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Abstract

Previously, nuclear magnetic resonance (NMR) carbon-type analysis data were
used to model visbreaking of Athabasca bitumen [1], where the major reaction path-
ways during visbreaking were identified. The present work extends the same approach
further to explain the visbreaking behavior of six different oils.

In the current study, the visbreaking of fchese oils was performed at a single sever-
ity and the feed and the products were separated into different pseudo-components.
The quantification of carbon-types in these pseudo-components was done using ele-
mental analyses and nuclear magnetic resonance spectroscopy. Four classes of rep-
resentative model compounds were chosen based on the carbon-type data of the
pseudo-components. A literature review of the pyrolysis studies of these model com-
pounds suggested the major types of reactions involved during visbreaking. Through
the use of reaction pathways and model rules, model correlations were able to predict

the residue conversion, coke formation and product yields during visbreaking.
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Chapter 1

Introduction

Thermal conversion is one of the primary processing technologies used for the up-
grading of petroleum feedstock all over the world. It accounts for approximately 58
percent of worldwide installed capacity for residue upgrading. The other technologies
used are hydroconversion and residue fluid catalytic cracking (RFCC). The two ther-
mal conversion technologies used commercially include coking and visbreaking [2].
Coking units, which include delayed coking, fluid coking and Flexicoking have been
on the rise worldwide because of a shift to heavy and sour crude oils [3]. However,
with more than 150 units operating around the world, visbreaking still accounts for
more than a quarter of the residue upgrading capacity of the world [2] [4].

Fuel oil is approximately 18 percent of the petroleum products worldwide [5].
Production of stable fuel oil with maximum viscosity reduction is the process ob-
jective of a typical visbreaker unit. The run-length of the unit is decreased by coke
formation in the furnace coils and the soaker drum. Therefore, the main aim is to
operate the unit with maximum conversion and minimum coking. Through mild
thermal cracking, which lowers the viscosity of the heavy distillates and reduces the
cutterstock demand for viscosity cutting of the fuel oil product, visbreaking increases
the net distillate yield of the refinery. All this is achieved at a much lower cost than
other residue upgrading processes like RFCC or hydroconversion that require high
catalyst and high hydrogen consumption, respectively. Thus, it is the simplicity of
a visbreaker unit that makes this technology the mainstay of many petroleum re-

fineries. Visbreaking is the mildest and the least complex of the thermal eracking
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technologies. Therefore it is the logical first step in the direction of studying and

modeling of the thermal cracking process.

1.1 Modeling of Hydrocarbon Conversion Processes

Process models today are an inexpensive off-line and on-line tool used for process
unit optimization, research and development, and making future investment deci-
‘sions and are indispensable to modern business. A present-day process unit model is
a combination of different blocks, that represent different equipment in a process unit
and is used to predict product properties, product yields, fractionation efficiency, re-
actor pressure and temperature profiles, catalyst deactivation and coke formation in
a unit. Advances in computation, refining chemistry analytical techniques and chem-
ical kinetics have enabled a modern process model to make accurate hydrodynamic
and kinetic predictions. However, modeling of physical and chemical processes of
petroleum fractions is very challenging given the fact that the petroleum fractions
host thousands of true chemical compounds that cannot be identified completely
and whose information of chemical kinetics and chemical and physical properties is
not available. Strict environmental regulations, deteriorating feed quality and the
need to remain profitable have severely constrained the operation of a modern re-
finery. Present-day process models are expected to predict results in greater detail
at a molecular level with a high level of accuracy. Not only are they expected to
predict accurate yields but also the impurities in different process streams and the
operational constraints faced with processing of different feeds, so that the refiner
can encash the opportunity of processing a low-cost feed.

A process model is either empirical or mechanistic. An empirical model is based
on collection of data and its mathematical correlation is based on minimal knowledge
of the underlying physical and chemical principles. A mechanistic model is based
primarily on the reaction chemistry and physical principles of the true chemical
compounds or the pseudocomponents. Therefore a mechanistic model has better
prediction capabilities than an empirical model but it is very expensive in terms of

time and effort involved.
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1.2 Research Objective

Previously, nuclear magnetic resonance (NMR) carbon-type analysis data were
used to develop a mathematical model of mild thermal conversion (visbreaking) of
Athabasca bitumen, where the major reaction pathways followed during visbreaking
were identified. This approach has been extended in the current research to model
the visbreaking behavior of six petroleum oils from different geographical locations
around the world. In particular, the objective of this research is to advance the
understanding of chemistry involved during visbreaking process by proposing rule-
based correlations, based on feed carbon type data and the visbreaking reaction
pathways, for predicting product(gas and liquid)yields, percentage residue conversion

and coke formation during visbreaking at a single severity.

1.3 Thesis Overview

The rest of the thesis is organized aé follows:

Chapter 2 discusses the visbreaking process and its types, visbreaking severity and
constraints faced, NMR carbon-type analysis, thermal cracking reaction mechanism,
and reviews existing visbreaker kinetic models.

Chapter 3 describes the experimental conditions for visbreaking and the analyt-
ical methods used for feed and product characterization.

Chapter 4 presents and discusses the experimental results. It also includes dis-
cussion on different classes of representative model compounds and their reactivity at
experimental conditions where the main reactions during visbreaking are indicated.

Chapter 5 proposes different correlations for product yields, residue conversion
and coke formation during visbreaking and for coke formation during severe thermal
cracking process. The correlations are based on reaction pathways and model rules.
Chapter 6 discusses model validation and its use.

Chapter 7 discusses the conclusions and possible future work from this research.



Chapter 2

Background Concepts: A
Review

This chapter presents a review of the background concepts required for the analy-
sis of thermal reactivity of different heavy oils. These concepts cover a wide spectrum
from the process knowledge of visbreaking to the operational constraints faced and
from the chemistry of heavy oils to thermal cracking mechanisms. A discussion on

the existing visbreaking kinetic models is also included.

2.1 Visbreaking Process and its Types

The history of thermal cracking dates back to 1913 when William Burton was
awarded the patent for thermal cracking of gasoil to gasoline. This process dou-
bled the gasoline production from crude oil and thus helped meet the demands of
a burgeoning automobile industry [6]. The thermal conversion process of gasoil to
gasoline peaked in 1930 after which it was replaced by.catalytic cracking for the
production of gasoline [7]. Visbreaking or the viscosity breaking process of the heavy
petroleum residue, was one of the many variants of the thermal cracking process de-
veloped between 1930 and 1940 [8]. Visbreaking is a once-through, mild conversion,
liquid-phase thermal cracking process used primarily for the reduction of viscosity
of the atmospheric residues, vacuum residues, asphalts and other heavy oils. These
heavy oils, after cutter stock addition for subsequent viscosity reduction, are sold as

fuel oil. After visbreaking, the demand for the cutter stocks for viscosity reduction
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significantly decreases and this helps increase the distillate yield of a refinery. Apart
from the cutter stock reduction, the production of gas and naphtha from a visbreaker
is a secondary benefit. Due to higher demand for fuel oil in Europe and Asia, there
is more visbreaking capacity in the world outside the US and Canada [2].

The conversion in a visbreaker can be defined in many different ways. It can
be defined as the percentage of gas and gasoline produced, or the decrease in the
amount of residue, or the decrease in the viscosity of residue, or the increase in
specific gravity. Visbreaking, like thermal cracking, follows first-order kinetics. The

first order rate equation for visbreaking, as given by Speight [7] is:

1 100

where k is the first order reaction rate constant (s~1), ¢ is the reactor residence time
in seconds and X is 900°F+ visbroken residuum yield in volume%. Figure 2.1 shows
the visbreaking kinetic constant as a function of the coil outlet temperature.  There

are two types of commercial visbreaking process, Soaker and Coil visbreaking.

2.1.1 Soaker Visbreaking

In soaker visbreaking, the feed is preheated and then charged to a furnace with a
coil outlet temperature of approximately 450°C. The onset of cracking takes place in
the furnace after which the furnace effluent is fed to a soaker drum which operates
at pressure between 7-15 kg/cm? with a defined residence time. Most of the thermal
cracking takes place in the soaker vessel and the soaker effluent is then quenched
and fractionated under atmospheric and vacuum conditions. In contrast to the old
soaker vessels, which were down-flow in design and had coking problems, the new
soaker vessels are mostly up-flow in design and are provided with perforated plates as
internals to prevent back-mixing of the liquid flow [9]. The main operating variables
in soaker visbreaking are the furnace temperature and the soaker pressure which

govern the residence time in the soaker and the amount of cracking:
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Figure 2.1: Reaction Rate Constant for Visbreaking (7]

2.1.2 Coil Visbreaking

In coil visbreaking, the feed after preheating is fed to a furnace, which operates

at a coil outlet temperature higher than that of the soaker visbreaker furnace by

about 30-50°C. All the cracking takes place in the coils of the furnace. The furnace

effluent is then quenched, after which it is fractionated. The main operating variable

is the coil outlet temperature which governs the extent of cracking. Due to the higher

furnace temperature, the fuel costs are higher than the soaker visbreaker, though the

additional fuel consumed is made up by the product heat recovery and the extra

steam generation in the coil visbreaker.
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Figure 2.2: Soaker Visbreaking Process [9)

2.2 Visbreaking Severity and its Constraints

The cracking severity during visbreaking is defined in terms of severity factqr
which can be related to the product yields. In commercial units, the Soaking Volume
Factor (SVF) is used to represent the process conditions like the residence time,
temperature and pressure. The SVF is the ratio of the equivalent coil volume in
cubic feet to the total visbreaker feed in bbl per day and is calculated at the base
conditions of 750 psi and and 800°F [10]. The total SVF term has contributions from

both the furnace coil and the soaker vessel.

Total SVF = SVF i1 + SVF grum (2.2)
1 Vv
SVF i = ——/ RKpdV (2.3)
F 0

where F'= total feed in bbl/day, R=ratio of the rate constant at reaction temperature
to the rate constant at 800°F, K p= pressure correction factor for pressure other than

750 psig, dV = incremental coil volume, and V= total coil volume.

SVF gpum = DVEKrpKp/F (2.4)

where DV = volume of the drum in ft3, K';-p= reaction velocity constant at the mean
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Figure 2.3: Coil Visbreaking Process [9]

drum temperature, and K p= pressure correction factor at the mean drum pressure.
The value of SVF ranges from 0.03 for the heavy residues to 1.2 for the light gasoils.
But since the calculation of SVF requires pressure and temperature profiles along
the reactor, exit product yields are also used in commercial units as the measure for
visbreaking severity.

Yan [11] has used another method to define visbreaking severity at a reaction
temperature T, in terms of the Equivalent Residence Time (ERT) at 427°C. The
ERT is calculated as:

Eqf1 1
ERT = exp <~?A (T — m)) t (2.5)

where ¢= residence time, T= Reaction temperature in Kelvin, £ 4= Activation En-
ergy, and R= Gas constant. This definition of visbreaking severity has been used for
this research and the ERT is referred to as the Severity Index (SI).

The SI therefore depends upon the process conditions like the residence time and
the reaction temperature and also the activation energy E 4. The activation energy
E 4 in turn, depends on the heavy oil and the reaction pathways concerned. Olmstead
and Freund [12] have found that the activation energy for weight percent conversion of
698°C+ fraction during thermal cracking of the Arab heavy and Cold Lake residues to
be almost the same at 212.8 and 215.5 kJ/mol, respectively. Yan [13] has found that
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the activation energy of coke formation for visbreaking of the Arab heavy, Boscan
and Mixed residues for 75/25 n-heptane and toluene coke (PA-coke) to be at 93
kJ/mol and that for n-heptane coke (P-coke) to be at 30.2 kJ/mol. Likewise, it can
be assumed that the activation energy for different visbreaking reaction pathways
yielding different products are almost similar for diffepent feeds.

During visbreaking a part of the fluid experiences cracking at a much higher
severity than the bulk of the fluid. In coil visbreaking, this is the boundary layer fluid
in the furnace tubes where at the end of the furnace the temperatures are 30-40°C
higher than the bulk fluid temperatures. In the soaker vessel due to back mixing, the
fluids near the walls have a much higher residence time than the bulk fluid, which
increase the visbreaking severity faced by this fluid [9]. This over-cracking of fluid
near the walls leads to coke formation and deterioration in fuel stability at a much
higher rate in these localized areas, even when the visbreaking severity experienced

by the bulk liquid is much lower.

2.2.1 Coke Formation

The run length in a visbreaker is determined by the coke formation in the coils
and the soaker vessel. The coke formation, which occurs on the heater tube walls and
on the shell in the soaker vessel, is due to the high temperatures and longer residence
time in fluid-flow zones with low turbulence, whereas the short residence time-low
temperature conditions in a visbreaker help avoid coking in furnace tubes and soaker
vessel. The petroleum residue is a mixture of the saturates, aromatics, resins and
asphaltenes where the asphaltenes are peptized by the aromatics and resins. Coke
formation occurs due to the separation of a hydrogen-lean and carbon-rich second
liquid phase. This second phase is the precursor for coke formation. Experimentally,
it has been observed that coke formation has an induction period and it is determined
by the onset of this second liquid phase [14] [15]. It has been postulated that the
peptizing agents, the aromatics and the resins, upon cracking lose their side chains
and their peptizing power, whereas the asphaltenes also lose their side chains and
alkyl groups and thereby become insoluble [13]. This second phase or the mesophase

as it is called, shows up as bright parts among the dark amorphous coke and oil
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part, when observed under cross-polarized light with an optical microscope [16]. The
amorphous coke is formed after asphaltene has separated out from the oil and is then
exposed to high temperature and does not show up bright under the cross-polarized
light. The visbreaking coke really, is the onset point of coke formation during thermal
cracking and the amount of coke increases with the increase in cracking severity. The
maximum coke which is produced under severe thermal cracking conditions charac-
terized by molecular rearrangements, dehydrogenation and polymerization reactions,
has been found proportional to the Conradson Carbon Residue (CCR) of a feedstock.
The CCR is determined under severe pyrolysis conditions [17].

2.2.2 Fuel Stability

The other constraint faced during visbreaking with increase of severity is its im-
pact on the product stability. The maximum conversion in a visbreaker is limited by
the storage stability of the final bottom product and this limits the visbreaking reac-
tion severity. During thermal cracking, the aromaticity of the asphaltenes increases
while that of the remaining oil or the maltenes decreases and this causes a reduction
in the stability of the oil. As well olefins can be produced and polymerise to form
gums. The product stability, which is the measure of asphaltene precipitating out
of the product as sediment and then forming sludge or solids on storage or on filtra-
tion, is not only dependent upon the residue from the visbreaker unit but also on
the cutter stocks used for further reduction of viscosity. Around the world, the fuel
oil stability is fneasured using various test methods like the ASVAHL test method or
the Merit number test, the ASTM DA4740 or the spot test and the ASTM D4870 or
the hot filtration test [5]. Among these, the hot filtration tests are the most widely
used as they indicate accelerated, potential and total sediment value for the fuel oil
(ASTM D4870, ASTM D4870 - Appendix A and ASTM D4870 - Appendix B). Apart
from these, the Shell P value is also used to measure the product stability and the
stability of fuel oil blends. If the P value is more than 1, the product is stable and
the vice versa. In reality, a minimum P value of 1.2 is targeted when preparing fuel

oil blends. The P value is defined as:
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Po
F Rmaz

where Py= peptizing power or the available aromaticity, and F Ry, = Flocculation

P value =

(2.6)

ratio or the aromaticity required to keep asphaltenes in solution.

Another method that has been used to measure the stability of asphaltenes in
crude oils and also applies equally to the refinery streams is the Colloidal Instability
Index (CII} [18]. This is the ratio of the asphaltenes and its flocculants (the saturates)

to the sum of its peptizers (the aromatics and the resins).

CIT — asphaltenes + saturates

. . (2.7)
aromatics + resins

On the basis of a large database of crude oil, it has been seen that if the CII<0.7,
the solution is stable and if the CII>0.9, it is unstable. The values 0.7-0.9 lie in the

uncertain zone.

2.3 Previous Work on Visbreaking Kinetic Models

Mild thermal cracking (visbreaking) and its kinetic modeling has been studied
by many researchers. Visbreaker kinetic models over time, have moved from two
lumped simplistic models to complex mechanistic models.

Singh et al. [19] studied the thermal cracking behavior of heavy feedstocks of
Indian and Middle East origin between temperatures 400-430°C and evaluated the
kinetic parameters of overall conversion of these feedstocks. The thermal cracking was
found to follow a first order reaction kinetics and the activation energies for overall
conversion were in the range of 102-206 kJ/mol. The difference in the activation
energies of the feeds was attributed to the different saturate and asphaltene content
in the feeds. Lower activation energy in one feed was attributed to the presence
of more alkyl groups attached to the naphthenic and polar aromatic compounds.
The product yields for gas, gasoline (IBP-150°C), light gasoil (BP: 150-350°C) and
vacuum gasoil (BP: 350-500°C) was determined at different reaction temperatures
and residence times. The product yields and their selectivity was explained with

respect to the feed properties.
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In an another thermal cracking study on Cold Lake bitumen, Shu and Venkate-
san {20] used viscosity data to develop a kinetic model for visbreaking at conditions
between 260-325°C and for residence time up to 720 hours. They found that vis-
breaking followed first order kinetics and calculated the activation energy (E,4) to
be 130 kJ/mol and frequency factor (A,) to be 8.18 x 10° hr=!. The kinetic model
used was a two-lump model with a feed pseudo-component cracking to a product
pseudo-component.

Di Carlos and Janis [21] studied the visbreakability of atmospheric residues of
Mediterranean and Italian origins at temperatures between 450-500°C and found
that visbreaking followed first order kinetics. They estimated the kinetic parameters
for overall conversion of the residue and concluded that paraffinic residues were more
reactive than the residues rich in asphaltenes and resins at high temperatures and
were more selective towards gasoil (BP: 175-370°C) due to the splitting reactions of
the long chain alkanes, while residues rich in resins and asphaltenes show more selec-
tivity towards gas and were more reactive at low temperatures due to the dealkylation
reactions of the attached side chains.

In his work, Yan [11] conducted thermal reactivity experiments with one crude
oil and two vacuum residues (BP: 550°C+) between reaction temperatures of 420-
475°C with a coke yield up to 15wt%. The coke formation for all three feeds followed
first order kinetics and it was found that the activation energy of coke formation for
all three feeds was 93 kJ/mol. The coke yield was also found directly proportional
to severity, which was defined as the equivalent residence time (ERT) in seconds at
427°C. The different feeds were characterized on the basis of their coking propensity,
the ratio of the coke yield to the severity. The coking propensity of different residues
was found to be related to the asphaltene content of the residue.

In a study on thermal cracking of the Aghajari long residue at temperature be-
tween 427-500°C and conversion (wt% of 150°C-) up to 15%, Krishna et al. {22}
found the reaction kinetics to be of the first order and calculated the activation en-
ergy (E4) and frequency factor (A,) as 224.8 kJ/mol and 2.17 x 102 s=!. It was
observed that gas, gasoline (IBP-150°C), kerosene (BP: 150-250°C) and gasoil (BP:
250-370°C) were produced whereas vacuum gasoil (BP: 370-500°C) and residue (BP:
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500°C+) were depleted. A change in the cracking behavior was observed at a partic-
ular conversion level (7wt%). The gas and gasoline yield increase with severity was
steady, however the keroseﬁe vield increased sharply after 7 wt% conversion. Along
with this, the increase in gasoil yield slowed down after 7 wt% conversion. This
was explained because of the secondary cracking of gasoil to kerosene starting after
this conversion level. The vacuum gasoil yield and the residue yield decrease also
slowed down after 7 wt% conversion. It was hypothesized that most high molecular
weight compounds got cracked and the cleavage of most alkyl substituents on con-
densed aromatic clusters occurred till conversion reached 7 wt%. After that, cracking
reduced and the condensation or polymerization increased. This was corroborated
by the steep increase in the conradson carbon residue content and the viscosity of
370°C+ fraction after a conversion level of 7 wt%.

Singh et al. [23] developed a four-lump kinetic model for the visbreaking of
vacuum residues, asphalt and a refinery visbreaker feed from India at reaction tem-
peratures 400-430°C. The model used three product lumps gas, gasoline (IBP-150°C)
and light gasoil (BP: 150-350°C) and one feedstock lump (BP: 350°C+) with four
reaction pathways to describe visbreaking. The kinetic parameters (rate constants
and activation energies) were individually estimated for each reaction pathway using
experimental data. The developed model could predict 75% of the data points with
less than 15% error. The work concluded that while the feed cracked to gas, gaso-
line and light gasoil, the product light gasoil further cracked to make gasoline. The
product residue portion was not considered as a lump and did not participate in the
visbreaking reactions.

Singh et al. [24] also reported a five-lump and seven parameter model for the
same feedstocks. The data prediction accuracy was within 20% for 70% of the data.
Comparing this with the earlier four-lump model done on the same feedstocks but
with different pseudo-component definition, it can be inferred that the activation
energies depends upon the lump definition in a model. For instance, the activation
energy for NGSR feed to gas fraction is 189.5 kJ /mol for the four-lump model whereas
it is 194.7 kJ/mol for the five-lump model. Since the error analysis showed that the

predictions of the two models has a similar percentage error, it can be concluded that
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the increased complexity of the five-lump model serves no better than the four-lump
model.

In another study, Kataria et al. [25] proposed a five-lump and a seven parameter
model to explain the visbreaking of six different Indian heavy feedstocks. The kinetic
parameters were different than the parameters evaluated by Singh et al. [24] even
though for similar feedstocks and similar reaction pathways. This can lead to the
inference that the kinetic parameters, in addition to the nature of feedstock and the
degree of lumping, are also dependent on the mathematical method by which they
are estimated. The product yields were correlated to the severity index (for E4=50
kcal/mol) and feed properties. The activation energies of different reaction pathways
were correlated to the feed properties using linear and power law models. The kinetic
parameters depend on the variation of the structural parameters within the different
lumps and upon the degree of lumping.

Castellanos et al. [26] developed a kinetic model, that has been used commercially
for plant design and operation, with 51 pseudocomponents and 1225 reactions among
them. The atmospheric and vacuum residue from Maya and Isthmus crude oils were
characterized into different fractions on the basis of physical properties and these
fractions were then divided into pseudocomponents based on carbon number. The
model was based on first order kinetics and kinetic parameters were expressed as
functions of molecular weights of the reacting and product compounds. The model

parameters were calculated using plant data from an industrial Dubbs unit.

2.4 Carbon-types

Petroleum is a complex mixture of hydrocarbon molecules. The chemical and
physical properties of a hydrocarbon molecule depend on how a carbon atom in the
molecule is bonded to other carbon, hydrogen and hetero-atoms. Bonding or the
sharing of electrons by the carbon atoms among themselves or with other elements
determines the type of carbon. A complex hydrocarbon molecule has many differ-
ent carbon-types. Examples of different carbon-types include aromatic, naphthenic,
olefinic, paraffinic and branched paraffinic carbon. Thermal stability of petroleum

hydrocarbons is dependent upon the bond dissociation energy (BDE) of the carbon-
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carbon, carbon-hydrogen and carbon-sulfur bonds. The bond dissociation energy
depends on the extent of overlap of the atomic orbitals of the nuclei and is affected
by factors like resonance stabilization as in aromatic bonds and different types of
bond strain. The C-C or C-H bonds formed by different carbon-types will have dif-
ferent bond dissociation energies and thus their stability and reactivity under thermal
cracking conditions will differ. The carbon-carbon bond cleavage in benzene ring is
not possible in mild thermal cracking due to the resonance structure which accords
extra stability to the benzene ring (as compared to cyclohexatriene) [27]. Instead
carbon-carbon cleavage is much more likely in the alkyl chains attached to the aro-
matics. The CH2 of an alkyl chain attached to an aromatic carbon in a polyaromatic
hydrocarbon (PAH) molecule is less stable than that attached to an aromatic carbon
of a monoaromatic ring.

Figure 2.4 shows the C-C bond dissociation energies calculated by Billaud et al.
[28]. The -bond is the weakest bond in the alkyl chain while the a bond is the most

stable. All the other C-C bonds on the chain have similar energies.

bonding
energy,
bond cleavage keal/mol

a W 97.2
B8 68.6

Y _ @/\X\/\/\/\/\ 81.4
6 @/\/7(/\/\/\/\ 81.6
8 W 81.6

Figure 2.4: C-C Bond Dissociation Energy [28]

Similarly figure 2.5 presents the C-H bond dissociation energies as calculated by
Billaud et al. [28]. This indicates that C-H bond cleavage is the most difficult at
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the aromatic ring while it is the easiest for carbon at position 1 and therefore these
hydrogen are referred to as mobile. The C-H bonds at other positions are equally

strong and stronger than most C-C bonds on the alkyl chain.

. bond energy,
hydrogen cleavage kcal/mol

aromatic H;(@/\/\/V\/\/\ 110.9

aliphatic 1 H 81.7 (85)°
@/\/\/\/\/\
aliphatic 2 @/i\/\/\/\/\ 97.5 (?95)0
H

aliphatic > 2 \ 97.5

Figure 2.5: C-H Bond Dissociation Energy [28]

Figure 2.6 [29] shows the bond dissociation energies of the C-C and C-H bonds
in 2-Dodecyl-9,10-dihydrophenanthrene (DDPh). The C-H bonds at the 9- and 10-
positions with the BDE of 84.6 kcal/mol are the weakest bonds and thus the most
likely places for hydrogen abstraction, followed by the benzylic hydrogen. The low
BDE of 72.5 kcal/mol for the a C-C bond makes it an easy position for C-C bond
cleavage during the [(-scission reaction. Thus, it can be concluded that the bond
dissociation energies help determine the most probable and favored reactions during
thermal cracking.

V. Van Speybroeck et al. [30] have classified the polyaromatic hydrocarbons
(PAHs) into six groups based on number of rings and have shown that the bond
dissociation energy of the C-H bonds attached to the condensed ring aromatics are
lower due to less stability of the molecule due to steric hindrance. This renders their
free radicals more stability due to relief of steric hindrance.

Figure 2.7 shows the bond dissociation energies have been used to segregate aryl
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Figure 2.6: Bond Energies for 2-Dodecyl-9,10-dihydrophenanthrene {29]
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Figure 2.7: BDEs of Aryl Radicals of Six Different Groups of PAHs [30]
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radicals into benzene like sites (B), phenanthrene like site (P), dibenzophenanthrene
like site (DBP), benzophenanthreneanthracene like site (BPA), benzophenanthrene
like site (BP) and benznaphtanthracene like site (BNA). The BNA radicals with the

lowest BDE are the most stable among them.

2.4.1 Role of Nuclear Magnetic Resonance (NMR) Spectroscopy in
Quantification of Carbon-types

NMR spectroscopy plays a prominent role in the structural analysis of petroleum
fractions. Both proton (1H) and carbon (13C) NMR spectra can be used to quantify
different carbon-types present in oil. Thus, the carbon-type content of the pseudo-
components before and after cracking can be measured. As carbon-type actually
means carbon bond type, the information reveals the net chemistry that has oc-
curred during the process. Carbon-type analysis in this fashion quantifies the inter-
conversion of one carbon-type into another during cracking. Depending upon the
contents of particular carbon-types in a visbreaker feed, the crackability of the feed
can also be predicted. In the present work, NMR structural analysis is performed on
all pseudo-components before and after cracking. NMR data gives content informa-
tion for over 80 types of different carbon species including aromatic, cycloparaffinic,
branched paraffinic, paraffinic, and olefinic carbon. In addition, the NMR data re-
veals the average chain-length, the aromatic and naphthenic ring cluster sizes and the
a-to-aromatic cycloparaffins present in the pseudo-components. Figure 2.8 details
the different carbon-types that have been analyzed and quantified for the present

research.

2.5 Thermal Cracking Mechanism

Thermal cracking occurs through a free radical chain reaction mechanism. The
free radicals are formed upon bond breaking where one electron is shared by each
fragment. Such type of bond breaking, which occurs during thermal cracking, is
called homolysis and the energy involved is called homolytic bond dissociation en-
ergy. The hydrocarbon pyrolysis mechanisms proposed for thermal cracking of dif-

ferent classes of hydrocarbons are based on the free radical chain reaction mechanism



2.5 Thermal Cracking Mechanism

19

Cycloparaffinic and Paraffinic:

Cyclopwreffin Bridge CH (1)
Cycloparaffin Alkyl.Substituted CH (D
Cyelopareffin CH (3
Methyl-cycloparatfin (9)
Ethyl-cyclopesaffin (5)

o 1o Cycloparaffin ring (6)

Paraffin chain (7)

Aromatic and Olefinic:

Aromatic Bridge C(1)

Aromatic Aoyl Substibuted C ()
Arcmatic CH ()
Metterl-scomatic (4)

Ethyl sromatic (5)

Dighenyl methane CH; (6)

of to Aromatic (7)

Olefinie CH & CH, (8)

@ to Olefinic (%)

g

T % cRy
/‘/2

/\s,/\\{’

3 3 y 3 1 Ethyl branched chain (2)
+ Butyl branched chain (3)
uf to Branch point {4)

2 Branched ParafTinic,
| /,}\T M \/‘J\/‘\ /‘\)1\ Methy! branched chain (1)

4 4 ] 4
T e N e
3 T3y i 3

i

‘
!
J1 {

Figure 2.8: NMR Carbon-types



2.5 Thermal Cracking Mechanism 20

developed by Rice and Herzfeld [31] and Kossiakoff and Rice [32] for n-alkanes and
further developed by the work of Fabuss, Smith and Satterfield [33][34]. Though the
mechanism involves multiple reversible free radical reactions like homolytic dissoci-
ation, disproportionation, isomerization, (3-scission and hydrogen abstraction [34], it
is organized in three steps: initiation, propagation and termination, which are about
net production, interconversion and net destruction of free radicals, respectively [35].
The activation energy of the three steps have been calculated by Billaud et al. [28]

as:

Table 2.1: Activation Energy in kcal/mol

Steps Reactions Activation Energy
Initiation 80-85
Propagation | C-C bond cleavage 30
hydrogen transfer 12-15
Termination 0

In the reaction mechanism, the initiation step has the highest activation energy
(equal to the bond dissociation energy for homolytic cleavage) and once the radicals
are formed, they go through a series of propagation reactions before termination
since the activation energy for these steps are much lower. Gray and McCaffrey [36]
showed that the high activation energy for the initiation step plays a much smaller
role in determining the overall activation energy for cracking which is much lower

because of the propagation and termination steps.

2.5.1 Initiation

The initiation step in thermal cracking is generally believed to take place though
C-C bond cleavage as the bond dissociation energy of the C-C bond is lower than
that of the C-H bond. However, in their study on liquid-phase and gas-phase thermal
cracking of n-hexadecane, Wu et al. [37] have concluded that the initiation reaction
also takes place through C-H bond cleavage resulting in production of Hy gas in
both liquid as well as gas phase cracking. Apart from the homolytic dissociation,
another reaction responsible for the initiation step is bimolecular reverse radical dis-

proportionation {RRD). An example of RRD is during the pyrolysis of methylpyrene
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where hydrogen transfer from the benzylic carbon to an aromatic ring produces a

methylpyrenyl radical and a methylhydropyrenyl radical [38] .

2.5.2 Propagation

The propagation step consists of multiple parallel sets of G-scission and hydrogen
abstraction reaction. In a particular set, the hydrogen abstraction by a radical from
a reactant molecule produces a reactant radical that undergoes C-C bond cleavage at
the [ position to the radical center to reproduce a radical and an olefin [34]. The most
abundant product would come from a set where the weakest C-H bond is attacked for
hydrogen abstraction and the weakest C-C bond is attacked for B-scission reaction
[39]. The chain propagation is a radical conservation step. It has been shown by Wu
et al. [37] that during liquid phase cracking, due to higher molecular density, the -
scission and hydrogen abstraction reactions have an equal probability whereas the gas
phase cracking is more selective towards the (3-scission reaction. The other reactions
through which the propagation occurs are radical hydrogen transfer (RHT), where
a hydrogen is transferred from a radical to an acceptor, addition reactions, where
hydrogen and methyl radical are addedAto an acceptor and elimination reactions,

where hydrogen and methyl radical are eliminated from a donor radical [38].

2.5.3 Termination

The chain termination steps take place through radical recombination and dis-

proportionation reactions.

O %-———’VI[O/ + ?\% ] +v2[\% . m]
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Figure 2.9: PPN Pyrolysis Pathways [40)

Figure 2.9 shows the reaction pathways or the reaction network responsible for
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the production of the most abundant product pairs in the thermal pyrolysis of 2-
(3-phenylpropyl)naphthalene (PPN) between 365-450°C and the residence time of
10-240 minutes and figure 2.10 shows the the different reactions that make the PPN
pyrolysis reaction mechanism [40].
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Figure 2.10: PPN Pyrolysis Mechanism [40]

2.5.4 Structure-Reactivity Relationships

The study of pyrolysis of heavy oils requires the prediction of the reactivity of dif-
ferent classes of hydrocarbons comprising these heavy oils during thermal cracking
conditions. Researchers have for long studied the relationship of molecular struc-
ture with reactivity and have also put forth both empirical and mechanistic models
for different hydrocarbon classes. Berman and Petrov [41], through calculation of
relative rate constants of the cleavage of alkyl chains from condensed naphthenic
hydrocarbons, concluded that the thermal stability of the cycloparaffins decreases as
the number of rings and length of chains increases while the type of rihg chain also
has a bearing on the rate of cracking. Savage et al. [42] correlated the reaction rates
of thermal cracking of polycyclic’ alkylaromatics with the Dewar reactivity numbers

and showed that they affect the pyrolysis pathway adopted by the compound. The
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structure reactivity relationships for one and two ring saturated cyclic compounds
was reviewed by Savage et al. [43] and they proposed a new correlation for the reac-
tivity of polycyclic perhydroarenes based on the characterization number (n). The
characterization number is based on group additivity (12 for the cyclohexane ring, 4
of each CH2 group in the alkyl chain, 2 for the terminal methyl group in the chain
and -1 for CH bond in the ring) and was proposed by Fabuss et al. [44]. Figure 2.11
presents the relationship of the rate constants with the characterization numbers.
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Figure 2.11: Empirical Structure-Reactivity Relationship for Saturated Cyclic Com-
pounds [44]

Savage et al. [45] also proposed a mechanism based equation for structure reac-
tivity relationship for alkylcyclohexane pyrolysis. This was based on the pyrolysis
reaction mechanism and its kinetics. Figure 2.12 shows the experimental and the cal-
culated first order rate constant for the conversion of n-alkylcyclohexane and shows

its dependence on the alkyl chain length.
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Figure 2.12: Mechanistic Structure-Reactivity Relationship for Saturated Cyclic
Compounds [45]



Chapter 3

Experimental Work

This chapter describes the experimental work performed by the technical staff
of the National Centre for Upgrading Technology (NCUT), Devon, Alberta. The
present work is aimed at validating and extending the approach, previously used for
developing a mathematical model for visbreaking of Athabasca bitumen, by applying
the same approach to six different heavy oils representing feedstocks of different
thermal reactivity from all around the globe. These six oils are Athabasca bitumen
and Wolf Lake fronﬂ Western Canada, Kern River from the USA, Kuwait from the
Middle East, Rubiales from South America and Shengli from China.

3.1 Experimental Visbreaking Conditions

Thermal cracking of each feedstock was performed in a 1-liter continuous stirred-
tank reactor (CSTR) autoclave where two runs were performed using 400 grams of
feed. The reactor was flushed with nitrogen prior to heating and reached a maximum
pressure of in the range of 300-500 psig at the temperature 405°C, depending on the
gas-make. The run time was 30 minutes. The volume of gaé was measured by a gas
meter as the gas was transferred into a gas bag at the room temperature of 20°C.
The contents of the gas products are the averages of the results for two runs under
same conditions for each feedstock. The total liquid products for the two runs were

combined and sent for analyses.
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3.2 Fraction Preparation

The feed and total liquid product (TLP) were fractionated into naphtha (IBP-
204°C), gasoil (204-524°C), and residue (524°C+) using the American Society for
Testing and Materials [46](ASTM) D1160 method. The separation of these fractions
into saturates, aromatics, resins or polars and asphaltenes (SARA) was done us-
ing the following procedure. Asphaltenes were precipitated from the D1160 vacuum
residue (524°C+) with pentane, using a single treatment of the procedure outlined
in Peramanu et al. [47]. The gasoil and the residue maltenes were separated into sat-
urates, aromatics and polar fractions using a modification of the clay-gel adsorption

chromatography method described in Peramanu et al. [47].

3.3 Characterization of Pseudo-components

3.3.1 Gas Analysis

The gas analysis was run on the gas product on a Refinery Gas Analyzer (MTTI).

3.3.2 Elemental Analysis

Sulfur contents of naphtha were measured using x-ray fluorescence (ASTM D4294)
on a Horiba XR Fluorometer (SLFA-1800). The sulfur content of the gasoil saturates
were measured by GC (HP 6890) using sulfur chemiluminescence detection (ASTM
D5623). The sulfur contents of all other samples were measured using a Leco SC
432 analyzer where ASTM D1552 was used for the aromatics and polars and ASTM
D4239 was used for asphaltenes. The nitrogen contents of the naphtha and saturates
were measured using the ASTM D4629 method on a Dohrman Nitrogen Analyzer
(DN-1000). The carbon and hydrogen content of saturates was measured using the
ASTM Db5291 method on a Perkin Elmer 2400 analyzer. The carbon, hydrogen, and
nitrogen contents of the aromatics, polars and asphaltenes were measured on a Leco
1000 Analyzer using ASTM D5291 for the aromatics as well as polars and ASTM
D5373 for the asphaltenes. The carbon and hydrogen content of the naphtha were
measured on the Leco 1000 Analyzer using the ASTM D5291 procedure.
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3.3.3 Coke Content

Conradson carbon content of the feed and TLP was measured using the mi-
crocarbon residue (MCR) test procedure (ASTM D4530). The toluene insolubles
contents were obtained by soxhlet extraction of the feed or TLP residue (524°C+)
using ASTM D4072.

3.3.4 Nuclear Magnetic Resonance Spectroscopy

1H NMR samples were prepared by mixing approximately 20 mg of the sample
with 700uL deuterochloroform (CDCI3). For 13C NMR spectra, approximatelySO
mg of asphaltenes and 100 mg of all other fractions were used in either 700uL or 600
pL CDCI3, respectively. The NMR experiments were performed at room temperature
(20 £ 1°C) on a Varian XL-300 NMR, spectrometer, operating at 299.943 MHz for
proton and 75.429 MHz for carbon. The proton spectra were collected with an
acquisition time of 2.1 s, a sweepwidth of 7000 Hz, a pulse flip angle of 30.8° (8.2
us), and a 1-s recycle delay. These pulse recycle conditions permit the collection of
quantitative spectra for all protonated molecular species in the petroleum samples
where the maximum spin lattice relaxation time (T1) is expected to be less than
20 s. The spectra, resulting from 128 scans and using 0.33 Hz line broadening,
were referenced to the residual chloroform resonance at 7.24 ppm. The quantitative
carbon spectra were acquired using an acquisition time of 0.9 s and a sweepwidth
of 16,500 Hz. For naphtha and gés oil samples, a flip angle of 26.2° (4.6us) and
recycle delay of 10 s were used, and for the residue samples, a flip angle of 31.9°
(5.7us) and a 4-s delay were used. These parameters are quantitative for carbons
with spin lattice relaxation times (T1) of the order of 100 s in distillate and 30 s
in the residue. Reverse-gated waltz proton decoupling was used to avoid nuclear
Overhauser effect enhancements of the carbon signals. The spectra were the result
of 5000 scans for the naptha and gas oil fractions (524°C-} and 15,000 scans for the
residue fractions (524°C+). Line broadening was used to improve the signal-to-noise
ratio of the spectra. Naphtha and saturates spectra used 5 Hz, aromatics and polars
spectra used 10 Hz, and asphaltenes spectra used 15 Hz line broadening. All spectra

were referenced to the CDCI3 resonance at 77.0 ppm. Carbon-type analyses were
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performed using proton and carbon NMR, spectra and elemental analysis results,

using a procedure based on that described by Japanwala et al. [48].



Chapter 4

Model Data and Approach

4.1 Model Data

The first half of this chapter presents the results of the extensive lab analysis
conducted on different feed and visbroken product samples. The nuclear magnetic
resonance (NMR) carbon-type analysis, which is the quantification of carbon-types in
the feed and the visbroken product, is the heart of this extensive lab work performed
at the National Centre for Upgrading Technology (NCUT), Devon, Alberta. The
second half of the chapter introduces the approach adopted for developing this model
using NMR carbon-type analysis. It includes a discussion on the lab results and the
pyrolysis behavior of the model compounds that resemble molecules or molecular
units in the heavy oils chosen. The pyrolysis studies of these representative model

compounds help us determine the main reactions behind visbreaking.

4.1.1 Pseudo-component Content in Feed and Product

Figure 4.1 shows the mass of different pseudo-components obtained after the

distillation and SARA analysis of feed and product.

4.1.2 Gas Component Analysis

Figure 4.2 shows the components of gas obtained after visbreaking of different
oils. A complete list of gas components after chromatographic analysis is listed in

Appendix A.



4.1 Model Data

Mass balance: Basis 100 gms of feed
Athabasca Kuwait Rubiales Shengli Wolf Lake Kemn River

Feed |Product| Feed | Product} Feed | Product| Feed |Product] Feed |Product] Feed | Product
Gas 2.6 0.79 0.6 1.3 2.0 1.0
Naphtha (BP-204°0)] 06 | 77 [ 97 145 | 171 35 | 62| 80 [ 27 ] 54 | 09 ] 51
Gas oil (204-524°C)
Saturates 18.5] 226 | 242] 264 }366] 362 | 369} 368 | 194 | 234 ] 26.6 | 28.2
Aromatics 23.9 ] 303 | 23.6] 278 1 262) 246 | 145} 172 | 242 | 29.7 | 278} 30.6
Resins 24 3.1 1.3 1.8 2.6 24 1.7 2.3 1.5 2.9 5.1 6.7
Sub-total 448 | 560 [49.1]| 56.1 | 654} 632 | 530 56.3 | 45.1 56.0 | 59.5 65.6
Residue (524°C+) ,
Saturates 2.2 1.2 3.2 1.8 3.1 3.1 6.1 6.2 2.9 1.8 2.3 1.4
Aromatics 19.2 1 112 J18.6] 103 | 8.6 8.9 1471 11.9 | 221 12.1 | 13.3 8.4
Resing 13.5] 4.7 9.8 5.3 3.7 3.5 1324 90 10.2 7.5 16.5 10.1
Asphaltenes 1981 166 } 9.6 | 112 | 17.6] 17.2 6.9 7.4 17.0 | 15.2 7.5 8.4
Sub-total 54.6 | 337 j41.1] 286 {329 326 | 40.8 ] 345 | 522 | 36.6 | 39.6 28.3
Total 100.0] 100.0 }100.0] 100.0 {100.0] 100.0 | 100.0] 100.0 | 100.0] 100.0 | 100.0] 100.0

Figure 4.1: Pseudo-component Content in Feed and Product

Mole Percentage

Component | Athabasca] Kuwait { Rubiales | Shengli [Kern Riverl] Wolf Lake
H,S 214 8.7 9.7 3.0 6.6 18.7
CO+CO, 59 3.7 59 4.0 109 33
H, 6.4 8.6 9.1 10.4 5.7 8.5
C 36.0 57.1 51.2 61.2 54.2 43.9
C, 14.8 13.0 13.9 11.1 124 13.5
C, 9.5 4.9 7.0 54 6.8 7.3
C, 39 22 2.1 2.5 2.0 2.8
Cst+ 2.1 1.7 1.2 24 14 1.9
Total 100.0 100.0 100.0 100.0 100.0 100.0

Figure 4.2: Gas Component Analysis
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Athabasca Bitumen

Elemental - Feed

Fraction Carbon | Hydrogen| Nitrogen | Sulphur Total
Feedstock 848 10.0 0.4 4.8 100.0
Naphtha 87.1 115 0.3 1.1 100.0
Gas oil 85.1 11.5 0.2 3.3 100.0
GO-S 86.4 13.6 0.0 0.0 100.0
GO-Ar 84.0 10.1 0.2 5.7 100.0
GO-R 86.0 8.7 0.9 44 100.0
Resid 84.8 8.3 0.5 6.3 100.0
R-S 86.6 13.3 0.0 0.1 100.0
R-Ar 84.7 10.2 0.2 5.0 100.0
R-R 85.1 8.4 0.6 5.9 100.0
As 83.4 7.6 0.8 8.2 100.0
Elemental - TLP

Feedstock 85.0 9.9 0.5 4.6 100.0
Naphtha 84.6 13.4 0.0 2.1 100.0
Gas oil 85.2 11.0 0.2 3.5 100.0
GO-S 86.1 13.8 0.0 0.1 100.0
GO-Ar 85.3 9.7 0.1 5.0 100.0
GO-R 85.7 8.0 1.4 4.9 100.0
Resid 85.4 7.6 0.8 6.2 100.0
R-S 85.8 14.0 0.0 0.1 100.0
R-Ar 86.2 9.3 0.2 4.4 100.0
R-R 86.0 8.6 1.0 4.4 100.0
As 85.2 5.9 13 1.6 100.0
Subtotal 85.2 10.0 0.4 4.3 100.0

Figure 4.3: Flemental Analysis

4.1.3 Elemental Analysis

Figure 4.3 shows the carbon, hydrogen, nitrogen and sulfur elemental analysis for

Athabasca bitumen feed and its visbroken product. Similar analyses were conducted

for all different oils and their visbroken product. It is to be noted that the hydrogen

content of resins and asphaltenes are the lowest among all pseudo-components.

4.1.4 Coke Yield

Figure 4.4 shows the microcarbon residue of the feed and the toluene insolubles of

the total liquid product after visbreaking. The mass of toluene insolubles represent

the coke formed du.ring the visbreaking reaction and is different from the microcarbon

residue which represents the maximum coke formed during severe pyrolysis (coking)

of the feed.
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Weight Percentage
Micro-Carbon residue Toluene Insolubles
Kern River 7.82 0.03
Shengli 5.70 0.11
Wolf Lake 12.50 0.25
Kuwait 8.60 0.50
Athabasca 13.10 1.59
Rubiales 11.90 3.37

Figure 4.4: Coke Yield

4.1.5 NMR Carbon-type Analysis

Figure 4.5 shows the carbon—typeé in mole percentage obtained from NMR spec-
troscopy and their derived parameters, like the aromatic and naphthenic cluster sizes
and the average chain length, for Athabasca bitumen. This carbon-type analysis is
performed for all pseudo-components in feed and total liquid product for all the
oils studied. The carbon-type analysis report shows forty different carbon-types, in
which there are four aromatic types, four naphthenic types, methyl and ethyl groups
attached to the rings, chain attachments, branched paraffins, olefins and paraffin

chain carbon-types.

4.2 Model Approach

4.2.1 NMR Carbon-type Analysis

In the present work, NMR structural analysis was performed on all pseudo-
components before and after cracking. NMR, data gives content information for over
80 types of different carbon species including aromatic, cycloparaffinic, branched
paraffinic, paraffinic, and olefinic carbon. In addition, the NMR data reveals the
average chain-length, the aromatic and naphthenic ring cluster sizes and the a-to-
aromatic cycloparaffins present in the pseudo-components. From the perspective of
residue conversion to distillates, the most relevant data is that of the residue frac-
tion and its pseudo-components. The chemical nature of different oils under study is
illustrated by different parameters in Figure 4.6. The most aliphatic feed among the

oils is Shengli, whereas Athabasca bitumen is the most aromatic. Also Athabasca is
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Sample: AFN | AFGOS{ AFGOAr| AFGOP | AFRS | AFRAr | AFRP [AFRAsl N GO R Feed
Aromatic carbon (Mole % C) | 828 218 43.58 41.51 491 4552 | 42.64 | 46.51 | 8.28 | 26.36| 43.56 | 35.64
o to aromatic cycloparaffin 0.00 0.00 2.03 1.25 0.00 1.06 149 } 157 } 000 | 1.15 ¢ 1.31 1.23
Ar carbon cluster size 8.00 7.00 16.00 16.00 7.00 21.00 | 2000 | 20.00 § 8.00 | 10.00} 19.00 | 15.00
Cy carbon cluster size 10.00 | 8.00 7.00 8.00 7.00 7.00 8.00 § 12.00 ] 1000 | 8.00 | 8.00 | 8.00
Chain ends (Mole % C) 1328 | 14.76 971 10.36 9.13 6.39 9.8 | 984 | 1328 { 11.83| 8.44 | 9.99
Chain midsection (Mole % C)| 0.20 1.44 1.14 2.19 11.86 5.55 663 | 562 | 020 } 1.32 | 609 | 392
Average chain length 2.33 2.78 3.02 3.28 6.29 5.20 438 | 3.83 | 233 § 293 ] 455 | 381
Chain Ends (Fraction)

Ar 0.07 0.00 0.19 0.21 0.19 0.29 020 | 020 | 0.07 | 011 ] 023 | 018
O 0.03 0.03 0.04 0.07 0.04 0.08 0.05 0.06 0.03 | 004 ] 006 | 005
Cy 0.80 | 056 0.32 0.44 0.20 0.10 038 )} 045 | 080 | 043 ] 030 | 036
Br 0.02 0.14 012 1 002 0.25 0.11 005 ] 003 } 002 | 012 007 | 0.10
P 0.09 0.26 0.12 0.14 0.31 0.25 015} 010 } 009 | 018 | 0.18 | 018
S 0.00 0.00 0.21 0.12 0.00 0.17 016 | 0.16 | 000 | 0.12 ] 0.16 | 0.14
Total 1,00 1.00 1.00 1.00 1.00 1.00 100 § 1.00 | 1.00 | 100} 1.00 | 1L.00
Carbon Type {mole%)

Aromatic 8.28 2.18 43.58 41.51 4.91 4552 | 42.64 | 46.51 | 8.28 | 2636} 43.56 | 35.64
Cycloparaffinic 60.99 | 53.38 | 2138 2662 4329} 2227 |2409] 25.05 | 60.99 } 34.88{ 24.57 | 29.41
Branched Paraffin 401 | 1347 7.46 2.90 14.80 5.83 3751 174 | 401 1 970 | 4.19 | 6.66
Paraffin Chain (>C2) 2,62 9.72 4.95 6.47 2019 § 1013 | 1054 | 831 | 2.62 §{ 7.00 | 998 | 8.60
Olefin 045 0.53 045 0.73 0.49 0.62 051 ] 064 | 045 f 050 059 | 0.55
RingM & E & DPM 1060 | 921 11.65 1049 7.21 8.49 834 | 662 | 1060}10.58) 7.73 | 9.02
Chain attach (a,b) 13.04 } 11.52 10.53 11.28 9.10 7.14 1003 | 1113 | 13.04 [ 1098} 9.40 | 10.13
C=0* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | 0.00 | 0.00 } 0.00 | 0.00 } 0.00
Total 100.00§ 100.00 § 100.00 | 100.00 [100.00] 100.00 |100.00] 100.00 | 100.00}100.00] 100.01 | 100.01
* C=0 was not measured

Carbon Type

C=0* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | 0.00 | 0.00 | 000} 0.00 | 000
Aromatic and Olefin

Aromatic NS (C+CH) 1.59 0.04 347 443 0.10 3.63 491 F 754 | 159 | 210 | 522 | 380
Aromatic Bridge C 0.00 0.00 12.42 10.57 0.00 1790 | 1453} 14.65f 000 | 7.9 | 15.18 { 11.51
Aromatic Alkyl Subst. C 4.06 1.12 13.69 12.68 2.78 824 946 1018 | 4.06 | 844 | 503 | 874
Aromatic CH 2.63 1.02 14.00 13.84 2.02 1576 | 1374 § 14.14 § 2.63 | 862 | 14121 11.59
Methyl-Aromatic 1.86 0.32 2.99 2.93 0.26 1.26 135 1 1.75 } 1.86 | 1.89 | 1.42 | 1.63
Ethyl-Aromatic 2.48 1.02 1.81 2.10 1.13 1.10 103 § 145 § 248 | 150 | 121 | 135
Propyl-Aromatic (.21 0.72 0.83 0.78 0.58 0.64 058 | 0.60 { 021 | 078 | 0.61 | 0.69
Diphenyl Methane CH2 0.00 0.00 1.80 1.86 0.00 11l 127 | 122 1 000 J 106 115 | 110
Olefin CH 0.38 0.43 0.38 0.67 (.38 0.52 042 1 055 | 038 | 042§ 050 | 046
Olefin CH2 0.07 0.06 0.03 0.01 0.05 0.02 002 ] 001 | 007 | 0041 001 | 003
Olefin CH2(=C) 0.00 0.04 0.05 0.05 0.06 0.08 0.07 0.08 0.00 | 0.04 { 008 | 0.06
Cycloparaffin and Paraffin

Cycloparaffin Bridge CH 1131 416 1.55 3.48 0.93 0.31 305 | 612 f 1131 273 | 3.12 | 299
Cycloparaffin Alkyl Subst. CH{ 15.30 | 14.18 6.86 6.88 6.42 4.68 699 | 561 | 1530] 9.89 | 5.66 | 7.6]
Cycloparaffin CH2 3438 | 35.00 1292 1620 ] 35801 17.19 | 1398 | 13.24 | 34.38 1 22.22} 15.71 | 18.74
Cycloparaffin C(=CH2) 0.00 0.04 0.05 0.05 0.06 0.08 007 ] 0.08 ] 0.00 { 004} 008 | 006
Methyl-Cycloparaffin 3.05 3.86 2.49 0.99 331 310 234 | 008 | 305 ] 2981 1.83 | 235
Ethyl-Cycloparaffin 3.21 4.00 2.56 2.61 2.51 1.92 235 | 212 | 321 316 212 | 259
Paraffin Chain 241 8.99 4.11 5.69 19.61 9.49 996 | 771 | 241 | 621 ] 937 | 791
Branched Paraffin

Methyl-Branched Chain 3.68 | 12.78 6.63 2.81 14.25 5.83 375 § 174 | 3.68 | 897 | 417 | 631
Ethyl-Branched Chain 0.32 0.69 0.20 0.08 0.47 0,00 0.00 | 000 | 032 | 039] 002 } 019
+Butyl-Branched Chain 0.02 0.00 0.63 0.00 0.08 0.00 0.00 | 000 § 0021034 000} 035
Chain Attachments

a to Sulphides 0.00 | 0.00 2.03 1.25 0.00 1.06 149 | 157 § 000 | ©15} 1.31 | 1.23
ab to Aromatic Rings 1.79 0.09 3.70 4.40 353 373 376 { 386 | 179 | 224} 378 | 3.08
ato Olefin 0.38 043 0.38 0.67 0.38 0.52 042 1 055 { 038 | 042} 050 | 046
ato Cycloparaffin Rings 10.64 | 832 3.09 4.59 1.85 0.62 347 | 447 1 1064] 533 | 277 | 3.96
ab to Branch Points 0.23 2.68 1.33 0.36 334 1.20 099 ] 068 | 023 | 184} 105 § 139
Total 100.00f 100.00 | 100.00 | 100.00 § 100.004 100.00 }100.00] 100.00] 100.00]100.00} 100.01]100.01

Figure 4.5: NMR Carbon-type Analysis for Athabasca Bitumen
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Figure 4.6: Chemical Nature of Different Oils

the most sulfur bearing oil, while Shengli is the least. It can also be seen that the
hydrogen to carbon ratio and the asphaltene content are not a good indicator of the
aromatic nature of the feed.

A comparison of the NMR carbon-type information of the residue fraction of
different feeds reveals that the average aromatic cluster size varies from 13 carbons
(2 to 3 rings) to 20 carbons (4 to 5 rings), where the largest clusters are present in
Rubiales. The average cycloparaffinic ring cluster size for the residue varies from 7
carbons (1 to 2 rings) to 11 carbons (2 to 3 rings), with the largest clusters being
present in Kern River. A comparison of the chain segment lengths in the residue
fractions shows that the average length varieé from 3.8 to 7.5 carbons, where the
longest chain segments are in Shengli and the shortest in Rubiales. Different groups
are attached to the chain segments that affect the reactivity of these paraffin chain
segments in these feed molecules. Figure 4.7 shows the fraction of different carbon-
types that are attached to the paraffin chain ends. |

Figure 4.8 shows that after vishreaking, the aromatic cluster size in residue frac-
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Figure 4.7: Fraction of Chain Ends in Residue

tion increases, whereas the chain length decreases.

Apart from the information on the relative amount of the carbon-types present
in residue fraction of the feed, the NMR data indicates the degree of participation
of different carbon-types in thermal cracking reactions from the net change of these
carbon-types before and after cracking. To help understand the potential contribu-
tion of different carbon-types to the reactivity of the different oils, pyrolysis studies

of model compounds under visbreaking conditions were reviewed.

4.2.2 Residue Conversion

Residue conversion is defined as the percentage change in the mass of residue
fraction (524°C+) after visbreaking. Figure 4.1 shows that the more the residue is
depleted, the more the gasoil content is increased after visbreaking. The percentage
residue conversion in a visbreaker has been related to the asphaltene content, the
saturate content and the aromaticity of the feed [9]. In the present study, at the same

process severity, the residue conversion in Athabasca Bitumen is the highest followed
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Figure 4.8: Change in Residue after Visbreaking

by Kuwait, Wolf Lake, Kern River and Shengli, while Rubiales practically did not
convert. As shown in Figure 4.9, residue conversion does not correlate with the
asphaltene content of the feed. In Figure 4.10, residue conversion seems to linearly
correlate with the aromatic carbon content in the feed, but offers no explanation
to almost nil conversion of Rubiales which has a significant 30.4 percent aromatic
carbon content.

An important observation from the data is that at similar reaction severity, the
percentage conversion of the respective pseudo-components varies from feed to feed
as shown in Figure 4.11. For instance, the percentage conversion of residue saturates
varies from 43.9 in Athabasca to -2.0 in Shengli. The difference in percentage con-
version is even more pronounced in residue polars with 65.4 in Athabasca to 5.4 in
Rubiales. In case of asphaltenes, while they convert to other pseudo-components in
Athabasca and Wolf Lake and their quantity in the visbroken product reduces, there
is a net addition to asphaltenes in Kuwait, Shengli and Kern River. These data help
reinforce the understanding that these pseudo-components are not a homogenous

chemical entity and their chemical composition and the reactivity under visbreak-
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Figure 4.9: Residue Conversion vs. Asphaltene Content of Feed

ing conditions vary from feed to feed. Therefore, the reactivity of a visbreaker feed
cannot be attributed to the individual composition of these pseudo-components viz.
percentage of asphaltenes, aromatics or polars present. This complex behavior by
petroleum fractions underscores the importance of the study of carbon-types and

molecular structure in determining the reactivity of a feed.

4.2.3 Coke Formation and Carbon-types

Conradson carbon content, otherwise known as the microcarbon residuve (MCR)
content, is the most useful indicator of the coke formation tendency of an oil during
a severe thermal cracking process like coking. The MCR. of various asphaltenes has
been found to be dependent on their NMR-derived aromatic carbon content as in
Figure 4.12 [17].

While MCR is a good indicator of coke formation during coking, the coke forma-

tion during visbreaking does not correlate with the MCR. content of the feed as in

Figure 4.13.



4.2 Model Approach 38

40.0

()

a

(=]
J

30.0 - .

25.0 -

20.0 A

15.0 A ¢

10.0 -

Residue (524°C+) Conversion (wt%)

5.0

*

0.0 . ; . S
i2.0 17.0 22.0 27.0 32.0 37.0
Aromatic Carbon of Feed (mole%)

Figure 4.10: Residue Conversion vs. Aromatic Content of Feed

Coke formation during visbreaking is measured by the toluene insolubles content
of the visbreaking product. Comparing the toluene insolubles of different feeds after
visbreaking provides an insight into their coking tendencies at the onset of coking.
For the present study the maximum coke formation under visbreaking conditions
was observed in Rubiales, which shows almost no residue conversion. It has been
suggested in the literature that at a single process severity, coke formation during
visbreaking depends upon the asphaltene content of the feed [11]. However, for
the present study the feed asphaltene content does not correlate with the toluene

insolubles after visbreaking as shown in Figure 4.14.

4.2.4 Representative Model Compounds

The NMR carbon-type data from the residue and gasoil pseudo-components gives
quantitative information about the ring sizes and the alkyl chain lengths and thus
help in the selection of the representative model compounds. The average chain
length in the asphaltenes ranges from 3.3 to 6.1 and is shorter than that of the
residue aromatics which is from 3.9 to 7.9. The maximum chain length of 8.5 is in

the residue saturates fraction in Shengli, which is an aliphatic feed. The maximum
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aromatic cluster size of 22 is in the asphaltene fraction of Rubiales. The aromatic
carbon cluster size in the residue aromatic fraction range from 13 to 21. The max-
imum cycloparaffin carbon cluster size of 18 is in the gasoil aromatic fraction in
Rubiales. The a-to-aromatic cycloparaffin species, whose behavior during visbreak-
ing should be identical to the hydroaromatic model compounds, is the maximum
in the gasoil polar and aromatic fractions. The complexity of chemistry in these
pseudo-components makes simplified generalization about their pyrolysis behavior
misleading. The knowledge of the kinetic data, reaction products and pathways of
pyrolysis of the representative model compounds provides insight into the chemical
behavior of identical moieties present in the visbreaker feeds. The literature provides
many examples of pyrolysis of model compounds conducted at similar reaction sever-
ity. Four classes of model compounds that are relevant to visbreaking reactions at
the experimental severity are listed in Figure 4.15 [1] [29] [49] [40] [43] [50] [51]. These
classes are polycyclic alkylaromatics, polycyclic alkylcycloparaffins, 1,3-diarylalkanes

and hydroaromatics.

Polycyclic Alkylaromatics

The pyrolysis of alkylaromatics has been extensively investigated by researchers
[42] [52] [38] [53]. The kinetic data from this literature reveals that the mole percent
conversion of the alkylaromatic model compounds at a process severity similar to the
current experimental conditions varies from 20 to 99 percent. Smith and Savage [42]
have shown that the reactivity of polycyclic alkylaromatics has a dependence on alkyl
chain length. As shown in Figure 4.16, the conversion of alkylpyrene during pyrolysis
at 400°C and 120 minutes sharply increases as the chain length increases from one to
five, after which the chain length plays a minor role in its overall reactivity. Figure
4.17 [49] shows the reaction network for the pyrolysis of dodecylpyrene. Due to its
multi-ring aromatic structure attached to an alkyl chain, dodecylpyrene resembles
the polycyclic alkylaromatic moieties present in heavy oil. It is known from the NMR
carbon-type data that the maximum value for the éverage aromatic carbon cluster
size in the residue fraction is 22 or 4-5 aromatic rings. Dodecylpyrene reacts by two

pathways which are different due to the position of thermal cleavage of C-C bonds
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Model Compounds Abbreviations | Arrhenius Parameters First Order Rate Conversion (mole%)
Constant {s-1)
A, (s-1) Ea 415°C 420°C 415°C 420°C
{kcal/mol)
1,3-Diarylpropanes 30 min
2-(3-phenylpropy!)- 93.4 mole% conversionh at time = 31 min and
naphthalene PPN reaction temp of 400°C
1,3-bis(1-pyrene)- 100 mole% conversion at time = 30 min and
propane BPP reaction temp of 365°C
] ! I
Hydroaromatics | [ |
2.0 wt% conversion at time = 120 min and

Tetralin T reaction temp of 450°C
2-ethyl tetralin 2ET 5.0E+012 -53.56 5.1E-05 6.7E-05 8.8% 11.4%
2-dodecyl-9,10-dihydro-
phenanthrene DDPh 4.0E+013 -54.5 1.9E-04 2.6E-04 29.6% 37.4%
Polycyclic naphthenes
Hexyl Cyclohexane HXC 3.8E+013 -56.2 5.4E-05 7.2E-05 9.2% 12.2%
heptyl cyclohexane HPC 5.0E+015 -62.6 6.6E-05 9.1E-05 11.1% 15.2%
1-decylperhydropyrene {1-DPP 3.5E+009 -42.9 8.4E-05 1.1E-04 14.0% 17.3%
decylcyclohexane DC 1.0E+016 -62.6 1.3E-04 1.8E-04 21.0% 28.0%
tridecylcyclohexane TDC 4.0E+015 -61.3 1.3E-04 1.9E-04 21.6% 28.5%
Undecyldecalin ubD 7.9E+010 -46.5 1.4E-04 1.7E-04 21.6% 26.7%
octylperhydrochrysene  |2-OPC 8.7E+013 -55.9 1.5E-04 2.1E-04 24.1% 30.9%
1-dodecylperhydro-
phenanthrene 1DPPh 1.0E+016 -62.4 1.5E-04 2.1E-04 23.9% 31.6%
dodecylcyciohexane DDC 4.0E+011 -48.5 1.6E-04 2.0E-04 24.6% 30.6%
9-dodecylperhydro-
anthracene 9-DDPA 3.2E+010 -44.7 2.0E-04 2.5E-04 30.3% 36.7%
9-dodecylperhydro- ]
phenanthrene 9DPPh 2.5E+010 -44.2 2.3E-04 2.9E-04 33.9% 40.7%
Polycyclic aromatics
Unndecylnaphthalene  [UDN 3.5E+014 -58.1 1.2E-04 1.6E-04 19.3% 25.3%
2-butylnaphthalene 2-BN 4.8E+020 -77.0 1.6E-04 2.5E-04 25.5% 35.8%
2-dodecylphenanthrene |2-DDH 1.2E+016 -62.4 1.9E-04 2.6E-04 28.9% 37.7%
Pentadecylbenzene PDB 1.1E+014 -55.5 2.7E-04 3.6E-04 38.4% 47.7%
Octylchrysene 6-0C 5.6E+012 -51.2 3.0E-04 3.9E-04 41.7% 50.7%
Dodecylpyrene DDP 3.9E+016 -62.3 6.6E-04 9.1E-04 69.4% 80.7%
3-hexylperylene 3-HP 2.3E+009 -39.2 7.8E-04 9.6E-04 75.6% 82.4%
Dodecylanthracene 9-DDA 5.3E+005 -26.4 2.1E-03 2.5E-03 97.8% 98.8%

Figure 4.15: Percentage Conversion of Model Compounds {29} [49] [40] [43] [50] [51]
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Figure 4.16: Effect of Chain length on Alkylpyrene Conversion [42]

at the ring. The side chain in pathway 1 breaks at the # position, while in pathway
2 breaks off at the strong aryl-alkyl « position. The first pathway is also analogous
to the alkylbenzene pyrolysis. Different mechanisms have been proposed to explain
the second pathway which involves the breaking of a strong alkyl-aryl bond, but
irrespective of the pathways involved the kinetics and reaction network of polycyclic
alkylaromatic pyrolysis indicates that these species are the most reactive species
under mild conditions, their reactivity depends upon the length of alkyl chains and
they react to form different lighter pseudo-components depending upon the length

of the alkyl chain and the cluster size of the aromatic ring.
Polycyclic Alkylcycloparaffins

Model compounds representative of the polycyclic alkylcycloparaffins moieties in
oil have also been studied for their pyrolysis behavior [34] [43] [45] [39]. Under identi-
cal reaction conditions, the mole percent conversion of these model compounds varies
from 10 to 40 percent, having lower kinetic constants at similar temperatures than

their polycyclic alkylaromatics equivalents. Major reaction products are produced
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Figure 4.17: Pyrolysis Pathways for DDP [49]
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Figure 4.18: Pyrolysis Pathways for TDC [50]

by dealkylation at or near the ring and very little dehydrogenation is observed at
identical reaction severity as seen in Figure 4.18 [50] and Figure 4.19 [43).
Savage et al. [43] have shown that the reactivity of polycyclic alkylcycloparaffins

increases with the chain length and number of cycloparaffin rings.

1,3-Diarylalkanes

o,w-Diphenylalkanes are relevant model compounds to represent polyaromatic
species linked by paraffin chains in heavy oils [40]. The kinetic data of 1,3-diaryl-
propanes reveals that conversion of 2-(3-phenylpropyl)-naphthalene (PPN} is around
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Figure 4.19: Pyrolysis Pathways for DPP [43]
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Figure 4.20: Pyrolysis Pathways for BPP [40]

94 percent under reaction conditions similar to the experimental, while that of 1,3-
bis(1-pyrene)propane (BPP) is 100 percent at much milder conditions of 365°C and
time of 31 minutes. Figure 2.9 showed the pyrolysis pathways of 2-(3-phenylpropyl)-
naphthalene (PPN). PPN is also found more reactive than diphenylpropane under
similar reaction conditions. The pyrolysis of 1,3-bis(1-pyrene)propane (BPP) is an
example of a residue molecule converting to other residue molecules after thermal
cleavage of aliphatic linkage as seen in Figure 4.20. The reaction products are pro-
duced by cleavage of C-C bond at the aryl-alkyl position or at other positions near
the ring. The difference between the pyrolysis pathways of PPN and BPP is that
the strong aryl-alkyl bond breaks only in the BPP pyrolysis. Various mechanisms
are proposed to explain the cleavage of alkyl-aryl bond.

Depending upon the cluster size of the aromatic rings attached by paraffin chain,
the pyrolysis products of 1,3-diarylalkanes might be a gasoil or residue fraction

molecule.

Hydroaromatics

The presence of the a-to-aromatic cycloparaflins in the NMR data of the pseudo-

components points to the existence of the hydroaromatic and alkylhydroaromatic
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moieties in the oil. The kinetic data of these different model compounds indicate mole
percent conversion of around 40 percent for 2-dodecyl-9,10-dihydrophenanthrene [29],
10 percent for 2-ethyltetralin [50] and around 1 percent for tetralin [51] at similar
reaction severity. This indicates that polycyclic hydroaromatic moieties with long
alkyl chains are more reactive. Figure 4.21 shows the reaction network for 2-dodecyl-
9,10-dihydrophenanthrene (DDPh). At the experimental severity, the dehydrogena-
tion pathway is the major one with a selectivity of 80-90 percent and only a small
amount of other products are formed because of the side chain cleavage. But de-
hydrogenation of hydroaromatics alone would not lead to the conversion of residue
fraction molecules like DDPh to lighter pseudo-components and thus this reaction
would not contribute to residue conversion. »

Figure 4.22 shows the pyrolysis pathways for 2-ethyltetralin (2ET) where naph-
thalene along with dialin form the major products. The dehydrogenation of the
naphthenic ring seems to be the prominent reaction.

Thus, in the hydroaromatics pyrolysis, under the visbreaking conditions used, the

major reaction pathway is the dehydrogenation of the naphthenic ring. The cleavage
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Figure 4.22: Pyrolysis Pathways for 2ET [50]

of the side chain at or near the ring is a minor pathway and does not contribute

significantly to residue conversion to lighter pseudo-components.

4.2.5 Major Reactions during Visbreaking

From the pyrolysis studies of model compounds, it can be concluded that the
polycyclic alkylaromatics are the most reactive species responsible for the residue
conversion under visbreaking conditions, followed by the polycyclic cycloparaffins.
The data in the work suggest that the cycloparaffin ring opening as well as the
aromatic ring opening does not happen in the visbreaking conditions. Also, arom-
atization of paraffin chains does not occur under the existing conditions. Among
the cycloparaffins, only the hydroaromatics get dehydrogenated to aromatics. The
main reaction pathway for the conversion of residue to distillates during visbreaking

is that of the cleavage of side chains.

Side Chain Cleavage

The average chain length in the residue fraction decreases in all feeds, with the

exception of Kern River, during visbreaking as seen in Figure 4.8. The maximum
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decrease in chainlength is observed in Athabasca and Kuwait heavy oil. With the
decrease of the side chain length, the chain midsection carbon in residue also decreases
and the percent decrease can be correlated to the percent residue conversion. The oil
experiencing the maximum conversion has the maximum percent decrease of chain

midsection carbon.

Cycloparaffin Dehydrogenation

The molar sum of aromatic and cycloparaffin carbon-types in the oils remains
the same before and after cracking, with an error ranging from 3 to 9 percent. The
conservation of moles of the aromatic and the naphthenic carbon-types in the oils
before and after cracking implies that the rings do not get destroyed or formed; only
the naphthenic rings are dehydrogenated to aromatics. Since the dehydrogenation is
accompanied by the increase of boiling point and density, this does not lead to the

formation of the lighter distillates.



Chapter 5

Model Development and Results

The main objective of this study is to develop a mathematical model, which
is based on the principles of reaction chemistry and is able to predict the product
yield of different fractions like gas, naphtha, gasoil, residue and coke after visbreak-
ing of heavy oils at a single reaction severity. The six heavy oils chosen for the
study are from different geographic regions of the world and are of different chem-
ical nature. The basic assumption for the model is that at this severity, there are
no secondary cracking reactions. It is also believed that most molecules in the feed
pseudo-components do not react and for the most part, only one bond is broken for

those that react.

5.1 Model Development

5.1.1 Residue Conversion

The percent conversion during visbreaking from residue fraction (524°C+) to
distillates involves cracking to lighter products whose boiling point falls in the gasoil
(204-524°C), naphtha (-204°C) boiling range, or the gas range. From the model
compound studies, the most important pathwayi for the conversion of heavy oils
during visbreaking is the side chain cleavage. The higher the alkyl substitution at
the aromatic and possibly the naphthenic rings, the higher is the reactivity. Also the
C-S bonds in the chains are weaker than other aliphatic bonds and are important
cleavage sites. Thus, the residue conversion should be dependent upon the number

of alkyl substituted aromatic and cycloparaffinic carbon-types and the sulfide sites
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in chains. Another factor that directly affects residue conversion is the chain length.
It is known that the reactivity of alkylaromatic model compounds linearly increases
with the chain length and then maximizes at chain length approaching 5 carbon
atoms. Previous work [54] suggested that side-chain cleavage of cycloparaffin species
is minor due to the small ring cluster sizes (mostly 1 to 2 rings). As the oils in
this study have similar cycloparaffin cluster sizes, it is expected that cleavage of
their side-chains will also have a lower contribution. This expectation was supported
in that when the content of alkyl-substituted cycloparaffinic carbon was included in
the Residue Reactivity Index calculation, the correlation with residue conversion was
not as good. Consequently, the contents of alkyl-substituted aromatic and sulphidic
carbon and average chain lengths results were consolidated through the formulation

of a Residue Reactivity Index (RRI) as

RRI=(A-B)+C (5.1)

where A= content of alkyl substituted aromatic carbon (moles), B= min (1, Alkyl
chain length/5) and C'= content of a-to-sulfides (moles).

The residue weight percent conversion was found to correlate with RRI with a
correlation coefficient (R?) of 0.87 as shown in Figure 5.1. The method of calculation
of errors is given in Appendix B. It is to be noted that Rubiales which shows the lowest
residue conversion, has the least alkyl substitution of aromatics and the shortest
chains. This appears to be the reason why there was low residue conversion despite

a high aromatic content.

5.1.2 Coke Formation

Conradson carbon, otherwise known as the microcarbon residue (MCR) content
of various asphaltenes has been found to be dependent on their NMR-derived aro-
matic carbon content. With the availability of detailed NMR and elemental data
for pseudo-components of all feed and visbroken product, the MCR. content of these
oils was calculated as the sum of aromatic carbon of residue polars and asphaltenes.
Figure 5.2 shows the comparison of the experimental and calculated MCR values

of the different feed and products. The correlation coefficient for the data is 0.89.
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Figure 5.1: Residue Conversion vs RRI

The correlation is consistent with the hypothesis that after cracking of side chains,
the aromatic carbon of polars and asphaltenes in the residue fraction are the major
species that form coke.

Coke formation during visbreaking is measured by the toluene insolubles content
of the visbroken product. The maximum visbreaking coke formation was observed in
Rubiales, which has almost no residue conversion. Analysis of the contents of carbon-
types of the residue asphaltenes shows that the number of moles of aromatic bridge
and protonated aromatic (CH) carbon in the feed directly correlate with the contents
of coke generated under the current conditions (correlation coefficient of 0.88) as seen
in Figure 5.3. The contents of the total aromatic carbon do not correlate with the
visbreaking coke as well. As coke formation under visbreaking conditions is close
to the onset of coking, these results show that the least soluble species, the largest
polyaromatics with the least alkyl substituents, will be the most likely to ”fall out

of solution” after one or two side chain bonds are broken.
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5.1.3 Reaction Pathways

In the previous work [1], reaction pathways for the formation of lighter prod-
ucts during visbreaking of Athabasca bitumen were proposed and validated using
carbon balances. The same reaction pathways have been adapted for the visbreak-
ing of these different oils and used to predict the gas phase and naphtha products.
The reaction pathways chosen indicate which carbon-types or groups of carbon-types
in the feed are responsible for the production of methane, C2, C34-, naphtha aro-
matics, cycloparaffins and paraffins during the visbreaking reaction. The naphtha
aromatics, paraffins and cycloparaffins combine together to form the total naphtha
fraction. Naphtha aromatic carbon-types include aromatic bridges, alkylsubstituted
aromatic carbon, aromatic CH and aromatic NS carbon-types. Naphtha paraffin
carbon-types include paraffin chain, methyl aromatic, ethyl aromatic, propyl aro-
matic, diphenylmethane, methyl cycloparaffin, ethyl cycloparaffin, methyl branched
chain, ethyl branched chain; butyl branched chain and the chain attachments carbon-
types. Naphtha cycloparaffin carbon-types include cycloparaffin bridges, alkylsubsti-
tuted cycloparaffinic CH, cycloparaffinic CH2 and cycloparaffininc C(=CH2) carbon-
types. Throughout the remaining chapter, different pseudo-components are referred
by their acronyms. They are GO, GOS, GOA, GOP, RS, RA, RP, RAs represent-
ing gasoil, gasoil saturates, gasoil aromatics, gasoil polars, residue saturates, residue

aromatics, residue polars, residue asphaltenes pseudo-components, respectively.

Reaction Pathway for Methane formation

(A+B)go + (A+B) gg + (A+C) pas rpsras =Methane (5.2)

where A= Methylcycloparaffin carbon (moles), B= Ethylaromatic carbon (moles)
and C= Methylaromatic carbon (moles).

The methyl cycloparaffins in all pseudo-components contribute to the formation
of methane thr-ough breaking off the methyl group that forms methane. Since the
aromatics in gasoil and residue saturate have cluster size of 1-2 ring, the C-C bond

at the 0 position in the ethylaromatics breaks off to release the methyl group and
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form methane. However, in residue aromatics, polars and asphaltenes the aromatic
cluster size is of the order of 3-4 ring and the alkyl-aryl bond breaks off preferentially

in these polycyclic methylaromatics to release the methyl group that forms methane.

Reaction Pathway for C; formation

(A+B)go + (A+B)ps + (A+C)pay rpy ras =C2 (5.3)

where A= Ethylcycloparaffin carbon (moles), B= Propylaromatic carbon (moles)
and C'= Ethylaromatic carbon (moles).

The ethyl cycloparaffins in all pseudo—components contribute to the formation of
C2 through breaking off the ethyl group that forms C2. The logic for C2 formation
remains the same as that of methane formation. Since the aromatic cluster size
in gasoil and residue saturate are less than that of residuearomatics, polars and
asphaltenes, the C-C bond at the  position breaks off, while the alkyl-aryl bond
breaks off preferentially in the latter. Thus, propylaromatics are responsible for
formation of C2 in gasoil and residue saturates while ethylaromatics are responsible

in residue aromatics, polars and asphaltenes.

Reaction Pathway for C3;+ formation

where A= a-to-cycloparaflin carbon (moles), B= af-to-aromatic carbon (moles) and
C'= Propylaromatic carbon {moles).

The a-to-cycloparaffins in all pseudo-components contribute to the formation of
C3+ through breaking off the side chains attached to cycloparaffin rings. The o3-
to-aromatics would similarly contribute to the formation of C3+ by breaking off the
side chains either at the alkyl-aryl positions in polycylic alkylaromatics or at the 8
position in 1-2 ring aromatics. The propyl aromatics are included in the residue aro-
matics, polar and asphaltenes as breaking of the alkyl-aryl bond on propylaromatic

would lead to formation of the propyl group that would form C3.
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Reaction Pathway for Naphtha aromatics formation

(A+B)coarcor+ra+rp =Naphtha aromatics (5.5)

where A= Cycloparaffinic alkyl substituted CH carbon (moles)and B= Aromatic
alkyl substituted carbon (moles),

The side chain cleavage is the main reaction behind residue conversion respon-
sible for formation of different products during visbreaking. The aromatics are the
most reactive species at such reaction conditions. Thus, the alkyl substituted aro-
matic carbon and the alkyl substituted cycloparaffinic CH in the polars and aromatic
pseudo-components of gasoil and residue react (through bond breaking) to produce
the naphtha aromatics. The residue asphaltenes have a much higher aromatic cluster
size and would not produce naphtha aromatics. The residual aromatics (aromatic
bridges, aromatic CH and aromatic NS carbon-types) in these fractions do not partic-
ipate in the reaction to form naphtha aromatics and are not included in the reaction
pathway. They, however contribute to the total aromaticity of reacting pseudo-
components and thus play an important part in determining the amount of naphtha
aromatics produced. The aromatic cluster size also plays a role in determining the

reactivity of aromatic molecules of the reacting pseudo-components.

Reaction Pathway for Naphtha cycloparaffins formation

(A+B)co5160A+GOP+RS+RA+RP+RAs = Naphtha cycloparaffins (5.6)

where A= Cycloparaffinic alkyl substituted CH carbon (moles) and B= Aromatic
alkyl substituted carbon (moles).

The reasoning behind the pathway for the production of naphtha cycloparaffins
is similar to that of naphtha aromatic. In the gasoil, the naphtha cycloparafins are
produced from the saturates, aromatics and polars pseudo-components. All these
three fractions have cycloparaffins and on reaction can contribute to naphtha cy-
cloparaffins. In the residue, all four pseudo-components, saturates, aromatics, po-

lars and asphaltenes contribute to naphtha cycloparaffins. The cycloparaffin cluster
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size in asphaltene is 1-2 rings that makes the possibility of asphaltenes contributing
to naphtha fraction on reaction. The side chain attached to the naphthenic and
aromatic rings break off contributing to production of different products including
cycloparaffins. Thus, the carbon-types responsible in all these pseudo-components
are cycloparaffinic alkyl substituted CH and alkyl substituted aromatic carbon. The
residual cycloparaffins (cycloparaffin bridges, cycloparaffinic CH2 and cycloparaffin-
inc C(=CH2) carbon-types) in these fractions do not participate in the reaction to
form naphtha cycloparaffins and are not included in the reaction pathway. They,
however contribute to the total naphthenic content of reacting pseudo-components
and thus play an important part in determining the amount of naphtha cycloparaffins
produced. Asin the case of formation of naphtha aromatics, the aromatic cluster size

also plays a role in determining the reactivity of the reacting pseudo-components.

Reaction Pathway for Naphtha paraffins formation

(A+B)Gos+Goa+GOP+RS+RA+RP+RAs = Naphtha paraffins (5.7)

where A= Cycloparaffinic alkyl substituted CH carbon (moles) and B= Aromatic
alkyl substituted carbon (moles).

The logic behind the pathway for naphtha paraffin production is the same as
that of naphtha cycloparaffins. The pseudo-components responsible are gasoil satu-
rates, polars and aromatics and residue saturates, polars, aromatics and asphaltenes.
The reacting carbon-types included are cycloparaflininc alkyl substituted CH and
alkyl substituted aromatic carbon. The paraffin chain ends are the amount of the
paraffin chains that terminate in the paraffin group and are akin to residual com-
ponents. Once the side chain attached to aromatic and naphthenic rings break off,
the paraffin chain ends contribute to the naphtha paraffins. These fractions do not
participate in the reaction to form naphtha paraffins and are not included in the re-
action pathway. They, however contribute to the total paraffinic content of reacting
pseudo-components and thus play an important part in determining the amount of
naphtha paraffins produced. As in the case of naphtha aromatics and cycloparaffins

formation, the aromatic cluster size also plays a role in determining the reactivity of
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the reacting pseudo-components.

The reaction pathways indicate the carbon-types that react to form gas and
naphtha components. The prediction of the amount of gas and naphtha components
produced during visbreaking, is done by building product correlations for different
pseudo-components. The feed carbon-types responsible for the formation of gas
and naphtha products and the aromatic cluster size are added together using rel-
ative weighting factors to form a weighted sum of model parameters. This
wetighted sum of model parameters is correlated with the moles of carbon-types
produced in gas and naphtha fractions. The weighting factors are calculated based

on Model rules.

5.1.4 Model rules

The Model rules are formulated based on the knowledge gathered from the
model compound pyrolysis chemistry and apply to all pseudo-components.

Rule 1:

The reactivity of alkyl substituted cycloparaffin CH is 60 percent of the
reactivity of the alkyl substituted aromatic carbon. This is because the
alkyl substituted aromatic carbon is the most reactive species in oil during

visbreaking.
Rule 2:

The propensity of gasoil to convert to gas and gasoil saturates to con-
vert to naphtha is 10 percent of the propensity of the residue fraction
(aromatics, polars and asphaltenes) to convert to gas and naphtha. This
is because the composite gasoil and the gasoil saturates have lower aro-
matic content and being smaller, have smaller aromatic cluster size, both

of which lead to lower reactivity.
Rule 3:

The propensity of gasoil aromatics to convert to naphtha is 30 percent

of the propensity of residue aromatics and polars to convert to naphtha.
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This is because the gasoil aromatics molecules are smaller and so have

smaller aromatic cluster size leading to lower reactivity.
Rule 4:

The propensity of residue saturates to convert to gas and naphtha is 30
percent, of the propensity of residue aromatics, polars and asphaltenes to
convert to gas and naphtha. This is because the residue saturates have

lower aromatic content which makes them less reactive.
Rule 5:

The propensity of residue asphaltenes to convert to gas is equal to the
propensity of residue aromatics and polars to convert to gas. The propen-
sity of residue asphaltenes to convert to naphtha is 50 percent of the
propensity of residue aromatics and polars to convert to naphtha. This
is because the asphaltenes with their shorter side chains are more likely

to produce gas than naphtha.
Rule 6:

The residual aromatics are the aromatic carbon-types other than the
alkyl substituted aromatic carbon. The residual cycloparaffins are the
cycloparaffinic carbon-types other than the cycloparafﬁnic alkyl substi-
tuted CH carbon. The paraffin chain ends are analogous to the residual
paraffins. Thus the residual components are primarily the unreacted
species during visbreaking. But they add to the aromatic or naphthenic
or paraffinic nature of the reacting pseudo-components and thus play an
important part in determining the quantity of naphtha aromatics, cy-
cloparaffins and paraffins produced. Therefore, the residual aromatics,
cycloparaffins and paraffins are considered twice as responsible as the
alkyl substituted aromatic carbon for the production of naphtha aromat-

ics, naphtha cycloparaffins and naphtha paraffins respectively.

Rule 7:
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The role of aromatic cluster size in determining the reactivity is less
than that of alkyl aromatic substitution and the length of side chains.
The effect of cluster size is thus considered as 15 percent of that of the

aromatic alkyl substituted carbon in determining reactivity.

The following section shows the calculation of the weighted sum of model param-
eters for different pseudo-components in gas and naphtha fraction, produced during
visbreaking. The product correlation is built by calculating the weighted sum of
model parameters for each of the six oils and then correlating with the amount of

pseudo-component produced.

5.1.5 Product Correlations for Gas Formation

The model parameters include the reacting carbon-types in feed which are shown
in the reaction pathways, the unreacted carbon-types or the residual components
and the aromatic cluster size. The weighted sum of model parameters is the sum of
the product of different model parameters and their weighting factors. The calcula-
tion of weighting factors is done by attributing a base reactivity of 1 to a particular
feed carbon-type and then calculating the other weighting factors using the model
rules. The weighting factors signify the relative importance of different sources that
produce a particular pseudo-component through a reaction pathway. For gas phase
correlations, the data for visbreaking of Shengli was not used. This is because the
Shengli, which is an aliphatic heavy oil with saturates of 42.9 percent, shows higher
gas make than the aromatic heavy oils like Kuwait (saturates=27.4 percent.) and
Kern River (saturates=28.9 percent.). It has been observed [19] [21] [24] that paraf-
finic oils have lower gas make than the aromatic oils, and therefore Shengli data is

incorrect.

Methane Formation

The methane formed after visbreaking is correlated with the weighted sum of

model parameters calculated for all feeds. It is given as:
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Model Parameters Weighting |Calculation |Rule
factors

Methyl Aromatics gag a = Base reactivity
Methyl Aromatics pp =1 =a, Resid polars same as asphaitenes
Methyt Aromatics g = =a Resid aromatics same as asphaltenes
Methy! Cycloparaffins gas a,=0.6 = 0.6 x a, |Cycloparaffins is 60% of aromatics: Rule 1
Methyl Cycloparaffins pp a;=0.6 = 0.6 x a, |Cycloparaffins is 60% of aromatics: Rule 1
Methyl Cycloparaffins ga ag= 0.6 = 0.6 x a; |Cycloparaftins is 80% of aromatics: Rule 1

Resid saturates is 30% of resid aromatics:
Ethyl Aromatics pg a;=0.3 =0.3xa, |Rule4
Methyl Cycloparaffins pg ag=0.18 = 0.6 x a, |Cycloparaffins is 60% of aromatics: Rule 1
Ethyl Aromatics go ag= 0.1 = 0.1 x az [Gasoil is 10% of resid aromatics: Rule 2
Methyl Cycloparaffins go a,0=0.06 | =0.6x 2, [Cycloparaffins is 60% of aromatics: Rule 1

Figure 5.4: Weighting Factors for Methane Formation

Weighted sum of model parameters = a) - Cras + a2 - Crp + a3 - Cra
+aq- Aras +a5 - Arp + ag - Apa + a7 - Bgs +ag - Ars

+ag - Bgo + a10 - Ago

where A= Methylcycloparaffin carbon (moles) B= Ethylaromatic carbon (moles)
and C= Methylaromatic carbon (moles).
The calculation of ”weighting factors” is done as per the "model rules” as is shown

in Figure 5.4. Figure 5.5 shows the correlation with a correlation coefficient of 0.92.
C; Formation

Co formed after visbreaking is correlated with the weighted sum of model param-

eters calculated for all feeds. It is given as:

Weighted sum of model parameters = b - Cras +b2 - Crp + b3 - Cra
+by- Apas + b5 - App +be - Ara +b7 - Brs + bg - Ags
+bg - Bco + bio - Aco

where A= Ethylcycloparaffin carbon {moles) B= Propylaromatic carbon (moles) and

C= Ethylaromatic carbon (moles).
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Figure 5.5: Carbon moles in CH4 vs Weighted sum of model parameters

Figure 5.6 shows the calculation of weighting factors as per the model rules. Figure

5.7 shows the correlation with a correlation coefficient of 0.66.

C3+ Formation

Cs+ formed after visbreaking is correlated with the weighted sum of model pa-

rameters calculated for all feeds. It is given as:

Weighted sum of model parameters = c¢; - Cras + c2 - Bras + ¢3 - Crp + c4 - Brp
+cs - Cra+co- Bra+cr- Aras +cs- Arp +co - Apa + c10 - Brs

+c11 - Ars + 12 - Bgo + c13 - Aco

where A= a-to-cycloparaffin carbon (moles) B= af-to-aromatic carbon (moles) and
C'= Propylaromatic carbon (moles).
The weighting factors are calculated as per the model rules and are shown in Table

5.8. Figure 5.9 shows the result of the correlation and the correlation coefficient
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Model Parameters Weighting [Calculation |Rule
factors

Ethyl Aromatics pas b= Base reactivity

Ethyl Aromatics gp b= =b, Resid polars same as asphaltenes

Ethyl Aromatics pa by=1 =b, Resid aromatics same as asphaltenes

Ethyl Cycloparaffins gas |by= 0.6 = 0.6 x b, |Cycloparaffins is 60% of aromatics: Rule 1

Ethyl Cycloparaffins gp  |bs= 0.6 = 0.6 x b, |Cycloparaffins is 60% of aromatics: Rule 1

Ethyl Cycloparaffins ga  |bg= 0.6 = 0.6 x b, |[Cycloparaffins is 60% of aromatics: Rule 1
Resid saturates is 30% of resid aromatics:

Propyl Aromatics pg b;=0.3 =0.3xb, |Rule 4

Ethyl Cycloparaffins ps  |bg=0.18 = 0.6 x b, |Cycloparaffins is 0% of aromatics: Rule 1

Propyl Aromatics go bg=0.1 = 0.1 x b, {Gasoil is 10% of resid aromatics: Rule 2

Ethyl Cycloparaffins go ;9= 0.06 = 0.6 x by |Cycloparaffins is 60% of aromatics: Rule 1

Figure 5.6: Weighting Factors for C2 Formation
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Model Parameters Weighting [Calculation [Rule
factors
Propyl Aromatics gas [C1=1 Base reactivity
Aromatics in residue asphaltenes, polar
aB-to-aromatic pas _|Co=1 =¢1___ Jand aromatics fraction
Propyl Aromaticsgp  |C3= 1 =C
ap-to-aromatic gp cy=1 =Cy
Propyl Aromaticsps  [Cs= 1 =4
ap-to-aromatic ga Ce=1 =cy
a-to-cycloparaffin gas |C;= 0.6 = 0.6 x ¢, |Cycloparatfins is 60% of aromatics: Rule 1
a-to-cycloparaffin gp [cg= 0.6 = 0.6 x ¢, |Cycloparatfins is 60% of aromatics: Rule 1
a-to-cycloparaffin gy cg= 0.6 = 0.6 x ¢, |Cycloparaffins is 60% of aromatics: Rule 1
Resid saturates is 30% of resid aromatics:
af-to-aromatic s Cy =03 =0.3xc¢g |Rule4d
a-to-cycloparaffin ng {611=0.18 | = 0.6 x ¢, |Cycloparafiins is 60% of aromatics: Rule 1
af-to-aromatic oo Cip=0.1 =0.1xcg |Gasoil is 10% of resid aromatics: Rule 2
a-to-cycloparaffin o [C1a=0.06 | = 0.8 x c,, {Cycloparatfins is 60% of aromatics: Rule 1

Figure 5.8: Weighting Factors for C3-+ Formation

is 0.67. The lower values of correlation coefficient for C, and Cz+ formation are
because of two reasons. The first being that there could be more experimental error
in the collection and determination of the gas during the experiment given the lower
yields of these gases. The second reason is that gas production may take place from

sources not considered in the reaction pathways or due to some secondary cracking.

5.1.6 Product Correlations for Naphtha Formation

Formation of Naphtha Aromatics

The aromatic carbon-types produced during visbreaking are the difference be-
tween the aromatic carbon-types in product naphtha and those in feed naphtha.
They are correlated with the weighted sum of model parameters calculated for all

feeds and is given as:

Weighted sum of model parameters = d; - Bga + d2 - Brp + ds - Agra +ds - Agrp
+ds - Dra +dg - Drp +dr - Cra +dg - Crp +do - Bgoa + dyo - Beor
+d11 - Agoa + diz2 - Acop + dis - Dgoa + disa - Dgop + dis - Cgoa

+dis - Coop
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Figure 5.9: Carbon moles in C3+ vs Weighted sum of model parameters

where A= Cycloparaffinic alky! substituted CH carbon (moles), B= Aromatic alkyl
substituted carbon (moles), C= Aromatic cluster size and D= Residual aromatic
carbon (moles).

The weighting factors are shown in Figure 5.10. Figure 5.11 shows the correlation

with a correlation coefficient of 0.85.

Formation of Naphtha Cycloparaffins

The cycloparaffin carbon-types produced during visbreaking are the difference
between the cycloparaffin carbon-types in product naphtha and those in feed naph-
tha. It is correlated with the weighted sum of model parameters calculated for all

feeds and is given as:
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Model Parameters Weighting |Calculation [Rule
factors

Aromatic alkylsubstituted carbonpa  |di= 1 Base reactivity

Aromatics in residue polar and aromatics
Aromatic alkylsubstituted carbon gp d,=1 =d, fraction
Cycloparaffin alkylsubstituted CHp,  {dg= 0.6 = 0.6 x d, |Cycloparaffins is 60% of aromatics: Rule 1
Cycloparaffin alkylsubstituted CHgp  1d,= 0.6 = 0.6 x d, [Cycloparaffins is 60% of aromatics: Rule 1

Residual aromatics are twice of the
Residual Aromatics ga ds=2 =2xd, faromaticalkylsubs. C: Rule 6

Residual aromatics are twice of the
Residual Aromatics gp dg= =2xd, jaromaticalkylsubs. C: Rule 6

Aromatic cluster size'Is 15% of the
Aromatic cluster size pa d;=0.15 | =0.15x d, |aromatic alkylsubs. C: Rule 7

Aromatic ciuster size 1s 15% of the
Aromatic cluster size gp dg=0.15 | =0.15 x d, |aromatic alkylsubs. C: Ruie 7

Gasoil aromatics is 30% of resid aromatics:
Aromatic alkylsubstituted carbongps  [do= 0.3 =0.3xd, |Rule3

Gasoil aromatics is 30% of resid aromatics:
Aromatic alkylsubstituted carbon gop  |dig= 0.3 =0.3xd, |Rule3
Cycloparaffin alkylsubstituted CHgoa [di;=0.18 | = 0.8 xd, |Cycloparaffins is 60% of aromatics: Rule 1
Cycloparaffin alkylsubstituted CH gop  {d;2= 0.18 | = 0.6 x d, [Cycloparaffins is 60% of aromatics: Rule 1

Restdual aromatics are twice of the
Residual Aromatics goa di3= 0.6 =2xdy [aromatic alkylsubs. C: Rule 6

Residual aromatics are twice of the
Residual Aromatics gop di;=0.6 =2xd,, |aromatic alkylsubs. C: Rule 6

Aromatic cluster size is 15% of the
Aromatic cluster size goa dys=0.45 | =0.15 x d, jaromatic alkylsubs. C: Rule 7

Aromatic cluster size is 15% of the
Aromatic cluster size gop dig=0.45 |=0.15 x d,o|aromatic alkylsubs. C: Rule 7

Figure 5.10: Weighting Factors for Naphtha Aromatics Formation
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Figure 5.11: Product Naphtha aromatics vs Weighted sum of model parameters

Weighted sum of model parameters = e; - Bpa +eo-Brp +€3- Ara +€4- Arp
+e5- Dra+es- Drp+é€7-Cra+es- Crp +eg9- Booa + €10 - Beop
+en - Agoa + ez Acop + €13 Dgoa + €1a - Doop + e15 - Ccoa
+e16 - Coop + €17 - Bras + €18 - Aras + €19 - DRas + €20 - Cras
+e21 - Brs + €22 Beos + €23 - Ars + €24 - Acos + €25 - Drs

+eze - Dgogs + ez - Crs + €28 - Cgos

where A= Cycloparaffinic alkyl substituted CH carbon {moles), B= Aromatic alkyl
substituted carbon (moles), C= Aromatic cluster size and D= Residual cycloparaffin
carbon (moles).

Figure 5.12 shows the weighting factors used for the calculation. Figure 5.13 shows

the correlation with a correlation coefficient of 0.85.



5.1 Model Development

68

Model Parameters Weighting Calculation |Rule
factors

Aromatic alkylsubstituted carbon ga e =1 Base reactivity

Aromatics in residue polar-and aromatics
Aromatic alkylsubstituted carbon gp =1 =e fraction
Cycloparaffin alkylsubstituted CH g e;3=0.6 =0.6 xe, |Cycloparaffins is 60% of aromatics: Rule 1
Cycloparaffin alkylsubstituted CH gp e,=06 =0.6xe, |Cycloparaffins is 60% of aromatics: Rule 1

Residual cycloparatfins are twice of the
Residual Cycioparatfins ga eg=2 =2xe, |aromatic alkylsubs. C: Rule 6

Residual cycloparaffins are twice of the
Residual Cycloparaffins pp =2 =2xe, }aromatic alkylsubs. C: Rule 6

Aromalic cluster size is 15% of the aromatic
Aromatic cluster size pa e;=0.15 =0.15 x e, {alkylsubs. C: Rule 7

Aromalic cluster size is 15% of the aromalic
Aromatic cluster size gp eg=0.15 =0.15 x e, |alkylsubs. C: Rule 7

Gasoll aromalics is 30% of resid aromatics:
Aromatic alkylsubstituted carbongos  [€9=10.3 =0.3xe; |Rue3d

Gasoil aromatics is 30% of resid aromalics:
Aromatic alkylsubstituted carbongop  |€49=0.3 =0.3xe, |Rule3d
Cycloparaffin alkylsubstituted CHgoa  |€17=0.18 =0.6xey |Cycloparaffins is 60% of aromatics: Rule 1
Cycloparaffin alkylsubstifuted CHgop  [e1,=0.18 | =0.6 xe;, |Cycloparaffins is 60% of aromatics: Rule 1

Residual cycloparaffins are twice of the
Residual Cycloparaffins goa €;3=0.6 =2xe, |aromatic alkylsubs. C: Rule 6

Residual cycloparatiins are twice of the
Residual Cycloparaffins gop €14=086 =2Xxe,, |aromatic alkylsubs. C: Rule 6

Aromalic CIUSIET Size iS 15% of the aromatic
Aromatic cluster size goa e15=0.45 | =0.15 x e, |alkylsubs. C: Rule 7

Aromatic cluster size i1s 15% of the aromatic
Aromatic cluster size gop €,6=045 | =0.15 x e,, [alkylsubs. C: Rule 7
Aromatic alkylsubstituted carbon gag e,;=05 =0.5xe, |Rule5s
Cycloparaffin alkylsubstituted CHgas  [€13=0.3 =0.6 x e,; |Cycloparaffins is 60% of aromatics: Rule 1

Residual cycloparaitins are twice of the
Residual Cycloparaffins pas €9=1 =2xey; |aromaticalkylsubs. C: Rule 6

Aromalic cluster size is 15% of the aromalic
Aromatic cluster size gag €2=0.75 |=0.15x e,; |alkylsubs. C: Rule 7

Resid salurales is 30% of resid aromatics:
Aromatic alkylsubstituted carbon gg €,,=0.3 =0.3xe, [Rule4
Aromatic alkylsubstitited carbongos  fego = 0.1 =0.1xe, |Gasoilis 10% of resid aromatics: Rule 2
Cycloparaffin alkylsubstituted CH g €,;=0.18 | =0.6xe, |Cycloparaffins is 60% of aromatics: Rule 1
Cycloparaffin alkylsubstituted CHgos  [€24=0.06 | =0.6 x 8,5, Cycloparafiins is 60% of aromatics: Rule 1

Residual cycloparaifins are twice of the
Residual Cycloparaffins pg €y5=0.6 =2xe,, |aromaticalkylsubs. C: Rule 6

Residual cycloparaffins are twice of the
Residual Cycloparaffins gos €=0.2 =2xe, |aromatic alkylsubs. C: Rule 6

Aromatic cluster size is 15% of the aromatic
Aromatic cluster size gg €,7=0.45 | =0.15x e,, |akylsubs. C: Rule 7

Aromafic clusler size is 15% of the aromaltic
Aromatic cluster size gos €3 =0.015 | =0.15 x e,, [alkylsubs. C: Rule 7

Figure 5.12: Weighting Factors for Naphtha Cycloparaflins Formation
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Figure 5.13: Product Naphtha Cycloparaffins vs Weighted sum of model parameters

Formation of Naphtha Paraffins

The paraffin carbon-types produced during visbreaking are the difference between
the paraffin carbon-types in product naphtha and those in feed naphtha. It is cor-
related with the weighted sum of model parameters calculated for all feeds and is

given as:

Weighted sum of model parameters = fi - Bra + fo- Brp + f3 - Apa + f4 - Arp
+f5-Dra+ fo - Drp + f1- Cra + f3 - Crp + fo - Bcoa + fio - Beor
+fu1 - Agoa + fiz- Acopr + f13- Dcoa + fia - Dop + f15 - Ceoa
+fi6 - Ccop + fi7 - Bras + fis - Aras + f19 - Dras + f20 - Cras
+f21 - Brs + fo2 - Bcos + fa3 - Ars + f21 - Acos + fas - Drs

+f26 - Dgos + for - Crs + fas - Cos

where A= Cycloparaffinic alkyl substituted CH carbon (moles), B= Aromatic alkyl
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substituted carbon (moles), C'= Aromatic cluster size and D= Paraflin chain ends
carbon (moles).
Figure 5.14 shows the weighting factors used for the calculation. Figure 5.15 shows

the correlation and the correlation coefficient of 0.76.

5.1.7 Prediction of Gasoil and Residue Formation

The residue fraction after visbreaking is calculated from the percentage residue
conversion of the feed. The percentage residue conversion is predicted using Residue
Reactivity Index of the feed and Figure 5.1. The sum of naphtha paraffins, cy-
cloparaffins and aromatics produced during visbreaking is the total naphtha pro-
duced. This is added to the quantity of feed naphtha to give the total product
naphtha. The sum of methane, Cy and C3+ gives the total product gas. Then, the

gasoil product is calculated by balance.
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Model Parameters Weighting [Calculation |Rule
factors
Aromatic alkylsubstituted carbon g f, = Base reactivity
Aromatics in residue polar and aromatics
Aromatic alkylsubstituted carbon gp fp= =1, fraction
Cycloparaffin alkylsubstituted CH g fa=0.6 =0.6 xf, |Cycloparaffins is 60% of aromatics: Rule 1
Cycloparaffin alkylsubstituted CH gp f,=06 =0.6 xf, |Cycloparaffins is 60% of aromatics: Rule 1
Paraffin chain ends are twice of the
Paraffin Chain ends fs=2 =2xf, [aromatic alkylsubs. C: Rule 6
Paralffin chain ends are twice of the
Paraffin Chain ends gp fo=2 =2xf, [aromatic alkylsubs. C: Rule 6
Aromatic cluster size’is 5% of the aromatic
Aromatic cluster size-ga f;=0.15 =0.15 xf, [alkylsubs. C: Rule 7
Aromatic cluster size is 15% of the aromatic
Aromatic cluster size gp fg=0.15 =0.15 xf, |alkylsubs. C: Rule 7
Gasoll aromatics is 30% of resid aromatics:
Aromatic alkylsubstituted carbongoa  |f3=0.3 =0.3xf, |Rule3
Gasoll aromatlics is 30% of resid aromatics:
Aromatic alkyisubstituted carbongop  [f10=0.3 =0.3xf, |Rue3
Cycloparaffin alkylsubstituted CH goa  |f11=0.18 =0.6 xfg |Cycloparaffins is 60% of aromatics: Rule 1
Cycloparaffin alkylsubstituted CH gop  {f;2=0.18 =0.6 xf,, |Cycloparaffins is 60% of aromatics: Rule 1
] Paratffin chain ends are twice of the
Paraffin Chain ends goa f13=0.6 =2xf, [aromatic alkylsubs. C: Rule 6
Paratffin chain ends are fwice of the
Paraffin Chain ends gop f14=086 =2xf,, |aromatic alkylsubs. C: Rule 6 .
j Aromatic cluster size is 5% of the aromali
Aromatic cluster size goa fi5=0.45 =0.15 x g |alkylsubs. C: Rule 7
Aromatic cluster size is 75% of the aromatic
Aromatic cluster size gop fis=045 | =0.15 xf,, |alkylsubs. C: Rule 7
Aromatic alkylsubstituted carbong,s  [f;7=0.5 =0.5xf, |Rue5
Cycloparaffin alkylsubstituted CHgss  |f15=0.3 =0.6 xf,;, |Cycloparaffins is 60% of aromatics: Rule 1
Paratfin chain ends are twice of the
Paraffin Chain ends g, fra=1 =2xf,; laromatic alkylsubs. C: Rule 6
Aromatic cluster size is 15% of the aromatic
Aromatic cluster size pag f0=0.75 =0.15 xf,; {alkylsubs. C: Rule 7
Resid saturates is 30% of resid aromalics:
Aromatic alkylsubstituted carbon gg f2 =03 =0.3xf, {Rued
Aromatic alkylsubstituted carbon o |f2o=0.1 =0.1xf, jGasoilis 10% of resid aromatics: Rule 2
Cycloparaffin alkylsubstituted CH gg f23=0.18 =0.6 xf,, |Cycloparaffins is 60% of aromatics: Rule 1
Cycloparaffin alkylsubstituted CH gos  |fo4 = 0.06 =0.6 xf,, |Cycloparaffins is 60% of aromatics: Rule 1
Paraifin chain ends are twice of the
Paraffin Chain ends pg f25=0.6 =2xf, |aromatic alkylsubs. C: Rule 6
Paraffin chain ends are twice of the
Paraffin Chain ends gos fs=0.2 =2xf,, |aromatic alkylsubs. C: Rule 6
Aromatic clusier size is 15% of the aromatic
Aromatic cluster size pg fo7=0.45 | = 0.15 xf, |alkylsubs. C: Rule 7
Aromalic clusier size is 15% of the aromatic
Aromatic cluster size gog f,6=0.015 | =0.15 xf,, [alkylsubs. C: Rule 7

Figure 5.14: Weighting Factors for Naphtha paraffins Formation
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Figure 5.15: Product Naphtha paraflins vs Weighted sum of model parameters



Chapter 6

Model Use and Validation

6.1 Model Use

The end use of the model is to calculate the product yields from visbreaking of
any global oil at the experimental severity. The calculation procedure for different

sample calculations is shown in Appendix C.

e The first step is to calculate the residue conversion after visbreaking. This is
done by calculating the Residue Reactivity Index of the feed oil. The Residue
Reactivity Index is calculated using equation 5.1 with the use of alkyl sub-
stituted aromatic carbon-types, average chain length and a-to-sulfides carbon
types in feed. The correlation in Figure 5.1 is used to calculate the percent
residue conversion. After calculation of the percent residue conversion, the

residue amount in the product can be calculated.

e The second step is to calculate the visbreaking coke formed and the CCR
content, of the feed. The sum of aromatic bridges and the aromatic CH carbon-
types in asphaltenes in feed is calculated and the correlation in Figure 5.3 is
used to calculate the percent visbreaking coke. The mass of aromatic carbon
in residue polars and asphaltenes is calculated as percent of feed and is equal

to the CCR content of the feed.

e The next step is to calculate the gas yield after visbreaking. The moles of
carbon in methane produced is estimated using weighted sum of model pa-

rameters for methane formation and the correlation in Figure 5.5. The moles
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of Cy produced is estimated using weighted sum of model parameters for C,
formation and the correlation in Figure 5.7 while the moles of Cs+ produced
is estimated using weighted sum of model parameters for C3+ formation and
the correlation in Figure 5.9. After adding the moles of all carbon types from
gas, its total weight is calculated. An estimated carbon weight percent of 65 is
used for gas and the total weight of gas is calculated and expressed as percent
of feed.

o After calculation of the gas make, the naphtha make is calculated. This is
done by adding the moles of naphtha aromatic, naphtha paraffin and naphtha
cycloparaffinic carbon-types. The naphtha aromatic carbon-types is estimated
using weighted sum of model parameters for naphtha aromatics formation and
the correlation in Figure 5.11. The naphtha paraffin carbon-types is estimated
using weighted sum of model parameters for naphtha paraffin formation and
the correlation in Figure 5.15. The naphtha cycloparaffinic carbon-types is
estimated using weighted sum of model parameters for naphtha cycloparaffin
formation and the correlation in Figure 5.13. After calculating the total moles
of carbon-types in naphtha, the weight of the carbon-types is calculated and
the percent weight carbon from the elemental analysis of feed naphtha is used
to calculate the total weight of product naphtha. It is assumed here that the
percent weight of carbon in feed and product naphtha remains the same. Once
the weight of naphtha produced during visbreaking is found, it is added to the
percent weight of feed naphtha to get the weight percent of product naphtha.

e With the calculation of the product yields of gas, naphtha and the residue

fraction, the last step is to calculate the product gasoil by balance.

6.2 Model Validation

The model was developed using all the available six oils. ‘The process of model
validation would involve using the measured lab data of visbreaking for a new oil,
use the model to predict the product yields from visbreaking of this oil and then

calculate the prediction errors. But since the objective was to develop a rule-based



6.2 Model Validation 75

Kuwait
Yield (wt%) Experimental { Predicted | Difference%
Gas 0.8 0.7 5.6
Naphtha 14.5 14.4 0.6
Gasoil 56.1 56.2 -0.2
Residue 28.6 28.7 -0.1
Feed CCR 8.61 9.39 -9.0
Visbreaking Coke 0.50 0.87 -72.6
Kern River

Experimental | Predicted | Difference%
Gas 1.0 1.3 -33.2
Naphtha 5.1 3.5 31.3
Gasoil 65.6 63.3 3.5
Residue 28.3 31.9 -12.6
Feed CCR 7.82 8.91 -14.0
Visbreaking Coke 0.03 0.00 100.0

Wolf Lake

Experimental | Predicted | Difference%
Gas 2.0 1.9 1.7
Naphtha 5.4 6.7 -23.6
Gasoil 56.0 59.9 -6.9
Residue 36.6 314 14.0
Feed CCR 12.50 10.71 14.3
Visbreaking Coke 0.25 1.17 -375.6

Figure 6.1: Model Predictions

model based on principles of reaction chemistry, the NMR carbon-type data from all
six feeds was used in developing the model. Therefore, the model was validated by
removing one dataset, re-estimating the éorrelation equations and then predicting
the yields of the oil and calculating the percentage difference between the measured
and predicted values. This process was repeated with three oils, Kuwait, Kern River,
and Wolf Lake. Figure 6.1 summarizes the results of the validation exercise. The
least errors are seen in Kuwait. The percentage difference between the predicted
and measured values is very high in visbreakihg coke due to the very little amount
of visbreaking coke that was formed. The present modeling exercise emphasized
on proposing and developing rule-based correlations and using fhem to predict the
product yields. With the availability of more chemical kinetics data of the involved

carbon-types, the existing model can be further improved.



Chapter 7

Conclusions and Future Work

7.1 Conclusions

This work presents a mathematical model of visbreaking using carbon-types
present in feed oil. The model predicts residue conversion, coke formation and prod-
uct yields on visbreaking. Since it has been built using six heavy oils from different
parts of the world, it is expected to be robust enough to predict the visbreaking
behavior of different types of oil.

The model input data includes the most extensive kind of NMR carbon-type
analysis that has been performed on heavy oils. This analysis carried out at the
National Centre for Upgrading Technology, Devon, Alberta, has helped to provide a
much deeper insight into the chemistry of heavy oils involved and has made possible
selection of model compounds that closely resemble different pseudo-components of
these heavy oils. The pyrolysis pathways, the reaction mechanism and the kinetic
information of these model compounds available in literature has helped to determine
the carbon-types and the reactions that influence visbreaking the most. In the earlier
work [1], visbreaking reaction pathways for Athabasca bitumen were proposed. These
pathways have been improved and adapted to the NMR information from different
oils. These pathways demonstrate the carbon-types in feed oil that act as possible
sources for the production of new carbon-types during visbreaking. Through the use
of feed-independent model rules, weighting-factors were developed, and then used to
calculate different weighted sum of model parameters in these oils. These weighted

sum of model parameters are analogous to the pool of reactants and have been
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used to correlate percentage residue conversion, CCR make, visbreaking coke make
and the make of lighter products, gas and naphtha, after visbreaking. From its
ability to predict the visbreaking behavior of six different global oils, the model
offers improved knowledge about the chemical reactivity of petroleum oils. It is
found that the percentage conversion of a heavy oil during visbreaking is dependent
on the alkyl substituted aromatic carbon, alkyl chain length and the a-to-sulphides in
the residue fraction in feed. So the reactivity of an oil depends upon the the number
of the side chains attached to its aromatic rings and the length of these side chains.
The CCR content of a feed or a visbroken product is found equal to the weight of
aromatic carbon in the residue polars and asphaltenes fraction. The visbreaking coke
is directly dependent upon the quantity of the aromatic bridges and aromatic CH
carbon-types in the residue asphaltenes fraction of the feed. The gas and naphtha is
produced due to the cleavage of side chains on the aromatic and cycloparaffinic rings
in gasoil and residue fraction. The side chains break off to produce smaller molecules
that constitute gas and naphtha.

The use of reaction pathways and feed-independent model rules make this model
rule-based. Earlier models used feed-specific kinetic parameters to predict visbreak-
ing product yields and these kinetic parameters were calculated based on visbreaking
pilot plant runs or lab scale pyrolysis experiments. The present model only makes
use of the NMR carbon-type analysis, elemental analysis and distillation data of feed
to predict its visbreaking product yields. Along with the prediction of visbreaking
behavior of other oils, the model is successful in predicting the residue conversion,
coke yield and other product yields for an unconventional oil like Rubiales, which
baffles by showing practically no residue conversion during mild thermal cracking.
In being able to explain this phenomenon, the model furthers the understanding of
the chemistry of such short alkyl-chained polycyclic aromatic species oils and their
behavior in upgrading plants and refineries.

The study of thermal cracking through carbon-type analysis helps to unravel
the complex nature of petroleum feedstocks and offers an opportunity to correlate
petroleum chemical structure with its behavior during physical and chemical pro-

cesses. The reactivity of different visbreaker feeds including their coking behavior
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can now be attributed to the structure of their constituent molecules, as quantified

by NMR carbon-type analyses.

7.2 Future Work

This work focused on developing a mathematical model for visbreaking at a sin-
gle reaction severity, based on principles of reaction chemistry. Future work entails
developing such correlations for these feeds under different severities and then com-
bining the information to develop a model that could predict visbreaking behavior
for different oils at all reaction severities. This work is heavily dependent on the
better and increased information about the kinetics of model compounds and calls
for creating a library of representative model compounds based on the NMR carbon-
type footprint of different heavy oils across the world. The behavior of these model
compounds should be studied under thermal cracking conditions in lab to compare
their relative reactivity. This comparative analysis would go a long way in under-
standing the chemical and physical characteristics of these heavy oils and result in
their better utilization. Also NMR spectroscopy provides average carbon-type data
like the average chain length and average aromatic cluster size, however it would be
useful to determine the distribution and profile of parameters like chain length and

cluster size, to compare different oils even better.
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Appendix A

List of Product Gases

A.1 Product Gases

A complete list of the product gases from visbreaking is listed in Table A.1.

Table A.1: Complete List of Product Gases
Hydrogen (Hs)
Methane (CHy)
Ethylene (CoHy)
Ethane (CHg)

Hydrogen Sulfide (HsS)
Propane (C3Hs)
Propylene (C3Hg)
iso-Butane (i-C4Hjg)
n-Butane (n-C4Hig)
trans-2-Butene (C4Hg)
1-Butene (C4Hsg)
iso-Butene (i-C4Hg)
cis-2-Butene (C4Hsg)
iso-Pentane (i-CsHj2)
3-Methyl-1-Butene {CsHjyg)
trans-2-Pentene (C5Hyg)
1-Pentene (CsHjp)
2-Methyl-1-Butene (CsHyo)
cis-2-Pentene (CsHig)
Hexanes+ (CgHiyq)




Appendix B

Error Analysis

B.1 Error Analysis

It is estimated that distillation analysis has an error of 0.5 absolute units, ele-
mental analysis has an error of 0.5 absolute units, coke analysis has an error of 0.5
absolute units and carbon-type analysis has an error of 10 percent. Then, the error
analysis was performed using the following method. Suppose that z = f(w, x, y,..),

then the error of the function can be calculated as

of

Ac= \/<-§—£>2<Aw>2+ & -

—=)2(Az)? + (F-)%(Ay)? B.1
S)A(AT) 6y) (Ay) (B.1)
The quantities on the x-axis and the y-axis of the correlation plots are represented

by one of these different forms:

Y= 3 (B.2)

where a = CCR content of feed or the quantity of visbreaking coke, b = feed quantity.

abe

y= a4 (B-3)

where a = weight percentage carbon, b = moles of carbon-types, ¢ = pseudo-

component quantity and d = feed quantity.

a—b
a

y= (B.4)
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where a = weight percentage residue in feed and b = weight percentage residue in

product.

y=AB+C (B.5)

where A,B and C are functions of type abc/d for different carbon-types.

y=o1 A+ ogB +asC+oyD (B.6)

where A, B, C, D are functions of type abc/d for different carbon-types.

The error for equations B.2, B.3, B.4, B.5b and B.6 were obtained using the
Holman method [55]. The errors for equations B.2, B.3, B.4, B.5 and B.6 are shown
by equations B.7, B.8, B.9, B.10 and B.11 respectively.

L\ Gy (B.7)
By By Bl (B (Bl (B8)
Ayzg\/(%“)?-T—b—b)? (B.9)
sy =an (B B2y GO (B.10)

Ay = /(01A4)2 + (@ AB)? + (a3AC0)2 + (a4 AD)? (B.11)



Appendix C

Sample Calculations

C.1 Sample Calculations for Athabasca Bitumen

For 100 g of Athabasca bitumen feed, weight of residue in feed = 54.6 g and
weight of residue in product = 33.7 g. Percent wt carbon in RAs, RP, RA and RS in
feed is 83.4, 85.1, 84.7 and 86.6 respectively. Percent wt of RAs, RP, RA and RS in
feed is 19.8, 13.5, 19.2 and 2.2 respectively. Percent mol of aromatic carbon in RAs
and RP is 46.5 and 42.6 respectively. The sample calculations are listed below.

1) Calculation of percent residue conversion.

y = (“_b) + (100) (C.1)

a

where, a = weight of residue in feed and b = weight of residue in product.

- Substituting the values for a and b,

- (%) + (100) (C.2)
y = 38.3 (C.3)

2) Calculation of CCR of 100 g of feed.

19.8 ¥ 83.4 * 46.5 * 12.011
100 % 12.011 % 100

Wt of aromatic carbon in RAs = < ) =7.7gm (CA4)

13.5 % 85.1 * 42.6 * 12.011
100 x 12.011 x 100

Wt of aromatic carbon in RP = ( ) =4.9gm (C.5)
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CCR content in 100 gm of feed = (7.7 + 4.9) = 12.6gm (C.6)

3) Calculation of carbon moles in residue fraction in 1000 g of feed
Carbon moles in RS = <1%§:11§%01I fﬁ§0> =1.57 (C.7)
Carbon moles in RA = (11362**11298?1**8;162> =13.49 (C.8)
Carbon moles in RP = ( 11305**11208?1**81502> = 9.58 (C.9)
Carbon moles in RAs = (11308**11208?1**830?) = 13.74 (C.10)
Total carbon moles in Resid = (1.57 4+ 13.49 + 9.58 + 13.74) = 38.4  (C.11)

4) Calculation of Residue Reactivity Index of feed

RRI=(A-B)+C (C.12)

where A= alkyl substituted aromatic carbon (moles), B= min (1, Alkyl chain

length/5) and C= a-to-sulfides (moles). For the residue fraction in Athabasca bi-

tumen, Alkyl chain length=4.55, percent mole of a-to-sulfides= 1.31 and percent

mole of alkyl substituted aromatic carbon=9.03.

9.03 + 38.4
A= (T2 — 347
( 100 )

455
B=|—) =001
(5>

1.31%38.4

(C.13)

(C.14)

(C.15)
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Substituting the values for A, B and C,
RRI = (3.47.0.91) + 0.5 = 3.65 (C.16)



