
considered same for all reactions belonging to a given ’type’. Hence, Δ𝑆̂o is a constant in-
dependent parameter for Protonation, Deprotonation, Hydride Shift, Methyl Shift and PCP
decomposition reactions.

The activation energy term in Equation 2.6 depends on changes in energy levels of reactant
and product carbenium ions. It is assumed that the energy level of reactant and product
only depends on the secondary/tertiary nature of carbenium ions. This means, only the
contribution of 𝛼 carbon atoms with respect to positive charge is considered for the change
in energy levels of reactants and activate complexes.

On the basis of above asumptions, the number of independent parameters can be further
reduced according to simplifications for each of type of reaction as follows:

Protonation
The kinetic rate constant of protonation is independent of olefin participating in reaction. This
assumption is valid due to similarities in the structure of reacting olefin and corresponding
activated complex [6]. The latter differs from the former only by its 2D planar structure.
With the assumption that change in energy and entropy only depends on type of carbenium
ion (secondary or tertiary) and not on chain length, branches etc., it can be inferred that
kinetic coefficient for protonation is a function of only the resulting carbenium ion [11, 27].
Hence 𝑘pr(s) and 𝑘pr(t) are the only independent kinetic parameters. This reduces number
of independent rate constants for protonation from 44 to 2.

Deprotonation
The kinetic rate constant for any deprotonation reaction can be expressed in terms of kinetic
rate constant of deprotonation of a reference olefin and equilibrium constant of isomerization
between reference olefin and the olefin participating in deprotonation reaction [6]. This co-
relation is derived as follows:

Two olefin isomers Oኻ and Oref can be related to each other via reactions in Scheme 2.12:

O1 +H+ ፤pr(s)
፤de(s;O1)

R+
1

፤de(s;Oref)
፤pr(s)

Oref +H+

Scheme 2.12: Reaction Scheme relating ፎᎳ and ፎᑣᑖᑗ

If carbenium ion Rዄኻ is a secondary ion, relation in Equation 2.8 can be given for equilib-
rium constant for isomerization between Oኻ and Oref.
1’type’ here means: protonation, deprotonation and isomerization reactions
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𝐾iso(Oref ⇋ O1) =
𝑘pr(s)

𝑘de(s;O1)
𝑘de(s;Oref)
𝑘pr(s)

(2.8)

Thus, for a given carbenium ion type and given carbon number (C዁,Cኽ,Cኾ for present
work), Equation 2.9 gives its deprotonation kinetic rate constant where 𝑧 represents proto-
nation into either secondary ion (s) or tertiary ion (t).

𝑘de(z;O1) = 𝑘de(z;Oref) ∗ 𝐾iso(Oref ⇋ O1) (2.9)

Equation 2.9 reduces the number of independent rate constants for deprotonation from
44 to 4 (2 for C዁, 1 for Cኽ, 1 for Cኾ). The equilibrium constant 𝐾iso(Oref ⇋ O1) can be calculated
using relations involving standard thermodynamic state functions as given in Equations 2.10
and 2.11.

𝐾iso(Oref ⇋ O1) = exp(−Δ𝐺
o
iso

𝑅𝑇 ) (2.10)

Δ𝐺oiso = Δ𝐻o
iso − 𝑇Δ𝑆oiso (2.11)

The standard change in gibbs energy Δ𝐺oiso for the reaction was obtained as difference in
standard gibbs energy of formation of reactants and products. These values were obtained
from literature using Benson’s group contribution method [38]. The data was obtained at the
operating temperature of reactions.

Isomerization
The rate coefficient for isomerization depends only on type of carbenium ions involved and
not on their corresponding chain lengths and branches [6]. With this assumption , only
for 4 independent kinetic parameters ((s;s), (s;t), (t;s) and (t;t)) are required for each type of
isomerization reaction. Using thermodynamic analysis, Equation 2.12 was derived for all the
required isomerization reactions of carbenium ions [27].

𝑘iso(t;s)
𝑘iso(s;t)

=
𝑘pr(s)
𝑘pr(t)

∗ 𝑘de(t;Oref)
𝑘de(s;Oref)

(2.12)

This reduces the number of independent rate parameters for each type of isomerization
from 4 to 3. In Equation 2.12, rate constants of deprotonation of reference olefin is involved.
If the ratio ፤de(t;Oref)

፤de(s;Oref) is not same for olefins of different carbon numbers, the ratio ፤iso(t;s)
፤iso(s;t) will

change according to carbon number of reference olefin. To avoid this disparity, the ratio
፤de(t;Oref)
፤de(s;Oref) should be equal across all carbon numbers as given by Equation 2.13.

𝑘de(t;Oref7)
𝑘de(s;Oref7)

= 𝑘de(t;Oref4)
𝑘de(s;Oref4)

= 𝑘de(t;Oref3)
𝑘de(s;Oref3)

(2.13)

However, as a tertiary bonded alkene isomer of propene does not exist, CኽH
ዄ
዁ ions do

not require deprotonation rate constant of tertiary ions (𝑘de(t;Oref3)). Hence, the equality in
Equation 2.13 gives rise to estimation of rate constant for deprotonation of reference olefin
of CኾHዂ as follows:

𝑘de(t;O4) = 𝑘de(s;O4) ∗
𝑘de(t;O7)
𝑘de(s;O7)

(2.14)

Final Independent Parameters
After applying all the above given simplifications, number of independent kinetic parameters
are reduced from 139 to 19. All the required independent parameters to be calculated for
optimizing fitting of model with experimental data are in Table 2.6



18 2. Model

Table 2.6: Independent rate constants for all reactions in reaction network after application of thermodynamic
constraints and assumptions. Here, for rate constants of cracking reactions, B1, B2 and C refer to types of

cracking reactions and kcr of type (RᎳ;Rcr1 ,Ocr1) refers to cracking of carbenium ion RᎳ into ion Rcr1 and olefin
Ocr1.Identities of each of the species in this table are given in the Appendix Table A.1.

Reaction Independent Parameters
Parameter Type

Protonation 𝑘pr s
𝑘pr t

Hydride Shift
𝑘hs s;s
𝑘hs s;t
𝑘hs t;t

Methyl Shift 𝑘ms s;s
𝑘ms s;t

PCP
𝑘pcp s;s
𝑘pcp s;t
𝑘pcp t;t

Deprotonation

𝑘de s;Oref7
𝑘de t;Oref7
𝑘de s;Oref4
𝑘de s;Oref3

Cracking

𝑘crB2 R1;Rcr1,Ocr1
𝑘crC R2;Rcr2,Ocr2
𝑘crC R3;Rcr3,Ocr3
𝑘crB1 R4;Rcr4,Ocr4
𝑘crC R5;Rcr5,Ocr5

2.3. Rate Equations and Reactor Model
In this section, firstly, rate equation for each step involved in hydroisomerization and hydro-
cracking n-Heptane is obtained using independent rate parameters, which derived in Section
2.2.2 and summarized in Table 2.6, to derive production rates for each paraffin species in
the network. These steps include elementary reactions described in Section 2.1.2 as well as
adsorption, dehydrogenation, hydrogenation and desorption. These steps are sequentially
described along with corresponding reactions in Table 2.7. In the second half of this section,
rate equations for net production of product paraffins are used to derive an overall conversion
model across the length of reactor.

2.3.1. Development of Rate Equations
As the paraffins (Pi) enter catalyst in gaseous phase, they are physisorbed into pores of cata-
lyst (𝑞s,i). This physisorbtion is modelled by means of Langmuir Isotherms given by Equation
2.15. In this equation, i stands for individual paraffin species, 𝑝i for partial pressure of paraf-
fin species and 𝑞si for physisorbed paraffin species. In present work, the paraffin entering
catalyst at the inlet of reactor is n-Heptane (C዁Hኻዀ).

𝑞s,i =
𝑞sat,i ∗ 𝑏i ∗ 𝑝i

(1 + ∑10i=1(𝑏i ∗ 𝑝i))
(2.15)

The physisorbed paraffins (Pi,adsorbed) undergo dehydrogenation at metal sites in catalyst.

Pi,adsorbed
፤dh(i;Oij)
፤h(Oij; i)

Oij +H2

Scheme 2.13: Dehydrogenation and hydrogenation reaction

The equilibrium constant 𝐾eq =
፤dh(i;Oij)
፤h(Oij;i) for this reaction is calculated using thermody-

namic state functions. The thermodynamic properties of Alkenes are obtained using Ben-
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Table 2.7: All the steps that are involved in hydroisomerization and hydrocracking of n-heptane in bifunctional
catalyst. All these steps are implemented in the reactor network. [39]

Reaction Description

Pgas + zeolite
Eq
⇌Padsorbed

Physisorption of incoming paraffin (Pgas)
into pores of catalyst

Padsorbed
Eq
⇌O+Hኼ

Dehydrogenation of adsorbed paraffins (Padsorbed)
into olefins (O) at metal sites of catalyst

O+Hዄ
፤pr(፳)
⇌ Rዄk

Protonation of olefins and deprotonation
of carbenium ions (Rዄk ) at acid sites

Rዄk
፤iso,f(k;m)⇌
፤iso,b((m;k))

Rዄm
Isomerization reactions (hydride shift,
methyl shift, PCP branching)
of carbenium ions (Rዄk , R

ዄ
m) at acid sites

Rዄk
፤cr(k;p,O

ᖤ
)→ Rዄp +O

ᖤ Cracking of carbenium ions (Rዄk ) on acid sites into
product carbenium ions (Rዄp ) and olefins (O

ᖤ
)

Rዄ
፤de(z;O

ᖦ
)

⇌ O
ᖦ
+Hዄ

Deprotonation of all carbenium ions Rዄ

(isomerized and cracked) into olefins (O
ᖦ
)

O
ᖦ
+Hኼ

Eq
⇌P

ᖤ
adsorbed

Hydrogenation of all olefins into paraffins
(P

ᖤ
adsorbed) at metal sites

P
ᖤ
adsorbed

Eq
⇌P

ᖤ
gas + zeolite Desorption of all paraffins from metal sites

son’s group contribution method [38].
The concentration of olefins (𝐶Oij

) can be obtained using 𝐾eq, concentration of physisorbed
olefins (𝐶Pi,adsorbed ) and partial pressure of hydrogen (𝑝HᎴ ) as in Equation 2.16.

𝐾eq =
𝐶Oij

∗ 𝑝H2

𝐶Pi,adsorbed

𝐶Oij
=
𝐾eq ∗ 𝐶Pi,adsorbed

𝑝H2

(2.16)

The 31 species of formed olefins are protonated into 25 different species of carbenium
ions at acid sites of catalysts. Each olefin (Oij) can form 2 different or 1 (if one of the ions is
primary in nature) carbenium ion species. Similarly 2 different carbenium ions (Rዄk , R

ዄ
l ) can

deprotonate into an identical olefin.

Oij +H+ ፤pr(z)
፤de(z;Oij)

{R
+
k

R+
l

Scheme 2.14: Protonation and deprotonation Reaction

Thus formed carbenium ions then undergo isomerization (Schemes 2.15, 2.16 and 2.17),
cracking (Scheme 2.18 ), deprotonation and hydrogenation reactions to ultimately result in
new species of carbenium ions, olefins and paraffins.

Rዄk
፤hs(k;m)
፤hs(m;k) R+

m

Scheme 2.15: Hydride shift reaction

As a result of all reactions, the net rate of formation of a particular carbenium ion Rዄk can
be given by expression in Equation 2.17.
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R+
k

፤ms(k;n)
፤ms(n;k)

R+
n

Scheme 2.16: Methyl shift reaction

R+
k

፤pcp(k;o)
፤pcp(o;k)

Rዄo

Scheme 2.17: PCP branching reaction

Rዄk
፤cr(k;p,Oqr) R+

p +Oqr

Scheme 2.18: Cracking reaction

𝑅R+k =∑
O

𝑘pr(z)𝐶O𝐶HᎼ +∑
m

𝑘hs(m;k)𝐶R+m +∑
n

𝑘ms(n;k)𝐶R+n +∑
o

𝑘pcp(o;k)𝐶R+o +∑
s

𝑘cr(s;k,O)

− (∑
O

𝑘de(k;O) +∑
t

𝑘hs(k;t) +∑
u

𝑘ms(k;u) +∑
v

𝑘pcp(k;v)𝐶R+v +∑
p

𝑘cr(k;p,Oqr))𝐶R+k (2.17)

The concentration of free acid sites in catalyst (𝐶HᎼ ) can be given by substraction of occu-
pied acid sites by carbenium ions (𝐶RᎼi )from the total concentration of active acid sites (𝐶t) in
catalyst as given in Equation 2.18. The total concentration of acid sites is calculated using
catalyst specific information for BEA from online zeolites structure database [40].

𝐶H+ = 𝐶t −
25

∑
i=1

𝐶R+i (2.18)

Psuedo steady state approximation is applied on the net rate of formation of all carbenium
ions to yield Equation 2.19. This is a set of 25 simultaneous linear equations encompassing
all carbenium ion species in the system. These equations can be straightforwardly solved to
yield concentrations of all 25 carbenium ion species.

25

∑
i=1

𝑅R+i = 0 (2.19)

As represented in Scheme 2.19, paraffins are formed by dehydrogenation of corresponding
olefins. Thus the rate of formation of a particular paraffin is given by Equation 2.20.

𝑅Pi =∑
j

(𝑘h(Oij; i)𝐶Oij
𝑝H2

− 𝑘dh(i;Oij)𝐶Pi) (2.20)

As given in Schemes 2.14, 2.18 and 2.19, an olefin Oij is involved in protonation, deproto-
nation, cracking, hydrogenation and dehydrogenation reactions. Hence the rate of formation
of an olefin is given by Equation 2.21.

𝑅Oij
= 𝑘dh(i;Oij)𝐶Pi − 𝑘h(Oij; i)𝐶Oij

𝑝H2
+ 𝑘de(z1;Oij)𝐶R+k + 𝑘de(z2;Oij)𝐶R+l

− (𝑘pr(z1) + 𝑘pr(z2)) 𝐶Oij
𝐶H+ + 𝑘cr(w;x,Oij)𝐶R+w (2.21)

Using steady state approximation for olefins gives Equation 2.22 which ultimately leads
to Equation 2.23.

𝑅Oij
= 0 (2.22)
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Oij +H2
፤h(Oij; i)
፤dh(i;Oij)

Pi

Scheme 2.19: Hydrogenation and dehydrogenation of paraffins

𝑘h(Oij; i)𝐶Oij
𝑝H2

− 𝑘dh(i;Oij)𝐶Pi = 𝑘de(z1;Oij)𝐶R+k + 𝑘de(z2;Oij)𝐶R+l
− (𝑘pr(z1) + 𝑘pr(z2)) 𝐶Oij

𝐶H+ + 𝑘cr(w;x,Oij)𝐶R+w (2.23)

The right hand side of Equation 2.23 is the net rate of formation of Paraffin Pi by dehy-
drogenation of Olefin Oij. The hydrogenation of olefins and dehydrogenation of paraffins are
the only reactions in which paraffins participate. Hence net rate of formation of paraffins is
given by Equation 2.24.

𝑅Pi =∑
j

(𝑘de(z1;Oij)𝐶R+k + 𝑘de(z2;Oij)𝐶R+l − (𝑘pr(z1) + 𝑘pr(z2)) 𝐶Oij
𝐶H+ + 𝑘cr(w;x,Oij)𝐶R+w) (2.24)

2.3.2. Reactor Model
Equation 2.24 gives the net rate of formation of paraffins as a result of series of hydrogenation,
dehydrogenation, isomerization and cracking reactions undergone by each of 12 paraffin
species. The concentration of olefin species (𝐶Oij

) required in expression 2.24 are obtained
from Equation 2.16 and the concentration of carbenium ion species are extracted by solving
Equation 2.19.

The overall production of a particular paraffin Pi at a given length z inside the reactor for
non-steady state is given by Equation 2.25. Here 𝑅Pi is the net rate of production of paraffin
Pi.

1
𝑅𝑇

𝑑𝑝i
𝑑𝑡 =

−𝑢
𝑅𝑇

𝑑𝑝i
𝑑𝑧 + 𝜌cat

1 − 𝜖
𝜖 𝑅Pi (2.25)

For a reactor in steady state, the disctribution of partial pressure of paraffin i along the
length of reactor in z-direction is given by Equation 2.26

𝑢
𝑅𝑇

𝑑𝑝i
𝑑𝑧 = 𝜌cat

1 − 𝜖
𝜖 𝑅Pi (2.26)

The production term 𝑅Pi here can be given by Equation 2.24.
For a reactor of length 𝐿 divided into total of 𝑛t nodes, the differential pressure 𝑑𝑝i across

nth node is given by Equation 2.27 and the differential length 𝑑𝑧 is given by Equation 2.28.

𝑑𝑝i = Δ𝑝i = 𝑝n+1i − 𝑝ni (2.27)

𝑑𝑧 = 𝐿
𝑛t

(2.28)

Thus the partial pressure of paraffin species i at the end of nth node, taking the partial
pressure of the same species at the end of (n-1)th node as input, is given by Equation 2.29.

𝑝n+1i = 𝑝ni +
𝐿
𝑢𝑛t

𝜌cat𝑅𝑇
1 − 𝜖
𝜖 𝑅nPi (2.29)

All of thus far derived species concentrations and rate expressions were implemented in
MATLAB codes and these codes were run through a series of Genetic Algorithm optimization
iterations to obtain the independent kinetic parameters described in Table 2.6. Detailed
explanation and results of optimization program are described in Chapter 3.





3
Simulation Details

This chapter gives information on inlet conditions and details of simulations performed to
carry out this study.

3.1. Inlet Conditions
The inlet pressure of n-Heptane into the reactor is 1.19 × 10኿ Pa. Pressure of hydrogen gas
at inlet of reactor is 2.98 × 10ዀ Pa. Since there is 25 times more supply of hydrogen gas than
n-Heptane, consumption of hydrogen is negligible and it is assumed to be constant through-
out the reactor. An operating temperature range of 246oC - 271oC is used for carrying out
simulations for a good visualization and grasping of product distributions. Simulations are
carried at temperatures 246oC (519K), 258oC (531K), and 271oC (544K). For these tempera-
tures conversion of n-Heptane is observed approximately between 10% and 60%.

3.2. Simulation details of Genetic Algorithm and optimization
criteria

Genetic Algorithm (GA) in optimization is used for finding minima of highly non-linear prob-
lems [41]. This optimization algorithm is based on bio-inspired process of natural selection
in evolutionary algorithms. Every iteration step in GA is called as ’generation’. At each gener-
ation, instead of single guess values, a set of guess values called as ’population’ is generated.
The number of guess values in population is given by specifying the ’population size’. At first
generation, a population of random guesses is generated and fitting of each guess is checked.
The guesses with good fit are as it is passed on to the next iteration. They also undergo mu-
tation and crossover rules to give new set of values towards better fitting. Hence, values with
best fit, mutated and crossover values and randomly generated guess values form a set of
population for next generation [42]. MATLAB computing environment has in-built function
for GA and it is implemented in this study with following set values and criteria:

Object Function: Estimations of parameters are obtained by minimizing objective function
in Equation 3.1

𝑆 =
l

∑
i=1

s

∑
j=1

√𝑤S(𝐸ij −𝑀ij)ኼ (3.1)

Here 𝑙 is the number of discrete points across the length of reactor where experimental con-
centrations were measured, 𝑠 is the number of paraffins, 𝑤S is a scaling factor and it is 10ኼ
for dimethylpentanes and 1 for others, 𝐸ij is experimental concentration of paraffin and 𝑀ij
is concentration of paraffin obtained from the model. Experimental results were obtained at
five discrete points (ኻኽ 𝑙,

ኻ
ኼ 𝑙,

ኼ
ኽ 𝑙,

኿
ዀ 𝑙 and 𝑙) across the length of reactor. The concentrations of

23
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dimethylpentanes are very low and hence a scaling factor of 𝑤S = 10ኼ is used to make their
contribution to the object function significant.

Population size: Taking a large population size ensures that enough number of distinct
guess values are taken into consideration and the solution is not stuck in a local minima.
After initial runs, it was observed that a population size of 5× 10ኽ gave best possible fits and
this value was thus used to carry out rest of the study.

3.3. Simulation details for single node and whole reactor
The simulation is divided into three main parts:

1. Reaction network code on single node

2. Whole reactor code

3. Main code

Reaction network code on single node: This code simulates the reactions taking place at
each node in reactor. The model developed in Chapter 2 which is based on SEMK approach
and is developed for hydroisomerization and hydrocracking of n-heptane is incorporated in
this code. Paraffins entering at beginning of node undergo adsorption, dehydrogenation, pro-
tonation, isomerization and cracking reactions inside the node and resulting concentration
of paraffins at the output of node are computed in this code.

Whole reactor code: This code compiles the input and output of paraffins at all nodes in
the reactor. At each node, the function for reaction network at single node is called and the
output concentrations of paraffins are recorded.

Main code: This code computes the object function for concentrations across the length of
reactor for a particular temperature. The function for genetic algorithm is called and object
function is computed for each of the guess values.

Simulation flow: An ensemble of the three codes described above are used to perform the
fitting of model into experimental data and the rate constants for the best fit are are computed.
The flow of control between these codes is described in Figure 3.1.

3.4. Additional changes
After initial simulations runs, it was obeserved that certain changes were needed to accu-
rately fit the model to experimental results at the given reaction conditions. The two changes
made to the simulation were:

• Negligible concentrations of 3-Ethylpentane and 2,2,3-Trimethylbutane were observed
in model fitting and zero concentration was observed in experimental results. Hence
carbenium ion, olefins and reactions related to any of these two species were removed
from the reaction etwork.

• An excessive amount of 3,3-Dimethylpentane was observed in the model as compared
to experimental results. Also in the experimental results, it was observed that every
isomer of heptane present in the system underwent cracking. Hence a psuedo cracking
reaction of type B1 for conversion of 3,3-Dimethylpentane-2+ into 2-Methylpropane-2+
and Propene was assumed to achieve a better fitting of model.
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Figure 3.1: Flow of control in the overall simulation. The simulation can be divided into three segments: Main,
Whole reactor and Single node reaction network. The Single node reaction network code implements all the
elemenary steps taking place at each node of reactor. The Whole reactor code implements continuous flow of

components across the reactor in steady state. The overall fitting of model to experimental results is performed in
the Main code.

3.5. Validation of Simulation
The validation of simulation was performed in two parts. First, the code for reaction network
generation was validated by comparing reaction data obtained for hydroisomerization and
hydrocracking of n-Octane with literature. Next the reactor network code is validated by
checking the mass balance across the reactor.

3.5.1. Reaction network validation
The code developed for computer generation of reactor network is based on approach de-
veoped by Baltanas et al. [30]. The code developed for this work is created for hydroisomer-
ization and hydrocracking of n-Octane. Svoboda et al. developed a similar SEMK model for
hydroisomerization and hydrocracking of n-Octane [31]. In the reaction network generated
for this model by Svoboda et al., 22 paraffins are observed. Modifications were made to the
present model in order to generate reaction network for n-Octane hydroisomerization and
hydrocracking. The number of paraffins observed in reaction network generated after run-
ning the simulation code developed for present work are 22 as is also observed by Svoboda
et al. The time required for entire reaction network generation in case of n-Octane was 15
times higher than that for n-Heptane. This is expected as the number of isomers and cracked
products in hydroisomerization and hydrocracking of n-Octane is twice that of n-Heptane.
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3.5.2. Balance of mass across reactor
In the simulation results, mass balance is validated for flow of components across the reactor
length by checking the flow of mass at five lengths across the reactor. Mass balance across
the reactor is necessary to ensure that the reactions at steady state are balanced and there
is not build up or loss of mass at any point in the reactor. In this work, balance of mass
flow across the reactor was ensured by checking the mass of total hydrocarbons at different
lengths across the reactor. The overall reaction for hydrocracking of heptanes is as given in
Scheme 3.1.

C዁Hኻዀ +Hኼ CኽHዂ + CኾHኻኺ

Scheme 3.1: Overall cracking reaction

According to Scheme 3.1, concentrations of heptane, butane and propane species are
correlated to each other by Equations 3.2, 3.3 and 3.4. Here C዁, Cኾ and Cኽ are sum of
concentrations of all isomers of heptane, butane and propane.

− 𝑑𝐶7𝑑𝑡 = 𝑑𝐶4
𝑑𝑡 = 𝑑𝐶3

𝑑𝑡 (3.2)

𝑑𝐶7
𝑑𝑡 +

𝑑𝐶3
𝑑𝑡 = 0 (3.3)

𝑑𝐶7
𝑑𝑡 +

𝑑𝐶4
𝑑𝑡 = 0 (3.4)

According to Equation 2.29 derived in Section 2.3.2, the partial pressure of each paraffin
species at each reactor node n+1 is given as function of partial pressure at previous node n
as follows:

𝑝n+1i = 𝑝ni +
𝐿
𝑢𝑛t

𝜌cat𝑅𝑇
1 − 𝜖
𝜖 𝑅nPi

The factor 𝐾 = ፋ
፮፧t 𝜌cat𝑅𝑇

ኻዅᎨ
Ꭸ is same for all paraffin species. Equation 2.29 when summed

over all heptane and butane isomers results in Equation 3.5.

∑
C7 & C4

𝑝n+1i = ∑
C7 & C4

𝑝ni + 𝐾 ∑
C7 & C4

𝑅nPi (3.5)

From Equation 3.4 it is inferred that the last term in Equation 3.5 is equal to zero (Equa-
tion 3.6).

∑
C7 & C4

𝑅nPi = 0 (3.6)

Hence Equations 3.7 and 3.8 are derived for partial pressures of heptane, butane and
propane species. In order to investigate the mass balance for present model, partial pres-
sures of heptane, butane and propane species were examined at six nodes across the length
of reactor (0, ኻኽ 𝑙,

ኻ
ኼ 𝑙,

ኼ
ኽ 𝑙,

኿
ዀ 𝑙 and 𝑙, here 𝑙 is the length of reactor). The results for reaction tem-

perature of 569K are summarized in Table 3.1. Detail summary of partial pressures of each
species at each node in the reactor for all reaction temperatures can be found in appendix***.

∑
C7 & C4

𝑝n+1i = ∑
C7 & C4

𝑝ni (3.7)

∑
C7 & C3

𝑝n+1i = ∑
C7 & C3

𝑝ni (3.8)

A pressure profile of heptane isomers, butane isomers and propane species is presented
in Figure 3.2. It can be seen in Table 3.1 and Figure 3.2 that as total pressure of heptanes
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Table 3.1: Partial pressure profile of heptanes, butanes and propane across the reactor. The last two columns
indicate constant flow of total mass in the reactor.

Dimensionless
length across
reactor

Partial pressure of species (Pa)

Total
heptane (C዁)

Total
butane (Cኾ)

Total
propane (Cኽ)

Total
hydrocarbons

(C዁ + Cኽ)

Total
hydrocarbons

(C዁ + Cኾ)
0 (reactor inlet) 1.2E+05 0.0E+00 0.0E+00 1.2E+05 1.2E+05
0.33 1.0E+05 1.5E+04 1.5E+04 1.2E+05 1.2E+05
0.5 1.0E+05 1.9E+04 1.9E+04 1.2E+05 1.2E+05
0.67 9.7E+04 2.2E+04 2.2E+04 1.2E+05 1.2E+05
0.83 9.4E+04 2.5E+04 2.5E+04 1.2E+05 1.2E+05
1 (reactor outlet) 9.2E+04 2.7E+04 2.7E+04 1.2E+05 1.2E+05

gradually decreases across the length of reactor, butane and propane increases. Total partial
pressure of butane and propane is same at each point of reactor. This is in line with overall
reaction given in Scheme 3.1. The sum of partial pressures of heptanes and butanes as well
as heptanes and propane remains constant. The results observed in Table 3.1 and Figure
3.2 confirm that there is no build up or loss of mass at any point and the mass is balanced
across the length of reactor.

Figure 3.2: Partial pressure profile of heptanes, butanes and propane across the reactor at reaction temperature
of 569K. The constant profile of total hydrocarbons (CᎹ ዄCᎵ and CᎹ ዄCᎶ) indicates mass balance in the reactor.





4
Results and Discussions

This chapter reviews the results obtained in this work. The results are divided in two parts.
In the first part, concentrations of all components are analyzed across the length of reactor
and compared with experimental results. In the second part of this chapter, the computed
rate constants as a result of simulations are analyzed to compare trends with literature.

4.1. Product distributions
In order to achieve better comprehension of isomerization and cracking, it is important to an-
alyze the product distribution at different reactor lengths and temperatures. In this section,
overall conversion and product distribution predicted by the model fitted to experimental
data is examined. First, overall fitting of model with experiments is analyzed by looking at
parity plots. Next, the product distribution is analyzed and compared with literature.

4.1.1. Parity
In present work, plots are created for concentrations at dimensionless reactor lengths of
ኻ
ኽ ,

ኻ
ኼ ,

ኼ
ኽ ,

኿
ዀ and 1 for each of the paraffins at reaction temperatures of 246oC (519K), 258oC

(531K) and 271oC (544K). The plots are presented in Figures 4.1a, 4.1b and 4.1c. In these
figures, it is observed that conversion of n-Heptane increases as reaction temperature rises.
About 54% conversion of n-Heptane is observed at temperature 544K. Among the isomers of
heptane, monobranched isomers are observed to be greater in concentration than any other
species at all temperatures. The dibranched isomers are observed to be less than 0.1 mole
fraction at all temperatures. Cracking is observed to be almost negligible at 519K and 531K.
A detail analysis of distribution of each isomer and cracked product is performed in Section
4.1.2. Another observation in Figure 4.1 is the changes in R-squared values for different tem-
perature. R-squared values give a measure of goodness of fitting of model to experimental
values [43]. An R-squared value close to 100% indicates a good fitting of model to experi-
mental data. In Figure 4.1, it can be observed that the fitting is good at low temperatures
(519K and 531K) with R-squared values of almost 100%. At 544K, the R-squared value is
slightly lower as compared to those at other temperatures. Although the high R-sqaured val-
ues for low temperatures can be attributed to low values of mole fractions of dibranched and
cracked products, the good fitting is also indicative of accurate model values of conversion
of n-Heptane at low reaction temperatures.

4.1.2. Product distribution of each component at all temperatures
A product wise distribution at all temperatures is presented in Figures 4.2, 4.3, 4.4 and
4.5. Distribution of n-Heptane at various reaction temperatures is presented in Figure 4.2.
It is observed that overal conversion of n-Heptane increases as reaction temperature rises.
An analysis of distribution of each of the products formed as a result of the conversion is
presented in ensuing paragraphs.
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(a) (b)

(c)

Figure 4.1: Parity plot of experimental observations vs. model computation of mole fractions at temperatures in
the range 519K to 544K (a: 519K, b:531K, c:544K).

Figure 4.2: Concentration profile of n-Heptane obtained from model computation compared with experimental
observations in the temperature range of 519K to 544K
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Monobranched isomers of n-Heptane
2-Methylhexane (2mC6) and 3-Methylhexane (3mC6) are the two monobranched species in-
volved in hydroisomerization and hydrocracking of n-Heptane. A distribution of these species
is presented in Figures 4.3a and 4.3b. It is observed that out of all the species formed from
converted n-Heptane, the monobranched isomers are highest in concentration, both exper-
imentally as well by model. Experimental observations suggest almost equal concentration
of 2-Methylhexane and 3-Methylhexane at all temperatures. At low reaction temperature
of 531K, both 2-Methylhexane and 3-Methylhexane increase steadily. Both of the mono-
branched isomers undergo type C cracking reactions. In type C cracking reaction, neither a
tertiary carbenium ion nor a branched alkene is formed. Hence the reaction rates for these
reactions is very low. This is also a reason for high concentration of monobranched isomers
of n-Heptane. Another reason for high concentration of these species is that these are the
first isomerized products from n-Heptane as it enters the reactor. If given sufficient residence
time or at higher reaction temperatures, these species will steadily decrease across the length
of reactor as they will undergo branching and isomerization.

(a) (b)

Figure 4.3: Distribution of monobranched isomers of heptane obtained from the model compared with
experimental observations in the temperature range of 519K to 544K (a:2-Methylhexane, b:3-Methylhexane).

Dibranched isomers of n-Heptane
2,2-Dimethylpentane, 2,4-Dimethylpentane, 3,3-Dimethylpentane and 2,3-Dimethylpentane
are the dibranched isomers observed in the reaction network. It is observed in Figures 4.4a,
4.4b, 4.4c and 4.4d, there is a very good agreement between experimental observations and
model values for 2,3-Dimethylpentane and a considerable fitting for 2,4-Dimethylpentane.
The order of concentration of dibranched isomers observed according to experiments is:
2,3-Dimethylpentane > 2,4-Dimethylpentane > 2,2-Dimethylpentane > 3,3-Dimethylpentane.
However according tomodel, concentration of 2,2-Dimethylpentane and 2,4-Dimethylpentane
is almost negligible in the system. One of the reasons for this might be the less contribution
of these species to the object function due to very low concentrations and hence poor fitting
with respect to these species. A solution to this problem could be increasing the scaling
factor for these species. However, the scaling factor cannot be increased beyond a point as
the solver will give arbitrary results in order to minimize the large object function. A better
way to optimize for 2,2-Dimethylpentane and 3,3-Dimethylpentane is to analyze at higher
reaction temperatures where the concentration of these species will be significant.

Among the dibranched isomers of heptane, 2,3-Dimethylpentane and 2,4-Dimethylpentane
have the most stable carbenium ions as they are adequately stabilized by tertiary carbon
atoms from all sides. At low reaction temperatures, concentrations of dibranched isomers
increases steadily across the length of reactor. 2,3-Dimethylpentane undergoes type C crack-
ing and 2,4-Dimethylpentane undergoes type B cracking. Hence among these two dibranched
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isomers, 2,3-Dimethylpentane is observed in slightly higher quantities as compared to 2,4-
Dimethylpentane. On the other hand, apart from being less stabilized, both 2,2-Dimethylpentane
and 3,3-Dimethylpentane undergo type B cracking. This makes these two species the lowest
formed products other than n-Butane.

(a) (b)

(c) (d)

Figure 4.4: Distribution of dibranched isomers of heptane obtained from model computation compared with
experimental observations in the temperature range of 519K to 544K (a:2,2-Dimethylpentane;

b:2,4-Dimethylpentane; c:3,3-Dimethylpentane; d:2,3-Dimethylpentane). 2,4-Dimethylpentane and
2,3-Dimethylpentane fit well with the experimental results. The observed order of concentrations of dibranched

isomers is 2,3-Dimethylpentane > 2,4-Dimethylpentane » 2,2-Dimethylpentane ≈ 3,3-Dimethylpentane.

Cracked products
The cracked products formed as a result of hydrocracking of heptanes are isobutane (iC4), n-
butane (nC4) and propane (C3). Like in case of 2,4-Dimethylpentane and 2,3-Dimethylpentane,
the model values of isobutane and propane are also in good agreement with experimental re-
sults. Among the cracked products, propane is present in highest proportions as it is formed
in every cracking reaction either as an alkene or carbenium ion. Among butanes, n-Butane
is formed almost negligibly as it is formed as a result of C-type beta scission reactions of 3-
Methylhexane, 2-Methylhexane and 2,3-Dimethylhexane. As only secondary carbenium ions
are formed in C-type cracking reactions, the rate of these reactions is significantly lower than
B-type reactions [34]. Due to negligible presence of n-Butane, isobutane and propane are
almost same in concentration. Similar to 2,2-Dimethylpentane and 3,3-Dimethylpentane, a
poor fitting is also observed for propane due to its very low concentration in the system.
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(a) (b)

(c)

Figure 4.5: Distribution of cracked products as a result of cracking of heptane obtained from model computation
compared with experimental observations in the temperature range of 519K to 544K (a:isobutane, b:n-Butane,
c:propane). n-Butane is almost negligible in the system. Hence the concentration of isobutane and propane is

almost same.

4.2. Parameter Estimations
Estimated values of single event rate coefficients as a result of fitting of model to experimental
observations at different temperatures is presented in Table 4.1. In this table, it is observed
that, the rates of reaction in general follow the trend 𝑘hs > 𝑘pr ≈ 𝑘de > 𝑘ms > 𝑘pcp ≈ 𝑘cr (B type)
> 𝑘cr (C type). This trend is consistent with the ones observed in literature [34, 34].

The rates of protonation, deprotonation and hydride shifts are almost always higher than
isomerization and cracking reactions. The rate coefficients of protonation and deprotonation
are in the same orders of magnitude except for 𝑘de(t,Oref7) and 𝑘de(s,Oref4). This is probably
due to the additional stability of tertiary carbenium ions of heptanes. The deprotonation
rate for tertiary carbenium ion of butane is directly proportional to 𝑘de(s,Oref4) as given in
Equation 2.13. Due to the stability of tertiary carbenium ions of butane, the value of kinetic
coefficient 𝑘de(s,Oref4) is also low.

For the isomerization rate coefficients, the rate of methyl shift is almost always higher
than PCP decomposition which is consistent with literature trend. For the cracking reac-
tions, reaction rates for type B reactions are always higher than type C reactions as there
is conversion of secondary ions to tertiary ions in type B reactions [34]. This trend is also
observed in the kinetic rate coefficients for cracking in Table 4.1.
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Table 4.1: Estimated values of kinetic rate coefficients of elementary steps (in
kgcat
kmol.s

) for protonation; in sᎽᎳ for
other reactions). Overall, the values increase with temperature. The rates of reaction in general follow the trend

፤ᑙᑤ > ፤pr ≈ ፤de > ፤ms > ፤pcp ≈ ፤cr (B type) > ፤cr (C type)

Reaction
type

Parameter
type

Temperature
519K 531K 544K

Protonation 𝑘pr(s) 7.5E+08 1.8E+09 1.1E+10
𝑘pr(t) 4.5E+08 2.3E+08 2.5E+06

Hydride shift
𝑘hs(s,s) 2.6E+11 6.7E+12 3.6E+14
𝑘hs(s,t) 2.0E+14 7.6E+16 2.6E+16
𝑘hs(t,t) 9.9E+15 5.6E+16 2.9E+17

Methyl shift 𝑘ms(s,s) 8.1E+06 1.1E+08 5.6E+07
𝑘ms(s,t) 9.7E+09 5.0E+11 1.1E+13

PCP
decomposition

𝑘pcp(s,s) 1.7E+06 7.4E+07 1.7E+09
𝑘pcp(s,t) 1.0E+04 2.2E+06 2.4E+07
𝑘pcp(t,t) 5.6E+02 3.7E+03 1.8E+05

Deprotonation

𝑘des,Oref7 4.1E+07 1.2E+09 1.3E+10
𝑘det,Oref7 1.5E+02 3.5E+02 4.2E+04
𝑘des,Oref4 2.0E+01 6.2E+02 1.6E+02
𝑘des,Oref3 1.1E+04 2.1E+05 2.6E+05

Cracking

𝑘cr(B2) 3.7E+06 2.6E+07 1.7E+08
𝑘cr(C) 3.7E-01 1.6E+02 1.2E+03
𝑘cr(C) 3.0E+02 2.8E+04 1.2E+05
𝑘cr(B1) 2.4E+08 6.5E+09 6.2E+10
𝑘cr(C) 1.2E+05 7.0E+06 9.1E+07
𝑘cr(B1) 1.5E+06 1.1E+08 1.2E+08

Average values of kinetic coefficients at 519K is presented and compared with each other
in Figure 4.6 for visualization of trends. For better visualization, log of kinetic coefficients
is presented on the y-axis. The values in this figure are average of values for (s,s), (s,t)
and (t,t) reactions. However these average values cannot be indicative of exact trends as
there is significant variation in values of each of these. For example the rate of methyl shift
for (s,t) transition is higher than (s,s), as a transition from secondary ion to tertiary ion
is thermodynamically favoured. The trend in Figure 4.6 can used to visualize that overall
the rates of hydride shifts and methyl shifts are much higher than PCP decomposition and
cracking reactions. In cracking, the rate of type B reactions is higher than type C reactions.
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Figure 4.6: Average trend of kinetic rate constants. Overall, hydride shifts and methyl shifts are much faster than
PCP decomposition and cracking reactions. In cracking, type B reactions are faster than type C reactions.





5
Conclusion

In this work, a model based on Single Event Microkinetics (SEMK) approach was developed
for hydrocracking and hydroisomerization of n-Heptane in bifunctional catalyst. The SEMK
approach takes into account contribution of every elementary step taking place in the vast
web of reactions undergone by n-Heptane. It encompasses elementary step in the form of
single reaction undergone by carbenium ion. In the model developed in this work, each hy-
drocarbon species is represented in the form of Binary Matrix (BM). The reaction network
was developed by performing matrix operations on each of these BM’s and storage of all re-
actions in an appropriate form. Thermodynamic constraints were used to reduce the number
of independent rate constants to minimum possible number. Thus together with the data
obtained from reaction network and independent rate constants, expressions were dervied
for converison of n-Heptane and net rate of formation of all paraffin species. Expressions for
model values for overall profile of partial pressures and concentrations were derived across
the length of reactor. This model was fitted with experimental data to obtain values of rate
constants for elementary reactions. After analyzing the results obtained from above described
study, following conclusions can be drawn:

• Defining a hydrocarbon molecule in the form of Binary Matrix (BM) is an efficient way
for carrying out elementary reactions in the form of matrix operations. However storage
of these BM’s and conversion into standardized form requires a lot of storage space and
computational time.

• Genetic algorithm is an efficient algorithm for highly nonlinear optimization problems.
However in this particular case, it suffers from the problem of reaching a local minima
instead of global one and frequently getting stuck in local valleys in case small popu-
lation sizes are provided. In order to reach a global minima, the population size can
be increased, however for estimation of 20 parameters, the population size cannot be
provided more than 10ኾ as then excessively large random numbers are generated.

• The SEMK model predicts well for lower range reaction temperatures (till 544K in this
work) and the estimated rate parameters follow the literature trend. However for higher
temperatures, parameters other than rate coefficients of elementary reactions need to
be taken into account to fully encompass the complexity of reactions.

• In the product distribution obtained as a result of hydroisomerization and hydrocrack-
ing of n-Heptane, the monobranched isomers are formed in highest proportion and
2-Methylhexane and 3-Methylhexane are almost same in proportion. In dibranched
isomers, 2,3-Dimethylhexane and 2,4-Dimethylhexane are formed in large quantities
as compared to 2,2-Dimethylhexane and 3,3-Dimethylhexane. The extent of cracking
in the system increases as reaction temperature rises. n-Butane is formed in negligi-
ble amounts as a result of cracking. Isobutane and propane form the majority of the
products and are almost equal amounts.
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• Hydride shifts are the fastest reactions in carbenium ion chemistry for hydroisomer-
ization and hydrocracking of straight chain alkanes. Methyl shifts are faster than PCP
decomposition. B type cracking reactions are almost as fast as PCP decomposition re-
actions and C type cracking reactions are the slowest.



6
Recommendations

In this work, a model is created as a starting point for understanding reaction mechanism
and product profile distribution for hydroisomerization and hydrocracking of n-Heptane in
bifunctional catalysts via the SEMK approach. This model should serve as a base case and
further modifications should be made to it to carry out advanced study. This advanced
study can be understanding molecular shape selectivity or diffusion effects in bifunctional
catalysts. Studies of this type have also been previously carried out [16, 44–46], but very
few have been carried out using SEMK approach. The SEMK approach can be useful in
understanding shape selectivity and diffusivity as it is fundamental in nature and encom-
passes every reaction taking place in the catalyst pores. Before carrying out these studies,
recommendations to be considered are as follows:

• The reaction network should be generated with the help of standardized vectors for hy-
droisomerization and hydrocracking of n-Alkanes of higher order than 7. Using boolean
matrices for the same is not convenient as it requires large storage space and compu-
tational time for the operations.

• The number and type of independent parameters should be chosen with care in order
to preserve the dynamicity of the model. This majorly depends on the thermodynamic
assumptions and constraints taken into account.

• The assumption that the concentration of components at successive nodes depend on
the net rate of formation at previous node may prove inaccurate at high rates of forma-
tion at high temperatures. Hence, discretized scheme for partial pressure expressions
at successive nodes should be implicit or higher order for computations at high reaction
temperature. Althought this will affect the computational complexity and time required
for calculations, in order to arrive at accurate results at high reaction temperatures, it
is essential to derive a better discretized scheme.

• In the present work, there is nomeasure of credibility of values obtained by experimental
results. In order to get accurate results, it is essential to know the confidence interval
of experimental results. Hence it is strongly recommended to consider experimental
results of multiple runs of the same experiment.

• The Genetic Algorithm (GA) used for optimization loses its ability to give a unique solu-
tion set for large set of unknown parameters (typically more than 15) and can get stuck
in local minima for small population sizes. Hence multiple simulation runs are required
to arrive at the unique solution set. Although the GA is a preferred choice for highly
non-linear problems like in this work, other optimization algorithms like sequential
quadratic programming can be considered which also take into account the gradience
of the function for an unique solution set [47]. Another optimization algorithm which
has proven to be better than GA for reaching a global optimum is stem cells algorithm
based on evolutionary algorithms.
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• Other recommendations to improve fitting of model are:

– Reduce the number of parameters to be estimated by considering protonation and
deprotonation reactions to be in equilibrium. By this approach, the values of these
parameters can be readily computed by use of thermodynamic state functions.

– Take into account more experimental observations in order to achieve better fitted
values for large number of unknown parameters.



A
Model

A.1. Final indendent rate parameters
Table A.1 contain identities of species referred to in Table 2.6 for final independent unknown
parameters.

Table A.1: Identities of species in Table 2.6

Symbol Species
Oref7 3-Methylhex-2-ene
Oref4 But-2-ene
Oref3 Propene
Ocr1 2-Methylprop-1-ene
Ocr2 But-2-ene
Ocr3 But-1-ene
Ocr4 Propene
Ocr5 Propene
R1 2-Methylhexane-4+
R2 2,2-Dimethylpentane-4+
R3 3-Methylhexane-5+
R4 2,3-Dimethylpentane-4+
R5 2,4-Dimethylpentane-2+
Rcr1 Propane-2+
Rcr2 Propane-2+
Rcr3 Propane-2+
Rcr4 Butane-2+
Rcr5 2-Methylpropane-2+
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Results and Discussions

B.1. Parameter estimations
The Arhenius plot is created by plotting ኻ

ፓ vs. ln(𝑘). A linear trendline fitted into this plot
will have slope of ዅፄaፑ and intercept of ln(𝐴) [48].

(a) (b)

(c) (d)

Figure B.1: Arhenius plots of selected rate parameters. The plots follow an almost linear trend and the slope of
the graph is equal to Ꮍᐼactivation

ᑉ .
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(a) (b)

(c)

Figure B.2: Arhenius plots of selected rate parameters. The plots follow an almost linear trend and the slope of
the graph is equal to Ꮍᐼactivation

ᑉ .
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