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Abstract

Bitumen partial upgrading technologies aim to produce a product that meets viscosity and density
specifications for pipeline transport with little to no addition of diluents. Thermal cracking
processes are attractive for partial upgrading since they result in an increase in the light fractions.
Thermal cracking, however, results in the formation of olefins that are concentrated in the lower
boiling cuts of the cracked product. The olefin content must be reduced sufficiently to improve the
storage stability of the cracked product and to meet the regulatory specifications for transportation
by pipelines. The BituMax™ partial upgrading process makes use of an olefin-aromatic alkylation
process to reduce the olefin content in the product. Determination of the nature and abundance of
olefins provides knowledge that is needed to support the development of the BituMax™ olefin

treatment process.

One objective of this study was to characterize olefins in thermally cracked naphtha (boiling point
15 — 240 °C) obtained from a bitumen upgrader facility located in Alberta, Canada. The cracked
naphtha was sub-fractionated into smaller boiling cuts in a lab-scale atmospheric distillation
column. The sub-fractions were analyzed using gas chromatography with mass spectrometer (GC-
MS) and flame ionization detector (GC-FID). Identification of olefinic species was confirmed by
subjecting the cracked naphtha to mild hydrotreatment and comparison of chromatograms before
and after hydrotreatment. This was necessary because assignment of compound identity based
solely on the suggestions of the Mass Spectral Library was unreliable for distinguishing between

olefins and cycloparaffins with the same molecular formula.
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A reaction study was conducted with model compounds to evaluate the hydrogenation activity of
Ni/Al,O3 catalytic systems, with an aim to better understand olefin hydrotreating in the presence

of aromatics, which also had some relevance to the naphtha characterization.

Hydrogenation reactions with model naphtha were conducted in the temperature range 60 to 280
°C, 1 MPa H; pressure at 1000 mL Ha/mL liquid ratio and weight hourly space velocity of 0.5 h™!
based on the liquid feed. Model naphtha was made of 1-hexene (10 wt%), toluene (5 wt%) and n-
octane (85 wt%). The reactions were studied over both reduced and sulfided Ni/Al>O3 catalysts.
For the study of sulfided Ni/Al>O3, the catalyst was subjected to in situ sulfiding, and the feed was
spiked with dimethyl disulfide (0.5 wt%) to keep the catalyst in a sulfided state. Hydrogenation of
the model naphtha over reduced Ni/Al>O3 catalyst resulted in near complete conversion of 1-
hexene to n-hexane at temperatures as low as 80 °C and near complete conversion of toluene to
methylcyclohexane at 160 °C. Hydrogenation over sulfided Ni/Al,Oj3 catalyst resulted in selective
conversion of 1-hexene compared to toluene, but the products formed below 240 °C were n-hexane
and internal isomers cis-3-hexene, trans-3-hexene, cis-2-hexene and trans-2-hexene. Conversion
to n-hexane was higher than 20% only at temperatures above 240 °C. Trace concentrations of a

skeletal 1somerization product of 1-hexene was also detected at temperatures above 240 °C.

A first-pass identification of compounds in the cracked naphtha by GC-MS was verified using
model compounds and by spiking sub-fractions. The identification of olefinic species was checked
by comparison of chromatograms before and after mild hydrotreatment coupled with comparison
of non-isothermal retention indices with the values reported in literature, when such data was
available. The concentration of the species was calculated by evaluating average FID response
factors for various compound classes identified in the cracked naphtha sample. Approximately 74

wt% of compounds that made up the cracked naphtha were identified by the characterization study.
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The identified species consisted of 40 wt% paraffins, 13 wt% olefins, 12 wt% cycloparaftins, 4
wt% aromatic compounds and 5 wt% sulfur compounds. The majority of the olefinic species found
were in the Cs-C7 range. The nature of the olefinic species was determined — straight chained (~6

wt%), branched olefins (~4 wt%), cyclic olefins (~3 wt%) and diolefins (~0.2 wt%).
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CHAPTER 1 - INTRODUCTION
1.1 Background

Naturally occurring bitumen, found in the oil sands reserves of western Canada, is characterized
by high density ( >1000 kg/m3 at 15 °C) and viscosity ( >100 Pa.s at 15 °C)!. Western Canadian
bitumen is extracted and shipped to various refineries across provincial and international borders
via pipelines or rails. Pipelines are believed to be the safer mode of transport since the they hold a
better record over rail transport for environmental concerns such as accidental oil spills.> Once
extracted, bitumen needs to undergo certain pretreatment processes to reduce its density, viscosity
and solids and water content to produce a material that is fit for transportation via pipelines. The
extent of quality improvement is dictated by the North American oil pipeline specifications, listed

in Table 1.1.

Table 1.1 Pipeline specifications for Alberta bitumen products 3

Property Units Pipeline Specification
Viscosity Centistokes (cSt) <350 cStat 15 °C
Density kg/m’ <940
API Gravity - >19
Solids and Water content vol % <0.5
Olefin content wt % <1.0

Currently, one of the approaches to reduce density and viscosity is to blend bitumen with diluents
such as natural gas condensates. This approach, however, has resulted in high operating expenses
involved with purchase, addition and removal of diluents, ultimately diminishing the value of
bitumen (by as much as US $14/bbl of bitumen) in a competitive market.* Furthermore, the added
diluent makes up about 30 vol% of the material in the pipeline leading to severe transportation

bottlenecks caused by having a limited number of pipelines.*

There is thus a need to develop economically viable alternatives to produce bitumen that meets
specifications for pipeline transport to various refineries. Partial upgrading technologies aim to
achieve this goal with little or no addition of diluents, with special emphasis on lowering the

overall capital and operating costs. Feasible partial upgrading processes propose to use a



combination of unit operations — reactions such as thermal cracking, separation technologies such
as solvent deasphalting and minimal addition of diluents — that can be used pairwise to produce
partially upgraded bitumen that meets pipeline specifications (refer to table 1.1).> One such
technology is the BituMax™ Process, developed by CNOOC International Ltd. (formerly Nexen
Energy ULC). The process scheme, shown in Figure 1.1, employs solvent deasphalting followed
by mild thermal cracking (i.e., visbreaking) to convert most of the heavy compounds in bitumen
into lighter compounds, in order to reduce the density and viscosity of the product with minimum
loss in liquid product yield. However, the product stream from the thermal cracker contains olefins,
which are undesirable due to potential fouling associated with olefins and diolefins, especially
during transportation and downstream processing.’ Thus, the olefins in cracked naphtha must be

treated before pipeline transportation.
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Figure 1.1 CNOOC International BituMax™ scheme for bitumen partial upgrading®

Olefins in cracked feedstocks are conventionally treated by hydroprocessing, which requires
additional capital and operating costs associated with hydrogen production. Instead, the
BituMax ™ Process proposes to treat the olefins in the naphtha (material with boiling range 15 —
200 °C) from the thermal cracker with aromatics-containing distillate (boiling range 200 — 350 °C)
to form alkyl aromatics via a Friedel-Crafts alkylation pathway. Sufficient olefin conversion must

be achieved so that the partially upgraded bitumen meets pipeline specifications which require the



bitumen to contain < 1 wt% 1-decene equivalent olefins based on a proton nuclear magnetic

resonance ('H NMR) method of analysis.>

To understand the motivations and the objectives for this thesis, it is first important to note the
differences between the BituMax™ olefin conversion process and the more conventionally used

Friedel-Crafts olefin-aromatic alkylation in petrochemical industries. These are detailed below:

e Catalysts: First, the conventional process uses catalysts such as Lewis acids and zeolites to
achieve the alkyl-aromatic conversion of petroleum feeds.”® These catalysts cannot be
employed for bitumen-derived thermally cracked feeds, however, since they contain
nitrogen bases that can poison these catalysts. Therefore, the olefin aromatic alkylation in
BituMax™ uses an amorphous silica-alumina catalyst to enable operation in the presence
of nitrogen bases.’

e Process Objectives: Secondly, the conventional Friedel-Crafts olefin-aromatic alkylation

processes are aimed at production of specific aromatic products (e.g. ethylbenzene,
cumene). The process parameters are selected to suppress the formation of oligomers and
polyalkylated aromatics. In the BituMax™ process, the sole purpose is the removal of
olefins via conversion to aromatics. The nature of the converted aromatic products is not
relevant.

e Feed composition: Lastly, and most importantly, in the conventional process, the feed is

devoid of potential catalyst poisons. Furthermore, the ratio of aromatics to olefins is
carefully controlled in order to achieve selective formation of the desired alkyl-aromatic
product. This is not the case for BituMax ™ Process, where the composition of the feed
depends on the complex reactions in the thermal cracking unit and thus, cannot be

independently controlled.

These differences in the feed materials, catalysts, and process objectives between the BituMax™
process and conventional olefin-aromatic alkylation processes mean that fresh investigations need
to be conducted regarding the above-mentioned aspects in order to develop a robust olefin

treatment process for bitumen partial upgrading.

Understanding of the nature and abundance of olefins present in the cracked naphtha is a first step

towards answering some fundamental questions surrounding reaction selectivity and conversions



that can be achieved by Friedel-Crafts alkylation over an amorphous silica-alumina catalyst. A
detailed investigation of cracked naphtha at the species level would help gain insight into the nature
of olefins, i.e., number of carbon atoms, position of double bond etc., ultimately providing
elementary knowledge regarding the feed for the olefin treatment process. Determination of
concentration of the species will provide clarity regarding the conversions that must be achieved
in order to meet the pipeline specifications (refer to table 1.1). This cannot be accomplished merely
by conducting certain standard tests such as Bromine Number (ASTM D1159) and 'H-NMR
analysis. Cracked naphtha sourced from bitumen contains heteroatomic compounds such as thiols
and pyrroles and these compounds interfere with Bromine Number tests to measure olefin content,
leading to results that overestimate the olefin content. 'H-NMR analysis quantifies the amount of
olefinic hydrogen in the sample but does not offer much insight into the structural composition of

the olefinic species.

The current study employs a detail-oriented approach to characterize thermally cracked naphtha
(B.P 15—-240 °C) obtained from a bitumen upgrader facility located in Alberta, Canada. Separation
techniques such as atmospheric distillation and gas chromatography (GC) with mass spectroscopic
and flame ionization detectors have been used in addition to hydrogenation of cracked naphtha in

order to identify and quantify the olefinic species present.

The cracked naphtha is first distilled into sub-fractions having narrow boiling cuts using an
atmospheric distillation column. Doing so reduces the complexity of the mixture, with each cut
containing fewer compounds than the original sample. Each sub-fraction is then subjected to
further separation in a chromatographic column, where the separation occurs based on differential
adsorption affinities towards the stationary phase material that is present in the GC column. The
two-dimensional separation procedure (one based on boiling point and the other based on
differential adsorption) enables the individual species in cracked naphtha to be distinguished with

a high resolution.

The species that elute from the GC column are then analyzed using a mass spectroscopic (MS)
detector to identify compounds based on the electron impact mass spectrum. However, assigning
the identity of compounds based on the mass spectrum is challenging with potential
misidentification of structural and functional isomers. For example, a peak that is identified as a

compound with the formula C7Hi4 by the MS library, could in fact be any isomer of n-heptene
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(e.g. 2-heptene), branched acyclic heptene (e.g. 2-methyl-3-hexene) or cycloparaffin (e.g. methyl-
cyclohexane). This raises a significant challenge since the species in thermally cracked product
are expected to possess high isomeric diversity. The current study aims to understand the exact
nature and abundance of olefinic species in cracked naphtha, thus there is a need to confirm the
compound class identity of the compounds in the sub-fractions that are suggested to be olefins by

the MS library.

The identity of the compounds can be deduced by subjecting the cracked naphtha to a chemical
treatment such as mild hydrogenation and tracking the concentration of the species before and after
the reaction. Olefinic species are reactive to hydrogenation, whereas cycloparaffins will remain
unchanged. Hydrogenation of a complex feedstock such as cracked naphtha could potentially
result in multiple reactions including saturation of olefinic and aromatic species and
hydrodesulfurization. When the objective is to achieve selective conversion of olefins and not
aromatics, it is valuable to conduct a study with synthetic cracked naphtha (made with model
compounds) to evaluate the conversion and product selectivity for olefin hydrogenation. The
hydrogenation reactions of model feed are studied over a Ni/Al,Os3 catalytic system in a continuous
packed-bed reactor, the results of which help in establishing reaction conditions for the

hydrotreatment of olefins in cracked feedstocks using the same catalytic reactor.

Once the compounds that are identified by GC-MS are confirmed by hydrotreatment, the next step
involves quantification of the compounds by GC coupled with a flame ionization detector (GC-
FID). The concentrations of the compounds are determined by measuring the area of the
corresponding peak in the chromatogram, which is a function of the response of the FID. The FID
response varies from one compound class to another. Thus, the quantification studies are done by

evaluating average response factors for the respective compound classes.

1.2 Objective

One objective of this thesis project is to deduce the nature of the olefins (such as number of carbon-
atoms, position of the double-bonds and skeletal structure i.e., linear, branched or cyclic) and the
concentration of olefins (in wt%) in thermally cracked naphtha from a bitumen upgrader facility,
in order to better understand the feed for the olefin treatment unit of the BituMax™ Process.

Characterization studies are done by gas chromatography with mass spectrometer (GC-MS) and



flame ionization detector (GC-FID), aided by sub-fractionation and hydrotreatment of the cracked
naphtha.

Another objective is to gain a better understanding of the hydrogenation activity of Ni/Al,O;3
catalytic systems and to evaluate the conditions for olefin hydrotreating in the presence of
aromatics. Though not directly applicable for the envisioned partial upgrading process, lab-scale

catalytic hydrogenation of olefins complements the characterization studies.

1.3 Scope of work

The first part of the experimental study uses model compounds to understand the effect of
temperature and catalyst pre-treatment on hydrogenation of olefin-containing feed over Ni/Al2O;
catalyst (Chapter 3). The rest of the study focusses on sub-fractionation and hydrotreatment of
cracked naphtha (Chapter 4) and characterization of the same cracked naphtha by gas
chromatography coupled with various detectors, i.e., GC-MS and GC-FID (Chapter 5).

The characterization studies were done in collaboration with Cloribel Santiago, who developed
suitable method conditions for GC analyses and catalogued a preliminary database of compounds
based on GC-MS identification. I was responsible for sub-fractionation, hydrotreatment and
preparation of samples for GC-MS and GC-FID studies and subsequently updating the database
by tracking the changes post hydrotreatment, to confirm the identity of the olefins. The updated
databases are provided in Appendix E and Appendix F.
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CHAPTER 2: LITERATURE REVIEW

This chapter provides a general background on key topics discussed in the development of this
thesis project. Some works found in literature are cited in order to explain the concepts. The main
topics reviewed are divided into three sections. The first section provides a brief description about
partial upgrading of bitumen and sets the context in which this study was undertaken. The second
section provides details regarding analytical techniques and relevant studies related to
characterization of olefins in thermally cracked material. The last section provides a brief
explanation of certain aspects of catalytic hydrogenation of olefin-containing feedstocks. The
concepts reviewed in this section include the hydrogenation reactivity of various olefins over metal

catalysts and the pretreatment of catalysts for hydrogenation in the presence of sulfur compounds.

2.1 Partial upgrading of bitumen
2.1.1 Thermal cracking for partial upgrading

Partial upgrading technologies aim to remove contaminants from bitumen and produce a partially
upgraded material that meets pipeline specifications for density and viscosity, listed in table 1.1,
with little to no addition of diluents.! Partial upgraders are expected to be integrated with extraction
facilities on the field where fresh bitumen from in-situ production would be subjected to relatively
low cost, mild chemical processes such as thermal cracking and solvent deasphalting to upgrade
the value of the product. For this reason, partial upgrading technologies have also come to be
known as “field upgrading” technologies. Thermal cracking processes convert part of the vacuum
residue fraction into lighter components. Depending on the severity of the cracking process, the
product may contain unstable asphaltenes, or coke precursors. Thus, partial upgrading
technologies aim to use a combination of thermal cracking and partial deasphalting techniques to

produce a stable material that meets pipeline specifications (Refer to table 1.1).2

The technology that is relevant for this thesis project is the CNOOC International Bitumax™
partial upgrading technology that uses a thermal cracking unit, i.e., a visbreaker at the heart of the
process to thermally decompose most of the heavy molecules in bitumen into lighter products.?
Visbreaking is a relatively low-cost technology, widely employed in the petroleum industry to
produce fuel oil that meets specifications.*> The thermal cracking process of visbreaking is

characterized by mild temperature conditions (350 — 500 °C) and short residence times. The low
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severity of the operating conditions favors a high yield of liquid-phase products in the naphtha and
distillate boiling ranges while simultaneously limiting the production of solid coke.® These factors
make it a very attractive process for bitumen partial upgrading — to potentially produce a low-

viscosity and low-density product that meets pipeline specifications, listed in table 1.1.

During the process of thermal cracking, the heat energy supplied initiates homolytic dissociation
of covalent bonds to form reactive free radical species with an unpaired electron.” The free radicals
then undergo a number of parallel and successive intermediate reactions leading to the formation
of smaller molecules. Non-catalytic cracking of molecules in petroleum feedstocks takes place via
free radical intermediates. The intermediate reaction network is very complex, a simplified
description is illustrated in figure 2.1. The highly reactive free radicals propagate by hydrogen
abstraction and B-scission, the latter resulting in the formation of molecules with a double bond,
i.e., olefins.® The beta-scission reactivity of carbon free radicals decreases with decrease in chain

length and they eventually combine with each other in the termination step that ceases the cracking

mechanism.

R—CH,-FR’ —* *R +°CH,-R (Initiation)
L] ’ L 1 :

R+ R—-CH,—-R" ———» RH + R—CH,—R (Hydrogen Abstraction) .
*R-CH,-R ——*R" + CH,=R (B — Scission) (Propagation)
‘R +°® ——» R-FR (Termmation)

Figure 2.1 Simplified free-radical chain reaction mechanism for cracking of long-chained

hydrocarbons

As explained above, the process of thermal cracking results in the formation of olefins.
Unfortunately, the pipeline specifications limit the presence of olefins to less than 1 wt%
equivalent of 1-decene based on a proton nuclear magnetic resonance (‘"H NMR) method of
analysis.” Thus, the product from the thermal cracking operation must go through further treatment

for conversion of olefins.



2.1.2 BituMax™ olefin treatment by Friedel Crafts alkylation

The olefins formed during thermal cracking have considerably shorter chain lengths than the parent
molecules. Consequently, they have lower boiling points. In fact, studies conducted on bitumen-
derived cracked feedstocks have reported that olefins tend to be concentrated in the low boiling
fractions, i.e., naphtha and distillate.®!° In order to meet the pipeline specifications for olefin
content (refer to table 1.1), the BituMax™ partial upgrading process focusses on treating the
olefins in the cracked streams boiling below 350 °C before blending all the streams to form

partially upgraded bitumen (refer to figure 1.1).

Catalytic hydrogenation is widely employed in oilsands upgrading due to the versatility of the
process to achieve benefits including, but not limited to increase in the H:C ratio by saturation of
diolefins, olefins and aromatics and removal of heteroatoms such as oxygen, sulfur and nitrogen.'!
However, the incorporation of a hydrotreating unit and a hydrogen production unit is associated
with high operating costs and large space requirements. Thus, hydrogenation is not an attractive
option for a partial upgrader facility that is located near a bitumen extraction site. The olefins must
therefore be treated by a pathway that does not rely on hydroprocessing. Instead, the BituMax™
process aims to achieve this goal by reacting the olefins with the aromatic compounds in the

naphtha and distillate streams to form alkyl aromatics via a Friedel-Crafts alkylation pathway.

Friedel-Crafts olefin aromatic alkylation is an electrophilic aromatic substitution reaction,
catalyzed by an acid catalyst. The olefin is protonated by an acid catalyst to form a carbonium ion.
The electron-rich aromatic molecule acts as a nucleophile, enabling the addition of the carbonium
ion to form the alkyl aromatic. In the reaction scheme shown in Figure 2.2, A represents an olefin.
The presence of an acid catalyst (H") leads to formation of carbonium ion A*, which then interacts

with aromatic molecule B to form alkyl aromatic compound AB.

A+HY A

B+A* — AB+ H*

Figure 2.2 Reaction scheme of olefin-aromatic alkylation over an acid catalyst
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Friedel-Crafts alkylation reaction is catalyzed by a variety of catalysts including AlCl;, BFs,
phosphoric acid on kieselguhr, silica-alumina and zeolites.'>'® Solid state acid catalysts are
extensively employed in petroleum refining industries since they can be operated in fixed bed
reactors for alkylation processes. Over the span of the last few decades, the stability of alkylation
catalysts has seen tremendous developments with increased catalyst lifetimes and low rates of
deactivation.!*!” However, it must be noted that the feeds used for these industrial processes
contain pure reactants and are free of potential catalyst inhibitors and poisons such as nitrogen
bases and dienes. This is hardly the case for the BituMax™ alkylation process, since
characterization studies have revealed that bitumen-sourced thermally cracked naphtha have

pyridines, pyrroles and diolefins.!!

Yuhan Xia conducted olefin aromatic alkylation studies over silica-alumina catalysts in the
presence of nitrogen bases. The catalyst with the highest medium strength acid sites (Siral 30) was
identified as the most suitable for alkylation in the presence of nitrogen bases.?’ The operating
temperature of the alkylation process of the BituMax™ olefin treatment unit is limited to 300 —
350 °C to obtain the best compromise between the highest olefins-aromatics alkylation activity

and least catalyst inhibition by nitrogen bases in the feed.?!

Apart from olefin aromatic alkylation, typical acid catalysts also enable side reactions such as
transalkylation, isomerization and oligomerization, as shown in figure 2.3. For commercial
synthesis of alkyl aromatics, the process operating conditions and catalysts are chosen to enable
selective conversion to mono-alkyl aromatics (for E.g. ethylbenzene and cumene) and suppress
the formation of oligomers and polyalkylated aromatics. However, the objective of the BituMax™
process is the conversion of olefinic species, hence transalkylation and multiple alkylation of
aromatics are also desirable outcomes. In fact, one of the most strictly controlled process
parameters in the industry — the molar ratio of olefins and aromatics in the feed — cannot be
independently controlled in the BituMax™ process since the process feed is determined by the
highly complex reactions taking place in the thermal cracker. The vastly different feed material to
what is conventionally employed for olefin-aromatic alkylation, as well as the difference in process
objective, means that there are aspects related to the chemistry and catalysis of the process that
need to be further investigated in order to develop a robust process for partial upgrading. The

current study is focused on investigating the nature and abundance of olefinic species in the
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thermally cracked naphtha as the first step towards better understanding the complex feed material

of the BituMax™ olefin treatment unit.
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Figure 2.3 Reaction products typical for acid catalyzed reaction of benzene with ethylene!’

2.2 Characterization of olefins in complex organic mixtures

Significant advances have been achieved over the past few decades in the development of
analytical techniques for the characterization of species in complex organic mixtures that are
typically encountered in petroleum and biochemical industries. The determination of the structure
of compounds or functional groups is done by chemical methods or by instrumental methods. This
section reviews analytical techniques and some relevant characterization studies based on physical

separation of organic mixtures.
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2.2.1 Characterization by high resolution gas chromatography integrated with detectors

Techniques such as NMR-spectroscopy and IR-spectroscopy are widely used for analysis of
organic samples to determine the functional groups of the species based on the characteristic
spectra that can be used to distinguish various functional groups.?? These methods do not provide
details regarding the individual components that make up complex samples like cracked naphtha.
Instead, detailed characterization studies of complex petroleum-based mixtures are done by
subjecting the sample to physical separation methods such as chromatography, followed by

detection of the separated individual species.

Gas chromatography (GC) is an effective technique for compound separation in mixtures
consisting of volatile compounds. Compound separation is achieved in a long, thin capillary
column whose inner wall is coated with a material, i.e., stationary phase, which exhibits different
adsorption affinity to different molecules in the mixture. An inert gas, i.e., mobile phase carries
the volatile organic sample into the capillary column, where the components of the mixture adsorb
on the stationary phase. Based on the extent of their affinity with the stationary phase, the
components desorb from the stationary phase at different rates, and the components are then
detected. The rate and degree of separation depends upon the chemical affinity of the individual
species towards the stationary phase and vapor pressure of the species — which is governed by the
column temperature. The compound with the least affinity and vapor pressure elutes first from the
column. When a GC device is integrated with special detectors, it can be used for identification

and quantification of the separated species.

This section provides a brief background on concepts of gas-chromatography and various detectors
that are used for determining the identity and concentration of compounds in complex mixtures

such as cracked naphtha.

Partition Coefficient (K.): The tendency of an analyte to get adsorbed on the stationary phase is

measured by a factor known as partition coefficient, as shown in equation (1). The partition
coefficient for a compound depends on the chemical nature of the stationary phase as well as the
vapor pressure of the compound.?® High resolution separation is achieved by selection of a suitable
material as the stationary phase and maintaining optimum temperature conditions in the GC

column. GC capillary columns made up of non-polar stationary phases such as

(1

13



dimethylpolysiloxane have the capability to achieve separation of isomeric compounds such as m-

xylene and p-xylene, despite the compounds having almost identical vapor pressures.>*

_ Concentration of analyte in stationary phase

¢ Concentration of analyte in mobile phase

Retention time: When a sample is introduced into the GC column, the components in the mixture

interact with the stationary phase to varying extents, depending on the partition coefficient. The
resulting separation of individual components causes them to traverse the length of the column at
varying rates with the help of the carrier gas. The time taken for an analyte in the mixture to pass
through the column is known as retention time. The retention time of a component depends on the
carrier gas velocity, the length and temperature program of the GC column as well as the material

of the stationary phase.

Chromatogram: As the separated components elute through the GC column, they pass through a

detector that measures a response based on a physicochemical property (such as molecular mass
or thermal conductivity). The response of the detector is recorded as a function of time, resulting
in a plot known as a chromatogram, as shown in figure 2.4. The straight line — called the “base
line”, corresponds to the pure carrier gas. The deflections — called “peaks” represent the

compounds that elute at the corresponding retention times.
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Figure 2.4 Typical chromatogram obtained after GC separation of an organic mixture
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The detector, located at the exit of a GC column, is used to obtain information regarding the
identity and concentration of the analyte as it elutes from the column. There are many types of
detectors that can be integrated with a GC device. The operating principles of the detectors that

were used in the current study are mentioned below:

Mass-spectroscopic detector (MSD): This detector is used widely for determination of the nature

of the analyte, based on the mass to charge ratio. When the analyte elutes from the GC column,
the mass spectroscopic detector subjects the analyte to ionization and fragmentation with the aid
of an electron impact source. The fragmented ions then pass through a mass analyzer where they
are sorted based on their mass to charge ratios. Since most ions are singly charged, the resulting
peaks in the mass spectrum indicate the molecular mass of the corresponding ions. The structural
identity of the compound is determined by examining the fragmentation pattern of the ions
generated.?? High-resolution mass spectroscopic detectors provide useful information on the

molecular formula of volatile organic compounds based on their molecular weights.

Flame-ionization detector (FID): These detectors are useful for quantitative studies of components

present in hydrocarbon mixtures. The eluted compounds are burned in a flame generated by
hydrogen and air, resulting in combustion of the compound. The thermally decomposed compound
releases ions that can carry electric current that is measured by a high-impedance picoammeter
and registers a response.?’ The concentration of the compound can be measured as a function of
the peak area in the resulting chromatogram. The FID detector registers a poor response for
compounds containing heteroatoms such as halogens, oxygen and sulfur. Thus, it is important to
measure the response factor (RF) for the corresponding compound or compound class with
standard solutions, according to equation (2), prior to measuring the concentration (mass per

volume) of analytes in unknown samples.

RF Peak area in chromatogram
~ Concentration of analyte in standard solution

(2)

Measurement of the concentration of analytes in a sample can also be achieved by spiking the
sample with a known concentration of a standard compound and using pre-determined relative
response factors (RRF) between the two compounds.?® The RRF between two analytes (A and B)

is determined by analyzing the two analytes simultaneously within the same  (3)
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solution. Firstly, the peak area and concentration of the analytes are used to calculate the response
for each analyte, as in Equation 2. The response factors calculated for each analyte are then used

to establish the RRF between the two analytes as in Equation 3.

RF of analyte A
RF of analyte B

RRF =
The RRF can be used to calculate the unknown concentration of analyte A in the presence of a
known concentration of analyte B, as in Equation 4.

Peakarean 1 C tration B 4)
Peak area B RRF oncemtration

Concentration A =

2.2.2 Compositional studies of cracked naphtha

Studies to enhance knowledge of the composition of petroleum mixtures using the various
analytical techniques discussed above began appearing in scientific literature as early as the
1930’s. Such compositional studies became more rigorous and extensive in the next few decades,
aided by improvements in the compound separation and identification capabilities of analytical
methods such as chromatography and spectroscopy. The increase in the complexity and number
of components in hydrocarbon mixtures that have undergone thermal treatments, such as
visbreaking and catalytic cracking, makes it more challenging for extensive characterization of the
individual species in the mixture. A few studies that analyzed the composition of cracked naphtha

mixtures from various petroleum sources around the world have been reviewed in this section.

Nagpal et al.?® analyzed the distribution of compounds belonging to various functional groups in
cracked naphthas from fluid-catalytic and visbreaking processes, obtained from a refinery in
Gujarat, India. The identification of compounds was done by GC-MS analyses. The results, shown
in table 2.1, showed that the concentration of olefins was lower in cracked naphtha from the
visbreaker as compared to that from a fluid catalytic cracker (FCC). However, the isomeric species
with different functional groups (e.g. diolefins vs. cyclic olefins) could not be distinguished due to

the similarity in their mass spectra.

16



Table 2.1 Characterization of cracked naphthas from Gujarat region in India?¢

Compound class FCC naphtha Visbroken naphtha
(vol%) (vol%)
Paraffins 32.2 429
Cyclic paraffins 9.1 17.8
Mono olefins 37.2 18.9
Tri olefins + Acetylenes 0.2 2.2
Di olefins + Cyclic olefins 15.0 11.0
Aromatics 6.3 7.2

Ramnas et al.?’ conducted extensive characterization studies by analyzing FCC naphtha from
desulfurized vacuum gas oil, obtained from the Scanraff refinery in Sweden. The compounds were
identified by GC-MS analysis using two different stationary phases on the GC column. The study
identified various compounds in the Cs-Co range. The concentration of the compounds was
calculated with a flame ionization detector. However, the authors of this study did not use
correction factors (response factors) for the various hydrocarbon classes. Table 2.2 summarizes

the results of this study.

Table 2.2 Characterization of FCC naphtha from Scanraff refinery in Lysekil, Sweden?®’

Compound class Number of carbon atoms Total
4 5 6 7 8 9 (Wt%)
Paraffins 0.1 9.6 88 56 35 20 29.6
Olefins 0.6 136 104 58 13 0.0 31.7
Diolefins 0.0 03 04 00 0.0 00 0.7
Cyclic paraffins 0.0 02 2.8 3.7 25 0.0 9.2
Cyclic olefins 0.0 0.7 2.2 24 1.5 0.0 6.8
Cyclic diolefins 0.0 0.1 0.2 0.0 00 0.0 0.3
Aromatics 0.0 0.0 1.0 43 67 27 14.7

Cady et al.?® conducted elaborate analyses of FCC naphtha sourced from mid-continent crude
petroleum. The naphtha was further separated by superfractionation to obtain several small

fractions with boiling points 2 °C apart. The components in the fractions were then identified by
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methods such as bromination of olefins, maleic anhydride addition to conjugated diolefins,
sulfonation of aromatics combined with mass-spectrometry and ultraviolet spectrometry. The
concentration of the compounds was determined based on the distillation yields. The compound-

wise classification of the various species identified in the FCC naphtha is listed in table 2.3.

Table 2.3 Characterization of FCC naphtha from mid-continent petroleum?®

Number of carbon atoms Total
Compound class
5 6 7 8 (vol%)

Paraffins 233 218 7.7 1.9 54.7
Cyclic paraffins 0.3 1.5 3.5 0.6 6.0
Cyclic olefins 0.7 1.3 0.6 03 2.9
Olefins 142 10.1 52 1.5 31.0
Diolefins 0.0 0.1 0.1 0.0 0.2
Aromatics 0.0 0.3 1.3 0.2 1.8

Based on the studies discussed above, it is evident that the nature of compounds in cracked naphtha
is influenced by the original source of the hydrocarbon mixture as well as the severity of the
conditions employed during thermal cracking process. The current study will aim to replicate these
characterization studies for thermally cracked naphtha from visbreaking operation at a bitumen
upgrader facility, with a special focus on identifying the nature and concentration of olefinic

species.
2.3 Catalytic hydrogenation

Determination of olefinic content in cracked mixtures could be achieved by taking advantage of
the reactive C=C bond. One such conventional technique is by bromine number analysis, whereby
the amount of bromine consumed for titration is a measure of the olefinic content. However, this
technique is not reliable for mixtures with sulfur compounds since they react with bromine,
resulting in an overestimation of the concentration of olefins present. Instead, this study uses
catalytic hydrogenation as a reaction pathway to treat cracked naphtha. This is useful for two main
reasons. Firstly, hydrogenation can assist the MS identification of species, because it can help with
differentiating between olefins (which are unsaturated and therefore react with hydrogen) and

cyclic paraffins (which are saturated and hence are not reactive to hydrogenation). Secondly, it is
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the fall-back technology for olefin treatment although it is not a technology that is preferred for

partial upgrading owing to the costs associated with hydrogen production.

The following subsections explain the basis for catalyst selection and catalyst subtypes that are

used for the hydrogenation studies.

2.3.1 Catalyst selection for olefin hydrogenation

Hydrogenation of unsaturated compounds can be carried out by various catalysts. For example,
metals such as platinum, palladium, ruthenium, cobalt, and molybdenum are used on a supporting
material such as activated carbon or alumina are commonly used in the petroleum industry.’ The
catalyst chosen in this thesis was nickel supported on porous alumina as it is relatively inexpensive
and readily available. The pre-treatment procedure followed during catalyst activation influences
the hydrogenation activity of a given metal catalyst. Two such methods were used to treat the

catalyst:

e Prereduction: Most hydroprocessing catalysts are supported metal catalysts manufactured
by precipitation of one or more metal oxide oxides such as NiO, MoO3 and WOs3 on carriers
such as SiO2, AlO; and zeolites. They are activated with a stream of hydrogen at
temperatures in the range of 300 °C.* This process reduces the metal oxides to their
metallic states and they become highly active centers for the formation of metal hydride
complexes that enable adsorption of the reactants on the surface for hydrogenation.*

e Presulfiding: Reduced metal catalysts deactivate rapidly if the feedstock contains sulfur
species. The effect of catalyst poisoning by sulfur is overcome by pretreating the highly
active reduced metal catalyst with sulfiding agents such as H>S or dimethyl disulfide
(DMDS). This process, known as presulfiding (or sulfiding), converts the active metal sites
into metal sulfides.*! Controlled adsorption of sulfur on the active metal surface creates a
diffusion barrier against bulk poisoning by the sulfur compounds in the reactants, thus
preserving hydrogenation activity of the catalyst. The process of sulfiding results in
lowering the hydrogenation activity of the catalytic surface. Thus, sulfide catalysts are

typically used for reactions at higher temperatures compared to reduced catalysts.>!
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2.3.2 Olefin hydrogenation with reduced Ni catalyst

Various kinetic studies of metal catalyzed olefin hydrogenation have revealed that the reaction
occurs through the formation of an alkyl intermediate which results in hydrogen exchange and
double bond migration, as well as addition of hydrogen to saturate the olefinic species.>?* Figure
2.5 illustrates the alkyl intermediates that can be formed during hydrogenation of 1-butene over a

reduced Ni catalyst.
2.3.3 Olefin hydrogenation with sulfided nickel catalyst

Unlike reduced catalysts, sulfided catalysts exhibit polyfunctional catalytic behavior, i.e., in
addition to properties of metal catalysts as well as those of acid catalysts.*! Such behaviour in
hydrogenation reactions could potentially result in side reactions like isomerization and
hydrocracking. However, acid catalytic behavior is expected to become significant at higher
temperatures (above 400 °C) and do not interfere with hydrogenation of olefins at typical

hydrotreating conditions, i.e., below 330 °C.*®

Elements such as carbon and sulfur adsorb rapidly and strongly on nickel. The binding energies of
these elements with nickel metal is high relative to those of typical reactants (e.g. CO and
hydrogen) and relative to the energies of bonds involved in bulk compounds of nickel with these
contaminants, e.g. nickel sulfides and carbides.*® Generally, species that are more strongly bound
to a catalytic surface than reactants and products function as poisons and reduce the catalytic
efficiency. Thus, the process of deliberate sulfiding is expected to significantly lower the
hydrogenation activity of the Ni/Al,O3 catalyst. At sufficiently high concentrations, sulfur and

carbon form bulk nickel sulfide and carbide.

Nickel containing catalysts such as NiS on Al2O3 have been used for selective hydrogenation of
polyolefins to monoolefins.>’*® However, the conversions and selectivity for monoolefin
hydrogenation using NiS/Al>O3 are expected to be very differ sufficiently from that of conjugated
diolefins. Since sulfide catalysts are typically high temperature catalysts, the reaction rates of
aromatic compounds are markedly lower than that of olefins. Hence, NiS/AL>O3 is potentially

attractive for selective conversion of olefins.
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CHAPTER 3: HYDROGENATION OF OLEFIN-CONTAINING FEED OVER
Ni/ALOs CATALYST

Abstract

The objective of this experimental study was to evaluate the effect of reaction temperature and
catalyst pretreatment on hydrogenation of olefins over a 3.3 wt% Ni/AlxOs3 catalyst in a packed
bed flow reactor. Hydrogenation reactions were conducted in the temperature range 60 to 280 °C,
1 MPa H; pressure at 1000 mL Ho/mL liquid ratio and weight hourly space velocity of 0.5 h™! based
on the liquid feed. For the evaluation, a model naphtha was employed consisting of 1-hexene (10
wt%), toluene (5 wt%) and n-octane (85 wt%). The reactions were studied over both unsulfided
and sulfided N1/Al>O3 catalysts. For the study of sulfided Ni/Al>O3, the catalyst was subjected to
in situ sulfiding, and the feed was spiked with dimethyl disulfide (0.5 wt%) to keep the catalyst in
a sulfided state.

Hydrogenation of the model naphtha over unsulfided Ni/Al>O3 catalyst resulted in near complete
conversion of 1-hexene to n-hexane at temperatures as low as 80 °C. It was also noteworthy that
near complete conversion of toluene to methylcyclohexane was achieved at 160 °C. Hydrogenation
over sulfided Ni/Al,0O3 catalyst resulted in selective conversion of 1-hexene compared to toluene
but temperatures up to 280 °C were needed for 96.5% conversion of 1-hexene. Hydrogenation of
1-hexene over sulfided catalyst at lower temperatures (<200 °C) predominantly formed internal
isomers cis-3-hexene, trans-3-hexene, cis-2-hexene and trans-2-hexene. Sulfur species in the feed
reacted with olefins to form addition products such as thiols and thioethers at temperatures below
200 °C. Trace concentrations of skeletal isomerization product of 1-hexene was detected at
temperatures above 240 °C. FTIR analysis to determine the presence of Brgnsted acid sites that
may have catalyzed skeletal isomerization in the sulfided catalyst was inconclusive. Sulfided
Ni/AlO3 was not sufficiently active for aromatic hydrogenation at mild temperatures, i.e., below
280 °C. Thus, hydrogenation of feed containing aromatics over sulfided Ni/Al,O3 at 1MPa H>

pressure resulted in selective hydrogenation of olefins.
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3.1 Introduction

Cracking of petroleum and synthetic oil feedstocks to convert heavy hydrocarbons into lighter
compounds results in an olefin-containing product.! Depending on the application, the olefins in
the cracked product may be undesirable and hydrotreating is employed to convert the olefins to
paraffins. The cracked products may or may not contain sulfur compounds. For treatment of sulfur-
free feedstocks, such as products from fluid catalytic cracking of Fischer-Tropsch wax,
hydrogenation via supported metal catalysts such as Ni/Al2O3 and Pt/SiO> can be employed,
resulting in conversion of olefins to paraffins. Thermally cracked products of bitumen partial
upgrading processes such as Bitumax™ are known for relatively high sulfur concentrations.?
When olefin-rich feedstock contains sulfur compounds, the supported metal catalyst must be
presulfided in order to employ the catalyst as a sulfided catalyst, although this strategy is not
always useful. In such cases bimetallic sulfided metal catalysts are more commonly employed,

such as NiMo/Al,03.3

When the olefins in cracked feedstocks are to be treated, it is important to design hydrotreating
conditions that enable maximum conversion of olefins into paraffins by eliminating or reducing
the rate of other side reactions such as isomerization. Reaction selectivity and conversion of olefins
are dependent on various factors such as metal loading on catalyst, pore volume of the support,

reaction temperature, space velocity of feed and partial pressure of hydrogen gas.*

The following study uses model compounds to evaluate the hydrogenation conversions and
selectivity of conversion of olefin-containing feedstock at various reaction temperatures, in a
continuous packed bed reactor that is loaded with Ni/Al2Os catalyst. Another parameter that is
studied is the effect of catalyst pretreatment on overall olefin conversion to compare performance
when converting sulfur-free and sulfur-containing feed materials. The catalyst bed is prereduced
with hydrogen gas for reactions with feedstock that does not contain sulfur; the catalyst bed is
presulfided with dimethyl disulfide (DMDS) for reactions with feedstock containing sulfur
compounds. The results of this study will help in establishing reaction conditions for
hydrotreatment of olefins in cracked feedstocks using the existing Ni/Al>O3 catalytic system and

when the aim is to hydrotreat only olefins in mixtures containing aromatics.
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3.2 Experimental

3.2.1 Materials

The list of chemicals is shown in Table 3.1. Nickel nitrate hexahydrate and alumina pellets were
used for catalyst preparation. The y-Al>O3 pellets were cylindrical with 4.87 mm in diameter and
5.60 mm in length. Carborex® 16 silicon carbide abrasive was used as inert material for catalyst
packing. The abrasives were supplied by Ritchey Supply. The SiC abrasives were of size mesh 16
(1.19 mm) with a density of 1.52 g/mL. 1-Hexene, toluene and n-octane were used in the model
feed for the hydrogenation reactions. Dimethyl disulfide (DMDS) and n-heptane were used to
sulfide the catalyst bed. DMDS was also used to spike the model feed for reactions over the
sulfided catalyst. Cyclohexane was used as an internal standard for GC-FID analysis of all
samples. Methyl cyclohexane was used for verification of a compound suggested by the mass

spectral library in GC-MS.

Table 3.1 Materials used for hydrogenation reaction study

Mass Fraction

Compound Formula CASRN? Purity” Supplier
Chemicals

n-Octane CsHis 111-65-9 0.98 Sigma-Aldrich
Toluene C7Hsg 108-88-3 0.999 Fisher Chemical
1-hexene CeHi2 592-41-6 0.97 Aldrich Chemistry
n-heptane C7Hie 142-82-5 0.999 Fisher Chemical
Dimethyl disulfide C2HeS2 624-92-0 0.99 Aldrich Chemistry
Methylcyclopentane CeHi2 96-37-7 0.96 TCI America
Cyclohexane CeHi2 110-82-7 0.995 Sigma-Aldrich
Methylcyclohexane C7Hia 108-87-2 =€ Millipore Sigma
Eiiﬁigr?tgmate Ni(NO3):-6H:0 4778 00 0.999985 Fisher Scientific
Alumina tablets 5x5 mm v-AlLOs3 - =€ Sasol
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Mass Fracti
Compound Formula CASRN? ass Tacb ton Supplier
Purity

Gas cylinders

Hydrogen H> 1333-74-0 0.99999¢ Praxair
Nitrogen N2 7727-37-9 0.99999¢ Praxair

# CASRN = Chemical Abstracts Services Registry Number
® Purity of the material guaranteed by the supplier; material used without further
purification

¢ Mass fraction purity not specified

4 Mole fraction purity
3.2.2 Catalyst preparation and characterization
The nickel catalyst was prepared by incipient wet impregnation of nickel nitrate hexahydrate on
the alumina support.’ A known quantity of Ni(NOs3):-6H,0O was mixed with deionized water. The
solution was added dropwise to fresh y-Al,O; pellets and stirred continuously with a glass rod.
Excess water was evaporated by heating the wet pellets at 80 °C for 5 hours. The dried catalyst
was then calcined in a CWF 1100 Carbolite chamber furnace at 600 °C for 3 hours under constant

flow of air.

The Brunauer—Emmett—Teller (BET) surface area analysis using Autosorb 1Q reported the surface
area of the Ni catalyst to be 151 m*/g. The average pore size of the impregnated catalyst was 4.6
nm. Analysis with the ZIESS SIGMA Field Emission Scanning Electron Microscope (FESEM),
equipped with Energy Dispersive X-ray (EDX) detector reported 3.3 wt% Ni spread over the
surface of y-Al,Oj3 support.’

X-Ray fluorescence (XRF) spectrometry was performed as part of the current study in order to
quantify bulk concentration of nickel on the alumina support. The XRF instrument was a Bruker
S2 Ranger that employed a Peltier cooled silicon drift detector and Pd-target as primary X-ray
source. Analyses were performed at 50 kV. Quantification was performed using an external
calibration curve. The measurement was done by placing 3 g of finely crushed catalyst particles in
XRF cups assembled using thin films supplied by Chemplex Industries. The bulk composition of
Ni was reported to be 3.3+0.6 wt%. Figure 3.1 shows the fresh Ni/Al>Os3 catalyst pellets that were

loaded in the reactor for further pretreatment and hydrogenation reactions.
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Figure 3.1 Ni/y-Al>O3 catalyst pellets used for hydrogenation reactions

3.2.3 Catalyst reduction

The impregnated Ni catalyst was activated in the continuous packed bed reactor that was used for
reaction studies. The reactor was loaded with alternating layers of Ni/y-Al>Os3 catalyst pellets and
SiC abrasives (inert material). The packed bed was made up of 4 layers each of 9 g of catalyst and
3 layers each of 4 g of SiC inerts. The layered distribution was done to ensure better heat
distribution during activation and hydrogenation reactions. The packed bed reactor was placed in
the furnace and connected to the rest of the plant. The system was pressurized to 1 MPa and leak
tests were conducted — first with nitrogen gas and then with hydrogen gas — as a safety measure,
to prevent leakage of flammable gases. The furnace was then heated to 120 °C for 1 h to remove
traces of moisture from the catalyst from exposure to ambient air after calcination. The temperature
was then gradually increased at the rate of 30 °C/h and operated isothermally at 300 °C for 3 h. A
constant flow of hydrogen gas was maintained at 100 mL/min. The hydrogen gas acts as a reducing
medium and converts nickel oxide into its metal form which becomes the active center for
hydrogenation. The heat was turned off after 3 hours, but the hydrogen supply was maintained

until the reactor cooled to 80 °C, to prevent oxidation of the activated catalyst.

3.2.4 Catalyst presulfiding
For hydrogenation studies over sulfided Ni catalyst, the impregnated Ni/y-Al,O3 catalyst was

pretreated by following the guidelines for in situ catalyst presulfiding.® The process was performed
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in the hydrogenation reactor using 0.5 wt% DMDS diluted in n-heptane as the in situ sulfiding
agent. The DMDS solution was prepared in a fumehood since it had an unpleasant odor. The
catalyst was sulfided in two steps: low temperature sulfiding (at 220 — 230 °C) followed by high
temperature sulfiding (at 340 — 350 °C).

Packing of catalysts in the reactor and leak tests were done as described in section 3.2.3. The
catalysts had to be dried completely to remove all traces of moisture before in situ sulfiding. The
reactor was pressurized to 1 MPa and hydrogen was introduced at 500 mL/min. Temperature in
the furnace was set to 80 °C and raised to 170 °C in discrete steps of 30 °C/h. The gradual increase
in temperature prevented potential exotherms by absorption of condensed hydrocarbons that could
be present in the reactor. The reactor was held at 170 °C for 1 h to ensure complete removal of
traces of moisture. The reactor was then cooled to 120 °C and heptane was introduced at the rate
of 2 mL/min. The temperature was held at 120 °C, in order to control the potential exotherm from
the heat of absorption, until the catalyst bed was completely wetted by heptane. The temperature
inside the reactor was continuously monitored through the LabVIEW interface. After 3 hours of
pumping heptane, the heat was turned off. The hydrogen supply was stopped after the temperature
in the reactor reached 80 °C. The system was shut down, ensuring that the hydrogen in the reactor

was locked in place to prevent oxidation of the catalyst bed.

The system was restarted the next day. Temperature of the furnace was set to 120 °C and hydrogen
was reintroduced at 500 mL/min. Heptane was pumped into the reactor at 0.5 mL/min. The
temperature was increased at a rate of 20 °C/h until it reached 180 °C. When the temperature inside
the reactor reached 180 °C, the heptane solution was replaced with 0.5 wt% DMDS solution in
heptane. This initiated the sulfiding of the catalyst bed. The system pressure, temperature and flow
rates of inlet and outlet streams were continuously monitored. The temperature was increased at
the rate of 20 °C/h until the highest temperature in the reactor reached 220 °C. From this point on,
the system was maintained at 220 °C. Liquid and gas samples were collected from the product

stream once every hour.

The gas samples were analyzed using gas-phase GC to measure concentration of hydrogen sulfide.
The instrument conditions used for analysis are described in section 3.2.7. The reactor was

operated at 220 °C for 10 hours but there was no hydrogen sulfide detected in the product gas
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stream. At this point, the furnace was switched off and hydrogen supply was shut down after the

reactor cooled to 80 °C.

The process of catalyst sulfiding was resumed on the third day. It was anticipated that that the first
stage of sulfiding at 220 °C would take up to 6 hours, resulting in a breakthrough of hydrogen
sulfide concentration in the outlet gas stream. Since hydrogen sulfide gas remained undetected in
the outlet gas stream even after 10 hours of sulfiding, the system pressure was raised from 1 MPa
to 2 MPa. Hydrogen was supplied at 500 mL/min and furnace temperature set to 220 °C. DMDS
solution was pumped at 0.5 mL/min. Liquid and gas samples were collected one hour after the
reactor temperature reached steady state. GC analysis of gas sample showed the presence of
hydrogen sulfide gas. Samples were collected and measured for the next 2 hours. The
concentration of hydrogen sulfide in the gas stream remained constant (~0.08 mol %). Mass
balance of sulfur was calculated to ensure that sulfur was no longer being adsorbed on the catalyst.

The catalyst was ready for high temperature sulfiding.

The furnace temperature was raised to 330 °C while maintaining gas and liquid flow. Temperatures
inside the reactor were continuously monitored. When the highest temperature in the reactor
reached 340 °C, temperature was manually controlled on the furnace controller to ensure that the
reactor operated in isothermal condition. One hour after the reactor reached steady state, liquid
and gas samples were collected and gas samples were analyzed. The concentration of hydrogen
sulfide was found to be ~0.08 mol %. Mass balances and sample analysis for the next 3 hours
showed that all the sulfur in the feed was in the product stream. Hydrogen sulfide breakthrough
was achieved. The catalyst bed was sulfided to a sufficient extent. The heat supply was shut off
and liquid feed pumping was stopped. Hydrogen supply was stopped after 3 h when the reactor
cooled to 100 °C. Thus, the catalyst remained in the sulfided state for reactions with sulfur-

containing feed.

Appropriate personal protective equipment such as eye glasses, respirator, protective gloves and
lab coat were used while collection and handling of samples due to the hazardous nature of the
hydrogen sulfide in the gaseous stream. Hydrogen sulfide is a colorless, poisonous and flammable
gas with the smell of rotten eggs. It can be detected by smell at very low concentrations ranging
from 0.01 — 0.3 parts per million. The Alberta Occupational Exposure Limit (OEL) is 10 parts per

million (ppm) for 8 hours and 15 ppm as a ceiling limit.” Exposure to higher than recommended
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levels of hydrogen sulfide results in severe health hazards such as nausea, loss of consciousness

and even death.

3.2.5 Reactor design

A continuous flow packed bed reactor was used for the hydrogenation reactions. Some design
modifications were done on an existing plant to enable operation at the specific conditions required
for the current reaction studies. A process flow diagram of the reactor set-up is shown in Figure

3.2. The images of the actual flow-reactor set-up in the laboratory are shown in Figure 3.3.

The feed tank (F-1) was an amber glass bottle of 1L capacity, supplied by Fisher. The lid had a
drilled hole of 0.32 cm diameter to facilitate insertion of an inlet pump hose. The lid prevented
evaporation of volatile feed material. The feed tank was placed on a Mettler Toledo Model ML
3002E electronic weighing balance with a measuring range of 0.00-3200.00 g and a precision of
0.01 g. The weighing balance was used to monitor the amount of feed that had entered the system.
Feed was pumped into the system through a LabAlliance positive displacement pump, i.e., HPLC
pump with a volumetric flow range of 0.01 — 10.00 mL/min. The feed temperature was measured
by an Omega (Model KMQXL-062U-12) K-type thermocouple (T1) that was installed after the
feed inlet. The thermocouple was 30.5 cm in length and 0.16 cm in diameter, with a measurement
range of 0 — 1335 °C. The co-feed gas line had a Brooks SLAS5800 series mass flow controller
(MF-1) that was calibrated for a volumetric flow rate of 0 — 1500 mL/min to supply a precise
volume of hydrogen for the reactions. An alternate gas line for nitrogen gas was present in order
to purge the system when needed. The nitrogen gas line was also connected to a Groove-type back
pressure regulator (BP-1) in order to control and set the total pressure inside the reactor. The back-
pressure regulator, manufactured by Equilibar, had a 316 stainless steel body with a Viton® O-
ring seal. It could regulate pressures up to 4.13 MPa and was designed to operate at temperatures
up to 300 °C. The inlet pressure of hydrogen and nitrogen gases were monitored by pressure gauges

P1 and P2 respectively.

Check valves (CV-1. CV-2, CV-3) were installed after the liquid feed inlet, hydrogen gas inlet and
nitrogen gas inlet respectively to prevent backflow of inlet fluids. Two relief valves (RV-1, RV-2)
designed for set pressure of 11 MPa were present before and after the reactor as a safety measure,
in the event of excess pressure buildup in the system. The relief valves were connected to the fume

hood. The check valves and relief valves were made of Swagelok 316 stainless steel.
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The reactions took place in a Swagelok 316 stainless steel, cylindrical packed bed reactor of length
17 cm and diameter 2.54 cm (RX-1). A stainless steel thermowell was installed in the reactor vessel
to enable temperature measurements at various points inside the reactor. Three Omega K-type
thermocouples (Model KMQXL-062U-36), labelled T2, T3 and T4 were placed inside the
thermowell at the top (4.2 cm), middle (10.3 cm) and bottom (15.5 cm) of the reactor vessel
respectively. The reactor was packed with catalysts and inerts as explained in section 3.2.3. The
height of packing in the reactor was 15 cm. Glass wool was placed at the top and bottom of the
packed bed to insulate the reactor and prevent energy losses by heat dissipation. The reactor was
installed inside a model HTF55122A Lindberg/Blue M single zone tube furnace with a temperature
range 0 — 1000 °C. A Thermo Fisher Scientific UP150 programmable controller was used to
manually set the temperature inside the furnace. Liquid feed and hydrogen co-feed lines merge
before they enter the top of the reactor. The flow in the reactor is vertical down flow — from top to

bottom.

The product stream that emerged from the reactor at a high temperature was passed through a co-
current flow heat exchanger (HX-1) that was 39 cm long with an outer tube diameter of 1.27 cm
and inner tube diameter of 0.64 cm. Water, used as a cooling fluid, was passed through the outer
tube and the product stream flowed through the inner tube. Water was continuously circulated at
5 °C at a rate of 17 L/min by a Fisher Scientific Isotemp refrigerated/heated bath circulator. The
condensed product stream entered a product tank (PR-1) at ambient temperature and pressure
conditions after passing through the back-pressure regulator. The product temperature and pressure
were monitored by a thermocouple T5 (similar in model to T1) and pressure gauge P5. The product
tank was made of a Swagelok 316 stainless steel vessel of 1L capacity. Liquid product from the
tank could be collected periodically by operating a ball valve and a needle valve at the outlet. The
needle valve was installed as a safety measure to regulate the rate of draining liquid and thereby

reduce the escape of hydrogen gas in the product tank into the atmosphere.

A gas product line emerging from the top of the liquid line passed through a gas flowmeter (GF-
1) before being released into the fume hood. The Ritter Drum-type TG-05 model #5 PVC
volumetric gas meter was calibrated to precisely measure the outlet gas stream, as explained in
section 3.2.9. The measuring range of the device was 0-60 L/h. Since the gas stream was rich in

flammable compounds such as hydrogen, the gas flowmeter was connected to an explosion proof
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pulse generator V2.0 Ex, which enabled reading the measured gas volume and flowrate values on
the computer. The HPLC pump, Brooks mass flow controller, thermocouples and Ritter’s drum
flowmeter were connected to a LabView program. The LabView interface was used to enter input
parameters such as liquid and hydrogen gas flow rates and to monitor temperature and flowrates

of inlet and outlet streams.
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Figure 3.2 Process flow diagram of the reactor used for hydrogenation reactions
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F-1—Feed tank

P-1 —HPLC pump

MF-1 — Mass flow controller
CW-1 - Check valve

RV-1 - Relief valve
RX-1—Packed bed reactor
HX-1—Heat Exchanger
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PR-1—Product tank

GF-1 - Gas flowmeter



Figure 3.3 Images of the continuous flow reactor designed for hydrogenation reactions
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3.2.6 Reactor operation

Hydrogenation reactions in the continuous reactor were performed using the following procedure.
The operation conditions are listed in Table 3.2. The phase compositions of the reaction system
were calculated for the various operating conditions, with the aid of VMG Symmetry software.
The thermodynamic model that was used for simulation was Soave-Redlich-Kwong model. It was

found that all the components in the reactor were in the vapor phase at all reaction conditions.

Feed mixture containing 1-hexene (10 wt %), toluene (5 wt %) and n-octane (85 wt %) was
prepared. Feed was spiked with DMDS (0.5 wt %) for reactions over sulfided Ni catalyst. The
back-pressure regulator was set to 1 MPa using nitrogen gas. The system was then pressurized by
supplying hydrogen gas. The system pressure and back pressure were monitored using pressure
gauges. Hydrogen gas was supplied at the required flow rate through the mass flow controller. Air
from the liquid feed line was removed with a syringe to prevent cavitation. Model feed mixture
was supplied through the feed line by setting the required flow rate in the HPLC pump. The furnace
was heated to the required temperature with the help of the programmable controller. The
temperatures and flow rates of inlet and outlet streams were monitored on the LabView interface.
When the average temperature in the reactor reached the desired reaction temperature, the
temperature was regulated by manually operating the temperature setting of the furnace, to
minimize temperature fluctuations, until it reached steady state. Mass balance was commenced
about one hour after the system reached steady state. The product tank was drained before starting
the mass balance. The weight of the supplied liquid feed was measured using a Mettler Toledo
Model ML 3002E electronic weighing balance with a measuring range of 0-3200 g and a precision
0of 0.01 g. The volume of inlet and outlet gas steams were monitored on the LabView interface.
Liquid product was collected from the product tank as soon as the mass balance period ended. The
weight of the liquid product was measured with a Mettler Toledo Model ME 204E electronic
weighing balance with a measuring range of 0-220 g and a precision of 0.0001 g. A sample of the
product gas stream was collected by connecting a gas bag to the gas sampling port. It was
immediately injected into a Gas-GC column for analysis. The procedure was repeated, and
reactions were performed at different temperatures. After all reactions were finished and samples
were collected, the furnace was turned off. The supply of liquid feed was stopped while hydrogen
gas was continuously supplied until the reactor temperature reached 80 °C. The system was

depressurized when the system cooled down to room temperature.
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Table 3.2 Operating conditions for hydrogenation reactions

Catalyst Temperature WHSV Gauge Pressure
°O) () (MPa)
80 0.5 1
Reduced Ni/y-
120 0.5 1
ALO;
160 0.5 1
80 0.5 1
120 0.5 1
Sulfided Ni/y- 160 0.5 1
ALO; 200 0.5 1
240 0.5 1
280 0.5 1

3.2.7 Analyses

The gas chromatograph coupled with mass spectrometer (GC-MS) was used to identify the
compounds present in the model feed and liquid products. The device used was an Agilent 7820A
gas chromatograph with a 5977E mass selective detector and a HP PONA capillary column with
dimensions of 50 m x 0.2 mm x 0.5um. The raw data was processed by the Agilent MassHunter
software. Samples for the GC analysis were prepared in a 10 mL volumetric flask with 2 mL of
product in n-octane. Instrument method conditions were set to automatically inject 0.1 pL of
sample through the inlet. The sample inlet cell was maintained at 250 °C. The split ratio was 1:100.
Column carrier gas helium flowed through the column at 1 mL/min. The oven was kept at 35 °C
for 30 min, then 2 °C/min to 100 °C for 0 min, then 10 °C/min to 300 °C for 7.5 min. The total run
time for each sample was 90 min. The detector was programmed to turn off between 32.5 to 37

minutes, to avoid solvent saturation.

Gas chromatography with flame ionization detector (GC-FID) was used for quantitative analysis
of the model feed and the liquid products of hydrogenation. The device used for analysis was an
Agilent 7890A GC-FID/NPD equipped with a HP PONA column (50 m x 0.2 mm x 0.5 um). Raw

data was processed by the Agilent ChemStation software. 0.1 pL of sample was automatically
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injected through a split/splitless injector at 250 °C. The sample was carried through the GC column
by helium which flowed at 1 mL/min. The temperature program of the oven was: 35 °C for 30
min, then 2 °C/min to 100 °C for 0 min, then 10 °C/min to 300 °C for 7.5 min. The total run time
for each sample was 90 min. The heater for FID was maintained at 250 °C with hydrogen gas flow
of 40 mL/min and air flow of 400 mL/min. Blank run using octane as a solvent was performed
between each sample run. For blank runs, helium gas flowed through the column at 0.72 mL/min,
with the oven at 300 °C for 15 min. The determination of GC-FID relative response factors for
various compounds has been explained in Appendix A. Quantification of various compounds

present in the samples have been done using the following formula.

Area of compoundxWeight of internal standard

Weight of compound = (1)

Area of internal standardXRRF of compound or compound class

The reaction products consisted of many species such as isomers of 1-hexene and addition products
containing sulfur. Determination of response factors for all the compounds was impractical due to
the costs and time constraints related to purchase of calibration standards and analyses.
Consequently, some of these compounds were quantified by using the average response factor for
the corresponding compound class. Table 3.3 shows the response factors of compounds and

compound classes that were used.

Table 3.3 Average response factors relative to cyclohexane for GC-FID

Compound/Compound class RRF

n-hexane 1.02
1-hexene 1.05
Paraffins 0.99
Olefins 1.01
Aromatics 1.06
Naphthenes 1.01
S-compounds 0.74

Cyclohexane was used as an internal standard for preparation of liquid samples. The samples were
carefully prepared in a 10 mL volumetric flask by adding 2 mL of product and 0.1 mL of

cyclohexane in n-octane. The volumes of product and internal standard were precisely measured
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with Thermo Scientific fixed volume single channel micropipettes having a measurement range of
1-1000 pL for the product and measurement range of 2-200 pL for the internal standard. The flask
was then filled with n-octane up to the 10 mL mark using a glass pipette. The weights of product
and internal standard that was added in the sample were measured using a Mettler Toledo Model

ME 204E electronic weighing balance with a measuring range of 0-220 g and a precision of 0.0001
g.

The gas products of hydrogenation reactions were analyzed via manual injection of the collected
sample into an Agilent 7890A gas chromatographic device equipped with thermal conductivity
detector (TCD) and flame ionization detector (FID). Raw data processing was done by Agilent
ChemStation software. The samples were injected through a purged packed inlet which were
carried into an Agilent HayeSep R column before entering the TCD followed by FID. Carrier gas
helium flowed through the column at 28 mL/min. Temperature program of the oven was 70 °C for
7 min, then 10 °C/min to 250 °C for 0 min, then -30 °C/min to 70 °C for 8 min. Total run time for
analysis was 41 min. The heater for FID was maintained at 250 °C with hydrogen gas flowing at
40 mL/min and air flowing at 400 mL/min. The heater for TCD was maintained at 200 °C with

hydrogen gas flowing at 35 mL/min.

Thermogravimetric Analysis (TGA) of fresh and used catalysts was done using a Mettler Toledo
TGA/DSCI1 Star® System. About 20 mg of sample was accurately weighed and placed in a crucible.
The samples were heated in nitrogen environment from 25 °C to 600 °C, followed by heating in
air from 600 °C to 700 °C. The gases were flowing at 50 mL/min. The flowrate of gases was
monitored using a Mettler Toledo GC10 Gas Controller. The temperature program of the furnace
was set from 25 °C to 600 °C at 10 °C/min, then kept constant at 600 °C for 20 minutes and then
increased from 600 °C to 700 °C at 10 °C/min.

The presence of acidic sites on fresh and spent catalysts was studied by Diffuse Reflectance Fourier
Transform Infrared Spectroscopy (DRIFTS). The device used was an ABB MB3000 FTIR
Spectrometer with a Pike DiffusIR attachment. 5 mg of finely crushed catalyst particles was mixed
with 5 mg of KBr and pressed into a ceramic cup. The cup was then loaded into the furnace and
subjected to a constant stream of nitrogen. The cell was then heated to 450 °C and allowed to soak
at that temperature for 60 minutes, then cooled to 420 °C and allowed to soak at that temperature

for 10 minutes, then cooled to 150 °C and allowed to soak for 110 min. When the cell temperature
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reached 150 °C, a reference spectrum was obtained. This was followed by saturation of the
nitrogen stream with pyridine vapors for 40 minutes. After the pyridine flow was turned off,
absorbance spectra were recorded once in every 10 minutes for 60 minutes as the average of 120

scans, while the cell remained at 150 °C.

3.2.8 Calculations

The reactants were passing through the hydrogenation plant had a weight hourly space velocity
(WHSV) of 0.5 h'!. The mass flow rate of the model liquid feed mixture was determined using the

formula:
Mass flow rate of feed = WHSV X Total mass of catalyst bed (2)

Conversion of a compound is measured as % conversion using the formula:

Moles of reactant reacted

% Conversion = x 100 (3)

Moles of reactant in feed
where,

Moles of reactant reacted

= Moles of reactant in feed — Moles of reactant in product

Consider a reaction system that has several reactions occurring simultaneously.

R » A+B+C

The hydrogenation reactions resulted in the formation of various product species such as internal
isomers, skeletal isomers and in some cases, thiols and thioethers. The selectivity of formation of

product species A is defined by the following equation:

Moles of R reacted to form product species A

Selectivity of A =

4
Moles of R reacted to form product species A+B+C )

Mole balance was performed based on the concentrations of feed and product mixtures, according

to the following equation:

Moles of species R reacted + Moles of species R unreacted

M %) = ’
ole balance (%) Moles of species R in feed (5)
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3.2.9 Calibration

The HPLC pump that was used to pump the liquid feed into the reactor was calibrated using n-
octane. A feed bottle containing n-octane was placed on a Mettler Toledo Model ML 3002E
electronic weighing balance with a measuring range of 0-3200 g and a precision of 0.01 g. The
pump was set to operate at a specific flowrate. The mass of octane that was pumped was measured
for a known period of time. The volumetric flowrate of the liquid was determined by using the
density of n-octane. The procedure was repeated for various set points in the range of 1 mL/min
to 8 mL/min to obtain the calibration curve of the HPLC pump. The calibration curve that was

obtained is charted in Figure 3.4.
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2 4 6 8 10
Set flow (mL/min)

Figure 3.4 Calibration curve of the HPLC pump for n-octane
The Ritter Drum-type gas flowmeter was calibrated against the Brooks mass flow controller
(MFC) with hydrogen gas. The MFC supplied hydrogen gas at a specific set flow rate. The volume
of gas passing through the drum flowmeter for a known period of time was noted at 20 °C and
atmospheric pressure (93.27 kPa) The measured flow rate was calculated by dividing the volume
of gas that passed through the drum flowmeter by the time. The procedure was repeated for
hydrogen flow rates in the range of 0 — 1000 mL/min. The values of set flow rate vs measured flow

rates were plotted to obtain a calibration curve for the drum flowmeter,.

1 - The MFC was calibrated to provide flow in normal mL/min, i.e., flow at 273.15 K and 101.325
kPa absolute, whereas the flow rate of drum flowmeter was measured at 293 K and 93.27 kPa

absolute.

42



Measured flow rate
(mL/min)
N
(e}
(e}
e

0 200 400 600 800 1000
Set flow rate (mL/min)

Figure 3.5 Calibration curve of the drum-type gas flowmeter for hydrogen gas at 293 K and
93.27 kPa absolute
3.3 Results

Hydrogenation reactions in the continuous reactor took place as described in section 3.2.6. The
liquid-phase model feeds and products of hydrogenation were characterized by GC-MS as well as
GC-FID. The gas-phase products were characterized by gas-phase GC-FID/TCD. Fresh and spent
catalysts were analyzed using TGA. The analyses were done in two phases; the feed and products
for hydrogenation over unsulfided catalyst followed by feed and products for reactions over

sulfided catalyst.

3.3.1 GC-MS identification of reaction products
3.3.1.1 Unsulfided model feed hydrogenation

The solvent used for the feed had trace impurities such as heptane, but they did not take part in the
hydrogenation reactions. 1-hexene was hydrogenated into n-hexane and toluene converted to
methylcyclohexane. No other side reactions were found to occur.

Figure 3.6 shows the chromatogram (up to 40 min) for the model feed used for hydrogenation over
unsulfided Ni/AlbOs3 catalyst. Table 3.4 lists the compounds identified using the MS detector for
the peaks in Figure 3.6. A typical chromatogram of GC-MS analysis of liquid-phase products after
hydrogenation over unsulfided Ni/Al,O3 catalyst is shown in Figure 3.7. Table 3.5 lists the
compounds identified by the MS detector for the peaks in Figure 3.7. All the peaks that were seen

beyond retention time of 25 minutes were present as impurities in the solvent. No peaks were
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observed for retention times greater than 40 mins. The solvent peak for n-octane was not seen as

the detector was turned off from 32.5 to 37 min.
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Figure 3.6 Chromatogram for GC-MS analysis of unsulfided model feed
Table 3.4 Compounds in unsulfided feed for hydrogenation reactions
Peak Retention time (min) Compound Structure
1? 3.03 nitrogen N=N
2 7.12 1-hexene H, CN\/CH 3
3°b 7.57 n-hexane H.o - CHs
3
4° 14.84 heptane H.C” " "CH,
5 22.51 toluene CH,
6° 26.79 CioH22 -
7° 29.25-31.35¢ -4 -
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Peak Retention time (min) Compound Structure
8® 37.46 CsHi7 -
9° 39.16 CsHis

a - Peak does not indicate sample composition. May be dissolved in the sample as a contaminant.
b — Peaks present as impurities in the solvent acquired from supplier. Compound identity could

not be verified.

¢ — Representative of various peaks grouped together.
d — Unidentified mass spectra of respective retention times shown in Appendix D.
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Figure 3.7 Chromatogram for GC-MS analysis of hydrogenated product over unsulfided catalyst
at 120 °C

Table 3.5 Compounds in hydrogenated product over unsulfided catalyst

Peak Retention time Compound Structure
(min)
1? 3.03 nitrogen N=N
2 7.13 1-hexene H, CN\/CH 3
3 7.57 n-hexane H3C/\/\/CH3
4° 14.84 heptane H.C” " "CH,




Peak Retention time Compound Structure
(min)
5¢ 17.36 methyl-cyclohexane CH;
6 22.52 toluene CH;
7° 26.79 -39.16 ¢ -¢ -

a — Peak does not indicate sample composition. May be dissolved in the sample as a contaminant.
b — Peaks present as impurities in the solvent acquired from supplier.

¢ — Peak verified with pure compound from supplier.

d — Representative of various peaks grouped together.

e — Identity of impurities were not verified, as mentioned in Table 3.4.

3.1.1.2 Sulfided model feed hydrogenation

Figure 3.8 shows the chromatogram (up to 40 min) for the model feed used for hydrogenation over
sulfided Ni/Al,Os catalyst. No peaks were observed for retention times greater than 40 mins. Table

3.6 lists the compounds identified using GC-MS analysis for the peaks in Figure 3.8.
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Figure 3.8 Chromatogram for GC-MS analysis of sulfided model feed
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Table 3.6 Compounds in sulfided feed for hydrogenation reactions

Peak Retention time (min) Compound Structure
1? 3.03 nitrogen N=N
2 7.12 1-hexene H 2Cy\/\/CH 3
3b 14.84 heptane H e " "cq,
4 17.90 dimethyl disulfide H 3C/S\S/CH 3
5 22.52 toluene CH,
6" 26.79-39.16 ¢ -d -

a — Peak does not indicate sample composition. May be dissolved in the sample as a contaminant.
b — Peaks present as impurities in the solvent acquired from supplier. Compound identity assigned
based on MS library suggestion.

¢ — Representative of various peaks grouped together.

d — Identity of impurities were not verified, as mentioned in Table 3.4.

A typical chromatogram of GC-MS analysis of liquid-phase products after hydrogenation over
sulfided Ni/Al,Os catalyst is shown in Figure 3.9. Table 3.7 lists the compounds identified using

the MS detector for the peaks in Figure 3.9. The solvent peak (n-octane) for the samples was not

seen as the detector was turned off from 32.5 to 37 min.

Hydrogenation reactions with a sulfided model feed resulted in hydrogenation of 1-hexene but
toluene remained unreacted in the current operating temperature range of 80 — 280 °C. The
products were also found to have internal isomers of hexene such as cis-3-hexene, which were not
part of the model feed mixture. The identity of the internal isomers namely, cis-2-hexene, trans-
2-hexene, cis-3-hexene and trans-3-hexene (see peaks 4 to 7 in Figure 3.9) were verified with
authentic compounds. In the case of peak 8, the mass spectrum indicated that the compound had
the molecular formula C¢Hi2. Since all the internal isomers of 1-hexene were already identified,

this compound could have been a cycloparaffin, i.e., cyclohexane or methyl-cyclopentane, or a
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skeletal isomer of n-hexene. Cycloparrafins were ruled out by spiking the liquid product with
methylcyclopentane and cyclohexane. The spiked sample was analyzed using GC-FID with the
same temperature program. The resulting chromatogram (shown in Appendix D), showed
corresponding peaks for methylcyclopentane and cyclohexane at higher retention times that of the
unidentified peak 8. Thus, it was deduced that peak 8 represented a skeletal isomer of 1-hexene.
The specific identity, i.e., 3-methyl-2-pentene was tentatively assigned based on the MS Library

suggestion and was not verified with an authentic compound.

The addition of DMDS to the feed mixture resulted in the formation of H>S addition products such
as hexanethiol. The identity of these compounds (see peaks 12 to 17 in Figure 3.9) were not
verified with pure compounds. Instead, the identities were assigned by evaluating the mass spectra

and deducing the chemistry that was likely to occur over the given catalyst.
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Figure 3.9 Chromatogram for GC-MS analysis of hydrogenated product over sulfided catalyst at
200 °C
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Table 3.7 Compounds in hydrogenated product over sulfided catalyst

Peak | Retention Compound Structure
time (min)

1? 3.03 nitrogen N=N

2 7.12 1-hexene H, CN\/CH3

3 7.57 n-hexane HiC o~ ch

3
b - -
4 7.66 trans-3-hexene H.C A ~_-CHs
5° 7.71 cis-3-hexene
CHs
HSC/\)/
6° 7.78 cis-2-hexene
CHs3
AN CHs
b
7 8.22 trans-2-hexene H.C A~ CHs
8 8.56 3-methyl-2-pentene CH3
H,C._~ CH;

9 15.09 heptane H,C” """ CH,
10 22.59 toluene CH,
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Peak | Retention Compound Structure
time (min)
11°¢ 26.79 — - ¢ -
39.16 ¢
12 42.24 3-hexanethiol H.C /\(\/CH 3
SH
13 50.39 2-hexanethiol SH
H SCJ\/\/CH 3
14 56.92 1-(methylthio)-hexane H 30\/\/\/S\CH
3
15 62.20 2-heptanethiol HiC ~~-SN
CH;
16 74.51 -f -
17 75.92 1-(hexylthio)-hexane HC” N "N e,

a — Peak does not indicate sample composition. May be dissolved in the sample as a contaminant.
b — Peak verified with pure compound from supplier. Compound identity assigned based on MS

library suggestion.

¢ — Peaks present as impurities in the solvent acquired from supplier.
d — Representative of various peaks grouped together.

e — Identity of impurities were not verified, as mentioned in Table 3.4.
f — Unidentified mass spectrum shown in Appendix D.

3.3.2 Conversion of 1-hexene and toluene into hydrogenated products

3.3.2.1 Reactions over unsulfided Ni/Al>O0;

Mass balances were obtained by measuring the weight or volumes of inlet and outlet streams, as
explained in Appendix C. Table 3.8 shows a summary of mass balances for reactions over

unsulfided catalyst.
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Table 3.8 Mass balances of hydrogenation reactions over unsulfided catalyst

Reaction Liquid Liquid Liquid phase Gas Gas Overall mass
temperature inlet outlet mass recovery inlet outlet recovery
(N ®) (g (® (%) (® (® (%)
80 16.96 15.48 91.27 2.16 2.73 95.28
120 16.96 15.86 93.51 2.16 2.66 96.92
160 16.96 15.19 89.56 2.16 3.34 96.94

The concentration of hydrogenated liquid products was analyzed using GC-FID as described in
section 3.7. Detailed calculations are shown in Appendix B. Table 3.9 shows the composition of
feed and hydrogenated products in the liquid phase for reactions over unsulfided Ni/Al,O3. A
portion of volatile compounds such as n-hexane, unreacted 1-hexene and unreacted toluene, that
could not be recovered by the gas trap, escaped in the gas stream. This resulted in an apparent
increase in the concentration of solvent n-octane in the product liquid phase. The unsaturated
compounds in the feed, namely, 1-hexene and toluene were hydrogenated into n-hexane and

methyl-cyclohexane respectively.

Table 3.9 GC-FID results for composition of unsulfided feed and hydrogenated products

Model feed Hydrogenation product (wt %)

Compound

(wt %) 80° C 120° C 160° C
1-hexene 9.91 0.13 0.00 0.00
Toluene 5.35 4.37 2.72 0.00
n-hexane 0.01 4.42 4.35 4.54
Methylcyclohexane 0.00 0.33 2.01 4.15
n-octane 84.77 90.80 90.95 90.20

The composition of the reaction products that were present in the gas phase could not be analyzed
accurately by the Gas GC equipment due to limitations of the separation column. Instead, the
conditions of the product tank for the various reaction temperatures were simulated on VMG
Symmetry (v2018) software, using the Soave-Redlich-Kwong model, to estimate the equilibrium

phase composition of the hydrotreated product. The composition of compounds in the gas phase,
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listed in table 3.10 were considered while determining the mole balances and conversions of the

various species in the reaction mixture.

Table 3.10 Equilibrium vapor-phase compositions of reaction products over unsulfided catalyst

at various reaction temperatures

mol %
Compound

80 °C 120 °C 160 °C
octane 0.50 0.50 0.50
1-hexene 0.03 0.00 0.00
hexane 1.20 1.20 1.20
toluene 0.20 0.08 0.00
methylcyclohexane 0.02 0.12 0.32
hydrogen 98.10 98.10 98.10

Mole balances were performed as per equation (5). Table 3.11 shows the mole balances for the
species of interest that took part in reactions over unsulfided Ni/Al,O3 catalyst at various
temperatures. Molar balances of 1-hexene, toluene and octane were almost 100%, indicating that
the concentrations measured by GC-FID and simulation of equilibrium conditions were reliable.
However, the lower values obtained for hydrogen are most likely due to an overestimation of the

moles of hydrogen supplied by the MFC at the inlet of the continuous packed bed reactor.

Table 3.11 Molar balance of species for reactions over unsulfided catalyst

Reaction temperature Mole balance (%)
) 1-hexene  toluene octane hydrogen
80 99.38 101.63 101.70 91.55
120 99.20 100.56 102.23 91.93
160 100.80 100.60 102.28 92.07

Conversions for 1-hexene and toluene were calculated according to equation (3). As seen in Table

3.12, 1-hexene and toluene achieved complete conversion at reaction temperature of 180 °C.
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Table 3.12 Conversion of 1-hexene and toluene on hydrogenation over unsulfided catalyst

1-hexene toluene
Sample
mmol Conversion mmol Conversion
Feed 20 - 10.0 -
Product at 80° C 0.2 0.99 9.0 0.10
Product at 120° C 0.0 1.00 6.0 0.40
Product at 160° C 0.0 1.00 0.0 1.00

3.3.2.2 Reactions over sulfided Ni/Al>O;
Mass balances for hydrogenation reactions over sulfided catalyst are summarized in Table 3.13.
The non-closure of mass balance indicated that a certain proportion of products could not be

recovered after the reaction.

Table 3.13 Mass balances of hydrogenation reactions over sulfided catalyst

Reaction Liquid Liquid Liquid phase Gas Gas Overall mass

temperature  inlet outlet mass recovery inlet outlet recovery

(1 ®) (® (8 (o) (® (® (o)
80 16.98 14.72 86.69 2.16 342 94.77
120 16.98 14.85 87.46 2.16 3.45 95.65
160 16.98 14.81 87.22 2.16 3.23 94.26
200 16.98 14.73 86.75 2.16 3.32 94.29
240 16.98 14.65 86.28 2.16 3.67 95.73
280 16.98 14.54 85.63 2.16 3.57 94.63

The nature and concentration of the products of hydrogenation over sulfided catalyst varied with
temperature. Internal isomers of 1-hexene were dominant until 200 °C, but the onset of skeletal
isomerization products was observed at temperatures above 240 °C. The hydrogenation of 1-
hexene to n-hexane became significant at 160 °C and increased in concentration at higher
temperatures. DMDS in the liquid feed reacted to form addition products such as thiols and
thioethers at temperatures below 200 °C. Table 3.14 shows the GC-FID quantification results for

model feed and liquid products of hydrogenation reactions over sulfided Ni/Al,O3 catalyst. A
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portion of the reaction products including n-hexane, unreacted 1-hexene and unreacted toluene,
that could not be recovered by the gas trap, escaped in the gas stream. This resulted in an apparent

increase in the concentration of solvent n-octane in the product liquid phase.

Table 3.14 GC-FID results for composition of sulfided feed and hydrogenated products

Model feed Hydrogenation product (wt%)
Compound

(Wt%) 80°C 120°C 160°C 200°C 240°C 280°C
1-hexene 9.34 3.71 3.27 1.45 0.30 0.16 0.16
n-hexane 0.00 0.00 0.00 0.04 0.32 0.35 0.86
DMDS 0.50 0.00 0.00 0.00 0.00 0.00 0.00
Toluene 5.80 4.17 5.01 4.98 4.83 4.43 5.02
2/3-hexene? 0.00 0.20 0.37 2.07 3.88 3.30 2.73
S species ° 0.00 0.32 0.34 0.41 0.32 0.00 0.00
hexene skeletal isomer 0.00 0.00 0.00 0.00 0.00 0.00 0.12
octane 84.36 91.60  91.01 91.06 90.34 91.76 91.17

a — Representative of all internal isomers namely cis-3-hexene, trans-3-hexene, cis-2-hexene and
trans-2-hexene
b — Representative of thiols and thioethers that were identified in Table 3.7

As mentioned earlier, the compositions of gas-phase products could not be obtained by analytical
means. Instead, the equilibrium vapor-phase compositions of the product streams at various

reaction temperatures were obtained by simulation and listed in Table 3.15.

Table 3.15 Equilibrium vapor-phase compositions of reaction products over sulfided catalyst at

various reaction temperatures

mol %
Compound
80°C 120°C 160°C 200°C 240°C 280°C
1-hexene 1.04 0.91 0.40 0.07 0.05 0.04
hexane 0.00 0.00 0.01 0.07 0.08 0.25
toluene 0.21 0.24 0.24 0.22 0.23 0.23
2/3-hexene® 0.05 0.07 0.71 0.81 0.76 0.56

hexene skeletal isomer 0.00 0.00 0.00 0.00 0.00 0.06
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mol %

Compound
80°C 120°C 160°C 200°C 240°C 280°C
octane 1.34 1.34 1.32 1.33 1.34 1.34
methane 0.00 0.00 0.00 0.02 0.03 0.04
hydrogen sulfide 0.00 0.00 0.00 0.04 0.04 0.04
hydrogen 97.37 97.44 97.32 97.44 97.47 97.45

a — Representative of all internal isomers namely cis-3-hexene, trans-3-hexene, cis-2-
hexene and trans-2-hexene

Table 3.16 shows the molar balances for the species of interest that took part in reactions over
sulfided Ni/AL,Os catalyst at various temperatures. Compared to hydrogenation over unsulfided
catalyst, reactions over sulfided catalyst resulted in many side reactions. As a result, the product
mixture had many species as indicated in Table 3.7. The non-closure of mole balances for 1-
hexene, toluene and octane indicated that the concentrations measured by GC-FID and simulation
of equilibrium conditions were not accurate but an educated estimate. As discussed earlier, the
lower values obtained for hydrogen are most likely due to an overestimation of the moles of

hydrogen supplied by the MFC during the continuous reaction over the catalyst bed.

Table 3.16 Molar balance of species for reactions over sulfided catalyst

Reaction temperature Mole balance (%)

(X8) 1-hexene toluene octane hydrogen
80 97.20 95.39 105.40 92.32
120 99.97 98.42 105.26 92.39
160 97.04 97.55 104.86 92.27
200 95.49 93.50 103.72 92.88
240 98.81 96.97 104.14 92.88
280 96.55 95.29 103.40 93.05

Conversions and molar selectivity of formation of n-hexane for hydrogenation over sulfided
catalyst at various reaction temperatures were calculated according to equations (3) and (4)

respectively and listed in table 3.17.
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It was seen that the conversion of 1-hexene increased with increase in reaction temperature. The

reaction selectivity showed that formation of n-hexane was also favored at higher temperatures.

Table 3.17 Conversion of 1-hexene and selectivity towards n-hexane on hydrogenation over

sulfided catalyst
Sample 1-hexene Conversion n-hexane Side products Selectivity towards
(mmol) (%) (mmol) (mmol) n-hexane
Feed 18.88
Product 80° C 17.11 9.41 0.00 1.25 0.00
Product 120° C 16.90 10.50 0.00 1.98 0.00
Product 160° C 6.65 64.76 0.16 11.51 0.01
Product 200° C 1.30 93.11 1.24 15.49 0.07
Product 240° C 0.81 95.71 4.27 13.58 0.24
Product 280° C 0.66 96.52 6.30 11.28 0.36

3.3.3 Spent catalyst analysis

The percentage weight loss of fresh catalyst and spent catalysts were measured as a function of

temperature. The TGA analysis was repeated for triplicate samples using the conditions described

in section 3.2.7. It was seen that the weight loss profile of the spent reduced catalyst was like that

of the fresh catalyst. This indicated that there was no significant coke formation after reactions,

suggesting that for reduced Ni/Al,Os catalyst, there was loss in activity due to coking. The weight

loss profile for the spent sulfided catalyst varied from that of the fresh catalyst. It exhibited

relatively lesser weight loss when heated in inert atmosphere under 600 °C and steep weight loss

up to 2 wt% when heated in air from 600 °C to 700 °C. The chemistry of the species that

decomposed was not analyzed. Table 3.15 shows the weight loss that was recorded for catalyst

samples. The weight loss profile as a function of sample temperature is shown in Figure 3.10.

Table 3.18 TGA results for catalyst samples

Weight loss after heating (%)

Sample In N; In air
Fresh catalyst 6.65+0.06 0.19+0.02
Spent reduced catalyst 6.46+0.09 0.21£0.02
Spent sulfided catalyst 5.07+0.08 1.93+0.06
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Figure 3.10 TGA weight loss profiles of Ni/Al>O; catalysts

The carbon, hydrogen and sulfur composition of fresh and used catalyst samples were estimated
by elemental analysis. The results are tabulated in Table 3.19. Here, the fresh catalyst refers to
NiO/Al>O3, prepared by incipient wet impregnation. Since the pretreatment processes namely,
reduction and sulfiding were conducted in-situ and immediately followed by reaction studies, the
corresponding unspent catalysts could not be analyzed. Hydrogen was likely present as H>O due
to the absorption of ambient moisture on the catalyst surface. The relatively high values for carbon
and sulfur content in the spent sulfided catalyst indicate the accumulation of carbonaceous deposits

and sulfur species.

Table 3.19 Elemental analysis of catalyst samples

Sample Cwt%) HWwt%) S ((wt%)

Fresh catalyst 0.03 0.72 0.00
Spent reduced 0.26 0.67 0.00
Spent sulfided 3.39 0.97 0.54

An attempt was made to determine the presence of acid sites by FTIR analysis as described in
Section 3.2.7. Brgnsted acid sites could be the active centers for the formation of a product
identified as a skeletal isomer. The spectrum of fresh alumina and that of spent sulfided Ni/Al,O3

were recorded and compared, as shown in Figure 3.11. After pyridine absorption, the absorbance
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spectrum of a material containing Brgnsted acid sites is expected to exhibit a definitive peak at
1540 cm’'. However, the Brgnsted acidity of the sulfided catalyst could not be confirmed. The

FTIR analysis was inconclusive.
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Figure 3.11 FTIR Spectra of pyridine treated catalysts in the 1400 to 1600 cm™! region

3.4 Discussion

3.4.1 Equilibrium of olefin and aromatic hydrogenation reactions

Hydrogenation of olefins is an exothermic reaction. The catalysts that enable hydrogen addition to
olefins sometimes also catalyze isomerization and double bond shift reactions.® In such cases, a
comparison of the equilibrium constants (K) at a constant temperature is useful to understand the
thermodynamic favorability and the extent to which the competing reactions could potentially

occur.

The equilibrium constants for the conversion of 1-hexene into various compounds is given in Table
3.20. At the temperatures that are relevant for the current study (<300 °C), the high value of K for
the addition of hydrogen indicates that if the reaction is not kinetically hindered, then the resulting

equilibrium mixture will consist almost entirely of n-hexane.

With regards to the formation of internal and skeletal isomers, the positive values of K indicate

that the reactions are driven forward at equilibrium for the listed temperatures. Yet, the relatively
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low values of K indicate that these reactions are highly reversible with equilibrium mixtures

expected to contain the reactant and the product species.

Table 3.20 Equilibrium constants for formation of compounds from 1-hexene at various

temperatures’

Equilibrium constant [K]

Compound 127°C 227°C 337°C
cis-2-hexene 7.53 4.58 3.16
trans-2-hexene 17.4 8.9 5.59
cis-3-hexene 3.29 1.93 1.32
trans-3-hexene 8.87 4.43 2.81
2-methyl-1-pentene 58.4 234 12.6
2-methyl-2-pentene 210 53.2 20.8
cis-3-methyl-2-pentene 94 28 12.2
trans-3-methyl-2-pentene 141 42 18.3
n-hexane 3.6x10° 1.67x10° 9.3x10°

Addition of hydrogen to aromatic compounds is more difficult than that of olefins, due to
resonance stabilization of the m-electrons in the aromatic ring. These reactions are highly
exothermic, with the amount of heat released per mole of aromatic compound increasing
proportionately with the moles of hydrogen consumed.!® The equilibrium concentration of
aromatic compounds decreases with increasing temperatures. The equilibrium constants for
hydrogenation of toluene into methylcyclohexane at various temperatures are listed in Table 3.21.
Based on the negative K values, the dynamic equilibrium for hydrogenation of toluene will be

shifted backwards at temperatures exceeding 300 °C.

Table 3.21 Equilibrium constants for hydrogenation of toluene into methylcyclohexane!”

Temperature (°C) Equilibrium constant [K]
200 3.54
300 -0.19
400 -2.71
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3.4.1 Hydrogenation of olefins over reduced Ni/Al>Os catalyst

Activation of supported metal catalysts such as Ni/Al>O3 in a stream of hydrogen gas enables the
formation of reduced metal (Ni) on the catalyst surface which act as active catalytic centers for
hydrogenation reactions.!! Various kinetic studies of metal catalyzed olefin hydrogenation have
revealed that the reaction occurs through the formation of a catalyst-alkyl intermediate followed
by addition of each hydrogen atom in a sequential manner, which results in hydrogen exchange
and double bond migration, as well as addition of hydrogen to saturate the olefinic species.'> !4
The catalyst-alkyl intermediates that can be formed during hydrogenation of 1-butene over Ni
catalyst were illustrated in Figure 2.5. The rate determining step is the addition of the second

hydrogen atom to the 2-butyl intermediate, resulting in desorption of the saturated compound from

the active surface of the catalyst.

The reduced Ni catalyst used in the current study was found to be highly active for olefin
hydrogenation, resulting in near complete conversion of 1-hexene to n-hexane at a relatively low
temperature of 80 °C. The swift conversion of the hexyl intermediate on the catalyst into n-hexane

masked observation of double bond shift reactions.

It must be noted, however that the high hydrogenation activity of reduced Ni was seen in the
absence of sulfur compounds in the feed. When reduced Ni is exposed to sulfur, it poisons the
surface of the catalyst. Studies have shown that H>S and other sulfur compounds adsorb on the
active surface of the metal immediately and irreversibly at high coverages, thus preventing the

adsorption of Hz and olefins for reactions. !>

3.4.2 Hydrogenation of olefins over sulfided Ni/Al>Os catalyst

Presulfiding of the Ni/Al2O; lowered the activity of the catalytic surface and compared to reaction
at the same temperature, resulted in lower conversion by hydrogenation of 1-hexene. The low
activity of the sulfide catalyst significantly reduced the rate of hydrogenation of 1-hexene to n-
hexane. Instead, 1-hexene predominantly formed internal isomers caused by double bond shift, at
temperatures below 200 °C. Considering the large equilibrium constant of hydrogenation to n-
hexane at <200 °C (Table 3.20), it appears unlikely that double bond isomerization took place due

to dehydrogenation of n-hexane. Formation of the addition product n-hexane was seen above 200
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°C due to acceleration in the rate of the hydrogenation reaction caused by increasing the

temperature.

At temperatures above 240 °C, olefin hydrogenation products included a skeletal isomer,
(tentatively identified as 3-methyl-2-pentene). The possibility that this C¢Hi2 species was either
cyclohexane or methylcyclopentane was ruled out (Appendix D). Sulfide catalysts are known to
exhibit polyfunctional behavior due to the participation of the carriers in the catalytic process,
especially at high temperatures (typically above 400 °C).!® However, acid-catalyzed skeletal
isomerization is catalyzed by Brgnsted acid sites. The current study could not confirm the presence
of such sites on the surface of the catalyst. Another likely reason for the acid catalytic activity
could be the incomplete reduction of the NiO/Al>O3 catalyst pellets leading to the formation of
spinel structure (NiAl2O4) at the high temperatures that were employed during the sulfiding

process.!” This hypothesis, however, was not further investigated.

3.4.3 Effect of catalyst pretreatment on hydrogenation of aromatic compounds

Aromatic compounds are stabilized by resonance bonds and hence require higher activation energy
to undergo hydrogen addition reactions. A kinetic study of gas-phase hydrogenation of toluene to
methylcyclohexane over Ni/Al>Os3 catalyst found that the reaction is of the order 0.5-2 with respect
to hydrogen and the order was found to increase with increase in temperature.'® It can be
reasonably assumed that the same kinetic parameters hold for the current reactions over unsulfided
Ni/Al20s. The rate of formation of methylcyclohexane increased with an increase in temperature,
with conversion attaining near completion at 160 °C. At this temperature the equilibrium constant

is positive (Table 3.21).

Sulfided Ni/Al,O3, however, was not sufficiently active for aromatic hydrogenation at mild
temperatures, i.e., below 280 °C. Equilibrium for aromatic hydrogenation at higher temperatures
is limited by thermodynamics (Table 3.21) and conversion of aromatics to cycloparaffins requires
high hydrogen partial pressure. Thus, hydrogenation of feed containing aromatics over sulfided

Ni/Al,O3 at 1MPa H» pressure resulted in selective hydrogenation of olefins.
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3.4.4 Reactions of sulfur compounds in the feed

DMDS was added in the feed to keep the catalyst in the sulfided state. It decomposed to form
methane and hydrogen sulfide, which were found to take part in addition reactions leading to the

formation of thiols and thioethers. The reactions are shown below:

A

CH,-S-S-CH;+3H, » 2H,S+2CH,
CgH,, + H,S < »  CeMlis—SH
CH,,—SH+H,

A
v

CeH,, + H,S + CH,
C6H13 -S- CGH13

A
v

C6H12 + C6H13_ SH

Two isomers of hexanethiol were identified by GC-MS. They are expected to be 2-hexanethiol
and 3-hexanethiol, since their formation is favored according to Markovnikov’s rule of addition to
olefins. The addition of hydrogen sulfide to olefins is an exothermic reaction and the reaction
equilibrium is shifted backwards at higher temperatures.'® In the current study, thiols and thioether
species in the product were detected only at temperatures below 200 °C. The presence of H>S and
CH4 were detected in the product stream at higher temperatures, because addition reactions of

sulfur-containing species to olefins are thermodynamically not favored above 200 °C.

3.5 Conclusions

Catalytic hydrogenation of model feed mixture containing olefinic and aromatic compounds was
studied using a continuous flow packed bed reactor. Reaction conditions were designed to evaluate
the effect of femperature and catalyst sulfiding on the conversion and selectivity of olefin and

aromatic hydrogenation. The conclusions of the study are as follows:

a) Reduced Ni/Al>Os is very active for olefin and aromatic hydrogenation in the absence of
sulfur containing compounds. Reaction mixtures with model compounds attained near
complete conversion of 1-hexene to n-hexane at 80 °C and toluene to methylcyclohexane
at 160 °C.

b) In situ presulfiding of Ni/AlOs catalyst significantly lowers the catalytic activity and
modifies reaction selectivity for olefin hydrogenation. Sulfided Ni/Al2O3 does not catalyze

aromatic hydrogenation at temperatures below 280 °C.
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c) For reactions over sulfided Ni/Al>O3, the selectivity of formation of the paraffin increases
at temperatures above 200 °C. About 5 mol% of the terminal olefin converted into a
skeletal isomer at 280 °C.

d) Hydrotreatment of cracked naphtha over the same sulfided Ni/Al,Os3 catalytic reactor
system at 280 °C is expected to decrease the concentration of olefins and increase the

concentration of saturated products.
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CHAPTER 4: ATMOSPHERIC DISTILLATION OF THERMALLY CRACKED
PRODUCT BEFORE AND AFTER HYDROTREATMENT

4.1 Introduction

Distillation is a widely employed unit operation in the petroleum industry. It is used to separate or
purify complex mixtures into smaller fractions based on the vapor pressures of the individual
components. A fractional distillation column enables a high degree of separation between the
components with minimal loss or hold-up of the material.! Typical products of petroleum
distillation include liquid petroleum gas (-50 — 20 °C), naphtha (20 — 180 °C), distillate (180 — 360
°C), atmospheric residue (360 — 550 °C) and vacuum residue (>550 °C).

For the current study, the material of interest was a light petroleum product in the naphtha and
distillate range (15 — 240 °C), henceforth referred as “cracked naphtha”. It was obtained from a
bitumen upgrader facility in Long Lake, Alberta. The source of the naphtha was deasphalted oil
that had undergone thermal cracking (visbreaking) followed by distillation in an atmospheric
distillation unit. As a consequence of thermal cracking, the mixture contained olefins. There are
strict regulations that require treatment of olefins in order to make the material suitable for pipeline
transport.” A detailed characterization of the nature of olefins and other hydrocarbon species in the
cracked naphtha is important to design reaction pathways and operating conditions for the
treatment of olefins. As a first step towards this endeavor, the cracked naphtha was further distilled
into sub-fractions, using a lab-scale atmospheric distillation column. The cracked naphtha was also
subjected to catalytic hydrotreatment over NiS/Al,O3; 280 °C and 1 MPa, with an objective of
aiding characterization studies by selective conversion of olefins. The hydrotreated product was

then distilled into sub-fractions with the same boiling cuts as the cracked naphtha.

The focus of this study was to evaluate the boiling point distribution of the cracked product before
and after hydrotreatment and record the yields, densities and refractive indices of the distilled sub-
fractions. The distillation profiles were also evaluated by simulated distillation analysis using gas
chromatography. The sub-fractions obtained in this study facilitated the olefin identification and

characterization studies using gas chromatography, which is discussed in the next chapter.
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4.2 Experimental
4.2.1 Materials

The distillation studies employed thermally cracked product (naphtha) obtained from a bitumen
upgrader facility in Long Lake, Alberta. The sample was made available by CNOOC International
(formerly Nexen ULC) for the purpose of research and analysis.

Another product used for this study was the same thermally cracked naphtha that was subjected to
hydrotreatment in the reactor set-up described in Section 3.2.5. The hydrogenation reaction was
conducted over sulfided Ni/Al,O3 at 280 °C and 1 MPa H; pressure. The WHSV of the liquid feed
(cracked naphtha) was 0.5 h'l. Hydrogen gas was supplied at a rate of 1000 mL/mL of liquid feed.
The purpose of preparing a mildly hydrotreated product was to assist with positive identification

of the olefins, which would be reduced by such treatment.

The properties of thermally cracked naphtha and hydrotreated product are listed in Table 4.1. A
mixture of acetone and dry ice was used to maintain a cooling bath over the distillation column in
order to trap condensate gases. Toluene was used to clean the distillation column before and after
each run. Carbon disulfide was used as a solvent for GC Simulated Distillation (SimDis) analysis.

The chemicals and gases used are listed in Table 4.2.

Table 4.1 Properties of cracked naphtha and hydrotreated product used for distillation studies

Property Uniits Cracked Hydrotreated
naphtha product

Density @ 20 °C kg/m’ 745.69 772.63
Refractive Index @ 20 °C -- 1.4193 1.4115
Kinematic Viscosity @ 20 °C cSt 0.6156 0.8738
API Gravity @ 20 °C -- 57.78 50.53
Bromine number g Br2/100 g 56.49 42.51
Carbon wt % 84.21 82.62
Hydrogen wt % 13.96 15.8
Sulfur wt % 1.39 0.92
Nitrogen wt % <0.1 <0.1
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Cracked Hydrotreated

Property Units

naphtha product
"H NMR analysis
Aliphatic Saturate mol % 94.17 95.02
Aliphatic Olefin mol % 3.53 2.38
Aromatic mol % 2.31 2.60

Table 4.2 Chemicals and gases used for hydrotreatment and distillation

Mass Fraction

Compound Formula  CASRN? Supplier
Purity!

Chemicals

Acetone C3HeO 67-64-1 >.995 Fisher Chemical

Toluene C7Hs 108-88-3 0.999 Fisher Chemical

Carbon disulfide CS2 75-15-0 0.999 Fisher Chemical

Gases

Dry ice CO2 124-38-9 € Praxair

Hydrogen H, 1333-74-0 0.99999¢ Praxair

Nitrogen N2 7727-37-9 0.99999¢ Praxair

# CASRN = Chemical Abstracts Services Registry Number

® Purity of the material guaranteed by the supplier; material used without further
purification

¢ Mass fraction purity not specified

4 Mole fraction purity
4.2.2 Distillation column design

The fractionation of cracked naphtha and hydrotreated naphtha was carried out in a batch
distillation column manufactured by B/R Instrument Corporation. The crude oil distillation system

is shown in Figure 4.1.

The distillation system consisted of a glass boiling flask of 1L capacity in which the known volume
of sample could be charged. A temperature probe was placed in the boiling flask to measure the

temperature of the feed. The distillation feed was stirred with a magnetic stirrer to ensure thorough
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heat distribution and maintain homogeneity of the feed. The speed of the stirrer was controlled
with the aid of a stirring controller device. The glass boiling flask was insulated with a heat jacket
to reduce heat energy loss by radiation. The flask was placed on a heating mantle that could heat
the flask at a controlled rate. The position of the heating mantle could be adjusted vertically using

a lab jack.

The vapors rising from the flask entered a distillation column equipped with spinning band
technology to enhance vapor-condensate contact.® The glass column was 50 ¢cm long with a
diameter of 4 cm. The column was coated with silvered mirror to prevent adiabatic heat losses.
The spinning band was made up of Monel with separation capacity equivalent to 40 theoretical
plates. The vapors eventually rose into the condenser. A temperature probe in the column measured

the actual vapor temperature.

A recirculating bath supplied the coolant (tetrafluoroethane) from a Polyscience chiller (Model
#ADO07R-20-A11B) to maintain the condenser at the desired temperature. A reflux valve directed
the condensed fluids into either the fraction collector or back into the distillation column at a

predetermined reflux ratio.

A cold trap that was set-up with a (1:1) mixture of acetone and dry ice received the light gases as
condensates. The distillate fluid entering the fraction collector was directed into one of the 8
receivers through a funnel. The receivers were glass cylindrical jars (100 mL capacity) with
graduated markings at 2 mL intervals to measure the volume of distillate. A stepper motor was
used to automatically rotate the fraction collector funnel towards the next receiver at the end of
each boiling cut. A vacuum vent maintained the pressure of the fraction collector set-up at the

same pressure as the distillation column.

A plug board located above the condenser provided power supply to the vapor/pot temperature
probes, reflux valve, vacuum vent and stepper motor. The distillation system was connected to a
computer with access to the BR M690 software. The software was used to program the process
parameters such as temperatures of boiling cuts, condenser temperature, heating rates and reflux
ratio for each run. The software interface also enabled continuous monitoring of process

parameters during the runs.
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Figure 4.1 BR M690 Distillation system used for fractionation of cracked naphtha
4.2.3 Distillation column operation

Standard operating procedures were followed to obtain the fractions during each run. About 600
mL of sample was accurately weighed on a Mettler Toledo Model ML 3002E electronic weighing
balance with a measuring range of 0-3200 g and a precision 0f 0.01 g. The sample was then charged
into the glass boiling flask that was pre-chilled at 5 °C to minimize loss of volatile components in
the feed. The flask was carefully affixed to the distillation column and insulated by wrapping the
heat jacket around the flask. The position of the heating mantle was adjusted by moving the lab
jack while ensuring that there was enough space between the flask and the mantle to allow for

thermal expansion of the column.
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A cold trap was prepared by adding a (1:1) mixture of dry ice and acetone above the light gas
condensate collector. The chiller was connected to the condenser set-up and set to an initial value

of -5 °C.

The program for distillation operation was prepared by selecting the reflux ratio, initial and final
temperatures, heating rate and condenser temperature for each boiling cut on the BR M690
software. Since only 8 fractions could be obtained for each run, the collection of sub-fractions was
done over 3 consecutive runs. The detailed program for each run is shown in Table 4.3. The pot
and temperature probes were placed in the respective slots and magnetic stirrer in the boiling flask

was turned on. The distillation process was then initiated through the software interface.

The collection of distillate fractions in the receivers commenced when the vapor temperature in
the column reached the opening temperature for the respective boiling cuts. When the vapor
temperature reached the closing temperature, the funnel in the fraction collector moved towards
the next receiver. After collection of distillates was completed, the respective receivers were
dismantled from the set-up and the volume of distillate was noted from the graduated markings on
the cylinder. Additionally, the weight of each fraction was measured by weighing the receiver on
a Mettler Toledo Model ME 204E electronic weighing balance with a measuring range of 0-220 g
and a precision of 0.0001 g. The receivers were equipped with a rubber stopper during weight and
volume measurements to prevent loss of volatile compounds. The distillate was then carefully
transferred into a pre-chilled glass jar and stored in the refrigerator at 2 °C. At the end of each run,
the receivers were washed with toluene and dried before being attached to the fraction collector

set-up.

The distillation column was cleaned after collection of all sub-fractions from 3 consecutive runs.
For this purpose, the flask was charged with 300 mL of toluene and heated to 110 °C. The Monel
column and spinning bands were thus cleaned by the rising toluene vapors. The condenser cooled
the vapors and directed the distillate into the fraction collector. The fraction collector set-up was
rinsed with the distilled toluene as the fluid accumulated in the receivers. At the end of the cleaning
run, the leftover toluene in the flask and accumulated fluids in the receivers were discarded and

dried the entire set-up was left to dry.
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Table 4.3 Process parameters for atmospheric distillation of cracked naphtha and hydrotreated

product
Cut Open Close Heating Condenser Reflux
Number temperature temperature rate  temperature ratio
°'C °C % °C
1 15 25 10 -5 5:1
2 25 35 10 -5 5:1
3 35 45 10 -5 5:1
4 45 55 15 -5 5:1
Run 1
5 55 65 15 0 5:1
6 65 75 15 0 5:1
7 75 85 15 0 5:1
8 85 95 18 3 5:1
1 90 100 18 20 5:1
2 100 110 35 20 5:1
3 110 120 35 20 5:1
4 120 130 35 20 5:1
Run 2
5 130 140 35 20 5:1
6 140 150 35 20 5:1
7 150 160 35 20 5:1
8 160 170 35 20 5:1
1 165 175 40 30 5:1
Run 3 2 175 185 40 30 5:1
3 185 195 40 30 5:1
4.2.4 Analyses

The boiling point distribution of cracked naphtha was obtained by simulated distillation (SimDis)
analysis. Standard test method ASTM D7169 for High Temperature Simulated Distillation* was

used for the analysis. This method was chosen for its ability to analyze samples in the wide boiling
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range of 36 — 720 °C and it was of interest to identify the end boiling point of the cracked naphtha

before and after hydrotreatment.

The equipment used for this analysis was Agilent 7890B Gas Chromatograph (GC) with DB-HT
Simdis column of dimensions 5m x 0.53mm x 0.15um and the detector used was flame ionization
detector (FID). 0.5 pL of sample was automatically injected through the cool-on-column inlet.
The injector was initially maintained at 50 °C and gradually heated to 425 °C at the rate of 15
°C/min. The sample was carried through the column by helium gas at 20 mL/min. The oven was
initially at -20 °C and heated to 425 °C at 15 °C/min. Liquid nitrogen was used to maintain the
oven at below room temperature conditions. The FID detector had hydrogen flowing at 40 mL/min
and air at 350 mL/min. The total run time for the sample was 40 minutes. 0.1+0.005g of the sample
was weighed and diluted with carbon disulfide to 10ml. Polywax 655 (Agilent Technologies) was
used for retention time calibration. The response factor of the FID detector was determined using
ASTM® D6352/D7169 Reference Material 5010 (Separation Systems Inc.) as the external
standard. OpenLAB GC software was used for operating the GC and data acquisition. Dragon
Simdis software was used for calibration and data reprocessing to obtain sample recovery as a

function of retention time and temperature.

The densities of distilled fractions cracked naphtha and hydrotreated product were measured at 20
°C using Anton Paar Density meter, Model DMA 4500M. The instrument was calibrated using
ultra-pure water provided by Anton Paar at 20 °C. The accuracy of the instrument is 0.00005g/cm?
density and the accuracy is 0.01 °C for temperature. When the cell temperature reached 20 °C,
about 2 mL of the sample was injected into the instrument for density measurement. Care was
taken to prevent formation of bubbles in the measurement cell. The instrument was cleaned with

toluene and dried in between each sample measurement.

The refractive indices of distilled fractions cracked naphtha and hydrotreated product were
measured at 20 °C Anton Paar Abbemat 200 refractometer. The range of the instrument is 1.30 to
1.72nD and the accuracy is £ 0.0001nD. The instrument was pre-calibrated by the manufacturer
using official standards from the National Metrology Institute of Germany. The glass plate on
which samples are placed was cleaned and dried with ethanol in between each sample

measurement.
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4.2.5 Calculations

The distillation fractional yields were calculated as a percentage of the mass of the feed sample
collected for a respective fraction.
Mass of distillate in the fraction

Distillation fractional yield (Wt%) = Total mass of feed sample x 100 (D

In the cases where there was very little sample collected (<2 mL), it was not possible to measure
the density using the density meter. Instead, the density was estimated as the ratio of mass to

volume of distillate in the respective fractions.

Mass of distillate (g)
Volume of distillate (mL)

Density (g/mlL) = (2)

4.3 Results

Cracked naphtha was hydrotreated using the packed-bed reactor system describe in section 3.2.5.
Mass balance was obtained by measuring the weight or volume of inlet and outlet streams over
periods of 1 hour, as explained in Appendix C. A significant proportion of volatile products that
were assumed to be mainly light hydrocarbons in the Cs-Cg range could not be recovered by the
gas trap and were present in the vapor-phase of the product. GC analysis of the product gas stream
showed many peaks that could not be accurately identified nor quantified. The vapor phase
composition of model naphtha hydrogenation over sulfided catalyst at 280 °C (presented in Table
3.15) was used as reference to estimate the average molecular weight of the hydrotreated naphtha

gas product. Table 4.4 shows a summary of mass balance.

Table 4.4 Average mass balance over 1 hour for hydrotreatment of cracked naphtha over

sulfided Ni1/A12O3
Liquid Liquid Liquid phase Gas Gas Overall mass
inlet outlet mass recovery  inlet outlet recovery
(® (8 (%) ® ® (Y0)
16.98 13.69 80.62 2.16 4.70 95.56

The conditions of the product tank were simulated on VMG Symmetry (v2018) software, using

the Soave-Redlich-Kwong model, to estimate the phase composition of the hydrotreated product
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at equilibrium. The equilibrium phase compositions of the various boiling fractions, listed in Table
4.5, helped estimate the concentration of the products lost in the gas phase. It was deduced that

about 60 wt% of components in the boiling range 0 — 120 °C migrated to the gas phase.

Table 4.5 Equilibrium phase compositions of hydrotreated product in the reaction product tank

Boiling range Liquid phase Vapor phase
°O) (wt%) (Wt%)
0-10 8 92

10-20 11 89
20-30 15 85
30-40 19 81
40 - 50 24 76
50-60 30 70
60 - 70 46 54
70 - 80 60 40
80 -90 69 31
90 - 100 82 18
100 - 110 95 5
110 - 120 97 3
>120 100 0

Atmospheric distillation of cracked naphtha as well as hydrotreated naphtha as described in section
4.2.3 resulted in 19 sub-fractions of each sample. Table 4.6 shows the fractional yields for various
boiling fractions of cracked naphtha and hydrotreated naphtha. The mass loss light hydrocarbons
eventually resulted in very low distillation yields for boiling cuts below 75 °C for the hydrotreated

product.
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Table 4.6 Fractional yields of cracked naphtha and hydrotreated product distillation cuts

Cut Close Cracked Hydrogenated
number Open temperature temperature naphtha ? product ?
°C °C Yield (wt %) Yield (wt %)
1 Cold trap (B.P <15 °C) 1.97 0.37
2 15 25 0.47 0.00
3 25 35 1.03 0.09
4 35 45 4.9 0.19
5 45 55 5.49 0.57
6 55 65 3.8 0.79
7 65 75 542 1.22
8 75 85 5.88 4.02
9 85 100 7.7 8.46
10 100 110 8.09 7.58
11 110 120 6.58 8.55
12 120 130 5.97 10.08
13 130 140 6.55 7.74
14 140 150 5.17 6.86
15 150 160 4.83 6.37
16 160 175 5.39 7.02
17 175 185 3.73 5.01
18 185 195 3.97 3.94
19 Residue (B.P>195 °C) 9.26 18.91

a— Based on 96.2 wt% recovery in the distillation column

b — Based on 97.8 wt% recovery in the distillation column

Cracked naphtha and the hydrotreated product were subjected to SimDis analysis as explained in
section 4.2.4. The results show the boiling point distribution as a function of sample recovery.
Figure 4.2 shows the SimDis distillation curve of thermally cracked naphtha. 90 wt% of the sample
showed boiling points below 280 °C. Only 94 wt% of the sample was recoverable below 700 °C.
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The SimDis distillation curve of the hydrotreated product, depicted in figure 4.3, showed that the
end boiling point of the sample was 298 °C, i.e., 100 wt% of the sample was recovered below 300

°C.
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Figure 4.2 Simulated distillation curve of thermally cracked naphtha
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Figure 4.3 Simulated distillation curve of hydrotreated product
The densities and refractive indices of the sub-fractions were measured at 20 °C as described in
section 4.2.4. The low-boiling sub-fractions of cracked naphtha (cuts below 45°C) were found to

have lost between 5 wt% to 30 wt% of their initial weights due to evaporation over the period
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between sample collection and density and refractive index measurements. For such cases, the
density of the sub-fraction was calculated theoretically using equation (2). The lower boiling
fractions (<65 °C) of the hydrotreated product were not used to measure density and refractive
index since the light compounds in these fractions could not be recovered in the liquid product
after hydrotreatment. The densities and refractive indices of the remaining sub-fractions are listed

in Table 4.7.

Table 4.7 Densities and refractive indices of the distilled sub-fractions at 20 °C

Cracked naphtha Hydrotreated product
Cut number Density Refractive index Density Refractive index

kg/m? nD kg/m? nD
1 5283 -b -0
2 5332 -P -b
3 5512 -P -b
4 656 2 --P -0
5 666.60 1.3776 598 ° =P
6 673.91 1.3845 616® -t
7 688.43 1.3919 643.42 1.3946
8 701.93 1.3978 668.63 1.3977
9 716.21 1.4043 709.69 1.4035
10 733.36 1.4117 721.97 1.4109
11 743.50 1.4170 729.05 1.4159
12 753.88 1.4223 734.81 1.4210
13 765.30 1.4279 744.86 1.4269
14 775.05 1.4324 756.58 1.4317
15 783.97 1.4369 778.94 1.4357
16 794.11 1.4418 786.94 1.4407
17 806.16 1.4474 800.53 1.4453
18 815.98 1.4516 825.73 1.4491
19 845.40 1.4654 832.72 1.4618
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a — Calculated theoretically using equation (2), based on measured mass and volume of sample

b — Reliable data could not be collected due to evaporation of volatile compounds during sample
collection and preservation.

¢ — Density could not be estimated theoretically since the amount of sample obtained in the

respective sub-fractions was less than 1 mL.

4.4 Discussions

4.4.1 Boiling point distribution of cracked naphtha — Comparison of simulated distillation and
atmospheric distillation

Simulated distillation is an analytical technique that works on the principle of gas chromatography
to provide the boiling point distribution of petroleum and heavy oil samples. SimDis analysis uses
a small quantity of the oil sample (~0.10 g) and processes the sample in less than 40 minutes. In
comparison, physical distillation columns are more cumbersome to operate, require larger sample
quantities and take much longer to operate. In this study, the distillation profile of cracked naphtha
was obtained through both these methods, as shown in Figure 4.4. The distillation profiles by both
these methods exhibited similar trends, but the boiling points in SimDis deviated by 30 °C on

average, compared to those obtained by atmospheric distillation.
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Figure 4.4 Atmospheric and Simulated distillation curves of thermally cracked naphtha
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The SimDis analysis was done by following the standard method ASTM D7169-11.* This method
for High Temperature Simulated Distillation allowed for boiling point distribution in the
temperature range of 36 — 720 °C, thus enabling analysis of samples containing Cs-Cizo
compounds. However, the simulated distillation profile may not be representative of the true

boiling points due to the following reasons:

o Co-elution of light compounds: The temperature program for gas chromatographic
separation, described in section 4.2.4, enables elution of the solvent carbon disulfide at -20
°C. If the sample contains light compounds in the C;-Cs range, they co-elute with the
solvent. This adversely impacts accurate retention time calibration for these compounds,
resulting in a significant bias in boiling point measurement below 36 °C.

e Deviating behavior of non-normal paraffins on stationary phase: The retention time
calibration for the SimDis analysis was done using Polywax® 655, which is a blend of
polyethylene oligomers with a carbon number ranging from Cioto Ciio in even-number
increments.> Thus, a boiling point distribution curve is prepared. Figure 4.5 shows the
boiling point distribution based on the calibration standard that was used for the current

analysis.
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Figure 4.5 Boiling point distribution based on number of carbon atoms

When the sample mixture contains aromatic, heteroatomic and non-normal paraffinic
compounds, a significant deviation from the calibration curve is usually observed. The

deviation in the true boiling point is also dependent on the stationary phase of the
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chromatographic column. Figure 4.6 shows the deviation of non-normal paraffins when the

stationary phase is dimethylpolysiloxane, which was the material used for the current

study.
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Figure 4.6 Boiling point deviation of non-normal paraffin compounds in methylpolysiloxane

stationary phase °

The sample of cracked naphtha used in the current study consisted of a significant
proportion of non-paraffins including aromatics, naphthenic, olefinic and sulfur-containing
compounds, which could have led to a positive deviation in the true boiling point

measurements in the SimDis analysis.

Sub-fractionation of the sample mixture by atmospheric distillation was done using a spinning-
band distillation column. The boiling point distribution curve was obtained based on the measured
yields for the stipulated boiling cuts that were programmed for the column operation, as described
in Table 4.6. Details regarding the composition of each sub-fraction is available in Appendix E. It
was observed that each boiling cut had components with normal boiling points that differed widely
from those of the distillation program. For instance, GC-MS analysis of the sub-fraction obtained
for the boiling cut 75 — 85 °C showed the presence of compounds with normal boiling points in

the range of -11°C (isobutane) in the lower end and 110 °C (toluene) in the higher end. This

80



indicated that the separation efficiency of the distillation column was poor. Some factors that
influence separation efficiency of spinning band columns are discussed below:

e Material of spinning band: The spinning band column enhances vapor-liquid contact via
helical rotation. The material of the spinning band influences separation efficiency. It was
found that bands made of Teflon material had a greater efficiency than those made of metal
or metal alloys.” However, Teflon spinning bands cannot be used in columns that operate
at temperatures above 225 °C due to material instability issues. The spinning band used in
the current study was made of monel, a metal alloy, which could have lowered the
separation efficiency.

o Speed of spinning band: The speed at which the spinning band rotates impacts the
efficiency of the distillation operation. The separation efficiency increases on increasing
the band speed, up to a critical speed beyond which it remains constant.® In the current
study, the speed of the band was a factor that could neither be controlled nor monitored. It
is speculated that the spinning speed was not optimized for efficient separation.

o Operating pressure: The separation efficiency of the spinning band column decreases with
decrease in the operating pressure.® However, this factor is relevant only for operation at
near vacuum conditions. Since the current separation was conducted at atmospheric

pressure condition, it is not believed to have affected the efficiency.

In summary, the boiling point distribution curves obtained by both high temperature simulated
distillation and atmospheric distillation do not show the true boiling points, but the similarity in
the trends indicate that these methods can still be used to approximate the boiling nature of the

complex mixture.
4.4.2 Effect of hydrotreatment on boiling point distribution of cracked naphtha

Thermally cracked naphtha is a mixture of numerous hydrocarbons including paraffins, aromatics,
cycloparaftins, olefins and sulfur containing species. In principal, hydrogenation will result in the
saturation of olefins (and saturation of aromatics at severe reaction conditions) as well as
hydrodesulfurization. However, based on the behavior of the sulfided catalyst that was studied in
chapter 3, it is reasonable to expect side reactions such as isomerization of olefins. A comparison
of the properties of cracked naphtha before and after hydrotreatment is discussed below to

understand the changes caused by hydrotreatment.
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Based on the mass balance for hydrotreatment of cracked naphtha (Table 4.4), it was observed that
approximately 19 wt% of the product could not be recovered in the liquid phase. This was because
of migration of components in the product tank into the vapor-phase due to the phase equilibrium
conditions established by high partial pressure of hydrogen gas. Based on VLE data simulation
(Table 4.5), the yield loss mainly corresponded to loss of components from the cracked naphtha in
the boiling range 0 — 120 °C. Consequently, the atmospheric distillation yields for lower boiling

cuts were low, since the components were not retrieved in the liquid-phase from the product tank.

In order to obtain a distillation profile of the product that could be compared with cracked naphtha,
theoretical distillation yields were obtained by considering the mass lost in the vapor-phase for
each sub-fraction of the hydrotreated product. Table 4.8 gives the corrected distillation yields after

accounting for mass loss.

Table 4.8 Theoretical distillation yields of hydrotreated product by accounting for the liquid

yield lost due to migration to vapor-phase

Hydrogenated product
Cut number
Measured Yield (wt %) Theoretical Yield (wt %)
1 0.37 3.54
2 0 0.00
3 0.09 0.63
4 0.19 0.97
5 0.57 2.33
6 0.79 2.57
7 1.22 3.17
8 4.02 6.84
9 8.46 11.03
10 7.58 8.59
11 8.55 8.16
12 10.08 8.30
13 7.74 6.24
14 6.86 5.37
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Hydrogenated product
Cut number

Measured Yield (wt %) Theoretical Yield (wt %)

15 6.37 4.98
16 7.02 5.49
17 5.01 3.92
18 3.94 3.08
19 18.91 14.79

The theoretical yields were used to obtain the boiling point distribution curve for the hydrotreated
product, shown in Figure 4.7, in comparison with the boiling point distribution of cracked naphtha.
By assuming that the separation efficiency of the distillation column was the same for both the

distillation runs, it can be deduced that the boiling points of the components did not change by a

large margin, post hydrotreatment.
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Figure 4.7 Boiling point distribution curves of cracked naphtha and hydrotreated product
4.4.3 Effect of hydrotreatment on density and refractive indices of sub-fractions

The densities and refractive indices of sub-fractions were measured at 20 °C (Refer to Table 4.7).

It must be noted that the actual densities and refractive indices of sub-fractions boiling below 120
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°C (i.e., fractions below cut number 11) were most likely lower than the measured values since the

samples had lost the light components.

The densities and refractive indices of the sub-fractions decreased slightly after hydrotreatment.
Density reduction in bitumen derived materials by thermal and chemical processes is most likely
due to an increase in the H:C ratio and decrease in the nitrogen and sulfur contents.” This was
confirmed by results from elemental analysis of cracked naphtha and the hydrotreated product
(Refer to table 4.1). It can thus be concluded that mild hydrotreatment of cracked naphtha resulted
in an increase in the H:C ratio and reduction of sulfur. Further investigation on the effect of

hydrotreatment on the individual species in cracked naphtha will be reported in the next chapter.

4.5 Conclusions

Cracked naphtha was hydrogenated over NiS/Al>O; catalyst at 280 °C and 1 MPa. Cracked naphtha
and the hydrogenated product were then distilled into 19 sub-fractions in a spinning band
distillation column. The distillation profile of cracked naphtha by atmospheric distillation was
compared with the boiling point distribution curve by SimDis analysis. The boiling distribution
curves, densities and refractive indices of the various sub-fractions were used to evaluate the effect
of hydrotreatment on the properties of cracked naphtha. The conclusions of the study are as

follows:

a) The conditions used for hydrotreatment of cracked naphtha resulted in about 19% mass
loss in the liquid phase due to migration of components into the hydrogen-rich vapor phase.
Based on VLE data, it was deduced that roughly 60 wt% of the components with boiling
points 120 °C or lower migrated into the gas phase.

b) The distillation curves of physical and simulated distillation showed similar trends, but the
latter curve had an average positive deviation of 30 °C. The distillation profile obtained by
both the methods was not reflective of the true boiling points of the compounds in the
mixture but can be used to approximate the boiling nature of the complex mixture.

c) The densities of the sub-fractions (except B.P 185 — 195 °C) decreased after
hydrotreatment, indicating an increase in the H:C ratio and decrease in sulfur content of
the cracked naphtha. The refractive indices of the sub-fractions also decreased after

hydrotreatment.
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CHAPTER 5: CHARACTERIZATION OF CRACKED NAPHTHA TO
IDENTIFY AND MEASURE CONCENTRATION OF OLEFINIC SPECIES

Abstract

Thermal cracking processes result in the formation of olefins. These olefins must be treated to
improve the storage stability of the cracked product and to meet the regulatory specifications for
transportation by pipelines which require the product to contain <l wt% 1-decene equivalent
olefins based on a proton nuclear magnetic resonance ('H NMR) method of analysis.
Determination of the nature and abundance of olefins provides knowledge that is needed to design
reaction pathways and processes for treatment of olefins. Light petroleum product (boiling point
15-240 °C), i.e., cracked naphtha, from a thermal cracking unit (visbreaker) at a bitumen upgrader
facility was characterized to identify and measure olefin concentration. The cracked naphtha was
sub-fractionated into smaller boiling cuts and analyzed using gas chromatography with mass
spectrometer (GC-MS) and flame ionization detector (GC-FID). The compound identification by
GC-MS was verified for selected compounds with representative model compounds and by spiking
sub-fractions. Identification of olefinic species was confirmed by subjecting the cracked naphtha
to mild hydrotreatment and comparison of chromatograms before and after hydrotreatment. This
was necessary because assignment of compound identity based solely on the suggestions of the
Mass Spectral Library was unreliable for distinguishing between olefins and cycloparaffins with
the same molecular formula. Quantification of species was done by evaluating typical FID
response factors for various compound classes. Approximately 74 wt% of the compounds in
cracked naphtha were identified out of which 13 wt% consisted of olefins mainly in the Cs-C;
range. The nature of the olefinic species was also determined — straight chained (~6 wt%),

branched olefins (~4 wt%), cyclic olefins (~3 wt%) and diolefins (~0.2 wt%).
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5.1 Introduction

The Bitumax™ Process for bitumen partial upgrading employs a thermal cracking unit, i.e., a
visbreaker, to aid in the production of a material that meets the viscosity and density specifications
for pipeline transport without resorting to hydroprocessing. However, thermal cracking processes
result in the formation of olefins (refer to table 1.1).! The pipeline specifications also require that
the product must contain < 1 wt% 1-decene equivalent olefins based on a proton nuclear magnetic
resonance ('H NMR) method of analysis.? Thus, the cracked product from the visbreaking unit
must undergo further treatment wherein the olefins in the lower boiling fraction (naphtha) react
with aromatics in the higher boiling fraction (distillate) over an acid catalyst to form alkyl

aromatics via a Friedel Crafts alkylation reaction.

Olefin-aromatic alkylation has been conventionally used in the petrochemical industry for

™ olefin

production of mono-alkyl aromatics.>* However, the process feed for the Bitumax
treatment plant is vastly different from the clean feed that is used for the production of
petrochemical alkyl-aromatics. In the case of the Bitumax™ process, the olefin to aromatic ratio
of the feed is determined by the thermal cracking operation and cannot be independently
controlled. Previous studies have also determined that thermally cracked naphtha sourced from
oilsands bitumen contains potential catalyst poisons and inhibitors such as nitrogen bases and

dienes.>® Additionally, there is a knowledge gap regarding the concentration and structure of

olefinic species present in the cracked product.

The current study aims to investigate the nature and abundance of olefins that are present in
thermally cracked naphtha (boiling point 15 —240 °C), as a first step to improve the olefin-aromatic
alkylation process for bitumen partial upgrading. The characterization studies are conducted using
the sub-fractions of cracked naphtha and hydrotreated cracked naphtha, whose distillation profile,
densities and refractive indices were detailed in the previous chapter. The compounds in the sub-
fractions are separated by high resolution gas chromatography in a capillary column lined with
polydimethylsiloxane as the stationary phase. The compounds were then identified by a mass
spectroscopic detector, followed by verification of selected species using model compounds as
well as hydrotreatment of cracked naphtha. The concentration of the identified species was

determined using a flame ionization detector.
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5.2 Experimental

5.2.1 Materials

The main materials used for this study were thermally cracked naphtha and hydrotreated product
of the same cracked naphtha, whose properties have been listed in Table 4.1. The distilled sub-
fractions of cracked naphtha and hydrotreated product were analyzed using GC-MS and GC-FID
instruments. Helium was used as a carrier gas in the GC columns. Hydrogen and air were used for
the FID detector. Pentane was used as a blank sample between each sample run. Several model

compounds were used for retention time verification in GC-MS and for spiking the sub-fractions

in GC-FID. All the compounds are listed in Table 5.1.

Table 5.1 Materials used for cracked naphtha characterization study

Mass Fraction

Compound Formula  CASRN? Purity” Supplier
Chemicals
Pentane CsHiz 109-66-0 0.99 Fisher Chemical
2-Methyl-2-butene CsHio 513-35-9 0.95 Sigma Aldrich
Cyclopentane CsHio 287-92-3 0.98 Acros Organics
1-Hexene CesH12 592-41-6 >0.99 Sigma
Thiophene C4H4S 110-02-1 0.99 Sigma Aldrich
Cyclohexane CesHi2 110-82-7 >0.99 Sigma Aldrich
1-Heptene C7Hia 592-76-7 0.97 Sigma
Methyl-cyclohexane C7Hus 108-87-2 >0.99 Sigma Aldrich
Tetrahydrothiophene C4HsS 110-01-0 0.99 Sigma Aldrich
Cycloheptane C7Hia 291-64-5 0.99 Acros Organics
1-Octene CsHis 111-66-0 >0.99 Acros Organics
Ethylbenzene CsHio 100-41-4 0.99 Alfa Aesar
m-Xylene CsHio 108-38-3 0.99 Acros Organics
p-Xylene CsHio 106-42-3 >0.99 Sigma
o-Xylene CsHio 95-47-6 >0.99 Sigma Aldrich
| Nonene Analytical

CoHis 124-11-8 standard Sigma Aldrich
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Mass Fraction

Compound Formula  CASRN? Purity” Supplier
Cyclooctane CsHie 292-64-8 >0.99 Alfa Aesar
Propylbenzene CoH12 103-65-1 >.99 Sigma Aldrich
1,2,4-Trimethylbenzene CoH12 95-63-6 0.98 Sigma Aldrich
2-Methyl-

benzothiophene CoHsS 1195-14-8 0.96 Sigma Aldrich
3-Methyl-

benzothiophene CoH3S 1455-18-1 0.96 Sigma Aldrich
Gases

Hydrogen H> 1333-74-0 0.999994 Praxair
Air - 132259-10-0 =€ Praxair
Helium He 132259-10-0 0.99999¢ Praxair

* CASRN = Chemical Abstracts Services Registry Number
® Purity of the material guaranteed by the supplier; material used without further purification
¢ Mass fraction purity not specified

4 Mole fraction purity
5.2.2 Analyses

The gas chromatograph coupled with mass spectrometer (GC-MS) was used to identify the
compounds present in the cracked naphtha sub-fractions. The device used was an Agilent 7820A
gas chromatograph with a 5977E mass selective detector and a HP PONA capillary column with
dimensions of 50 m x 0.2 mm x 0.5pum. The raw data was processed by the Agilent MassHunter
software. Sub-fractions were analyzed without solvent dilution. A blank run using pentane as
solvent was performed in between every fraction, in order to clean the column. The instrument
method conditions were determined based on the recommended ASTM standard test methods —

ASTM D5134-13 and ASTM D6733-01.7® Specific method conditions are detailed as follows:

e For the analysis of sub-fractions of cracked naphtha and hydrotreated product, instrument
conditions were set to automatically inject 0.1 pL of sample through the inlet. The sample
inlet cell was maintained at 250 °C. The split ratio was 1:100. Column carrier gas helium

flowed through the column at 1 mL/min. The oven was kept at 35 °C for 30 min, then 2
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°C/min to 200 °C for 0 min, then 10 °C/min to 300 °C for 7.5 min. The total run time for
each sample was 130 min.

For the blank run using pentane, instrument conditions were set to automatically inject 1
uL of sample through the inlet. The sample inlet cell was maintained at 250 °C. The split
ratio was 1:100. Column carrier gas helium flowed through the column at 1 mL/min. The
oven was kept at 100 °C for 0 min, then 10 °C/min to 300 °C for 0 min. The total run time
for each sample was 20 min.

Some model compounds were analyzed using GC-MS to verify the results of the NIST
mass spectral search program to identify the correct compound. These samples were
prepared by diluting 0.1 mL of model compound in 10 mL of pentane. Instrument
conditions were set to automatically inject 1 pL of sample through the inlet. The sample
inlet cell was maintained at 250 °C. The split ratio was 1:100. Column carrier gas helium
flowed through the column at 1 mL/min. The oven was kept at 35 °C for 30 min, then 2
°C/min to 80 °C for 0 min, then 10 °C/min to 300 °C for 5.5 min. The total run time for
each sample was 80 min. The detector was programmed to turn off between 4.7 to 5
minutes, to avoid solvent saturation. The analysis was done using a temperature program
with a much shorter run time since the main objective was to verify that the suggestions by
the NIST mass spectral search program based on the mass spectrum were reliable and
consistent for compounds belonging to the various compound classes present in cracked
naphtha. Hence, the verification was not based on the retention times but based on the mass

spectra.

Gas chromatography with flame ionization detector (GC-FID) was used to quantify the species

that were identified in the various sub-fractions of cracked naphtha. The device used for analysis

was an Agilent 7890A GC-FID equipped with a HP PONA column (50 m x 0.2 mm x 0.5 pm).

Raw data was processed by the Agilent ChemStation software. Sub-fractions were analyzed

without solvent dilution. A blank run using pentane as solvent was performed in between every

fraction, in order to clean the column. The method conditions for analysis of sub-fractions were

like the corresponding method used for GC-MS analysis. Specific details are mentioned below:

For the analysis of sub-fractions, 0.1 pL of sample was automatically injected through a

split/splitless injector at 250 °C. The split ratio was 1:100. The sample was carried through
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the GC column by helium which flowed at 1 mL/min. The temperature program of the
oven was: 35 °C for 30 min, then 2 °C/min to 200 °C for 0 min, then 10 °C/min to 300 °C
for 7.5 min. The total run time for each sample was 130 min. The FID had hydrogen gas
flowing at 40 mL/min and air flowing at 400 mL/min. Samples of sub-fractions that were
spiked with model compounds were also analyzed using the same method conditions.

e For the blank runs using pentane, 1 puL of sample was automatically injected through a
split/splitless injector at 250 °C. The split ratio was 1:100. The sample was carried through
the GC column by helium which flowed at 0.72 mL/min. The oven temperature was
maintained at 300 °C for 15 min. The total run time for each sample was 15 min. The FID

had hydrogen gas flowing at 40 mL/min and air flowing at 400 mL/min.

Quantification of various compounds present in the samples was done by using response factor of
the specific compound class relative to n-octane (RRF). The determination of GC-FID relative
response factors for various compounds has been explained in Appendix A. Table 5.2 lists the
relative response factors that were used for this study. The formulae used to measure the

concentration of various compounds in cracked naphtha are given below:

Peak area of compound (%) X Conc of octane (wt%) (1)
Area of octane X 100 X RRF

Conc of compound in sub — fraction (Wt%) =

Conc of compound in cracked naphtha (Wt%) = Conc of compound in sub — fraction (wt%) X

Distillation yield of sub — fraction(wt%) (2)

Table 5.2 Average response factors relative to n-octane for GC-FID

Compound class RRF
Paraffins 0.99
Olefins 1.01
Aromatics 1.06
Cycloparaffins 1.01
S-compounds 0.74
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5.3 Results

The results of the characterization study were obtained by analyzing the sub-fractions of cracked
naphtha in GC-MS and GC-FID instruments. This section summarizes the important results of the
analyses. For the purpose of clarity, the salient observations have been illustrated with a segment
of the sub-fraction in the boiling range 85 — 100 °C. The lists of compounds that were identified
and quantified in cracked naphtha are provided in Appendix E and Appendix F.

5.3.1 GC-MS compound identification

The sub-fractions of cracked naphtha were analyzed using GC-MS instrument as explained in
section 5.2.2. The resulting chromatogram of each sub-fraction had several peaks, as illustrated in
figure 5.1a. The mass spectrum for every peak was obtained using the NIST mass spectral search
program for the NIST/EPA/NIH mass spectral library, version 2.0. Table 5.3 lists the MS library
suggestions for the compounds that eluted between 14.2 to 17.2 minutes in the GC column. The
list of all compounds that were assigned to the peaks in each sub-fraction of cracked naphtha is

available in Appendix E.
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Figure 5.1a GC-MS chromatogram of cracked naphtha fraction (B.P 85 — 100 °C) up to 50 mins
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Figure 5.1b A segment of the above-mentioned chromatogram between 14.2 to 17.2 mins
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Table 5.3 Compound suggestions given by the MS Library for peaks in figure 5.1b

Peak  Retention time (mins) Compound suggestion Probability (%)
1 14.267 1-heptene 28.7
2 14.942 3-methyl-3-hexene 27.4
3 15.343 3,3-dimethyl-1,4-pentadiene 17
4 15.59 n-heptane 70.1
5 15.73 2-heptene 35.6
6 15.831 3-heptene 18.8
7 15.951 3-methyl-3-hexene 17.9
8 16.158 3-heptene 20.3
9 16.24 - -
10 16.686 2-methyl-1-hexene 9.55
11 17.174 2-methyl-2-hexene 13.6

a — Unidentified mass spectrum

5.3.2 Compound verification with model compounds

The compound identification based on MS Library suggestions could be inaccurate, especially
since isomers with the same molecular weight have identical mass spectra. 20 model compounds
were chosen to verify the ability of the MS Library software to identify the compound correctly.
In this regard, 1 % v/v solutions of various model compounds in pentane were analyzed in the GC-
MS instrument as described in section 5.2.2. Outcome of the analysis is listed in Table 5.4.

Among the model compounds, 3 of the 5 olefins were correctly identified, while 2-methyl-2-
butene was identified as trans-2-pentene and 1-heptene as 1-2-dimethyl-cyclopentane. Aromatics
were correctly identified except for p-xylene and o-xylene. These results indicated that the
instrument could not effectively differentiate between structural isomers. However, when the
compounds were not identified correctly in the first suggestion, the subsequent suggestions
identified the compound with a lower probability. All cycloparaffins and thiophenes were correctly
identified. Based on these results, it was evident that the structural identity of olefinic isomers

could not be confirmed based solely on the MS Library suggestions.
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Table 5.4 Verification of MS Library suggestions with model compounds

Model Compound MS library suggestion Probability %
H;C~
CHs HC” X" CH, 17.7
CH,
® ®
HZCV\/\CH3 HZCWCH3 23
¢y ¢y 98.8
S S
S S
CH;
HQCV\/\/CHfi :: CH,4 20.9
CH,4 CH,4
@ 72.9
Z > Z > 86.4
S S
O O | =
HzCV\/\/\CH3 H2CV\/\/\CH3 17.6
CH, CH,
62.2
CH, CH,
@\ 38.4
CH, CH,
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Model Compound MS library suggestion Probability %
CH,4
CH,;
37.6
CH, CH,4
CH, CH,
CH, (] 34.7
CH,4
H2CWV\/CH3 HZCW\/\/CHa 25.2
CH,4 CH,4
CH, CH,
CH, CH,
229
CH; CH;
chm HsCm 62.7
S S
CH; CH;
o | o | .
S S

5.3.3 Verification of compounds by hydrotreatment

96

In order to differentiate between olefins, diolefins and cycloparaffins, the cracked naphtha was
subjected to mild hydrotreatment as described in section 4.2.1. The hydrotreated product was
analyzed using GC-MS as described in section 5.2.2. All the compounds that were earlier identified
as olefins, diolefins and cycloparaffins were compared before and after hydrogenation. The
compounds that underwent a change after hydrotreatment exhibited variations in the peak area,
due to change in concentration. The peak area of terminal olefins decreased, the areas of internal

olefins increased due to isomerization of terminal olefins whereas cycloparaffins did not react. The



compounds in Appendix E were updated based on this verification step. More details about the

identification of nature of olefinic species is discussed in section 5.4.1

5.3.4 Verification of compounds by spiking sub-fractions

Sub-fractions were spiked with specific model compounds, as listed in table 5.5, and analyzed
using the GC-FID instrument. The analysis was an additional investigation to verify the peak
identification of the selected compounds. All the spiked samples showed a noticeable increase in
the height and area of the peaks that was assigned to the corresponding model compounds. Figure
5.2 illustrates this by showing a comparison of GC-FID chromatograms for the sub-fraction in the

boiling range 85 — 100 °C that was spiked with 1-heptene.

Table 5.5 Model compounds chosen for spiking sub-fractions of cracked naphtha

frzslgg(-)n temgel:)re;ure temgl(l):leture Model compounds used for spiking
°C °C
2 15 25 cyclopentane
3 25 35 1-hexene, cyclohexane
4 35 45 methyl-cyclohexane
5 45 55 thiophene
9 85 100 1-heptene
10 100 110 m-xylene, o-xylene, ethyl-benzene
13 130 140 I-nonene
14 140 150 propyl-benzene, 1,2,4-trimethylbenzene
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Figure 5.2 GC-FID chromatograms of a sub-fraction showing increase in the peak area after
spiking with 1-heptene
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5.3.5 Concentration of various compound classes in cracked naphtha

All the compounds that were identified in the sub-fractions were quantified by GC-FID, based on

the areas of the peaks and the relative response factors for the respective compound classes shown

in Table 5.2. The concentration of each compound was calculated as a fraction in cracked naphtha

(Wt%), using equations 1 and 2. The complete list of compounds and their concentrations is

available in Appendix F. Table 5.6 lists all the olefins that were present in cracked naphtha, with

their concentrations expressed as a weight fraction of the total cracked naphtha sample.

Table 5.6 Concentration of olefinic compounds in cracked naphtha

(:t‘gl:;)sn Compound wt% Compound wt%

4 2-butene 0.36 2-methyl-1-propene 0.16

2-pentene 0.99 I-methylidene-cyclobutane 0.46

5 3-methyl-1-butene 0.09 cyclopentene 0.13
2-methyl-1-butene 0.37

1-hexene 0.68 2-methyl-1-pentene 0.30

3-hexene 0.27 2-methyl-2-pentene 0.70

6 2-hexene 0.76 3-methyl-2-pentene 0.52

4-methyl-1-pentene 0.25 3-methyl-cyclopentene 0.72

3-methyl-1-pentene 0.11 ethylidene-cyclobutane 0.11
4-methyl-2-pentene 0.07

1-heptene 0.58 4-methyl-2-hexene 0.21

3-heptene 0.58 3-methyl-3-hexene 0.23

2-heptene 0.40 2-methyl-2-hexene 0.22

7 2,3-dimethyl-2-pentene 0.03 3-methyl-2-hexene 0.37

3-ethyl-2-pentene 0.07 3-ethyl-cyclopentene 0.04

5-methyl-1-hexene 0.06 ethylidene-cyclopentene 0.20

2-methyl-3-hexene 0.06 ethyl-methyl-cyclopentene 0.18

4-methyl-1-hexene 0.18 ethylidene-cyclopentane 0.11

1-octene 0.22 1-ethyl-5-methyl-cyclopentene  0.24

g 3-octene 0.15 1,3-dimethyl-cyclohexene 0.40

4-methyl-2-heptene 0.04  3-(1-methylethyl)-cyclohexene  0.07
6-methyl-2-heptene 0.11

1-nonene 0.34 2,6-dimethyl-1-heptene 0.17

9 4-nonene 0.14 2,6-dimethyl-3-heptene 0.14
2-nonene 0.15
11 I-undecene 0.09
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Table 5.7 summarizes the concentration of all the compound classes that were identified in cracked
naphtha. Of the 74 wt% of species that were identified, 13 wt% of cracked naphtha was found to
be made up of olefinic species that require to be treated further in order to meet the pipeline
specifications, listed in table 1.1. A significant proportion (~10 wt%) of the compounds that could

not be identified were in the sub-fractions with boiling points above 160 °C.

Table 5.7 Summary of various compound classes identified in cracked naphtha

Compound class wt%
Paraffins 40
Olefins 13
Cycloparaffins 12
Aromatics 4
S compounds 5
Not identified 26

5.4 Discussion
5.4.1 Verification of nature of identified olefins

The identification of compounds using GC-MS is done by generation of an electron impact mass
spectrum by the mass spectroscopic detector, followed by assignment of a molecular formula by
comparing the mass spectrum to those available in the MS Library software. This method is not
highly reliable, mainly due to the identical nature of mass spectra of isomeric compounds. GC-MS
analysis of model compounds showed that the MS Library suggestions were particularly unreliable
for the identification of olefinic isomers (refer to table 5.2). For the current study, two additional
techniques were used to confirm the position and geometry of the double bonds in compounds that

were identified as olefins by the GC-MS library in the first pass.

Firstly, the cracked naphtha underwent mild hydrotreatment. The hydrogenation study using model
compounds discussed in chapter 3 found that hydrotreatment of terminal olefins over NiS/Al20O;
resulted in conversion of terminal olefins to form internal olefins and the corresponding saturated
alkane. The comparison of GC chromatograms before and after hydrotreatment of cracked naphtha
showed that the GC chromatogram peaks of terminal olefins had diminished. However, the same

could not be said with certainty about the other olefinic species.
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The internal and branched olefins exhibited little to no change after hydrotreatment, possibly due
to the low activity of the sulfided catalyst. The identity of branched olefins was thus assigned by
calculating a parameter known as Kovats retention index. The retention index converts the
retention times of the eluted peaks into system independent constants, by normalizing the retention
time to that of adjacently eluting n-alkanes. The isothermal retention index of any organic
compound can be measured based on its solubility in the stationary phase and the pure liquid vapor
pressure at the given temperature. When the GC is operated with a linear temperature program, the
non-isothermal retention index is measured by a formula defined by Van Den Dool and Kratz’:

tx-tn
Ix=100><<n+ ( )>

3)

where, Ix — Non-isothermal retention index of compound x
tx — Retention time of compound x
t» — Retention time of reference n-alkane eluting immediately before x

tar1 — Retention time of reference n-alkane eluting immediately after x

The database of non-isothermal retention indices for numerous organic compounds eluting in
polydimethylsiloxane capillary column (the stationary phase of the current study) have been
reported in literature.'®!! It must be noted that for a given stationary phase, the absolute values of
retention indices reported in literature show slight deviations due to variations in the temperature
program used for GC analyses. Yet, the retention indices provide a fair idea about the order of

elution of individual compounds in complex organic mixtures.

Figure 5.3 illustrates a section of the GC chromatogram (between 14.2 to 17.2 minutes) of cracked
naphtha before and after hydrotreatment. Table 5.8 summarizes the details of each peak including
the MS library suggestions and assigned identity. The non-isothermal retention indices were
calculated using equation (3) and compared with the values reported in literature. The GC
temperature program of the study cited was 30 to 200 °C at 1 °C/min leading to slight deviations

in the absolute values of the retention indices obtained in the current study.
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Figure 5.3 GC-MS chromatograms of cracked naphtha before and after hydrotreatment —

segments with retention time 14.2 to 17.2 minutes

Table 5.8 Assignment of compounds based on effect of hydrotreatment and retention indices

Non — isothermal retention

Peak  MS Library suggestion Assigned identity index
Measured Literature'”

1 1-heptene 1-heptene 683.2 689.3
2 3-methyl-3-hexene 3-methyl-3-hexene 692.0 695.1
3 3,3-dimethyl-1,4-pentadiene frans-3-heptene 697.0 697.9
4 n-heptane n-heptane 700.0 700.0
5 2-heptene cis-3-heptene 700.8 701.6
6 3-heptene trans-2-heptene 701.3 705.0
7 3-methyl-3-hexene 2,3-dimethyl-2-pentene 701.9 707.6
8 3-heptene 3-ethyl-2-pentene 702.9 709.2
9 2-methyl-2-hexene 3-methyl-2-hexene 705.6 710.9
10 2-methyl-1-hexene cis-2-heptene 708.3 714.4

The area of the peak 1, initially identified as 1-heptene, diminished after hydrotreatment due to

conversion into internal isomers of heptane and n-heptane. Thus, the structural identity of peak 1

was assigned as 1-heptene.
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There was an apparent increase in the areas of peaks 3,5,6,8 and 10 after hydrotreatment. 4 of these
peaks are potential internal isomers of heptene. The structural identity of these peaks was assigned
by comparison of measured non-isothermal retention indices with those of various C7 olefins

reported in literature.

Peaks 2,7 and 9 did not change after hydrotreatment. Based on the electron impact mass spectrum
of these peaks, all the compounds had molecular formula C7H14. The structural identity of these
peaks was assigned by comparison of measured retention indices with those of olefins and

cycloparaffins having this molecular formula reported in literature.

5.4.2 Implications for Bitumax™ partial upgrading process

The current study estimated that about 13 wt% of cracked naphtha was made up of olefinic
compounds. Table 5.9 gives a breakdown of the nature and abundance of the olefinic species. It
was seen that most of the olefins were in the Cs-C; range. With regards to the structure, the

distribution was straight-chained olefins > branched olefins > cyclic olefins.

Table 5.9 Nature and concentration of olefinic species identified in cracked naphtha

Type of olefin (Wt%)
Straight Branched Cyclic Total

Carbon atoms

Cs 0.36 0.16 - 0.51
Cs 0.99 0.46 0.59 2.05
Ce 1.71 1.95 0.83 4.48
Cy 1.56 1.40 0.53 3.50
Cs 0.37 0.16 0.72 1.24
Co 0.63 0.31 - 0.94
Cn 0.09 - - 0.09
Total (wt%) 5.71 4.43 2.67 12.82

The olefin treatment unit aims to employ Friedel-Crafts olefin aromatic alkylation to convert the
olefins in cracked naphtha into alkyl aromatic species. This reaction, catalyzed by an acid catalyst,
occurs via formation of a carbonium ion intermediate by the protonation of the olefinic double

bond.!? The reactive intermediate then interacts with the aromatic species in the distillate fraction
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from the thermal cracker. Apart from the mole ratios of the reacting species, the overall
conversions and product distribution of the alkylation reaction are influenced by the reactivity of

the alkylating species and the nature of substituents on the aromatic compounds.

Terminal olefins in the cracked naphtha are expected to undergo a hydride shift to form secondary
arylalkanes, like alkylation products of internal n-olefins. Branched olefins are more reactive than
straight chained olefins since they can form more stable tertiary carbonium ion intermediates,
leading to addition of z-alkyl substituents to the aromatic rings. However, unlike the case of
alkylation with short chained n-olefins, steric considerations play a huge role in determining the
alkylation ability of branched olefins.!? If the aromatic compounds in the cracked feedstock are
heavily substituted prior to alkylation, the resulting steric hindrances would adversely affect the
alkylation of branched olefins and cyclic olefins. It is thus important to investigate the nature and
concentration of aromatic species in the distillation fraction in order to decide the severity of
reaction conditions needed to achieve conversion of olefins to meet the pipeline specifications

(refer to table 1.1).

5.5 Conclusions

The current study aimed to characterize the nature and concentration of olefins in thermally
cracked naphtha sourced from a bitumen upgrader facility in Alberta, Canada. Sub-fractions of the
cracked naphtha sample as well as hydrotreated product of the same cracked naphtha were used

for the analyses using GC-MS and GC-FID. The conclusions of the study are as follows:

a) Identification of species in cracked naphtha was done using GC-MS analyses. The
nature of the identified olefinic species was determined by comparison of
chromatograms before and after mild hydrotreatment coupled with comparison of non-
isothermal retention indices with the values reported in literature, when such data was

available.

b) The concentration of the species was calculated by evaluating average FID response
factors for various compound classes identified in the cracked naphtha sample.
Approximately 74 wt% of compounds in cracked naphtha were identified. The

concentration of various compound classes was estimated — 40 wt% paraffins, 13 wt%
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olefins, 12 wt% cycloparaffins, 4 wt% aromatic compounds and 5 wt% sulfur

compounds.

c) Most of the identified olefins were in the Cs-C; range. The nature of the identified
olefins was: straight chained (~6 wt%), branched olefins (~4 wt%), cyclic olefins (~3
wt%) and diolefins (~0.2 wt%).
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CHAPTER 6 — CONCLUSIONS
6.1 Conclusions

The first goal of this thesis project was to determine the nature of the olefins (such as number of
carbon-atoms, position of the double-bonds and skeletal structure i.e., linear, branched or cyclic)
and the concentration of olefins (in wt%) in thermally cracked naphtha, in order to better
understand the feed of the olefin treatment unit for bitumen partial upgrading. Characterization
studies were done using gas chromatographic analyses, aided by sub-fractionation and

hydrotreatment of the cracked naphtha.

The second objective was to gain a better understanding of the effect of reaction temperature and
catalyst sulfiding on olefin conversions and reaction selectivity in a Ni/Al>Oj3 catalytic system. The
results from the lab-scale catalytic study complemented the characterization of olefins in cracked

naphtha by helping to establish the reaction conditions for hydrotreatment of cracked naphtha.
The main conclusions drawn from the current research are listed below:

a) Reduced Ni/Al>O3 catalyst was very active for hydrogenation of olefins and aromatic
compounds in the absence of sulfur compounds in the feed. Near complete conversions
were seen for 1-hexene to n-hexane at 80 °C and for toluene to methylcyclohexane at 160
°C.

b) Reaction studies over sulfided Ni/Al2Os3 revealed that to achieve better than 20%
conversion of 1-hexene to n-hexane required temperatures above 200 °C, indicating that
the hydrogenation activity of the sulfided catalyst was decreased after sulfidation. The
reaction products at lower temperatures predominantly consisted of internal isomers of 1-
hexene and less than 15% of n-hexane. Selectivity towards formation of #n-hexane increased
with increasing the reaction temperature, with the onset of skeletal isomerization of 1-
hexene detected at temperatures above 240 °C. Hydrogenation of toluene was not detected
even at 280 °C.

c) Identification of species in cracked naphtha was done via GC-MS analyses. The
identification of olefinic species was checked by comparison of chromatograms before and
after mild hydrotreatment coupled with comparison of non-isothermal retention indices

with the values reported in literature, when such data was available. The concentration of
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the species was calculated by evaluating average FID response factors for various
compound classes identified in the cracked naphtha sample. Approximately 74 wt% of
compounds in cracked naphtha were identified. The concentration of various compound
classes was estimated — 40 wt% paraffins, 13 wt% olefins, 12 wt% cycloparaffins, 4 wt%
aromatic compounds and 5 wt% sulfur compounds.

d) Most of the identified olefins were in the Cs-C7 range. The nature of the identified olefins
was: straight chained (~6 wt%), branched olefins (~4 wt%), cyclic olefins (~3 wt%) and
diolefins (~0.2 wt%). Process conditions and catalysts for olefin treatment at bitumen
partial upgrading technologies (such as BituMax™ olefin-aromatic alkylation process)
should be selected enable conversion of these olefins to meet the olefin pipeline
specifications.

e) The current study estimated the nature and abundance of olefins in the naphtha fraction
(Boiling Point 15 °C — 240 °C) of thermally cracked material that was obtained from
bitumen. About 26 wt% of compounds in the cracked mixture could not be identified due

to analytical limitations.
6.2 Future work

It would be of use to conduct a similar characterization study to estimate the nature and
abundance of aromatic species in the higher boiling distillate fraction (Boiling Point 180 °C —
350 °C). Establishing the nature of olefinic and aromatic species in the complex feed mixture
would help conduct reaction and catalyst deactivation studies using model compounds. Such
studies will help develop a provide a better fundamental understanding of the olefin-aromatic
alkylation over amorphous silica-alumina that have specific application and value in the olefins

treating unit of the BituMax™ process.
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APPENDIX A: Determination of Average Response Factors for Compound Classes

The average response factors (relative to n-octane) for FID detector was calculated based on the
ASTM D4626-95 — Standard Practice for Calculation of Gas Chromatographic Response Factors.
Relative response factors (RRF) were obtained for paraffins, olefins, aromatics, cylcloparaffins
and thiophenes through the following procedure.

Standard solutions were prepared with known quantities of 5 compounds each dissolved in a
parrafinic solvent (n-heptane or n-pentane). The compounds were chosen such that each standard
solution contained one compound representing each compound class whose response factor was

to be determined. The compounds that were used to prepare the standards are listed in Table A.1.

Table A.1 Compounds used for preparation of standard solutions

Mass fraction

Standard 1 Supplier
purity *
Compound 1 n-pentane 1 Fisher
Compound 2 1-octene 0.98 Sigma Aldrich
Compound 3 Cyclopentane 1 Sigma Aldrich
Compound 4 Benzene 0.99 Alfa Aesar
Compound 5 n-octane 0.98 Sigma Aldrich
Solvent n-heptane 0.999 Fisher
Mass fraction
Standard 2 Supplier
purity *
Compound 1 n-hexane 0.99 Acros Organics
Compound 2 2-methyl-2-butene 0.95 Sigma Aldrich
Compound 3 Cyclohexane 0.999 Sigma Aldrich
Compound 4 Ethylbenzene 0.99 Sigma Aldrich
Compound 5 n-octane 0.98 Sigma Aldrich
Solvent n-heptane 0.999 Fisher
Mass fraction
Standard 3 Supplier
purity ?

Compound 1 n-heptane 0.999 Fisher
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Compound 2 1-hexene 0.975 Sigma
Compound 3 Methylcyclohexane 0.995 Sigma Aldrich
Compound 4 m-xylene 0.99 Sigma Aldrich
Compound 5 n-octane 0.98 Sigma Aldrich
Solvent n-pentane 1 Fisher
Standard 4 Mass fraction Supplier
purity *
Compound 1 n-nonane 0.99 Acros Organics
Compound 2 1-heptene 0.97 Sigma
Compound 3 Cycloheptane 0.99 Acros Organics
Compound 4 Propylbenzene 0.98 Aldrich
Compound 5 n-octane 0.98 Sigma Aldrich
Solvent n-heptane 0.999 Fisher
Standard 5 Mass fraction Supplier
purity *
Compound 1 n-decane 0.99 Sigma Aldrich
Compound 2 I-nonene 1 Sigma Aldrich
Compound 3 Cyclooctane 0.99 Alfa Aesar
Compound 4  1,2,4-trimethylbenzene 0.98 Aldrich
Compound 5 n-octane 0.98 Sigma Aldrich
Solvent n-heptane 0.999 Fisher
Standard 6 Mass fraction Supplier
purity ?
Compound 1 Thiophene 0.99 Sigma
Compound 2 I-decene 0.94 Aldrich
Compound 3  3-methylbenzothiophene 0.96 Sigma Aldrich
Compound 4 Mesitylene 0.98 Sigma Aldrich
Compound 5 n-octane 0.98 Sigma Aldrich
Solvent n-heptane 0.999 Fisher

115

a — Purity of the material guaranteed by supplier and was not further purified.



Each of the standard solutions were injected into the GC-FID instrument in triplicates. 0.1 uL of
each sample was automatically injected and entered the column with a split ratio of 1:100. The
oven was set at 35 °C for 30 min, then 2 °C/min to 160 °C for 0 min, then 10 °C/min to 300 °C for

0.5 min. The FID detector had hydrogen gas flowing at 40 mL/min and air flowing at 400 mL/min.

Agilent ChemStation software was used to obtain the area under the curve for each component and

used to calculate response factor (RF) according to the formula:

1 . wt% of compound in sample

(1)

Response Factor (RF)  Area of compound in chromatogram

The response factors were then converted to relative response factors (RRF) with respect to n-

octane. Table A.2 shows the RRF of all the compound classes.

RF of compound

Relative Response Factor (RRF) = (2)

RF of octane

Table A.2 Average relative response factors of various compound classes for FID

Compound wt%  Area RF RRF
Pentane 144 48.63 33.7708  0.98
Hexane 1.53 53.85 35.1961 1.02
Heptane 1.63 55.04 33.7669  0.98
Octane 1.52  52.525 34.5559 1.00
Nonane 146 49.18 33.6849 0.97
Decane 1.62 5587 34.4877 1.00

Average RRF paraffins 0.99
2-Methyl-2-butene 1.41  52.55 37.2695 1.08
Hexene 1.53 5534 36.1699 1.05
Heptene 1.37 46.66 34.0584  0.99

Octene 1.61 54.15 33.6335 0.97

Nonene .52 50.15 32.9934 0.95

Decene 1.51 5197 344172 1.00
Average RRF olefins 1.01

Benzene 142 52.06 36.6620 1.06
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m-Xylene
Ethylbenzene
1,2,4-Trimethylbenzene
Mesitylene
Propylbenzene
Average RRF aromatics
Cyclohexane
Cycloheptane
Methylcyclohexane
Cyclooctane
Average RRF cycloparaffins
Thiophene
3-Methylbenzothiophene
Average RRF S-compounds

1.73
1.36
1.75
1.45
1.68

3.2
1.44
1.36
1.6

1.4
1.62

117

59.94
56.49
61.53
51.63
61.11

110.38
51.82
49.66
51.75

32.62
45.37

34.6474
41.5368
35.1600
35.6069
36.3750

34.4938
35.9861
36.5147
32.3438

23.3000
28.0062

1.00
1.20
1.02
1.03
1.05
1.06
1.00
1.04
1.06
0.94
1.01
0.67
0.81
0.74



APPENDIX B: Quantification of hydrogenation reaction products using GC-FID

The components of model feed and hydrogenation products were analyzed using GC-FID as
explained in Section 3.2.7. The area of the curve for each compound and the respective response
factor were used to calculate the weight percentage of the compound in the sample according to
the formula:

Area of compound X wt% of internal std
wt% of compound =

(D)

Area of internal std X RRF of compound or compound class

Response factors for each compound were calculated relative to the internal standard
(cyclohexane). RRF values from Appendix A were used as follows:

) RRF of compound or class relative to octane
RRF relative to cyclohexane = - (2)
RRF of cyclohexane relative to octane

Table B.1 Average response factors relative to cyclohexane for GC-FID

Compound/Compound class RRF

n-hexane 1.02
I-hexene 1.05
Cyclohexane 1.00
Paraffins 0.99
Olefins 1.01
Aromatics 1.06
Naphthenes 1.01
S-compounds 0.74

The samples used for GC-FID analysis were diluted 5 times with solvent (n-octane). The quantity
of a given compound calculated from equation (1) was multiplied with the dilution factor to obtain

the amount of the compound in the product.

wt% in reaction product = wt% of compound in FID sample X Dilution factor (3)
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The original reaction products did not contain the internal standard, cyclohexane. Since a known
amount of cyclohexane was added, it was subtracted to obtain a normalized weight percentage of
each compound in the reaction product.

N lized wt% wt% of compound in product {from equation (3)}
ormalized wt% =

x1 4
100 — wt% of cyclohexane 00 (1)

The bulk of the GC-FID samples consisted of n-octane. This component was quantified as follows:

wt% of octane = 100 — z wt% of reaction products

Table B.2 Quantification of reaction products of hydrogenation over sulfided catalyst at 200 °C.

Ret time Compound Area  Area ratio RRF Normalized wt %
8.09 1-hexene 16.63 0.05 1.05 0.30
8.61 Hexane 17.16 0.06 1.02 0.32
8.83 3-hexene 203.96 0.67 1.01 3.88
12.37 Cyclohexane  303.07 1.00 1 0.00
24.96 Toluene 266.10 0.88 1.06 4.83
44.30 2-hexanethiol 12.31 0.04 0.74 0.32

Octane 90.34
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APPENDIX C: Model mass balance calculations for hydrogenation reactions

The catalytic hydrogenation reactor was operated in continuous mode. The mass balance of inlet
and outlet streams was evaluated for the reactions at all reaction temperatures, in order to ascertain
that the pilot plant was operating efficiently. For this purpose, the flow rates of liquid and gas
streams were recorded for a period of 1 hour. The following section shows the mass balance

calculations for hydrogenation of model feed over sulfided catalyst at 200 °C.

The overall mass balance equation is given by:

Mass of inlet streams (liquid + gas) = Mass of outlet streams (liquid + gas) (1)

i.  Mass of inlet liquid stream:
The feed was pumped into the reactor by a HPLC pump at a predefined flowrate.
Flowrate of liquid feed = 0.4 mL/min

Feed density = 0.7076 g/mL

Mass of liquid feed = Flowrate (mL/min) X Density(g/ml) X Time(min) (2)
= 0.4(mL/min) X 0.7076(g/ml) x 60(min)

Mass of liquid feed =16.98 g

ii.  Mass of inlet gas stream:
Hydrogen gas was introduced into a reactor at a controlled rate by a mass flow controller. A

constant volumetric flowrate was maintained for the reaction.

Flowrate of gas feed = 400 mL/min

Feed density = 89x107°g/mL

Mass of gas feed = Flowrate (m_L) X Densit (i) X Time(min) 3
g min Y ml

= 400(mL/min) X 8.9 x 10~3(g/ml) x 60(min)
Mass of gas feed =2.16¢g

ili.  Mass of outlet liquid stream:
The liquid phase products of the reaction were collected in a product tank. The product was
collected after 60 minutes and the weight was measured with a weighing balance.
Mass of liquid product collected in 60 min = 14.73 g

iv.  Mass of outlet gas stream:
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The volume of gas exiting the reactor was measured precisely by a drum flowmeter. A sample
of the gas was collected in a gas bag and its composition was analyzed using a Gas-GC as
explained in Section 3.2.7. The results of the analysis was used to estimate the mass of the gas

as shown below:

Table C.1 Composition of outlet gas stream for sulfided hydrogenation at 200 °C

Compound M.W mol%
Methane 16 0.06
n-hexane 86 0.31

Argon 40 0.08
Nitrogen 14 0.83
Hydrogen 2 98.33
Hydrogen sulfide 34 0.04
1-hexene 84 0.35

Molecular weight X mol%
Average molecular weight of gas = Lcompounds ( 50 9 0) 4)

= 3.24 g/mol
Volume of gas measured at outlet = 24.63 x 1073 m3

Assuming that the gas mixture is an ideal gas,
P (L) xv(m)
_J_
R (molK) X T(K)

_ 101.3 x 103 x 24.63 x 1073
B 8.314 x 293

Moles of gas = n =

= 1.02 mol

Mass of gas product = n X Average molecular weight

=1.02 (mol)x3.24( ):3.32g (5)

9
mol
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Table C.2 Summary of mass balance for sulfided hydrogenation at 200 °C

Mass of liquid feed 1698 g
Mass of gas feed 2.16 g
Total feed 19.14 ¢

Mass of liquid product 14.73 g
Mass of gas product 332¢g
Total product 18.05¢

Mass recovery 94.29%
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APPENDIX D: Supplementary information for identification of unknown peaks

Chapter 3

Retention time: 29.25 mins

Unknown; InLib=-1589

1001 L
50-

17] 28

55
g 32 ag 41

i 2‘7 53 67

G|"I|""|""|""|""|""|""|
10 20 30 40 50 60 70 80

(Text File) Scan 4364 (29.248 min): Model feed_unsulfided. D\data.ms

Name: Scan 4364 (29.248 min): Model feed_unsulfided.D\data.ms
MW: N/A ID#: 47815 DB: Text File
Comment: Model feed_unsulfided
10 largest peaks:
18999| 28405| 17383| 55226| 32214| 41200] 29184| 39178 67132| 27120]
12 m/z Values and Intensities:
16 86| 17383| 18999| 27120 28405| 29184| 32214] 39178| 41200] 53 98]
55226| 67 132]
Synonyms:
No SyNonyms.
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Retention time: 31.35 mins

Unknown; InLib=-371

1004 s
41 55 97
g 28
39 =
50
32
| 53 69 112
14 83
2 IO
G I"'I"'I""I""I""I"|"I""|I'"'I""I""I""I
10 3o 40 50 70 80 100 110 120

(Text File) Scan 4679 (31.353 min): Product1_200C.Didata.ms
Name: Scan 4679 (31.353 min): Product1_200C D\data. ms
MW N/A ID#: 47865 DB: Text File
Comment. Producti_200C
10 largest peaks:

18999 55923| 97917 41907| 28703| 39616 32387| 27377| 42374 17297
28 m/z Values and Intensities:

14155 16218 17297 18999 27377| 28703 29156| 32387 39616| 40 99|

41907 | 42374| 43167| 51116| 53259| 55923| 56280| 57 80| 65 83| 67213)

68121 69260 70242 79 73| 83155| 97917 98 72| 112227
Synonyms:

no synonyms.
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Retention time: 74.51 mins

Unknown; InLib=-1176&

100{ '8

73

50 -

341
41

145 o

0 QLI WL LU LN WL LA (L B WL (LR LI LRI LI SULELEL I NI SR IR |

2|'D 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
(Text File) Scan 11138 (74.513 min): Product1_200C D\data.ms

Name: Scan 11138 (74.513 min): Product1_200C.Ddata.ms
MW N/A ID#: 47888 DB: Text File
Comment: Product1_200C

10 largest peaks:
18999| 73754| 28489| 341360 17327| 41301| 325237| 16230| 32228| 145202|

10 m/z Values and Intensities:
16230| 17327| 18993| 28489| 32228 41301| 73754| 145202| 325237 341360]

Synonyms:
no Synonyms.

The liquid-phase product of hydrogenation over sulfided Ni/Al,O3 catalyst at 280 °C was spiked
with 0.1 mL of cyclohexane and 0.2 mL of methylcyclohexane. The GC-FID analysis of this
sample was done using the same method conditions and temperature program as described in
section 3.2.7. The resulting chromatogram shown below, indicates separate peaks for
methylcyclohexane and cyclohexane respectively. Thus, it can be confirmed that these products

were not present in the reaction product.
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Print of window 208: Current Chromatogrami(s)

Agilent

Current Chromatogrami(s)

FID1 A, Front Signal (SHRUTHNMSHRUTHI 2020-01-17 14-44-2NPROD_Z80_SPIKED.D)
NPD2 B, Back Sgnal (SHRUTHRSHRUTHI 2020-0-17 14-44-27PROD_280 SPIKED D)

Methylcyclopentane Cyclohexane

Reaction products

12.081

i B 10 11

12

miirj

TA90 17182020 2:35:41 PH 3YSTEM
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APPENDIX E: List of compounds identified in cracked naphtha

Cold trap
Retention
time (mins) Name Probability Frequency
3.509 isobutane 55.6 4
3.649 2-butene 47.1 1
3.709 butane 79.6 3
3.783 2-butene 53.2 2
3.896 2-butene 40.3 1
4.224 3-methyl-1-butene 40.0 1
4.458 2-methyl-butane 84.0 3
4.738 ethanethiol 50.0 3
4.865 pentane 84.4 4
4.992 2-pentene 20.9 2
5.253 3-methyl-1-butene 21.8 1
6.436 cyclopentane 32.0 2
6.609 2-methyl-pentane 42.1 2
7.859 n-hexane 58.8 3
9.249 methyl-cyclopentane 35.1 2
Naphtha Cut1 15-25°C
Retention
time (mins) Name Probability Frequency
3.509 isobutane 76.0 4
3.642 2-methyl-1-propene 31.2 1
3.716 butane 81.3 3
3.783 2-butene 24.2 2
3.896 2-butene (cis-butene) 22.4 1
4.224 2-methyl-1-butene 18.8 2
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Naphtha_Cut 1_15 - 25 °C

Retention
time (mins) Name Probability Frequency

4.458 2-methyl-butane 85.5 3
4.665 ethyl-cyclopropane 20.2 2
4.738 ethanethiol 93.0 4
4.772 2-methyl-1-butene 20.1 2
4.859 pentane 81.4 4
4.985 trans-2-pentene 21.2 3
5.246 trans-2-pentene 19.1 1
5.62 2,2-dimethyl-butane 45.4 4
5.901 2-propanethiol 91.4 4
6.095 cyclopentene 37.8 3
6.182 4-methyl-1-pentene 56.5 3
6.235 3-methyl-1-pentene 20.6 1
6.429 cyclopentane 50.9 2
6.476 2,3-dimethyl-butane 83.5 4
6.549 4-methyl-2-pentene 20.6 3
6.623 2-methyl-pentane 41.5 2
7.124 3-methyl-pentane 48.1 3
7.318 2-methyl-1-pentene 36.5 3
7.351 1-hexene 30.0 2
7.665 propyl mercaptan 91.1 4
7.845 n-hexane 86.5 3
7.939 3-hexene 19.5 3
8.066 2-hexene 19.3 2
8.3 3-methyl-cyclopentene 27.0 1
8.34 3-methyl-2-pentene 22.7 4
8.534 3-hexene 18.3 2
9.242 methyl-cyclopentane 69.5 3
10.71 3-methyl-cyclopentene 18.2 1



Naphtha_Cut 1_15 - 25 °C

Retention
time (mins) Name Probability Frequency
10.75 benzene 75.2 4
11.04 Thiophene 84.1 4
11.45 Cyclohexane 53.5 4
12.11 2-methyl-2-hexene 27.2 2
12.24 2-methyl-hexane 49.5 3
12.36 2,3-dimethyl-pentane 37.1 4
13.01 3-methyl-hexane 39.0 3
13.59 1,3-dimethyl-cyclopentane 31.6 3
15.6 heptane 59.6 3
17.94 methyl-cyclohexane 42.4 4
23.5 toluene 64.5 4
Naphtha_Cut 2_25-35°C
Retention
time (mins) Name Probability Frequency
3.509 isobutane 76.5 4
3.642 2-methyl-1-propene 34.0 1
3.709 butane 82.1 3
3.776 2-butene 49.1 4
3.896 2-butene 40.0 2
4.224 3-methyl-1-butene 45.5 2
4.451 2-methyl-butane 82.6 3
4.732 ethanethiol 89.1 4
4.852 pentane 84.8 4
4.979 2-pentene 18.3 2
5.139 2-pentene 18.0 3
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Naphtha_Cut 2_25 - 35 °C

Retention
time (mins) Name Probability Frequency
5.239 1,2-dimethyl-cyclopropane 22.9 2
5.894 2-propanethiol 75.5 4
6.081 cyclopentene 29.0 3
6.168 4-methyl-1-pentene 49.8 3
6.222 3-methyl-1-pentene 17.0 1
6.415 cyclopentane 29.6 2
6.469 2,3-dimethyl-butane 60.4 4
6.529 4-methyl-2-pentene 18.9 2
6.596 2-methyl-pentane 51.6 2
7.117 3-methyl-pentane 51.8 3
7.304 2-methyl-1-pentene 29.2 3
7.338 1-hexene 20.2 2
7.645 propyl mercaptan 69.9 4
7.832 n-hexane 85.5 3
7.919 3-hexene 17.7 2
8.046 3-hexene 24.1 3
8.326 3-methyl-2-pentene 23.1 4
8.848 3-methyl-2-pentene 18.5 4
9.222 methyl-cyclopentane 71.5 3
10.74 benzene 64.4 4
11.03 thiophene 30.6 3
11.43 cyclohexane 54.6 4
23.43 toluene 33.1 4
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Naphtha_Cut 3_35 - 45 °C

Retention
time (mins) Name Probability Frequency

3.509 isobutane 80.4 4
3.642 2-methyl-1-propene 324 1
3.709 butane 85.7 3
3.783 2-butene 23.6 2
3.896 2-butene 254 4
4.224 3-methyl-1-butene 18.6 1
4.451 2-methyl-butane 85.2 3
4.732 ethanethiol 88.0 4
4.772 2-methyl-1-butene 22.0 2
4.852 pentane 87.2 4
4.992 2-pentene 224 4
5.139 2-pentene 22.0 1
5.246 1,2-dimethyl-cyclopropane 18.3 2

5.62 2,2-dimethyl-butane 36.2 4
5.901 2-propanethiol 89.6 4
6.095 cyclopentene 37.7 4
6.182 4-methyl-1-pentene 56.7 3
6.235 3-methyl-2-pentene 18.8 1
6.429 cyclopentane 53.2 2
6.482 2,3-dimethyl-butane 74.2 4
6.536 4-methyl-2-pentene 24.4 2
6.603 2-methyl-pentane 70.5 2
7.124 3-methyl-pentane 50.7 3
7.318 2-methyl-1-pentene 29.2 3
7.351 1-hexene 29.6 2
7.658 propyl mercaptan 86.9 4
7.845 n-hexane 87.9 3
7.939 3-hexene 23.0 2
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Naphtha_Cut 3_35 - 45 °C

Retention
time (mins) Name Probability Frequency
8.066 3-hexene 18.3 2
8.3 3-methyl-cyclopentene 18.2 3
8.534 3-hexene 20.4 2
9.108 2,2-dimethyl-pentane 27.7 1
9.242 methyl-cyclopentane 66.7 3
10.7 3-methyl-cyclopentene 19.6 1
10.75 benzene 75.9 4
11.03 thiophene 70.7 4
11.45 cyclohexane 62.3 4
12.23 2-methyl-hexane 51.6 3
12.36 2,3-dimethyl-pentane 45.4 4
13 3-methyl-hexane 47.9 3
13.57 1,3-dimethyl-cyclopentane 22.2 3
13.85 1,3-dimethyl-cyclopentane 40.4 3
14.12 1,2-dimethyl-cyclopentane 194 3
15.58 heptane 62.3 3
17.94 methyl-cyclohexane 49.7 4
23.46 toluene 46.0 4
Naphtha_Cut 4_45-55°C
Retention
time (mins) Name Probability Frequency
3.502 isobutane 84.3 4
3.642 2-methyl-1-propene 35.2 1
3.702 butane 85.7 3
3.776 2-butene 24.7 2
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Naphtha_Cut 4_45 - 55 °C

Retention
time (mins) Name Probability Frequency

3.89 2-butene 242 2
4.217 3-methyl-1-butene 20.4 1
4.444 2-methyl-butane 85.9 3
4.658 ethyl-cyclopropane 18.9 2
4.725 ethanethiol 93.0 4
4.765 2-methyl-1-butene 21.2 1
4.845 pentane 84.6 4
4.979 2-pentene 20.2 4
5.133 2-pentene 17.2 2
5.607 2,2-dimethyl-butane 44.1 4
5.888 2-propanethiol 90.0 4
6.075 cyclopentene 27.0 2
6.168 4-methyl-1-pentene 60.6 3
6.215 3-methylene-pentane 20.2 2
6.415 cyclopentane 58.0 2
6.456 2,3-dimethyl-butane 84.8 4
6.522 4-methyl-2-pentene 17.9 3
6.589 2-methyl-pentane 59.6 2
7.104 3-methyl-pentane 48.1 3
7.298 2-methyl-1-pentene 36.1 3
7.331 1-hexene 35.4 2
7.638 propyl mercaptan 88.1 4
7.832 n-hexane 86.0 3
7.912 3-hexene 23.6 2
7.972 3-hexene 24.8 3
8.039 3-hexene 19.0 2
8.153 2-methyl-2-pentene 20.6 1
8.273 3-methyl-cyclopentene 17.3 1
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Naphtha_Cut 4_45 - 55 °C

Retention
time (mins) Name Probability Frequency

8.32 3-methyl-2-pentene 18.0 4
8.507 3-hexene 19.0 2
8.841 3-methyl-2-pentene 17.1 4
9.075 2,2-dimethyl-pentane 45.1 4
9.215 methyl-cyclopentane 62.3 3
10.67 3-methyl-cyclopentene 21.5 1
10.73 benzene 81.1 4
11.01 thiophene 88.2 4
11.41 ciclohexane 70.8 4
12.07 4-methyl-2-hexene 21.6 1

12.2 2-methyl-hexane 57.1 3
12.32 2,3-dimethyl-pentane 58.4 4
12.74 ethyllidenecyclobutane 342 1
12.96 3-methyl-hexane 59.3 3
13.54 1,2-dimethyl-cyclopentane 27.4 2
13.81 1,3-dimethyl-cyclopentane 19.9 2
14.08 1,2-dimethyl-cyclopentane 22.9 3
14.94 2-methyl-3-hexene 233 1
15.55 heptane 65.4 3
17.89 methyl-cyclohexane 58.2 4
23.4 toluene 30.1 3
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Naphtha_Cut 5_55 - 65 °C

Retention
time (mins) Name Probability Frequency

3.502 isobutane 70.0 4
3.642 2-methyl-1-propene 29.7 1
3.702 butane 81.4 3
3.776 2-butene 27.7 2
3.896 2-butene 45.4 2
4.224 3-methyl-1-butene 19.9 1
4.451 2-methyl-butane 82.3 3
4.665 ethyl-cyclopropane 21.1 2
4.732 ethanethiol 85.5 4
4.778 2-methyl-1-butene 21.1 2
4.858 pentane 87.6 4
4.985 2-pentene 21.1 4
5.627 2,2-dimethyl-butane 42.8 4
5.901 2-propanethiol 88.8 4
6.095 cyclopentene 34.5 3
6.182 4-methyl-1-pentene 53.6 3
6.235 3-methyl-1-pentene 19.8 1
6.425 cyclopentane 48.6 2
6.482 2,3-dimethyl-butane 79.7 4
6.609 2-methyl-pentane 63.6 2

7.13 3-methyl-pentane 48.1 3
7.317 2-methyl-1-pentene 36.8 3
7.351 1-hexene 23.6 2
7.658 propyl mercaptan 89.6 4
7.852 n-hexane 86.9 3
7.939 3-hexene 23.0 3
7.999 3-hexene 243 2
8.066 3-hexene 19.1 2
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Naphtha_Cut 5_55 - 65 °C

Retention
time (mins) Name Probability Frequency

8.186 2-methyl-2-pentene 22.8 1
8.293 3-methyl-cyclopentene 26.2 1
8.347 3-methyl-2-pentene 18.8 4
8.534 3-hexene 17.8 2
8.868 3-methyl-2-pentene 17.5 4
9.108 2,2-dimethyl-pentane 63.5 4
9.249 methyl-cyclopentane 62.0 3
10.54 2,4-dimethyl-1-pentene 314 3
10.69 3-methyl-cyclopentene 24.5 1
10.75 benzene 76.9 4
11.03 thiophene 81.4 4
11.43 ciclohexane 78.7 4
12.22 2-methyl-hexane 533 3
12.36 2,3-dimethyl-pentane 61.0 4

13 3-methyl-hexane 52.7 3
13.57 1,3-dimethyl-cyclopentane 25.8 3
13.84 1,3-dimethyl-cyclopentane 24.1 3
14.11 1,2-dimethyl-cyclopentane 21.7 3
14.29 1-heptene 23.0 3
14.96 3-methyl-3-hexene 17.2 2
15.58 heptane 70.5 3
16.18 2-heptene 18.7 3
17.91 methyl-cyclohexane 69.7 4
19.65 ethyl-cyclopentane 50.3 2
23.42 toluene 48.7 4
23.77 3-methyl-thiophene 49.4 4
26.54 2-methyl-heptane 31.9 3
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Naphtha_Cut 6_65 - 75 °C

Retention
time (mins) Name Probability Frequency

3.502 isobutane 67.8 4
3.636 2-butene 34.1 1
3.703 butane 81.0 3
3.776 2-butene 47.0 4

3.89 2-butene 45.7 2
4.217 3-methyl-1-butene 38.3 1
4.451 2-methyl-butane 84.0 3
4.658 ethyl-cyclopropane 18.1 2
4.725 ethanethiol 74.9 4
4.772 2-methyl-1-butene 20.4 1
4.845 pentane 85.8 4
5.133 2-pentene 17.6 1

5.24 1,2-dimethyl-cyclopropane 20.8 2
5.607 2,2-dimethyl-butane 51.1 4
5.888 2-propanethiol 89.2 4
6.082 cyclopentene 29.7 2
6.168 4-methyl-1-pentene 66.3 3
6.222 3-methylene-pentane 18.7 2
6.416 cyclopentane 54.6 2
6.462 2,3-dimethyl-butane 82.9 4
6.529 4-methyl-2-pentene 19.0 3
6.596 2-methyl-pentane 61.7 2
7.111 3-methyl-pentane 50.9 3
7.298 2-methyl-1-pentene 37.5 3
7.338 1-hexene 29.2 2
7.645 propyl mercaptan 87.7 4
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Naphtha_Cut 6_65 - 75 °C

Retention
time (mins) Name Probability Frequency

7.846 n-hexane 86.7 3
7.926 3-hexene 249 3
7.979 3-hexene 23.1 2
8.046 3-hexene 19.0 2
8.273 3-methyl-cyclopentene 254 3
8.514 3-hexene 20.7 2
8.841 3-methyl-2-pentene 18.2 4
9.088 2,2-dimethyl-pentane 59.8 3
9.222 methyl-cyclopentane 59.9 3
10.51 2,4-dimethyl-1-pentene 43.3 3
10.67 1-methyl-cyclopentene 27.3 2
10.73 benzene 84.8 4
11.01 thiophene 87.5 4
11.41 ciclohexane 75.9 4
11.86 5-methyl-1-hexyne 21.2 2
12.08 4-methyl-2-hexene 18.1 2

12.2 2-methyl-hexane 56.5 3
12.32 2,3-dimethyl-pentane 56.5 4
12.98 3-methyl-hexane 58.2 3
13.54 1,3-dimethyl-cyclopentane 30.7 3
13.81 1,3-dimethyl-cyclopentane 26.0 3
14.08 1,2-dimethyl-cyclopentane 27.0 3
14.25 1-heptene 28.1 3
14.94 3-methyl-3-hexene 17.3 1
15.57 heptane 69.0 3

15.8 2-methyl-2-hexene 30.3 1
16.15 2-heptene 17.6 3
17.88 methyl-cyclohexane 70.2 4
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Naphtha_Cut 6_65 - 75 °C

Retention
time (mins) Name Probability Frequency
19.61 ethyl-cyclopentane 61.5 2
23.38 toluene 57.2 3
23.72 3-methyl-thiophene 523 4
26.48 2-methyl-heptane 35.6 3
Naphtha Cut 7 _75-85°C
Retention
time (mins) Name Probability Frequency
3.502 1sobutane 31.8 3
3.632 2-butene 31.8 1
3.703 butane 83.3 3
3.776 2-butene 46.9 2
3.89 2-butene 33.1 2
4.21 3-methyl-1-butene 46.1 1
4.431 2-methyl-butane 78.8 3
4.645 ethyl-cyclopropane 23.8 1
4.752 3-methyl-1-butene 21.6 1
4.832 pentane 85.3 4
4.966 2-pentene 19.6 3
5.213 1,2-dimethyl-cyclopropane 23.8 2
5.587 2,2-dimethyl-butane 38.6 4
5.861 2-propanethiol 77.2 4
6.048 cyclopentene 243 2
6.135 4-methyl-1-pentene 59.1 3
6.182 3-methyl-1-pentene 23.5 3
6.382 cyclopentane 54.8 2
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Naphtha_Cut 7_75 - 85 °C

Retention
time (mins) Name Probability Frequency

6.422 2,3-dimethyl-butane 83.4 4
6.489 4-methyl-2-pentene 19.3 1
6.549 2-methyl-pentane 64.0 1
7.057 3-methyl-pentane 48.5 3
7.244 2-methyl-1-pentene 33.0 3
7.278 1-hexene 354 2
7.578 propyl mercaptan 76.9 4
7.772 n-hexane 86.0 3
7.846 3-hexene 242 2
7.906 3-hexene 314 3
7.979 2-hexene 19.0 2
8.086 2-methyl-2-pentene 19.9 2

8.2 3-methyl-cyclopentene 23.9 2
8.246 3-methyl-2-pentene 19.6 4
8.434 3-hexene 18.7 3
8.748 3-methyl-2-pentene 20.6 4
8.995 2,2-dimethyl-pentane 52.7 3
9.128 methyl-cyclopentane 59.9 3
10.39 2,4-dimethyl-1-pentene 38.4 3
10.55 I-methyl-cyclopentene 243 2

10.6 benzene 77.1 4
10.67 3-methyl-1-hexene 21.6 3
10.88 thiophene 88.5 4
11.15 5-methyl-1-hexene 294 2
11.27 ciclohexane 75.7 4
11.45 2-methyl-3-hexene 28.4 3
11.71 4-methyl-1-hexene 21.0 2
12.04 2-methyl-hexane 58.3 3
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Naphtha_Cut 7_75 - 85 °C

Retention
time (mins) Name Probability Frequency

12.16 2,3-dimethyl-pentane 62.6 4
12.39 1,1-dimethyl-cyclopentane 32.1 2

12.8 3-methyl-hexane 62.5 3
13.35 1,3-dimethyl-cyclopentane 28.9 3
13.62 1,3-dimethyl-cyclopentane 27.2 3
13.89 1,2-dimethyl-cyclopentane 26.4 3
14.05 1-heptene 24.1 3
14.72 3-methyl-3-hexene 19.1 1
15.34 heptane 71.8 3
15.58 2-methyl-2-hexene 25.5 2
15.69 3-methyl-3-hexene 21.1 2

15.9 2-heptene 20.8 2
17.33 3-ethyl-cyclopentene 36.5 2
17.62 methyl-cyclohexane 69.6 4
18.11 1,1,3-trimethyl-cyclopentane 52.9 2
19.31 ethyl-cyclopentane 69.2 2
19.96 2,4-dimethyl-hexane 22.9 3
20.72 1,2,4-trimethyl-cyclopentane 24.6 3
22.85 I-ethycyclopentene 43.9 3
23.03 toluene 59.1 4
23.36 3-methyl-thiophene 48.4 4
24.72 3-methyl-thiophene 26.1 4
26.07 2-methyl-heptane 48.3 3
26.39 4-methyl-heptane 47.5 3
34.1 2,4-dimethyl-hexane 24.5 2
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Naphtha_Cut 8_85 - 100 °C

Retention
time (mins) Name Probability Frequency

3.502 isobutane 33.5 3
3.632 2-butene 45.4 1
3.709 butane 76.0 3
3.776 2-butene 57.3 1

3.89 2-butene 40.3 1
4.217 3-methyl-1-butene 38.6 2
4.451 2-methyl-butane 76.3 3
4.772 3-methyl-1-butene 26.9 1
4.859 pentane 80.9 4
4.986 2-pentene 25.7 2
5.139 2-pentene 17.3 1
5.246 1,2-dimethyl-cyclopropane 22.2 2
5.894 2-propanethiol 50.8 4
6.088 cyclopentene 22.4 3
6.175 4-methyl-1-pentene 55.4 3
6.229 3-methyl-2-pentene 17.4 2
6.429 cyclopentane 41.9 2
6.469 2,3-dimethyl-butane 74.0 4
6.536 4-methyl-2-pentene 27.0 4
6.596 2-methyl-pentane 69.9 2
7.117 3-methyl-pentane 52.2 3
7.311 2-methyl-1-pentene 26.0 3
7.344 1-hexene 19.6 2
7.652 propyl mercaptan 73.9 4
7.839 n-hexane 86.7 3
7.932 3-hexene 20.0 2
7.986 3-hexene 26.5 2
8.059 3-hexene 21.1 2
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Naphtha_Cut 8_85 - 100 °C

Retention
time (mins) Name Probability Frequency

8.173 2-methyl-2-pentene 20.2 1
8.287 3-methyl-cyclopentene 24.6 2
8.333 3-methyl-2-pentene 21.8 4

8.52 3-hexene 25.8 2
8.855 3-methyl-2-pentene 16.8 4
9.102 2,2-dimethyl-pentane 62.6 3
9.229 methyl-cyclopentane 59.5 3
10.52 2,4-dimethyl-1-pentene 44.5 3
10.69 1-methyl-cyclopentene 21.1 1
10.73 benzene 48.7 4
10.85 3-methyl-1-hexene 21.8 3
11.01 thiophene 68.8 4
11.29 5-methyl-1-hexene 27.0 2
11.43 ciclohexane 72.4 4
11.61 2-methyl-3-hexene 21.5 3
11.88 4-methyl-1-hexene 294 3
12.08 4-methyl-2-hexene 18.7 2
12.22 2-methyl-hexane 60.9 3
12.34 2,3-dimethyl-pentane 70.7 4
12.56 1,1-dimethyl-cyclopentane 32.1 2
12.99 3-methyl-hexane 61.0 3
13.55 1,3-dimethyl-cyclopentane 29.1 3
13.82 1,3-dimethyl-cyclopentane 24.8 3
14.09 1,2-dimethyl-cyclopentane 28.6 3
14.27 1-heptene 28.7 3
14.94 3-methyl-3-hexene 27.4 2
15.34 3,3-dimethyl-1,4-pentadiene 17.0 1
15.59 heptane 70.1 3



Naphtha_Cut 8_85 - 100 °C

Retention
time (mins) Name Probability Frequency

15.83 2-methyl-2-hexene 18.8 2
15.95 3-methyl-3-hexene 17.9 2
16.16 3-heptene 20.3 2

17.6 3-ethyl-cyclopentene 53.8 1
17.89 methyl-cyclohexane 71.6 4
18.39 1,1,3-trimethyl-cyclopentane 55.1 2
19.61 ethyl-cyclopentane 66.8 2
20.27 2,4-dimethyl-hexane 37.1 3
21.04 1,2,4-trimethyl-cyclopentane 313 3
22.97 1-methylethylidene-cyclobutane 31.2 1
23.22 ethylidene-cyclopentene 45.2 1
23.38 toluene 54.9 4
23.72 2-methyl-thiophene 47.7 2
24.83 2,3-dimethyl-1,4-hexadiene 233 1

25.1 2-methyl-thiophene 17.6 3
25.25 3-ethyl-2-methyl-pentane 37.0 3

26.5 2-methyl-heptane 60.9 3

26.8 4-methyl-heptane 50.3 4
27.94 1,3-dimethyl-cyclohexane 22.2 3
28.15 3-methyl-heptane 243 2
30.69 1-ethyl-3-methyl-cyclopentane 39.5 3
31.18 1-ethyl-3-methyl-cyclopentane 30.6 3
31.46 1-ethyl-3-methyl-cyclopentane 243 2
33.96 1,4-dimethyl-cyclohexane 19.0 3
3442 octane 28.0 3
42.52 ethylbenzene 24.8 2
42.73 3-ethyl-thiophene 41.4 3
43.71 3,4-dimethyl-thiophene 61.1 4
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Naphtha_Cut 8_85 - 100 °C

Retention
time (mins) Name Probability Frequency
43.94 p-xylene 294 1
44.1 ethinamate 49.0 4
44.75 3,4-dimethyl-thiophene 74.3 2
46.26 3,4-dimethyl-thiophene 62.2 1
Naphtha Cut9 100 -110 °C
Retention
time (mins) Name Probability Frequency
3.642 2-butene 47.5 1
3.703 butane 79.4 3
3.776 2-butene 46.5 1
3.89 2-butene 42.0 1
4.444 2-methyl-butane 70.4 3
4.765 3-methyl-1-butene 31.2 1
4.845 pentane 78.0 4
5.132 3-methyl-1-butene 299 1
5.233 1,2-dimethyl-cyclopropane 19.2 1
6.582 2-methyl-pentane 50.9 2
7.097 3-methyl-pentane 38.4 3
7.324 1-hexene 16.0 2
7.819 n-hexane 84.6 3
7.906 3-hexene 19.2 3
8.033 3-hexene 19.8 2
8.26 3-methyl-cyclopentene 18.0 1
8.306 3-methyl-2-pentene 19.2 4
8.494 3-hexene 22.9 3
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Naphtha_Cut 9 100 - 110 °C

Retention
time (mins) Name Probability Frequency

8.821 3-methyl-2-pentene 18.9 4
9.068 2,2-dimethyl-pentane 47.0 4
9.195 methyl-cyclopentane 71.5 3
10.64 3-methyl-cyclopentene 18.2 1
10.81 3-methyl-1-hexene 22.6 3
10.97 2-butanethiol 79.7 2
11.26 5-methyl-1-hexene 16.9 2
11.38 ciclohexane 64.4 4
11.57 2-methyl-3-hexene 19.3 2
11.84 4-methyl-1-hexene 29.5 3
12.04 4-methyl-2-hexene 16.9 2
12.18 2-methyl-hexane 58.1 3

12.3 2,3-dimethyl-pentane 59.6 4
12.52 1,1-dimethyl-cyclopentane 32.5 2
12.94 3-methyl-hexane 60.1 3
13.51 1,3-dimethyl-cyclopentane 29.2 3
13.77 1,3-dimethyl-cyclopentane 32.3 3
14.05 1,2-dimethyl-cyclopentane 26.8 3
14.21 1-heptene 30.0 3

14.9 3-methyl-3-hexene 17.6 1
15.55 heptane 71.5 3

15.9 3-methyl-3-hexene 233 3
16.11 2-heptene 21.2 2
17.55 3-ethyl-cyclopentene 46.6 3
17.84 methyl-cyclohexane 71.1 4
18.34 1,1,3-trimethyl-cyclopentane 55.7 2
19.55 ethyl-cyclopentane 73.1 2
19.95 2,5-dimethyl-hexane 20.5 2
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Naphtha_Cut 9 100 - 110 °C

Retention
time (mins) Name Probability Frequency

20.23 2,4-dimethyl-hexane 36.4 3
20.99 1,2,4-trimethyl-cyclopentane 28.8 3
22.24 1,2,3-trimethyl-cyclopentane 23.5 3
22.92 I-methylethylidene-cyclobutane 32.1 1
23.17 ethylidene-cyclopentane 44.9 2
23.33 toluene 60.7 4
23.68 2-methyl-thiophene 53.6 2
24.56 4-methyl-2-heptene 36.1 2
24.77 2,3,3-trimethyl-1,4-pentadiene 14.5 2
25.19 3-ethyl-2-methyl-pentane 26.8 2
26.46 2-methyl-heptane 57.2 3
26.76 4-methyl-heptane 523 4
27.15 ethylidene-cyclopentane 20.9 2

27.9 1,3-dimethyl-cyclohexane 322 3

28.1 3-methyl-heptane 349 2
30.64 1-ethyl-3-methyl-cyclopentane 38.8 3
31.13 1-ethyl-3-methyl-cyclopentane 34.1 3

323 1,2-dimethyl-cyclohexane 22.6 4
33.65 1-ethyl-5-methyl-cyclopentene 32.5 2
33.91 1,4-dimethyl-cyclohexane 18.5 4
34.42 octane 31.3 2
3941 ethyl-cyclohexane 214 3
40.17 2,6-dimethyl-heptane 50.8 2
40.32 1,1,3-trimethyl-cyclohexane 49.1 4
40.44 methyl-ethyl-cyclopentene 20.8 2
41.25 2,5-dimethyl-heptane 29.4 4

42.5 ethylbenzene 55.8 3

42.7 2-ethyl-thiophene 45.6 2
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Naphtha_Cut 9 100 - 110 °C

Retention

time (mins) Name Probability Frequency
43.68 2,5-dimethyl-thiophene 35.8 3
43.92 m-xylene 34.1 2
44.09 ethinamate 43.5 4
44.75 2,4-dimethyl-thiophene 35.6 1
45.81 4-methyl-octane 46.0 2
46.24 2,3-dimethyl-thiophene 32.7 1
47.19 p-xylene 34.0 2
50.84 nonane 34.1 3

Naphtha Cut 10 _110-120 °C

Retention

time (mins) Name Probability Frequency
3.636 2-butene 47.0 1
3.696 butane 83.0 3
3.763 2-butene 43.4 1
4.391 2-methyl-butane 71.9 3
4.765 pentane 82.8 4
5.126 3-methyl-1-butene 42.8 1
6.389 2-methyl-pentane 32.5 2
6.883 3-methyl-pentane 25.0 3
7.558 n-hexane 81.8 3
7.758 2-hexene 40.2 2
8.901 methyl-cyclopentane 72.7 3
10.28 I-methyl-cyclopentene 17.5 2
11.02 ciclohexane 69.8 4
11.42 4-methyl-1-hexene 28.3 3
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Naphtha_Cut 10_110 - 120 °C

Retention
time (mins) Name Probability Frequency

11.62 4-methyl-2-hexene 20.8 1
11.73 2-methyl-hexane 63.2 3
11.87 2,3-dimethyl-pentane 59.1 4

12.1 1,1-dimethyl-cyclopentane 33.5 2
12.49 3-methyl-hexane 60.8 3
13.04 1,3-dimethyl-cyclopentane 33.6 3
13.31 1,3-dimethyl-cyclopentane 24.5 3
13.57 1,2-dimethyl-cyclopentane 25.7 3
13.71 1-heptene 21.7 3
14.98 heptane 71.7 4
15.32 3-methyl-3-hexene 20.3 3
15.52 2-heptene 16.6 3
16.85 3-ethyl-cyclopentene 40.5 2
17.23 methyl-cyclohexane 71.4 4
17.71 1,1,3-trimethyl-cyclopentane 50.2 2
18.88 ethyl-cyclopentane 70.5 2
19.22 2,5-dimethyl-hexane 35.4 3
19.49 2,4-dimethyl-hexane 32.1 4
20.23 1,2,4-trimethyl-cyclopentane 30.5 3
21.43 1,2,3-trimethyl-cyclopentane 17.5 3
22.07 I-methylethylidene-cyclobutane 304 1
22.31 1-ethyl-cyclopentene 47.4 2
22.49 toluene 58.7 4
22.82 2-methyl-thiophene 554 2
23.64 4-methyl-2-heptene 46.5 2
23.87 2,3,3-trimethyl-1,4-pentadiene 17.4 2
24.25 3-ethyl-2-methyl-pentane 33.6 3
25.46 2-methyl-heptane 59.9 3
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Naphtha_Cut 10_110 - 120 °C

Retention
time (mins) Name Probability Frequency

25.74 4-methyl-heptane 53.3 4
26.62 6-methyl-2-heptene 27.2 1

26.9 1,3-dimethyl-cyclohexane 22.1 3
27.04 3-methyl-heptane 45.3 2
28.43 1,1-dimethyl-cyclohexane 51.8 3
29.54 1-ethyl-2-methyl-cyclopentane 33.1 3
30.04 1-ethyl-3-methyl-cyclopentane 28.8 3
30.34 1-ethyl-3-methyl-cyclopentane 17.4 2
31.31 1,2-dimethyl-cyclohexane 243 4
32.72 1-ethyl-5-methyl-cyclopentene 21.9 2
33.02 1,4-dimethyl-cyclohexane 20.9 3
33.54 octane 33.7 3
35.18 1-ethyl-5-methyl-cyclopentene 42.8 2
37.67 1,2-dimethyl-cyclohexane 23.2 3
39.56 2,6-dimethyl-heptane 29.6 1
39.72 1,1,3-trimethyl-cyclohexane 56.6 4
39.93 1-ethyl-5-methyl-cyclopentene 19.6 2
40.67 2,5-dimethyl-heptane 39.6 3
41.97 ethylbenzene 534 4
42.18 2-ethyl-thiophene 53.2 3
43.2 2,5-dimethyl-thiophene 42.0 3
43.43 p-xylene 34.1 2
43.61 ethinamate 35.0 4
44.26 3,4-dimethyl-thiophene 40.6 2
45.39 4-methyl-octane 52.6 2
45.82 2,3-dimethyl-thiophene 31.6 1
46.3 4-propyl-heptane 24.8 2
46.8 p-xylene 34.6 2
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Naphtha_Cut 10_110 - 120 °C

Retention

time (mins) Name Probability Frequency
50.53 nonane 39.2 3
54.99 2,6-dimethyl-octane 19.7 2
56.24 1-ethyl-3-methyl-benzene 30.6 2
59.91 mesitylene 18.7 1
62.38 decane 31.0 4

Naphtha_Cut 11_120- 130 °C

Retention

time (mins) Name Probability Frequency
3.703 butane 79.9 3
4.438 2-methyl-butane 63.3 3
4.832 pentane 77.7 4
5.219 3-methyl-1-butene 29.6 1
7.765 n-hexane 57.5 3
9.135 methyl-cyclopentane 68.5 2
11.31 ciclohexane 25.0 3
12.06 2-methyl-hexane 57.8 3
12.19 2,3-dimethyl-pentane 38.6 4
12.82 3-methyl-hexane 47.5 3
13.39 1,3-dimethyl-cyclopentane 24.5 3
13.65 1,3-dimethyl-cyclopentane 22.2 3
13.92 1,2-dimethyl-cyclopentane 23.2 2
15.37 heptane 70.1 4
15.94 2-heptene 16.7 4
17.67 methyl-cyclohexane 69.7 4
18.18 1,1,3-trimethyl-cyclopentane 54.3 2
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Naphtha_Cut 11_120 - 130 °C

Retention
time (mins) Name Probability Frequency

19.39 ethyl-cyclopentane 64.3 2
19.77 2,5-dimethyl-hexane 37.7 3
20.04 2,4-dimethyl-hexane 37.2 3
20.8 1,2,4-trimethyl-cyclopentane 28.4 3
22.04 1,2,3-trimethyl-cyclopentane 22.2 3
22.73 1-methylethylidene-cyclobutane 30.6 1
22.97 1-ethyl-cyclopentene 43.7 2
23.14 toluene 43.7 4
23.48 2-methyl-thiophene 534 2
24.37 4-methyl-2-heptene 32.9 2
25 3-ethyl-2-methyl-pentane 39.5 3
26.27 2-methyl-heptane 61.5 3
26.59 4-methyl-heptane 50.9 4
27.47 6-methyl-2-heptene 28.8 1
27.7 1,3-dimethyl-cyclohexane 31.5 2
27.89 3-methyl-heptane 36.7 2
29.28 1,1-dimethyl-cyclohexane 532 3
30.44 1-ethyl-3-methyl-cyclopentane 30.4 3
30.93 1-ethyl-3-methyl-cyclopentane 33.6 3
31.12 1,2-dimethyl-cyclohexane 26.3 4
33.47 1-ethyl-5-methyl-cyclopentene 32.3 2
33.75 1,4-dimethyl-cyclohexane 18.0 4
34.31 octane 29.0 3
40.08 2,6-dimethyl-heptane 25.6 1
40.22 1,1,3-trimethyl-cyclohexane 58.3 4
40.33 1-ethyl-5-methyl-cyclopentene 17.8 2
41.14 2,5-dimethyl-heptane 42.4 3
42.39 ethylbenzene 62.9 3
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Naphtha_Cut 11_120 - 130 °C

Retention
time (mins) Name Probability Frequency
42.6 2-ethyl-thiophene 57.6 3
43.13 2,6-dimethyl-1-heptene 17.2 3
43.59 2,5-dimethyl-thiophene 53.5 3
43.84 m-xylene 35.7 2
44 ethinamate 31.7 4
44.64 3,4-dimethyl-thiophene 36.3 2
45.73 4-methyl-octane 53.1 2
4591 2-methyl-octane 17.7 2
46.17 2,3-dimethyl-thiophene 35.0 1
46.86 2,5-dimethyl-heptane 19.9 1
47.11 p-xylene 33.5 2
49.19 I-nonene 18.7 2
50.78 nonane 35.7 3
55.18 2,6-dimethyl-octane 30.7 2
62.47 decane 32.4 4
Naphtha Cut 12 130 - 140 °C
Retention
time (mins) Name Probability Frequency
3.709 butane 62.7 3
4.458 2-methyl-butane 61.7 3
4.859 pentane 78.8 4
7.852 n-hexane 41.3 3
13 3-methyl-hexane 42.6 3
15.57 heptane 70.2 4
17.9 methyl-cyclohexane 74.9 4
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Naphtha_Cut 12_130 - 140 °C

Retention
time (mins) Name Probability Frequency
19.61 ethyl-cyclopentane 42.1 2
21.05 1,2,4-trimethyl-cyclopentane 24.4 2
23.38 toluene 59.5 3
23.73 2-methyl-thiophene 53.5 2
26.49 2-methyl-heptane 61.1 3
26.79 4-methyl-heptane 51.7 4
27.95 1,3-dimethyl-cyclohexane 33.7 3
28.15 3-methyl-heptane 29.6 2
29.53 1,1-dimethyl-cyclohexane 47.5 3
30.69 1-ethyl-3-methyl-cyclopentane 33.9 3
31.18 1-ethyl-3-methyl-cyclopentane 32.8 3
31.46 1-ethyl-3-methyl-cyclopentane 18.8 2
33.69 1-ethyl-5-methyl-cyclopentene 23.0 2
33.96 1,4-dimethyl-cyclohexane 214 3
34.48 octane 34.8 3
40.24 2,6-dimethyl-heptane 30.0 2
40.37 1,1,3-trimethyl-cyclohexane 53.9 4
41.28 2,5-dimethyl-heptane 42.9 4
42.51 ethylbenzene 61.9 3
42.73 2-ethyl-thiophene 48.3 3
43.25 2,6-dimethyl-1-heptene 21.2 3
43.71 2,5-dimethyl-thiophene 52.2 3
43.95 p-xylene 29.6 2
44.11 ethinamate 28.5 4
44.75 3,4-dimethyl-thiophene 36.3 2
45.65 2,6-dimethyl-3-heptene 27.3 2
45.84 4-methyl-octane 58.1 1
46.27 2,3-dimethyl-thiophene 31.8 1
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Naphtha_Cut 12_130 - 140 °C

Retention
time (mins) Name Probability Frequency
46.72 3-ethyl-heptane 40.5 1
46.96 2,5-dimethyl-heptane 17.2 1
47.2 p-xylene 34.2 2
49.26 I-nonene 19.5 2
49.98 4-nonene 17.9 3
50.88 nonane 34.3 3
54.46 butyl-cyclopentane 36.0 3
55.23 2,6-dimethyl-octane 35.9 2
55.5 propyl-benzene 63.7 3
56.03 3-methyl-2-methyl-heptane 43.7 3
56.17 2-ethyl-5-methyl-thiophene 47.3 1
56.44 1-ethyl-3-methyl-benzene 36.3 1
56.66 1-ethyl-3-methyl-benzene 26.8 1
57.35 1,2,3-trimethyl-benzene 21.1 1
58.44 4-methyl-nonane 32.6 3
20.8 mesitylene 20.8 1
62.51 decane 36.4 4
62.9 1,2,3-trimethyl-benzene 20.2 1
Naphtha_Cut 13_140 - 150 °C
Retention
time (mins) Name Probability Frequency
3.702 butane 66.1 3
4.438 2-methyl-butane 479 3
4.838 pentane 63.8 4
7.779 n-hexane 61.4 3
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Naphtha_Cut 13_140 - 150 °C

Retention
time (mins) Name Probability Frequency

15.43 heptane 52.7 4
17.76 methyl-cyclohexane 44.0 4
19.47 ethyl-cyclopentane 48.0 2
23.23 toluene 21.8 4
26.31 2-methyl-heptane 52.3 3
26.62 4-methyl-heptane 44.5 3
27.77 1,3-dimethyl-cyclohexane 23.2 3
27.95 3-methyl-heptane 24.6 2
28.19 1,4-dimethyl-cyclohexane 17.4 3
29.37 1,1-dimethyl-cyclohexane 25.1 3
30.52 1-ethyl-3-methyl-cyclopentane 31.5 3
31.01 1-ethyl-3-methyl-cyclopentane 30.1 3
31.29 1-ethyl-3-methyl-cyclopentane 23.8 3
32.18 1,2-dimethyl-cyclohexane 26.4 3
33.81 1,4-dimethyl-cyclohexane 21.6 3
34.31 octane 43.4 3
35.17 2,3,3-trimethyl-1,4-pentadiene 23.1 2
38.28 1,2-dimethyl-cyclohexane 31.2 3

38.9 2,4-dimethyl-heptane 27.3 3
39.33 ethyl-cyclohexane 19.8 3
40.12 2-methyl-octane 26.4 2
40.27 1,1,3-trimethyl-cyclohexane 56.0 4
41.19 2,5-dimethyl-heptane 30.3 4
42.43 ethylbenzene 59.6 3
42.65 3-ethyl-thiophene 38.6 1
42.81 1,2,4-trimethyl-cyclohexane 32.9 3
43.17 2,6-dimethyl-1-heptene 24.2 3
43.63 2,5-dimethyl-thiophene 55.6 3
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Naphtha_Cut 13_140 - 150 °C

Retention
time (mins) Name Probability Frequency
43.87 p-xylene 31.2 2
44.04 ethinamate 22.5 4
44.46 3-ethyl-hexane 20.7 1
44.68 3,4-dimethyl-thiophene 34.6 2
1-methyl-3-(1-methyl-ethyl)-

44.88 cyclopentane 21.8 1
45.26 4-ethyl-heptane 23.2 3
45.58 2,6-dimethyl-3-heptene 23.8 2
45.77 4-methyl-octane 57.6 2
46.2 2,3-dimethyl-thiophene 31.3 1
46.69 3-ethyl-heptane 43.4 2
47.15 p-xylene 31.8 2
49.22 l-nonene 24.0 2
49.92 4-nonene 16.8 4
50.84 nonane 36.5 3
51.37 3-ethyl-2-methyl-1,3-hexadiene 18.4 2
53.38 propyl-cyclohexane 21.0 3
54.43 butyl-cyclopentane 44.5 2
55.21 2,6-dimethyl-octane 243 2
55.34 2-propyl-thiophene 32.0 3
55.47 propyl-benzene 56.6 3
56.01 3-methyl-2-methyl-heptane 45.0 4
56.14 2-ethyl-5-methyl-thiophene 39.4 1
56.42 1-ethyl-3-methyl-benzene 38.1 1
56.66 1-ethyl-3-methyl-benzene 27.0 1
57.32 1,2,3-trimethyl-benzene 21.2 1
58.24 5-methyl-nonane 23.7 2
58.42 4-methyl-nonane 38.6 3
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Naphtha_Cut 13_140 - 150 °C

Retention
time (mins) Name Probability Frequency
60.04 1,2,3-trimethyl-benzene 19.3 1
61.67 2,3,4-trimethyl-thiophene 62.8 1
62.49 decane 383 4
62.66 2,5-diethyl-thiophene 36.5 2
62.89 mesytilene 22.1 2
65.89 2-methyl-5-propyl-thiophene 31.1 1
72.11 undecane 19.0 4
Naphtha_Cut 14_150 - 160 °C
Retention
time (mins) Name Probability Frequency
4.438 2-methyl-butane 23.8 3
4.839 pentane 61.6 4
7.785 n-hexane 56.1 3
15.45 heptane 38.9 4
26.34 2-methyl-heptane 45.6 3
33.85 1,4-dimethyl-cyclohexane 23.6 4
34.31 octane 28.3 2
38.3 1,2-dimethyl-cyclohexane 24.2 3
38.93 2,4-dimethyl-heptane 17.5 2
40.13 2-methyl-octane 31.2 2
40.27 1,1,3-trimethyl-cyclohexane 56.6 4
41.19 2,5-dimethyl-heptane 42.3 2
42.45 ethylbenzene 61.1 3
42.67 1,3-dimethyl-cyclohexane 20.2 3
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Naphtha_Cut 14_150 - 160 °C

Retention
time (mins) Name Probability Frequency
42.82 1,1,3-trimethyl-cyclohexane 30.7 4
43.19 2,6-dimethyl-1-heptene 27.3 3
43.49 1,2,4-trimethyl-cyclohexane 18.8 3
43.64 2,5-dimethyl-thiophene 39.0 3
43.87 p-xylene 31.5 2
44.04 ethinamate 29.6 4
44 47 3-ethyl-hexane 20.5 1
44.68 3,4-dimethyl-thiophene 35.3 2
1-methyl-3-(1-methyl-ethyl)-
4488 cyclopentane 18.9 1
45.27 4-ethyl-heptane 24.5 3
45.59 2,6-dimethyl-3-heptene 21.1 2
45.78 4-methyl-octane 58.1 3
46.21 2,3-dimethyl-thiophene 313 1
46.56 1,2,4-trimethyl-cyclohexane 18.9 1
46.67 3-ethyl-heptane 38.7 2
46.89 2,5-dimethyl-heptane 17.5 1
47.15 p-xylene 28.2 2
47.35 1,2,4-trimethyl-cyclohexane 32.3 4
47.64 3-(1-methylethyl)-cyclohexene 33.0 2
48.99 1,2-diethyl-cyclopentane 32.3 1
50.84 nonane 31.8 3
51.55 2-(1-methylethyl)-thiophene 64.9 1
53.22 3-ethyl-2-methyl-1,3-hexadiene 18.1 1
53.85 propyl-cyclohexane 18.7 3
54.44 butyl-cyclopentane 49.9 3
55.23 2,6-dimethyl-octane 23.9 2
55.35 2-propyl-thiophene 23.9 3
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Naphtha_Cut 14_150 - 160 °C

Retention

time (mins) Name Probability Frequency
55.48 propyl-benzene 58.1 3
56.02 3-methyl-2-methyl-heptane 473 3
56.16 2-(1-methylethyl)-thiophene 44.4 3
56.43 1-ethyl-3-methyl-benzene 35.4 1
56.65 1-ethyl-2-methyl-benzene 27.1 1
57.11 2-(1-methylethyl)-thiophene 57.5 1
57.33 1,2,3-trimethyl-benzene 22.2 1
58.44 4-methyl-nonane 41.6 3
60.06 1,2,3-trimethyl-benzene 24.8 1
60.28 1-isopropyl-3-methyl-cyclohexane 24.7 1
61.68 2,3,4-trimethyl-thiophene 65.9 1
62.51 decane 34.0 4
62.67 2,5-diethyl-thiophene 33.2 2
62.91 mesytilene 20.4 1
65.91 2,5-diethyl-thiophene 26.6 1
66.17 I-methyl-4-propyl-benzene 28.1 1
66.94 2,5-diethyl-thiophene 62.1 1
68.27 5-methyl-decane 17.5 1
72.11 undecane 28.8 4

Naphtha_Cut 15_160 - 175 °C

Retention

time (mins) Name Probability Frequency
4.852 pentane 31.0 4
7.839 n-hexane 34.7 3
15.54 heptane 55.5
3441 octane 234 2
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Naphtha_Cut 15_160 - 175 °C

Retention
time (mins) Name Probability Frequency

40.17 2-methyl-octane 214 3
40.31 1,1,3-trimethyl-cyclohexane 49.8 4
42.49 ethylbenzene 294 3
42.87 1,2,4-trimethyl-cyclohexane 21.3 4
43.54 1,1,2-trimethyl-cyclohexane 33.8 1
43.68 3,4-dimethyl-thiophene 67.2 1
43.92 p-xylene 34.7 2
44.09 ethinamate 354 4
44.72 3,4-dimethyl-thiophene 36.5 2
45.81 4-methyl-octane 56.4 3
46.25 3,4-dimethyl-thiophene 343 2
46.58 1,1,2-trimethyl-cyclohexane 21.2 1

46.7 3-ethyl-heptane 22.5 2
47.18 p-xylene 28.3 2
47.37 1,2,4-trimethyl-cyclohexane 37.3 3
49.02 1-ethyl-2-methyl-cyclohexane 29.7 1
50.85 nonane 229 3
53.87 propyl-cyclohexane 21.5 3
54.45 butyl-cyclopentane 32.6 2
55.24 2,6-dimethyl-octane 294 2
55.49 propyl-benzene 48.6 3
56.04 3-methyl-2-methyl-heptane 53.1 3
56.17 2-(1-methylethyl)-thiophene 40.8 3
56.45 1-ethyl-3-methyl-benzene 36.2 1
56.67 1-ethyl-3-methyl-benzene 25.5 1
57.13 2-(1-methylethyl)-thiophene 58.6 1
57.34 1,2,3-trimethyl-benzene 22.9 1
58.44 4-methyl-nonane 36.0 3
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Naphtha_Cut 15_160 - 175 °C

Retention

time (mins) Name Probability Frequency
60.07 1,2,3-trimethyl-benzene 22.2 1
61.69 2,3,4-trimethyl-thiophene 45.2 1
62.54 decane 36.0 4
62.68 2,5-diethyl-thiophene 23.8 1
62.91 1-ethyl-3-methyl-benzene 18.6 1
63.23 trans-p-mentha-1(7),8-dien-2-ol 21.6 3
65.91 2-methyl-5-propyl-thiophene 24.7 1
66.19 1-methyl-3-propyl-benzene 34.6 2
66.95 2,5-diethyl-thiophene 58.6 2
67.18 2,5-diethyl-thiophene 22.5 2
68.04 2,5-diethyl-thiophene 54.4 2
68.28 5-methyl-decane 22.8 2
68.78 p-cymene 35.0 1
68.91 2-methyl-decane 20.6 2
69.48 3-methyl-decane 214 1
72.12 undecane 39.9 4

Naphtha Cut 16 _175- 185 °C

Retention

time (mins) Name Probability Frequency
2.333 pentane 84.0 4
46.89 3-ethyl-heptane 30.5 1
54.43 butyl-cyclopentane 22.4 2
55.21 2,6-dimethyl-octane 38.0 2
55.49 propyl-benzene 28.1 3
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Naphtha_Cut 16_175 - 185 °C

Retention
time (mins) Name Probability Frequency

56.01 3-methyl-2-methyl-heptane 42.7 3
56.15 2-(1-methylethyl)-thiophene 36.4 1
56.42 1-ethyl-3-methyl-benzene 32.7 1
56.65 1-ethyl-3-methyl-benzene 30.8 1
56.94 1,1,2,3-tetramethyl-cyclohexane 37.1 2
57.11 2-(1-methylethyl)-thiophene 44.8 1
57.33 1,2,3-trimethyl-benzene 23.4 1
58.43 4-methyl-nonane 34.7 3
60.05 1,2,3-trimethyl-benzene 25.9 1
61.12 1,4,6,6-tetramethyl-cyclohexene 19.2 1
61.68 2,3,4-trimethyl-thiophene 26.7 1
62.53 decane 36.3 4
62.67 2,5-diethyl-thiophene 254 2
62.91 mesytilene 22.4 2
65.91 2,5-diethyl-thiophene 22.6 1
66.19 1-methyl-3-propyl-benzene 30.3 2
66.96 2,5-diethyl-thiophene 49.9 2
68.04 2,5-diethyl-thiophene 54.7 2
68.29 5-methyl-decane 18.9 1
68.79 p-cymene 37.1 1
68.91 2-methyl-decane 194 2
69.48 3-methyl-decane 19.8 2
69.89 trans-p-mentha-1(7),8-dien-2-ol 26.1 2
72.15 undecane 37.3 4
76.05 2-ethyl-5-propyl-thiophene 67.9 2
80.61 dodecane 4.0

81.88 2,6-dimethyl-undecane 25.9 2
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Naphtha_Cut 17_185 - 195 °C

Retention
time (mins) Name Probability Frequency
2.253 2-methyl-butane 30.9 3
2.333 pentane 86.4 4
55.22 2,6-dimethyl-octane 20.9 2
56.02 3-methyl-2-methyl-heptane 24.4
56.44 1-ethyl-3-methyl-benzene 43.8 1
56.96 1,1,2,3-tetramethyl-cyclohexane 29.1 1
58.44 4-methyl-nonane 28.1 3
60.05 1,2,3-trimethyl-benzene 22.4 1
62.51 decane 41.2 4
62.9 mesytilene 21.5 1
63.51 trans-p-mentha-1(7),8-dien-2-ol 34.6 2
65.3 (1-methylpropyl)-cyclohexane 19.7 1
65.91 2-methyl-5-propyl-thiophene 20.2 1
66.18 1-methyl-3-propyl-benzene 32.7 3
66.96 2,5-diethyl-thiophene 532 2
67.62 trans-p-mentha-1(7),8-dien-2-ol 23.9 2
68.04 2,5-diethyl-thiophene 58.1 2
68.79 p-cymene 32.6 1
68.91 2-methyl-decane 18.5 2
69.49 3-methyl-decane 22.3 2
69.89 trans-p-mentha-1(7),8-dien-2-ol 23.1 2
72.15 undecane 31.3 4
76.06 2-ethyl-5-propyl-thiophene 69.4 1
76.93 6-methyl-undecane 20.3 1
80.62 dodecane 25.7 4
81.88 2,6-dimethyl-undecane 29.7 3
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APPENDIX F: Concentration of compounds identified in cracked naphtha

Peak Retention time (mins) Name wt%
1 4.138 isobutane 0.12
2 4310 2-butene 0.23
3 4.393 butane 0.91
5 4.482 2-butene 0.16
8 4.629 2-butene 0.13
9 5.041 3-methyl-1-butene 0.09
10 5.330 2-methyl-butane 1.89
11 5.597 ethyl-cyclopropane 0.54
12 5.688 ethanethiol 0.04
13 5.735 2-methyl-1-butene 0.37
14 5.837 pentane 3.98
16 6.005 2-pentene 0.66
18 6.201 2-pentene 0.34
19 6.328 1,2-dimethyl-cyclopropane 0.91
22 6.798 2,2-dimethyl-butane 0.03
23 7.154 2-propanethiol 0.07
24 7.389 cyclopentene 0.13
25 7.504 4-methyl-1-pentene 0.25
26 7.566 3-methyl-1-pentene 0.11
27 7.813 cyclopentane 0.39
28 7.872 2,3-dimethyl-butane 0.28
29 7.958 4-methyl-2-pentene 0.07
30 8.034 2-methyl-pentane 2.72
33 8.689 3-methyl-pentane 1.10
34 8.927 2-methyl-1-pentene 0.30
35 8.976 1-hexene 0.68
36 9.363 propyl mercaptan 0.07
37 9.598 n-hexane 4.12
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Peak Retention time (mins) Name wt%
38 9.710 3-hexene 0.20
39 9.781 3-hexene 0.07
40 9.870 2- hexene 0.50
41 10.009 2-methyl-2-pentene 0.70
42 10.155 3-methyl-cyclopentene 0.12
43 10.216 3-methyl-2-pentene 0.20
45 10.457 2-hexene 0.26
46 10.868 3-methyl-2-pentene 0.32
47 11.168 2,2-dimethyl-pentane 0.03
48 11.331 methyl-cyclopentane 1.48
56 12.958 2,4-dimethyl-1-pentene 0.03
58 13.161 3-methyl-cyclopentene 0.60
59 13.210 benzene 0.15
60 13.362 3-ethyl-2-pentene 0.07
61 13.587 thiophene 0.21
63 13.935 5-methyl-1-hexene 0.06
64 14.090 cyclohexane 0.50
65 14.330 2-methyl-3-hexene 0.06
68 14.656 4-methyl-1-hexene 0.18
69 14.921 4-methyl-2-hexene 0.18
70 15.074 2-methyl-hexane 1.24
71 15.233 2,3-dimethyl-pentane 0.50
72 15.513 1,1-dimethyl-cyclopentane 0.06
73 15.749 ethylidenecyclobutane 0.11
74 16.044 3-methyl-hexane 1.46
76 16.749 1,3-dimethyl-cyclopentane 0.41
77 17.088 1,3-dimethyl-cyclopentane 0.35
79 17.432 1,2-dimethyl-cyclopentane 0.52
80 17.664 1-heptene 0.58
82 18.510 3-methyl-3-hexene 0.09
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Peak Retention time (mins) Name wt%
83 19.008 3-heptene 0.58
84 19.294 heptane 4.32
86 19.612 2-methyl-2-hexene 0.22
87 19.763 2-heptene 0.14
88 20.033 2,3-dimethyl-2-pentene 0.40
89 20.257 4-methyl-2-hexene 0.03
91 20.691 3-methyl-2-hexene 0.37
94 21.843 3-ethyl-2-pentene 0.04
95 22.191 3-methyl-2-hexene 1.26
96 22.822 2-heptene 0.09
99 24.357 ethyl-cyclopentane 0.52
100 24.860 2,5-dimethyl-hexane 0.27
101 25.198 2,4-dimethyl-hexane 0.16
103 26.154 1,2,4-trimethyl-cyclopentane 0.20
107 27.708 1,2,3-trimethyl-cyclopentane 0.14
110 28.576 1-methylidene-cyclobutane 0.46
111 28.887 ethylidene-cyclopentane 0.20
112 29.103 toluene 0.72
113 29.540 2-methyl-thiophene 0.46
116 30.636 4-methyl-2-heptene 0.04
117 30.870 1-ethyl-2-methyl-cyclopentene 0.18
118 31.197 3-methyl-thiophene 0.39
119 31.338 3-ethyl-2-methyl-pentane 0.16
122 32.693 2-methyl-heptane 2.04
123 32.986 4-methyl-heptane 0.45
124 33.414 ethylidene-cyclopentane 0.11
125 33.900 6-methyl-2-heptene 0.11
126 34.112 1,3-dimethyl-cyclohexane 0.28
127 34.284 3-methyl-heptane 0.76
128 34.496 1,4-dimethyl-cyclohexane 0.21
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Peak Retention time (mins) Name wt%
132 35.530 1,1-dimethyl-cyclohexane 0.07
135 36.472 1-ethyl-3-methyl-cyclopentane 0.41
136 36.867 1-ethyl-3-methyl-cyclopentane 0.24
137 37.106 1-ethyl-3-methyl-cyclopentane 0.25
140 37.890 1,2-dimethyl-cyclohexane 0.16
143 38.971 1-ethyl-5-methyl-cyclopentene 0.15
144 39.139 1,4-dimethyl-cyclohexane 0.14
145 39.341 1-octene 0.37
146 39.589 octane 2.71
151 41.014 1-ethyl-5-methyl-cyclopentene 0.05
160 43.191 1,2-dimethyl-cyclohexane 0.09
162 43.619 2,4-dimethyl-heptane 0.10
165 44.116 ethyl-cyclohexane 0.53
167 44.694 2,6-dimethyl-heptane 0.54
168 44.979 1,1,3-trimethyl-cyclohexane 0.61
169 45.327 1-ethyl-5-methyl-cyclopentene 0.04
170 45.681 2,5-dimethyl-heptane 0.21
175 46.954 ethylbenzene 0.25
176 47.141 2-ethyl-thiophene 0.30
177 47.321 1,2,4-trimethyl-cyclohexane 0.20
178 47.494 2,6-dimethyl-1-heptene 0.17
180 47.909 1,2,4-trimethyl-cyclohexane 0.02
181 48.054 2,5-dimethyl-thiophene 0.25
182 48.264 m-xylene 0.66
183 48.375 p-xylene 0.32
185 48.708 3-ethyl-hexane 0.34
186 49.033 3,4-dimethyl-thiophene 0.39
187 49.216 I-methyl-3-(1-methyl-ethyl)-cyclopentane ~ 0.10
188 49.388 4-ethyl-heptane 0.16
189 49.720 2,6-dimethyl-3-heptene 0.14
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Peak Retention time (mins)

Name

wt%

190 49.887
191 50.040
193 50.476
194 50.753
195 50.940
197 51.362
198 51.545
199 51.774
203 52.771
204 53.145
206 53.818
210 54.663
212 55.036
215 55.516
224 57.713
226 58.253
230 58.898
232 59.192
233 59.303
235 59.702
236 59.952
237 60.215
238 60.431
240 60.827
241 60.936
242 61.096
247 62.020
248 62.116
256 63.788
262 64.796

4-methyl-octane
2-methyl-octane
2,3-dimethyl-thiophene
3-ethyl-heptane
2,5-dimethyl-heptane
o-xylene
1,2,4-trimethyl-cyclohexane
3-(1-methylethyl)-cyclohexene
1,2-diethyl-cyclopentane
I-nonene

4-nonene

nonane

2-nonene
2-(1-methyl-ethyl)-thiophene
propyl-cyclohexane
butyl-cyclopentane
2,6-dimethyl-octane
2-propyl-thiophene
propyl-benzene
3-methyl-2-methyl-heptane
2-(1-methyl-ethyl)-thiophene
1-ethyl-3-methyl-benzene
1-ethyl-3-methyl-benzene
1,1,2,3-tetramethyl-cyclohexane
2-(1-methyl-ethyl)-thiophene
mesitylene

5-methyl-nonane
4-methyl-nonane
1,2,4-trimethyl-benzene
2,3,4-trimethyl-thiophene
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0.34
0.52
0.36
0.13
0.82
0.33
0.13
0.07
0.12
0.34
0.14
1.86
0.15
0.04
0.19
0.20
0.55
0.18
0.15
0.31
0.36
0.32
0.16
0.21
0.13
0.25
0.40
0.12
0.37
0.36



Peak Retention time (mins) Name wt%
269 66.028 decane 1.14
270 66.264 2,5-diethyl-thiophene 0.25
272 66.627 1,2,3-trymethyl-benzene 0.26
284 68.939 (1-methylpropyl)-cyclohexane 0.12
288 69.539 2-methyl-5-propyl-thiophene 0.28
289 69.796 I-methyl-3-propyl-benzene 0.13
293 70.587 2,5-diethyl-thiophene 0.23
295 70.960 2,5-diethyl-thiophene 0.11
297 71.431 2,5-diethyl-thiophene 0.11
298 71.727 5-methyl-decane 0.25
300 72.228 p-cymene 0.09
301 72.372 2-methyl-decane 0.23
304 72.949 3-methyl-decane 0.27
314 74.145 I-undecene 0.09
316 75.580 undecane 0.61
333 79.636 2-ethyl-5-propyl-thiophene 0.10
337 80.377 6-methyl-undecane 0.06
355 84.083 dodecane 0.31
360 85.352 2,6-dimethyl-undecane 0.14
390 91.872 tridecane 0.16
400 99.109 tetradecane 0.12
401 105.889 pentadecane 0.06
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