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ABSTRACT

Asphaltene deposition occurs in hydrocarbon resource production, transport and refining
processes and remains a challenging problem for industry. Zou and Shaw (2002) showed
that Athabasca Bitumen Vacuum Residue (ABVB) + pentane mixtures deposit thin
adherent films on stainless steel surfaces at unexpected conditions. This finding is the
starting point for work reported here where deposit thickness and composition from this
mixture are explored on well defined acidic (FeS, SiO2), basic (FeO) and neutral
(N1/NiO) surfaces. Control experiments involving model compound deposition were used
to confirm experimental protocols, and to address surface contamination issues, which
interfere with organic deposit composition measurements, particularly if the organic
deposit is thin, or surface coverage is partial. The XPS results show that for both model
compounds and ABVB, surface properties affect both deposit thickness and deposit
composition. Organic deposits from ABVB + pentane mixtures comprise a mix of
asphaltenes + other constituents on all surfaces. On the neutral and basic surfaces, the
deposit is asphaltene enriched relative to the feed; on the acidic surfaces, the deposit is
depleted in asphaltenes relative to ABVB. Further chemical analysis of organic deposits

is warranted.
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Chapter 1 Introduction

1.1 Background

1.1.1 Heavy Oil and Bitumen: Prospective Energy Resource

As the world’s supply of conventional light and sweet crude oil becomes depleted, heavy
oil and bitumen have started playing a more and more crucial role in the energy industry.
The petroleum industry is focusing on refining heavy oil and bitumen into light and sweet
hydrocarbons to serve the increasing demand for fuels and petrochemicals. Oil Sands
reserves are found in over 70 countries in the world. However, three quarters of the
reserves are found in Venezuela and Canada, both of which have oil sands reserves
approximately equal to the world’s reserves of conventional crude oil. There are at least
1.7 trillion barrels of bitumen in Canada, particularly in Northern Alberta, which is about
one third of world’s petroleum resource. It is estimated that the production volume of
synthetic crude oil (SCO) could be boosted to 3 million barrels per day by 2012, and even
to 5 million barrels per day by 2030 to cover 16% of North America’s demand for oil and

gas'.

1.1.2 Characteristics and Upgrading of Heavy Oil and Bitumen
Heavy Oil and bitumen are defined in terms of their physical properties. The

characteristics of heavy oil and bitumen are quite different from those of conventional

1



crude oil. The American Petroleum Institute gravity (API gravity) is a measure of how
heavy or light a petroleum liquid is compared to water. A classification of crude oil by

API gravity and density is indicated in Table 1.1%>.

Tablel.1: Definition of oil type by API gravity and density

Density Viscosity
Crude Oil Type °API Gravity
(g/em’) (mPa-S)
Light 0.87 <10 >31.1
Medium 0.92-0.87 10 - 100 22.3-31.1
Heavy 0.92-1.00 100 — 10,000 10-223
Extra-heavy or Bitumen >1.00 > 10,000 <10

* API gravity and density are reported at a standard temperature of 15.6 °C.

The lighter the crude oil the easier the production of light valuable hydrocarbon and
petrochemical products, i.e. naphtha, gasoline and diesel becomes. Moreover, high yields
are usually achieved. Heavy crudes normally contain a significant amount of asphaltenes,
vanadium, nickel, heteroatoms and inorganic fine solids*. Their hydrogen to oxygen ratio
is also low. Consequently, the yield of production of light hydrocarbons is also low if
only physical separation processes are used’. Reaction based upgrading processes are
required to remove heteroatoms, and metals and to convert part of the heavy ends to
lighter distillates before these heavy crudes can be used as feedstocks for existing

conventional refinery processes.



A number of upgrading schemes have been developed and can be roughly classified into
three types: first, catalytic cracking which includes the use of catalyst and heat to produce
smaller molecules than those existing in the feedstock; second, hydrocracking which
involves the use of hydrogen in the presence of a catalyst to produce compounds with
higher H/C ratio; and third, thermal cracking which comprises the use of energy (high
temperatures) to produce lighter compounds®. The product of upgrading processes is
called synthetic crude oil, with no residue content, and can be sold as conventional light
crude. A simplified bitumen upgrading scheme is presented in Figure 1.17. There are two
basic steps in this upgrading process, that is, primary upgrading and secondary upgrading.
In primary upgrading, bitumen is separated into various streams of hydrocarbons by
undertaking a series of physical separations. This stage begins with diluted bitumen fed
into diluent recovery units where water is removed and naphtha is recovered to be
recycled to extraction. The dry bitumen is then sent to a vacuum distillation unit. Light
and heavy gas oil cuts are distilled off and sent to hydrotreaters while the vacuum residue
(VIB) is sent to cokers or hydrocrackers. The vacuum residue, which comprises
approximately 50 wt % of the bitumen, is significantly enriched in asphaltenes,
heteroatoms and metals relative to the feed. Naphtha, light and heavy gas oil are
produced in cokers through chemical reactions and then sent to hydrotreaters. Light and
heavy gas oils are formed in hydrocrackers by hydrogen addition and then sent to
hydrotreaters. In the second stage of upgrading, the impurities such as sulfur and nitrogen
are removed from naphtha, light and heavy gas oil, which lead to the production of

synthetic crude oil (SCO).
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1.1.3 Asphaltene Deposition in Heavy Oil and Bitumen Production Transport and
Refining

Many challenges are presented in heavy oil and bitumen production, transport and

refining. One of the major challenges is solids drop out which results from high

asphaltene and fine solids contents. It is widely recognized that asphaltene tend to form

aggregates in hydrocarbon liquidsg'11

. Asphaltene precipitation leads to a number of
severe problems in reservoirs, in wells, in pipelines and in oil production and processing
facilities'" '2. Solid particles suspended in the crude oil may stick to the walls of the
conduits and reservoirs. Asphaltenes can act as glue in consolidating deposits and, as a
result, cause barriers to flow. For example, in Venezuela, the formation of asphaltene rich
sludge has resulted in partial or complete plugging of wells'>. Organic deposits in the
North Sea and in the Gulf of Mexico have caused under-sea pipeline plugging with a

substantial economic loss for oil production operations'* ' °.

Other challenges in heavy oil and bitumen production process are due to the presence of
heavy metals and heteroatom, mostly vanadium, nickel, nitrogen and oxygen. Although
the mass fraction of these elements is quite small, they are concentrated in the asphaltene
fraction and their impact is significant. They are responsible for problems from catalyst

fouling to environmental damage®™ > '¢"'%,



1.2 Motivation

Asphaltene deposition arises in both current and proposed bitumen production (e.g.,
VAPEX) and refining (e.g., solvent de-asphalting) technologies where bitumen is diluted
as a normal part of process operations. Previous work by our group has shown that, for
example, Athabasca Bitumen Vacuum Residue (ABVB) + pentane mixtures deposit a
thin adherent and sticky film on the stainless steel surfaces which can prevent a
magnetically driven stirrer from rotating'®. Figure 1.2 indicates that the temperature
below which the stirrer sticks to the base plate even when no deposit is visible. Mixtures
comprising 40 to 50 % ABVB are readily agitated at room temperature. At higher ABVB
mass fractions, the stirrer becomes imbedded in bulk semi-solid organic material. This
behavior is expected. However, the behavior at low ABVB mass fractions is unexpected.
For example, mixtures comprising as little as 5% ABVB generate adherent and sticky
deposits at a temperature even greater than 150 °C. It is this latter behavior that is the
subject of this research and is expected to affect technology development and technology

selection for numerous process applications.

This work is not being conducted in isolation. The phase behavior of ABVB + pentane
mixtures has been studied previously'. A partial phase diagram is presented in Figure 1.3
where complex phase transitions and phase equilibria are observed over the mass fraction

of ABVB range 0 to 100% at 160 C, a temperature just above where the deposition

6



becomes an issue. A link between the bulk phase behavior and deposit formation is
anticipated. However, the composition of deposits is unknown. The impact of surface
properties on deposition thickness or nature is also unknown. Considering the urgent need
to deal with deposition and fouling problems, in general, a study aimed at understanding

this well defined case is readily justified. Anticipated results are likely to be of broad

interest.
160 -
a
140 - :
120 Adherent deposits prevent
- stirrer rotation
QO :
~ 100 -
2 '
£ 80-
8 ,
60 - '
§ Unexpected Expected
20 ,
o ABVB + pentane mixtures
O 10 20 30 40 50 60 70 80 90 100
Composition (wt% ABVB)

Figure 1.2: Temperature at which the stirrer sticks to the base plate
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Figure 1.3: Phase behaviour of ABVB + pentane mixtures at 160 C

1.3 Objectives

In this exploratory experimental project, the details of the deposits formed from ABVB +

pentane mixtures will be investigated. The specific research objectives are to:

1. prepare well defined acidic and basic surfaces;

2. perform benchmark deposition experiments with model compounds to validate the
experimental approaches, and analytical methods;

3. evaluate the thickness and composition of deposits arising from ABVB + pentane

8




mixtures as a function of mixture composition, surface composition and exposure

time variables.

1.4 Thesis outline

Following this brief introduction, a literature review related to this work is presented in
Chapter 2 where asphaltene deposition and precipitation as well as naphthenic corrosion
and deposition are discussed. These are the two most likely sources for the deposits
observed in the prior work. Chapter 3 concerns experimental aspects of the work. Details
related to the materials used, surface construction and surface impurities, control
experiments, deposition experiment approach and procedure and error analysis are
presented. Chapter 4 comprises the experimental results and discussion. Chapter 5

presents the conclusions and recommendations for future work.



Chapter 2 Literature Review

2.1 Bitumen Characterization

The characteristics of bitumen are quite different from those of conventional crude oils.
They generally have a high specific gravity, a low hydrogen-to-carbon ratio, and contain
large amounts of asphaltenes, heavy metals, heteroatom and inorganic fine solids®.
SARA analysis is the most common starting point for composition evaluation of
hydrocarbons (ASTM D-2006, ASTM D-2007 and ASTM D-4124). During SARA
analysis, samples are fractionated by selective precipitation (for asphaltenes) and/or
chromatographic techniques as shown in Figure 2.1*!. Generally, as the boiling
temperature of heavy oil fraction increases, more resins and asphaltenes but less saturates
are found. Inorganic fine solids, heavy metals and heteroatoms tend to concentrate in the

i i i 2
heaviest fractions, such as resin and asphaltene'® '”

. Elemental analysis simulated
distillation and other more specialized analyses are also employed depending on the
application. As the focus of this work is on surface deposition, where asphaltenes are
23

expected to be present in deposits, SARA and elemental analysis of bitumen fractions

play a key role.
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Figure 2.1: Simplified petroleum fractionation method

2.2 Asphaltene Precipitation

2.2.1 What are Asphaltenes?

Asphaltenes are defined operationally by the methods employed to isolate them and not

by chemical structure. A common, if simplistic, definition of asphaltenes is that they are

filterable from mixtures with n-pentane (or n-heptane) but not filterable from mixtures

with benzene (or toluene)*, using micron sized filters. The chemical composition of

asphaltenes depends on many variables, including choice of alkane solvent, solvent

volume, temperature, and time of mixing. For example, Figure 2.2 shows asphaltenes

11




separated from Mars-P crude oil using two different n-alkanes.”> Both were formed in
mixtures of 40 parts alkane to 1 part oil, and allowed to dry. Their appearance color and

texture differ markedly.

12



(a) n-Cs asphaltene

(b) n-C7 asphaltene

Figure 2.2: Examples of the appearance (magnified about 15 times) of
asphaltenes separated from Mars-P crude oil with an excess of (a) pentane
(n-C5) and (b) heptane (n-C7)*

13



B—Ci asph.

n-C, asph.

Molecular weight

polarity=N, 8§, O

£

aromaticity = {_ |

e ——
Polarity & aromaticity

Figure 2.3: “Long diagram” shows that the asphaltenes include the
crude oil material highest in molecular weight, polarity, and/or
aromaticity molecular weight, polarity, and/or aromaticity26

Although having a wide distribution in molar size and molecular type, asphaltenes are
high in one or more of the following properties: apparent molecular weight, polarity, or
aromaticity, as illustrated schematically in Fig.2.3%®, and high heavy metal and

heteroatom contents, which results in a high coking tendency®” .

2.2.2 Molecular Structure of Asphaltenes
Asphaltenes comprise numerous species. The average molecular structure and molecular
architecture continue to be debated. One frequently finds divergent structures for

asphaltenes from the same parent hydrocarbon resource. For example, pericondensed and
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archipelago molecular structures have both been proposed for Athabasca bitumen

2% as shown in Figure 2.4. A consensus has yet to be reached on this topic but

asphaltenes,
the field is an active one?> 2% 3%3, The average molecule structures proposed appear to
relate to the relative importance that researchers place on different analytical techniques.
Irrespective of their global molecular structure, asphaltenes possess molecular fragments

such as polynuclear aromatic rings and porphine groups that may facilitate aggregation

and interaction with surfaces.
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(b)

Figure 2.4: Average structure of Athabasca asphaltene molecules.

a) pericondensed model**; b) archipelago Model*®
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2.2.3 Asphaltene Precipitation

2.2.3.1 Schematic of Asphaltene Aggregation

Supramolecular behavior and properties of asphaltenes are also debated. That asphaltenes
form large structures even in bitumen is accepted and clear®®. A detailed evaluation of the
divergent but prevalent views on this topic is beyond the scope of this work. Again the
field is an active one and various types of nanoparticles, aggregates, and micelles have

been proposed based on disparate physics™ *"*

. The mechanism(s) of asphaltene
aggregation and the nature of the resulting structures both remain open questions in the

literature.

2.2.3.2 Reversibility of Asphaltene Precipitation

The reversibility of asphaltene precipitation has been a subject of investigation for some
time. Leontaritis* and Mansoori*! treated asphaltene precipitation as an irreversible
process. Andersen® demonstrated that asphaltenes partially redissolve with temperature
variation. Ramos®® verified that the asphaltene precipitation and redissolution processes
are reversible when ultrasound was used for mixing. Kokal*’ observed reversibility of
asphaltene precipitation with changes of pressure or composition. Buckley48 presented
experimental data that support complete reversibility of asphaltene precipitation.
Hammami*® found that asphaltene precipitation was partially reversible, with changes in
pressure. They attributed apparent partial reversibility to slow dissolution kinetics. There

is clear support for partial or complete reversibility of asphaltene precipitation. If these
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precipitates deposit on local surfaces, asphaltenes or asphaltene rich deposits are a
possible source for the reversibly sorbed sticky deposits that are the starting point for this

research.

2.2.3.3 The Phase State of the Precipitated Phase

It is now widely acknowledged that precipitated asphaltenes are solids at room
temperature. Chung’® found the precipitate to be solid when a crude was mixed with n-
pentane. Kokal*’ observed that the precipitated phase is in the form of dark solid particles
when a crude is mixed with propane at room temperature and at elevated pressure. At
high temperatures, both Kokal?’ and Hischberg®! observed the precipitation of a black
liquid. Storm®® observed a transition temperature from solid to liquid at about 300 K.
Zou" also observed a transition temperature of precipitate asphaltene from solid to liquid
when he was doing experiments regarding phase behaviour of ABVB + pentane mixture.
He also found that the transition temperature varies with the ABVB mass fraction. It is
clear that asphaltene precipitates can be treated as solids at least at room temperature, and

as liquids at higher temperatures.

2.3 Naphthenic Acid Corrosion and Deposition

2.3.1 What is Naphthenic Acid?
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Naphthenic acids, originally identified as carboxylic acids in crude oils with single or
multiple saturated rings, is a term loosely used to include all acidic components in crude
oils that may even contain aromatic functionality®>. The presence of naphthenic acids in
the crude oil is a significant concern to the oil sands industry because of their potential to
cause corrosion®” >*. There are 1-2 wt % naphthenic acids in Athabasca bitumen®.
Naphthenic acids may also form metal naphthenates in crude oil processing. From an
operational point of view, deposition of metal naphthenates in processing facilities is one
of the most challenging issues related to the production of acidic crude oils*®. Naphthenic
acid corrosion, especially in the high temperature parts of the distillation units, is a major
concern®* *’. During production, naphthenic acids may also accumulate at interfaces and
stabilize emulsions®®®, causing enhanced separation problems. Moreover, the
characterization of naphthenic acids is also of interest to geochemical studies, and to
refinery wastewater treatment related to environmental compliance. It is for these reasons

that naphthenic acid and metal naphthenates were selected as model compounds in this

study.

2.3.2 Characterization of Naphthenic Acid
Naphthenic acids are defined as carboxylic monoacids with the generic formula
R(CH2),COOH where R is a cyclopentane ring and n is typically greater than 12, as

shown in Figure 2.5.
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Figure 2.5: (a) General naphthenic acid; (b) Cyclopentane

However, the term “naphthenic acid” is used to describe all carboxylic acids present in
crude oils, including aromatic and acyclic acids. This class of material is, like most

petroleum fractions, a complex mixture.

Several analytical techniques have been utilized to qualitatively characterize naphthenic

acids extracted from crude oils, including various mass spectrometry (MS) methods®> ¢"

64 gas chromatography-mass spectrometry (GC-MS) methods®™

, and these methods in
combination with Fourier transform infrared (FT-IR) and/or nuclear magnetic resonance
(NMR) spectroscopy®”®. Fan® developed an innovative mass spectrometric method

employing negative ion fast atom bombardment mass spectrometry (FABMS) for

analyzing naphthenic acids. FABMS is well-known for its ability to analyze polar,
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Table 2.1: Major naphthenic acid types®!

*lsomers within a given z homologue can not be differentiated.

nonvolatile, and/or high molecular weight components and is now a well established
technique. Naphthenic acid homologues can be represented by a general formula
CnH2n+z02, where n indicates the carbon number and z specifies a homologous series.
For example, z is equal to 0 for saturated aliphatic carboxylic acids. Table 2.1 lists the
major types of naphthenic acids classified by their z numbers from 0 to -12. Acids that
are highly aromatic, such as z = -14, -16, -18, etc., are not included. They are considered
minor components of the naphthenic acids found in crude oils®’. Naphthenic acids in
crude oils can be described mainly as C10-C50 compounds with 0—6 fused rings, most of
which are saturated, where the carboxylic acid group is attached to a ring through a short

side chain’®.

Naphthenic acids with similar molecular weight and total acid number (TAN) can have

remarkably different molecular structures’'. Their ability to stabilize emulsions increases
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with the complexity of mixtures. Turnbull’© has shown that the size and structure of
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naphthenic acids also influences their corrosivity. Yepez” et al. monitored the amount of
iron dissolved in oil through the formation of the iron naphthenate and found that the
amount of dissolved iron so measured underestimates the corrosion rate at temperatures

over the thermal decomposition of the iron naphthenate.

2.3.3 Metal Naphthenate Deposition
Although naphthenic acids are known for their corrosivity, the most serious issue related
to naphthenic acids is probably deposition of metal naphthenates.”'76 The result of

naphthenate deposition in an oil-water separator is shown in Figure 2.6”".

Figure 2.6: Naphthenate deposits in crude oil processing equipment’’
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The problem arises from the release in pressure during fluid transportation from the
reservoir to the topside leading to an increase in the pH of the co-produced water, causing
a higher degree of dissociation of naphthenic acids at the oil-water (o/w) interface. As a
consequence, they become reactive towards metal captions in the water phase. The
product from this reaction, metal naphthenate, might then accumulate and start to
agglomerate in the oil phase, normally in combination with inorganic materials like clay
and scale, and further adhere to process unit surfaces’®. Deposition of naphthenate is a
problem predominantly in topside facilities like o/w separators and may from an
operational point of view lead to worst case scenarios in production irregularities
accompanied by expensive production shutdowns. Metal naphthenate deposition is
becoming a common problem in a number of fields where acidic crudes are being

processed, including fields in West Africa’™ ™

and on the Norwegian continental shelf’.

In order to fight naphthenate deposition, chemical mixtures of various compositions are
injected into the well stream. This includes surfactant mixtures consisting of ethoxylates
and alcohol, which have been shown to reduce deposition significantly®’. Although the
mechanism behind naphthenate inhibition using surfactants is not clarified in detail, it is
likely due to a competitive process that takes place at the interface. Some alkoxylates are
highly interfacially active and may have a much higher affinity towards the o/w interface
than the naphthenic acids. Consequently, they may dilute the interface and bring about

longer lateral distances between the dissociated acid monomers>®. Hence, the naphthenic

23



acids have to restructure in the interfacial layer in order to complete the reaction, which
in turn slows down the reaction rate®!. Metal naphthenate deposition is associated with oil
water mixtures. It is unclear if deposition from organic media on acidic, neutral and basic

surfaces is significant.

2.4 Surfaces

A surface is defined as the outer boundary of an artifact or a material layer constituting or
resembling such a boundary®. In this project, surfaces are categorized into acidic, basic
and neutral depending on the properties of their outer layers. Chemical compounds,
when dissolved in water, give a solution with a hydrogen ion activity differing from that
of pure water, i.e. a pH less than 7.0 indicates an acid; a pH greater than 7.0 indicates a
base; with a compound yielding a pH of 7.0 is neutral. Surface acidity and basisity is

defined analogously most commonly as Lewis acids/Lewis bases.

According to the definition developed by Gilbert Lewis®, an acid is an electron-pair
acceptor and a base is an electron-pair donor. Lewis acids and bases include substances
with no transferable protons, and thus this definition has a wider application than the
Bronsted-lowry definition. The Lewis definition can also be related to molecular orbital

theory. In general, an acid can receive an electron pair in its lowest unoccupied orbital
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(LUMO) from the highest occupied orbital (HOMO) of a base. That is, the HOMO from

the base and the LUMO from the acid combine to a bonding molecular orbital.

On this basis, iron sulfide and silica surfaces are acidic since they can accept electron-
pairs. Iron oxide is a basic surface since it can donate electron-pairs when placed in water.

Nickel is a neutral surface since it neither accepts nor donates electron-pairs.

2.5 Surface Sorption

2.5.1 Definitions

Sorption refers to either absorption or adsorption®!. Examples include gases or liquids
being incorporated into a material of a different state. Adsorption refers to adhesion to
molecules at the interface and can arise from physical or chemical processes -
physisorption or chemisorption® . Physisorption is a type of adsorption in which the
adsorbate adheres to the surface through Van der Waals interactions. It is characterized by
low temperature, low enthalpy and low activation energy. Chemisorption is a type of
adsorption whereby a molecule adheres to a surface through chemical bonds. As expected,

it is characterized by high temperature, high enthalpy and high activation energy.

Both asphaltene adsorption and absorption have been observed by different researchers™
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® However, due to the complexity of asphaltene structures, the studies of their

adsorption and absorption behaviours remain limited and controversial.

2.5.2 Organic Molecule Sorption on to Metal Surfaces

Numerous experimental and theoretical studies have been reported investigating the
adsorption and reaction of organonitrogen compounds, specifically pyridine and pyrrole,
on different metal surfaces’ *°. Such functionalities are also expected to be present in
asphaltenes. Abdallah and Nelson® studied the adsorption of pyridine (C5H5N) on clean
and carbon/nitrogen-modified Mo(110) surfaces using temperature-programmed
desorption (TPD) and density-functional theory (DFT) calculations. TPD analysis
showed that pyridine adsorbs and decomposes on Mo(110) and C/N-Mo(110) at
temperatures less than 530 K. Molecular pyridine desorption on clean Mo(110) occurs at
temperatures of 375 £ 5 K (Eqags = 23.5 £ 0.3 kecal/mol) and 530 + 5 K (Eags = 33.6 £ 0.3
kcal/mol). At higher exposures, a multilayer physisorption peak was also observed at 260
K (Eags = 10.4 = 0.3 kcal/mol). Different bonding configurations have been suggested and
summarized in Figure 2.7%. The DFT calculations suggest that pyridine initially adsorbs
as n®-Py-0° coordination followed by 131(N)-Py-90° adsorption on clean Mo(110), and
surface heating is suggested to result in the transformation of a portion of n®-Py-0°
pyridine to surface a-pyridyl species ( o, n°(N,C2)-Pyridyl, 132(N ,C2)-Pyridyl ) that
further decompose to surface carbon and nitrogen and desorbing dihydrogen on clean

Mo(110).
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Figure 2.7: Summary of pyridine bonding modes: (a) n'(N)-Py-90°; (b) 136-Py-
0°; (c) 1'(C2)-Py-90°; (d) n*(C2,C3)-Py-90°; (e) n°(N,C2)-Py-90°; (£) n°(N,C2)-
pyridyl; (g) ta, p1(N)-Py-90°; (h ) 2, n°(N,C2)-Py-90°.

In another study, Abdallah and Nelson® also investigated the possible adsorption
configurations of pyrrole on a Mo(110) surface based on the DFT calculations. The
authors suggest that pyrrole adsorbs in a parallel mode with respect to the Mo(110)
surface through its m-orbital as ps, §°-Pyr-0° or pi, 5*(N,C2,C4,C5)-Pyr-0° with an
adsorption energy of -28.7 to -31.5 kcal/mol. As the surface exposure increases, lateral
interactions between pyrrole molecules during adsorption are suggested to cause
competitive adsorption resulting in the coexistence of slightly tilted pyrrole molecules

bonding to the surface along with parallel adsorption configurations. This slightly tilted
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configuration can be assigned to a ps, n*(N,C2,C3,C4)-Pyr-5° bonding mode with an
adsorption energy of -29.9 kcal/mol. Both adsorption geometries bond to three surface

Mo atoms, and Mo(110) did not promote hydrogen abstraction.

.17 -Pyr-0° a1 (N.C2,C4,C5)-Pyr-0°

(a) (b)

U T (N,C2,C3,C4)-Pyr-5°

(©)

Figure 2.8: Adsorption configurations of pyrrole on Mo(110): (a) p3, n’-Pyr-0°; (b)
3, 1'(N,C2,C4,C5)-Pyr-0° (¢) 3, n'(N,C2,C3,C4)-Pyr-5°.

2.6 Literature Review Summary

From the forgoing discussion, it is clear that the sticky and adherent deposits observed in
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the background study for the current work may arise from asphaltene or asphaltene rich
deposits because asphaltene precipitation is at least partially reversible and asphaltenes
undergo a phase transition to a liquid in a relevant temperature interval. It is readily
envisaged that a sticky deposit could form. Naphthenic acid and metal naphthenate
chemistry is complex, but it would appear that these materials may also be a possible
source of deposits. All of these materials are certainly present in bitumen. Control
experiments with model compounds, comprising representative molecular fragments
from asphaltene molecules might also prove revelatory. Definition of surfaces used in this
project is also discussed. Sorption configuration of organic molecular on metal surface is

covered as well.
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Chapter 3 Experimental

3.1 Introduction

This chapter describes the materials used, surface construction and surface contamination
issues, control experiments, development of deposition experimental approach and
procedure and error analysis. Experimental materials are summarized and tabulated in
section 3.2. Surface construction by sputtering is briefly explained in section 3.3. Control
experiments are discussed in section 3.4. Surface impurity and analysis is presented in
section 3.5. All the experiments performed and detailed experimental procedures are
described in section 3.6. The XPS technique and properties of deposits measured is

elaborated in section 3.7. Error analysis is discussed in section 3.8.

3.2 Materials

In this work, Athabasca Bitumen Vacuum Bottom, a 525 °C+ boiling fraction of
Athabasca Bitumen, was previously supplied by CANMET. A detailed composition
analysis and physical properties of ABVB is listed in Table 3.1°. Other solvents and
chemicals used, their grade, purity and suppliers are summarized in Table 3.2. The

physical and chemical properties of pentane solutions are also specified in Table 3.3.
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Silicon Valley Microelectronics provided the silicon wafers (100 mm in diameter; 525 um
in thickness) that were pre-polished on one face and etched on the other face were
provided . A single piece of silicon wafer is shown in Figure 3.1. Sputtering targets used

in this work were obtained from Kurt J. Lesker, and are listed in Table 3.4.
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Table 3. 1: Composition of ABVB

Elemental analysis (wt. %)

Carbon 81.66
Hydrogen 9.54
Nitrogen 0.65
Sulfur 6.87
SARA analysis (wt. %)

Saturates 6.80
Aromatics 41.99
Resins 19.04
Asphaltenes 32.18
Metal analysis (mg/kg)

Tin 0.7
Lead 1
Copper 1
Aluminum 734
Silicon 898
Iron 322
Chromium 3
Silver <0.1
Zinc 5
Magnesium 44
Nickel 137
Barium 4
Sodium 48
Calcium 65
Vanadium 344
Phosphorus 8
Molybdenum 17
Boron 3
Manganese 11
Titanium 70
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Table 3.2: Chemicals used, their purities and suppliers

Chemicals Grade Purity Suppliers
Hydrogen Research, 99.999 % Praxair
Nitrogen Research, 99.998 % Praxair
Carbon Disulfide Research, 99.8 + % Aldrich
Pyrene Research, 98% Lancaster
Naphthenic Acid Technical, 90% Aldrich
Zinc Naphthenate Technical, 46% Aldrich
Pentane Research, 99% Fisher Scientific
Tetrahydrofuran Research, 99.9 + % Aldrich
Nickel TPP Research, 99.9% Aldrich
Zinc TPP Research, 99.9% Aldrich

Table 3.3: Physical and chemical properties of pentane

Chemical Formation C5H12

Molecular Weight 72.15g/mol

Appearance Colorless liquid

CAS-Number [109-66-0]

Density and Phase 0.626g/cm3 (L)
0.000378g/cm3 (V, T=257K)

Melting Point —129.8 °C (143 K)

Boiling Point 36.1 °C (308 K)
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Table 3.4: Sputtering targets

Iron Oxide Nickel
Chemical Formation Fe203 Ni
Diameter 2.0" 2.0"
Thickness 0.125" 0.125"
Purity 99.9% 99.9%

Figure 3.1: Silicon wafer

34



3.3 Surface Construction

3.3.1 Removal of the Surface Oxidation Layer from Silicon Wafers

Under exposure to oxygen, a silicon surface will naturally oxidize to form a thin silicon
dioxide (Si0,) layer’’. Oxidation takes place in two different ways due to oxygen or
water vapor, respectively. One is called “dry oxidation”, equation 3.1. The other one is

called “wet oxidation”, equation 3.2.

Si+ 0, =810, 3.1

Si +2H,0 = Si0; + 2H, 3.2

Because of the stoichiometric relationships in the above two reactions and the difference
between the densities of Si and SiO,, about 46% of the silicon surface is consumed as

illustrated in Figure 3.2.
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Figure 3.2: Oxidation of silicon wafer surface

The first step in surface construction is the removal of the oxidation layer as well as any
other organic contaminations on the wafers before sputtering is carried out. This is
conducted at the University of Alberta NanoFab by using piranha solution. Piranha
solution is a mixture of sulfuric acid (H,SO4) and hydrogen peroxide (H,Op). It is
frequently used in the microelectronics industry to clean organic residues from substrates.
Many different mixture ratios are commonly used, and all are called piranha solution. A
typical ratio is 3:1 with concentrated sulfuric acid to 30% hydrogen peroxide solution.

The cleaning work is performed according to the following steps:

1. Place substrates to be cleaned in a Teflon carrier.
2. Label the beaker for piranha, i.e., name of solution, user name and date.
3. Determine the volume needed to completely immerse the substrates.

4. Calculate the amounts of sulfuric acid and hydrogen peroxide required for the
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10.

11.

12.

13.

determined volume. For example, to prepare 800 ml piranha, 600 ml sulfuric acid
and 200 ml hydrogen peroxide are needed, respectively.

Select two beakers and mark the volume of each chemical that needed on the outside
of the beakers

Put on all the safety gear and get the chemicals from the cabinets

Slowly pour the calculated amount of sulfuric acid into selected beaker. Pour this
amount to a large beaker labeled piranha. Place the empty beaker into the dump
rinser.

Slowly pour the calculated amount of hydrogen peroxide to the other selected beaker.
Pour this amount into large beaker labeled piranha, which already contains sulfuric
acid. Place the empty beaker into the dump rinser beside first beaker, and start
rinsing cycle.

Carefully place the Teflon carrier with substrates into the piranha. There may be
vigorous reaction with gas release and liquid entrainment.

Start timing for 15 min.

Wash the chemical bottle on the outside and dry using wipes. Place the bottles back
into the storage cabinets.

When the time is up, slowly remove the carrier from the solution allowing excess to
drip back into the beaker.

Transfer the substrates cautiously into the dump rinser and start rinsing for full 5

cycles.
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14. Dry the substrates by nitrogen gas.

Piranha solution can be explosive. Mixing the solution is exothermic. The resultant heat
can bring solution temperatures up to 120 °C. When handling piranha solution, one must

be sufficiently equipped and protected”®.

® The solution should be prepared and kept at all times inside a fume hood.
® The user must be wearing safe lab attire while working with piranha solution
o A full face shield
¢ Rubber gloves
e Lab coat
e Acid apron
¢ Long pants
¢ Closed-toe shoes
® Always use glass containers when dealing with solution. Piranha solution will melt

and react with plastics.
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3.3.2 Iron Oxide, Nickel Surface Formation (Sputtering)

Surface construction was conducted on cleaned surface using sputtering deposition.
Sputtering deposition is a physical vapor deposition (PVD) method of depositing thin
films by sputtering source material onto a substrate’”'*. Sputtered atoms ejected into the
gas phase are not in their thermodynamic equilibrium state, and tend to deposit on all
surfaces in the vacuum chamber. A substrate (such as a wafer) placed in the chamber is
coated with a thin film. Sputtering usually uses argon plasma. A schematic diagram of

sputtering process is shown in Figure 3.3.

Substrate and film growth

Sputtering
Gas

Sputtering Target

Figure 3.3: Schematic diagram of sputtering process

In this work, a sputtering system (ATC ORION 5 UHV, AJA International, Inc.) was used
for deposition. A picture of the sputtering system is shown in Figure 3.4. Since the

ultimate goal of the project is to investigate the influence of surface properties on
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asphaltene deposition from organic material from hydrocarbon + pentane mixtures,
sputtering targets with different surface acidity/ basicity were chosen. Iron oxide (basic)
and nickel (neutral) were selected as thin film materials. The silica itself is acidic. Iron
sulfide surfaces were formed by sulfidizing iron oxide surfaces. Substrates for deposition
experiments were taken from one of three wafers: a wafer with a nickel film with
thickness of 100 nm, and from one of two wafers with films of iron oxide with thickness
of 40 nm and 137 nm. In the case of nickel, a direct current (DC) gun was chosen for
sputtering; while in the case of iron oxide, a radio frequency (RF) gun is used for
sputtering as an insulating target can not be sputtered by a DC gun. Sputtering parameters

are provided in Table 3.5.

Figure 3.4: ATC ORION 5 UHV Sputtering system
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Table 3.5: Sputtering parameters

Thin Film Ni Iron Oxide
Sputtering techniques DC Sputtering RF Sputtering
Argon Pressure 4 mTorr 4 mTorr
Argon Flow Rate 10 SCCM 10 SCCM
Sputter Power 150 watt 49 watt
Shutter Delay 120 s 3300 s

3.3.3 Iron Sulfide Surface Formation (Sulfidation of Iron Sulfide Surface)
The iron sulfide surface was obtained by sulfidation of iron oxide surface. The process is

governed by the following equations.
FeyOy + H»y + 2H)S = 2FeS +3H,0 3.3
CS2 + 4H2 = CH4 + 2H2S 34

Based on a 1 cm x 2 ¢m iron oxide film with thickness of 137 nm, we have
A=2 cm? (=137 nm=137x10" cm V =2.74x10" cm’®

p =524 g/cm3 m=Vxp=144x10~*g M =159.69 g/mol

Molar = 22 =9.01x107 mol
M
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The minimum amount of CS; and H; needed are 0.054 ul and 0.743 Pa, respectively.
During surfidization, the amount of CS, and H, used was 15 xL and 101325 Pa. This
ensures that the surface is completely sulfidized. During sulfidation, a batch reactor with
a volume of 15 L was employed to contain the iron oxide film, CS, and H,. The reactor

was then put into a sand bath for 2 hours and 30 minutes at a temperature of 250 C.

3.4 Surface Compositions

The initial surface composition is of critical importance in this work. Surface
composition and surface contamination are key issues. For example, Table 3.6 indicates

the composition of the iron oxide surface (40 nm thickness) based on XPS analysis.

Table 3.6: Iron oxide surface characterization

Mass %

Fe 57.41 +/- 3.38
27.53 +/- 2.05
0.23 +/- 0.12
11.79 +/- 1.36
0.71 +/- 0.64

n|lAal210O

There is nitrogen, carbon and sulfide contamination on the surface. Oxygen

contamination from constituents in the air, i.e. O,, CO, and H,O, is also anticipated. All
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of the prepared surfaces are contaminated to some degree and this issue is addressed in

detail in Chapter 4.

3.5 Control Experiments

To better understand the organic material deposition material, control experiments were
performed with model compounds. Both negative control experiments and positive

control experiments were performed with acidic (silica) and basic (iron oxide) surfaces.

3.5.1 Negative Controls

Pentane is not expected to sorb significantly on any of the surfaces. For this case, a wafer
substrate was exposed to liquid pentane in a batch reactor and heated to 125 C for 3 hours
and 30 minutes. The substrate was then immersed in pentane solution at room
temperature for 30 minutes before being subjected to XPS analysis. The same experiment
was performed for pentane + pyrene mixture with a pyrene mass fraction of 2.52%

(solubility limit for pyrene in pentane at 125 C).

3.5.2 Positive Controls
Naphthenic acid and metal naphthenate, which are both contained in bitumen, are

expected to deposit as noted in Chapter 2.3, as are porphine compounds. Experiments
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were performed with naphthenic acid alone and with naphthenic acid + pentane, and zinc
naphthenate + pentane mixtures as well as with two different porphines
tetraphenylporphine zinc (zinc TPP) and tetraphenylporphine nickel (nickel TPP) +
pentane mixtures. For example, a wafer substrate is exposed to naphthenate + pentane
solution with a naphthenate mass fraction of 0.15. The mixture is again heated in a batch
reactor to 125 C for 3 hours and 30 minutes. Then it is exposed to pentane solution at

room temperature for another 30 minutes prior to XPS analysis.

3.6 Bitumen Deposition Experiments

3.6.1 Experimental Surfaces

The primary goal of this project is to explore how the surface properties influence the
deposition of heavy oil constituents. Consequently, experiments have to be performed on
acidic, basic and neutral films. In this work, iron oxide film is chosen as a basic surface;
nickel film is selected as a neutral surface; iron sulfide and silica are acidic surfaces. An

idealized model of sample substrate without surface contamination is given in Figure 3.5.
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Thin Film Material
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Figure 3.5: An idealized model of the deposition substrate

3.6.2 Experimental Approach and Procedure
The development of an appropriate experimental procedure for organic material
deposition on prepared surfaces proved challenging. The final experimental procedure

consists of six major steps:

e Prepare ABVB + Pentane mixtures at specific ABVB mass fractions;

e Add one wafer substrate and about 5 grams of individual mixtures to a 15 ml batch
reactor;

e Heat the reactor to a temperature above the deposition temperature for a time period T;
and then quickly cool down by immersion of the batch reactor in water;

e Immerse the wafer in pentane at room temperature for a time period Ty;

e Wash the wafer with pentane to remove bulk fluid then dry the wafer;

e Subject the wafer to XPS.
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Figure 3.6: Experimental setup (a) wafer sample; (b) batch reactor; (c) reactor in
oven detail; (d) Oven

Besides the differences of film composition and thickness, there are three variables in this
procedure, i.e. ABVB mass fraction, t; and t;. ABVB mass fraction is the factor to
evaluate if the deposit varies with ABVB content in the mixture or not. t; is a measure of
how long the deposition takes place and whether the deposit differs with deposition time.
The reason to immerse substrate into pentane for a time period of t, after deposition is to
ensure that the bulk fluid from deposit is removed. Washing the organic deposit at room
temperature, once the substrate is removed from the reactor, is a key step as illustrated in
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Figure 3.7.

Liaquid Film + Deposits

Iron Oxide @) Silica

Figure 3.7: (a) Deposition schematic; (b) Image of liquid film + deposit; (c) Image of
surface deposit following a pentane wash

3.6.3 Experimental Matrix

Once the experimental procedure was determined, the next step was to establish an
experimental matrix. There are many parameters involved in the experimental procedure
as discussed in previous section. It is crucial to investigate the impact of each parameter

on the ABVB deposition. Parameters include thickness of films, ABVB wt% of mixture,
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time in pentane above phase boundary (t1) and time in pentane below phase boundary
(t2). The whole experimental matrix is completed for the iron oxide surface while the
other three surfaces are only evaluated at certain levels. The experimental matrix for
evaluation of mixtures of ABVB and pentane on iron oxide, nickel and silica surfaces

with fixed ABVB mass fraction is shown in Table 3.7.

Table 3.7: Experimental matrix for evaluation of mixtures of ABVB and pentane on iron
oxide, nickel and silica surfaces with fixed ABVB mass fraction

ABVB wi%=15 % Iron Oxide Surface Nickel and Silica
40 nm 137 nm Surfaces
t,=30min t;=lhr
t;=1hr30min
t;=2hr t;=2hr t;=2hr
t;=2hr30min t;=2hr30min 1;=2hr30min
t;=3hr t;=3hr t;=3hr
t;=3hr30min t;=3hr30min t;=3hr30min
t;=4hr t;=4hr t;=4hr
t;=4hr30min t;=4hr30min t;=4hr30min
t;=5Shr t1=5Shr
t;=3hr30min t,=0min t,=0min
t,=30min t,=30min
ty=1hr t,=1hr
t,=1hr30min t,=1hr30min
ty=2hr t;=2hr
t,=2hr30min t,=2hr30min

*t;: The time that substrate is exposed to mixtures above phase boundary.

*t,: The time that substrate is exposed to pentane at room temperature.
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Table 3.8: Experimental matrix for evaluation of mixtures of ABVB and pentane on iron
oxide, nickel and silica surfaces at different ABVB composition

ABVB wt Fraction Temperature
X=0.00 25C(R.T)
X1=0.05 170 C
X;=0.15 125C
X1=0.30 100 C
X1=0.45 60 C
X1=0.60 80C
X1=0.80 100 C
X1=1.00 140 C
t1=3hr30min, t2=30min, Thickness(Iron Oxide)=137 nm,
Thickness(Nickel)=100 nm

Due to the limited quantity of iron sulfide surfaces obtained, the deposition experiments
with the iron sulfide surface is only performed at one condition with a t1 of 3 hours and

30 minutes, a t2 of 30 minutes and a mass fraction of ABVB 15 wt%.

3.7 Deposit Property Measurement

3.7.1 X-ray Photoelectron Spectroscopy (XPS)
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X-ray Photoelectron Spectroscopy (XPS) is an analysis technique used to obtain chemical

information about the surfaces of solid materials'®'. It has a variety of applications and is

able to provide information as follows:

Elemental composition of the surface (1-10 nm usually)

Elements that contaminate a surface

Chemical or electronic state of each element on a surface

Uniformity of elemental composition across the top of a surface

The thickness of one or more thin layers (1-8 nm) of different materials within the

top 10 nm of the surface
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Figure 3.8: Schematic diagram of X-ray photoelectron spectroscopy'!

Figure 3.8 shows how XPS works'".

High-energized X-ray is used to bombard the
surface of target materials and electrons with characteristic of materials are ejected and

absorbed by an electron energy analyzer. A typical XPS spectrum could then be plotted

based on the information like binding energy, numbers of electrons detected.

XPS is used in this work to obtain deposit thickness, deposit composition and the
chemical state of each element. The XPS measurements were performed on AXIS 165
spectrometer (Kratos Analytical) at the ACSES. The base pressure in the analytical
chamber was lower than 4 x 10-8 Pa and the working pressure was better than 3 x 10 -7
Pa. The resolution function of the instrument for Al-mono source, hybrid lens mode has

been determined to be 0.4 ev on the basis of the Co Fermi edge, 0.55 ev for Ag 3d and
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0.70 ev for Au 4f peaks. Monochromated Al Ko x-rays (hv = 1486.6 ev) were used at

power of 210 W. Fixed analyzer transmission (FAT) mode was applied. The analysis spot
was 700 x 400 um. Charge neutralization was required during the measurements. All
survey scans spanned from 1100 to 0 ev binding energy and were collected with analyzer
pass energy (PE) of 160 ev with a step of 0.3 ev. For the high-resolution spectra the pass-

energy was 20 ev with a step of 0.1 - 0.15 ev.

3.7.2 Thickness of Deposit

3.7.2.1 Inelastic Mean Free Path (IMFP) of Electrons

The IMFP is a measure of the average distance traveled by an electron through a solid
before it is inelastically scattered. It is actually defined by the following equation which
gives the probability of the electron traveling a distance, d, through the solid without

undergoing scattering:

P(d)=exp(-d/1) 3.5

where A is the IMFP for the electrons of energy E.

It is dependent on the following two factors:
® The initial kinetic energy of the electron.
® The nature of the solid. (However, most elements show very similar IMFP versus

energy relationships).

52



The following graph illustrates the functional group of P(d).

1 .00'\

\
\

P(d) N

0.00] B e
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(d A

Figure 3.9: Diagram of P(d) function

It is clear that the probability of escape decays very rapidly and is essentially zero for a
distance d/A > 5. Assume that 100 electrons are collected by detector. The majority of
electrons detected come from within one IMPF distance of the surface. Virtually all
(>95%) of the electrons detected come from within three IMFPs distance of the surface.
This means that any experimental technique such as XPS, which involves the generation

and detection of electrons of such energies, will be surface sensitive.
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3.7.2.2 Calculation of Deposit Thickness

The knowledge of IMFP can be used to calculate the thickness of surface films. Suppose
that a substrate material B is covered by a thin film of a different material A, as illustrated
in Figure 3.10. The XPS signal from the underlying substrate will be attenuated (i.e.
reduced in intensity) due to inelastic scattering of some of the photoelectrons as they

traverse through the layer of material A.

Figure 3.10: Model of film thickness calculation

The probability of such a scattering event for any single photoelectron passing through

this layer is simply given by:

P=exp(-2/1) 3.6

where t is the thickness of the layer of material A .

It follows that the overall intensity of a XPS signal arising from B is reduced by this same

factor, i.e. if the intensity of this signal in the absence of any covering layer is lo, then the
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intensity I in the presence of the over layer is given by :

I=Toexp(-t/A) 3.7

t=2Alog(Io/I) 3.8

It also follows that it is possible to estimate the thickness of a deposited layer by using

the above equation, provided the reduction in the substrate signal is known.

For example, suppose XPS analysis is used to detect the iron oxide surface thickness
before an experiment. The intensity of the iron element obtained is called To. XPS is also
used to detect the deposit on top of the iron oxide surface after an experiment. The
thickness of deposit is so thin that part of the iron electrons from the underlying layer
could also be detected. The intensity obtained is called I. Suppose the X-ray utilized is
monochromatic Al K a with a kinetic energy of 1486.6 ev. The binding energy of Fe 2p
electron is 710.0 ev. So the escaped Fe electron will have a kinetic energy of 776.6 ev.
According to Ebel'® et al. (1990), the & for Fe electron with a kinetic energy of 776.6 ev

is 0.81 nm. Equation 3.8 could then be applied to calculate the thickness of deposit.

3.7.3 Composition of Deposit

3.7.3.1 Elemental Analysis
XPS is able to detect all elements except hydrogen in terms of elemental analysis. It

provides composition for elements like, carbon, oxygen, nitrogen and sulfides, which are
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the major components of ABVB. It could also tell the composition of other elements that
are either from the substrate, i.e. iron and nickel, or from the model compounds, i.e. Zn.
3.7.3.2 Atom bonding

Chemical bonding between different atoms can be obtained from high-resolution
spectroscopy. This will give more detailed information related to sputtered deposits and
ABVB deposits as well as the surface impurities.

3.7.3.3. C/S ratio

Surfaces are contaminated with a number of elements, i.e. O, N, C and S. Among these
elements, sulfur contamination is least. As carbon comprises 80 wt % of organic deposits,
the carbon to sulfur is the most stable indicator of the nature of the sorbed species. Table
3.9 shows the composition of ABVB, ABVB asphaltene and ABVB asphaltene free oil.
Table 3.10 shows the mass ratio of each element to sulfur element for ABVB, ABVB
asphaltene and ABVB asphaltene free oil. The carbon to sulfur ratios in these materials
differs significantly but miss attribution of an organic deposit is possible because, surface
contamination tends to increase the value of the ratio. Organic contamination can take
two forms. It can be present on the inorganic substrate, and remain present throughout

experiments, and or it can adhere to top of the organic deposit post experiment.
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Table 3.9: Elemental composition of ABVB

Normalized to 100% Owt% | Nwt% | Cwt% S wt%
ABVB 1.5 0.7 90.2 7.6
ABVRB asphaltene 1.8 1.1 88.3 8.8
ABVB asphaltene free oil 1.4 0.5 91.1 7.0

Table 3.10: Elemental composition of ABVB relative to sulfur

Mass “i” % /S % 0] N C S
ABVB 0.2 0.1 11.9 1.0
ABVB asphaltene 0.2 0.1 10.0 1.0
ABVB asphaltene free oil 0.2 0.1 13.0 1.0

Washing iron oxide substrates at room temperature, or heating the substrate in pentane
has an effect on surface contamination as shown in Table 3.11. It is not clear if the
contamination noted post blank experiments is adherent throughout or if it is reintroduced

during the subsequent analysis step. At this time we assume that it is adherent and process

the deposition data accordingly.
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Table 3.11: Surface composition of iron oxide film (137 nm)

100 ppm Ni porphine
Weight % As prepared Pentane washed e 31;1r Sggt;rilr?utes,
t2 = 30 min
Fe 55.66 55.58 57.48
0] 25.57 25.57 24.93
N 0.07 0.08 0.23
C 18.70 18.42 17.36
S 0.00 0.35 0.00

We assume that there are two contamination layers as depicted in Figure 3.11. To obtain
the composition of organic deposits, it is imperative to correct for both surface

contamination 1 and surface contamination 2.

Surface Contamination

Surface Contamination . Layer 2
Deposit
Layer 1

Fe203

Si

Figure 3.11: Contamination model

The impact of this correction is significant relative to the difference between the carbon
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to sulfur ratios of bitumen related constituents. For example, Table 3.12 gives the raw
composition data for deposits on an iron oxide surface with 137 nm thickness, where t1 =
3.5 hr, t2 = 0.5 hr, ABVB composition = 15 wt %. The thickness of a deposit is obtained
from equation 3.8. Then, equation 3.7 is employed to determine the carbon signal
detected by X-ray that is actually from the contamination layer 1. The escape depth of
carbon at a kinetic energy of ~1200 ev is 1.58 nm. Table 3.13 shows the data corrected
for contamination layer 1. C* represents the correction for layer 1. Then C* is deducted
from raw data of carbon. C1 stands for the carbon corrected for contamination layer 1.
The C/S ratio calculated from the raw data is 12.94 +/- 0.62. Correcting for

contamination layer 1 yields a C/S ratio of 11.98 +/- 0.39.

Table 3.12: Raw composition data on the iron oxide surface

Weight % 1 2 3 4
Fe 2.94 11.13 1.48 2.29
Q) 5.91 13.72 5.75 7.75
N 0.99 0.08 0.83 0.99
C 83.89 69.91 85.03 82.39
S 6.27 5.16 6.91 6.58

Table 3.13: Data corrected for contamination layer 1

1 2 3 4
Fe wt% 2.94 11.13 1.48 2.29
Thickness (nm) 1.03 0.56 1.27 1.12
C* (Layer 1) wt% 5.14 9.16 3.81 4.61
C1 wt% 78.75 60.75 81.22 | 77.78
C1/8 12.56 11.77 11.75 11.82
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The carbon to sulfur ratio is reduced by almost 1, which equals the difference between
the asphaltene free oil and the feed ABVB, and is one-third the difference between
asphaltene free oil and asphaltenes. The same mathematics is applied to all the data on
iron oxide, nickel and silica surfaces. Correction for contamination layer 2 is more
challenging. For example, no correction for hydrocarbon adsorption from air can be made.
However, there is little oxygen that is not accounted for, as part of the iron oxide and the
sorption of CO and CO,, both key contaminants on the substrates, are therefore not
significant for layer 2. Contamination from layer 2 is therefore not important with respect
to the evaluation of C/S ratios. Contamination and contamination variability remain the
most significant source of uncertainty in the experimental program. It is for this reason

that we have chosen to reproduce experiments and analysis multiple times.

3.8 Error Analysis

3.8.1 Errors from Sample Preparation

Two weighing instruments are used in this work. The analytic balance (Mettler Todeldo
AG285 Dual Range Balance) is used to obtain the weight of ABVB and model
compounds which are normally to the order of magnitude of 100 mg. This balance has a

fine range of 85 g with readability 0.01 mg and coarse range of 210 g with readability of
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0.1 mg. Hence, the fine range mode is chosen while measuring the weight of bitumen and
chemical samples. The error induced is to the order of magnitude of 0.01 mg, which is
not significant compared to the sample being weighed. The other balance (Sartorius L
2200 P) is used to measure the weight of solution and the reactor as a whole. The
capacity of this balance is 2220 g with readability of 0.01 g. Given the fact that the
weight of the solution used is normally larger than 3.0 g and the weight of the reactor is

normally larger than 300 g, the error induced here is less than 1%.

3.8.2 Errors from Analysis
Errors could also be induced during XPS analysis procedure. The detection limitation of
XPS instrument used in this work is 0.1 atom %. The quantitative accuracy is dependent

on many factors:

® Satellite Error. The monochromatic X-ray used to bombard the material surface could
be a narrow beam of X-ray with different values of energy.

® Statistical Error (or white noise). Electron energy analyzer will detect the electrons
being emitted to vacuum chamber and then a typical XPS spectrum could be plotted
based on information like energy of electrons and number electrons detected.
However, the analyzer could make mistakes while counting the number of electron
being absorbed by the analyzer.

® Background Error. When processing the spectroscopy, different backgrounds will
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give different areas and hence end up with different weight percentage of each

element.

There are other factors may affect the accuracy of XPS results, i.e. relative sensitivity
factor of each element, correction for electron transmission function, etc.. To be on the

safe side, the error of element composition from XPS analysis is considered to be below

10%.
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Chapter 4 Results and Discussion

4.1 Introduction

This chapter is divided into three sections. Section 4.2 concerns substrate composition
and contamination issues. Chapter 4.3 concerns deposition experimental results with
model compounds. Chapter 4.4 concerns results from deposition of Athabasca bitumen

vacuum residue. The thickness and composition of deposits is elaborated in depth.

4.2 Surface Composition and Contamination

4.2.1 Contaminated Surface Compositions
As mentioned in Chapter 3.4, surface contamination is an issue in this field. Table 4.1
shows the raw data for the composition of iron oxide, iron sulfide, nickel and silica

surfaces.
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Table 4.1:

Composition of iron oxide, iron sulfide, nickel and silica surfaces (raw data)

Iron Oxide Iron Sulfide Nickel Silica

Fe 57.41 +/-3.38 40.16 +/- 7.82 0 0

Ni 0 0 69.24 +/-1.18 0

Si 0 0 0 64.13 +/- 0.64
(0] 27.53 +/- 2.05 17.17 +/-2.11 17.89 +/- 0.32 25.72 +/- 0.55
N 023 +/-0.12 0.38 +/-0.27 0.06 +/- 0.06 0.42 +/-0.18

C 11.79 +/- 1.36 24.84 +/- 6.38 12.60 +/- 0.96 9.52 +/- 0.46

S 0.71 +/- 0.64 17.00 +/- 1.34 0.04 +/- 0.11 0.21 +/- 0.51

4.2.2 Composition and Contamination of the Iron Oxide Surface

Figures 4.1 and 4.2 show the high resolution spectroscopy for elemental oxygen and
carbon respectively on the iron oxide surface. The oxygen peak can be divided into two
sub peaks. The one with binding energy 530.1 ev can be assigned to O-Fe bonding
(65.4% of the total oxygen). The sub peak with a higher binding energy of 531.6 ev

corresponds to O-C, O-H and O-O bonding, and is mainly due to contamination.
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Figure 4.1: The O 1s high-resolution XPS spectrum for the iron oxide surface
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Figure 4.2: The C 1s high-resolution XPS spectrum for the iron oxide surface



The carbon peak comprises three sub-peaks. The major one with a binding energy of
285.1 ev is assigned to C-C and C-H bonding and constitutes about 72.7% of the total
carbon. The sub-peak at a higher binding energy of 286.0 ev (18.2%) can be assigned to
C-0O bonding and the sub-peak at a binding energy of 288.8 ev (9.1%) corresponds to
carbon atoms that have one ketonic oxygen atom and one non-ketonic oxygen atom. The
majority of carbon contamination comes in the form of C-C and C-H and the rest of the

carbon contamination exists in different forms of carbon oxygen bonding.

Clearly, contamination needs to be factored out to attain a better understanding of the
underlying surface composition. As indicated in Figure 4.2, about 3.22 wt% of C is
associated with carbon oxygen bonding. From this, 4.83 wt% of O is linked to carbon
oxygen bonding, either O-C as O=C-O. From Figure 4.1, 18 wt% O is present in O-Fe
bonding while 9.53 wt% O is linked to contamination. As 4.83 wt% O is linked with C,
4.70 wt% (9.53 wt% - 4.83 wt%) of O can be assigned to O-O or O-H bonding. Thus
oxygen and water are present on the surface as well. As a result, the atomic ratio of O to
Fe of the underlying surface is 0.91 +/- 0.05, indicating a surface comprising FeOq g,

rather than Fe,Os. In either event, the surface remains basic.

4.2.3 Composition and Contamination of the Iron Sulfide Surface
From Table 4.1, it is also noted that the iron sulfide surface is contaminated with elements

like carbon and nitrogen. The high-resolution spectra of carbon and oxygen elements are
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shown in Figure 4.3 and Figure 4.4.

In Figure 4.3, the O 1s peak is fitted into three sub-peaks. The one with the lowest
binding energy of 529.8 ev (35.8%) corresponds to O-Fe bonding. Thus, the iron sulfide
film is so thin that the iron oxide beneath it is also detected. The other two sub-peaks with
higher binding energy of 531.6 ev (52%) and 533.1 ev (12.1%) mainly correspond to O-C,
O-H and O-O bonding. Figure 4.4 shows the C 1S high-resolution spectrum which is
quite similar to the one on the iron oxide surface. The major carbon contamination is
from the sub-peak with a binding energy of 284.7 ev (70.0%). The rest (30%) of the
carbon present has high binding energies of 285.8 ev (20.5%) and 288.4 ev (9.5%),

respectively. They can be assigned to C-O, O=C-O, etc..
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Figure 4.3: The O 1S high-resolution spectrum for the iron sulfide surface
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Figure 4.4: The C 1S high-resolution spectrum for the iron sulfide surface



The same mathematics used for the contamination on the iron oxide surface is applied
here. Figure 4.4 indicates that 7.45 wt% carbon is associated with 9.81 wt% oxygen.
Figure 4.3 illustrates that 6.15 wt% oxygen is from O-Fe bonding and 11.02 wt% oxygen
is regarded as contamination. Consequently, there is about 1.21 wt% of oxygen
corresponds to O-O and O-H bonding, which implies O, and H,O. It is also noted that
18.63 wt% of iron is from Fe-S bonding. As a result, the atomic ratio of S to Fe of the

surface is 1.60 +/- 0.30, indicating a surface comprising FeS.¢9, which is acidic.

4.2.4 Composition and Contamination of the Nickel Surface

It is illustrated that the nickel surface is apparently contaminated with O, N, C and S
elements. The high resolution XPS spectra of oxygen and carbon elements are shown in
Figure 4.5 and 4.6. In Figure 4.5, the O 1s peak is fitted into three sub-peaks. The one
with lowest binding energy of 529.6 ev correspond to O-Ni bond. The amount of oxygen
in this category is about 31.4% of the total oxygen on the surface. The other two sub-
peaks with higher binding energy of 531.3 ev and 532.0 ev correspond to O-C, O-H and
other forms of oxygen bonding. As indicated in Figure 4.6, the majority carbon
contamination exists in the form of C-C and C-H. At the same time, there is also some

carbon at higher binding energy that presents in the form of C-O, O-C=0, etc..

Figure 4.6 also shows that the amount of carbon associated with oxygen constitutes 3.98

wt%. Thus it can be calculated that 5.67 wt % of oxygen is involved in oxygen carbon
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bonding. From Figure 4.5, it can be seen that 5.62 wt % oxygen is linked to O-Ni
bonding. So, there is about 6.60 wt % oxygen as water or oxygen. Moreover, the atomic
ratio of oxygen to nickel is 0.3. If nickel is oxidized to NiO, only 30% area of nickel
surface is oxidized and the balance is metallic. However, the nickel surface can still be

considered as a neutral one.
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Figure 4.5: The O 1s high-resolution XPS spectrum for the nickel surface
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Figure 4.6: The C 1s high-resolution XPS spectrum for the nickel surface



4.2.5 Composition and Contamination of the Silicon Surface

As expected, surface contamination on silicon surface is clear as well. The high
resolution spectra from XPS of oxygen and carbon are shown in Figure 4.7 and Figure
4.8 respectively. Unexpectedly, the oxygen spectrum on silicon surfaces is quite different
from that on iron oxide and nickel surfaces. There is only a single oxygen peak with
binding energy of 525.5 ev which coincides with the binding energy of O-Si. As
discussed in Chapter 3, silicon surfaces are naturally oxidized into silicon dioxide or
silica surface. However, it is possible that oxygen bonded with other elements has the
same binding energy. The carbon spectroscopy from silicon surface is similar to that from
other surfaces. The majority of the carbon contamination is from C-C and C-H bonding.

C-0 and O-C=0 are also detected at higher binding energies.

Again, it is illustrated by Figure 4.8 that 2.41 wt % carbon is with oxygen, and on the
other hand, 2.71 wt % oxygen is with carbon. The rest 23.01 wt % oxygen is with silicon.
Consequently, the atomic ratio of oxygen to silicon is 0.72 which is much lower than the
ratio from SiO,. However, this merely reflects the thinness of the natural oxide layer. The

analysis depth exceeds the thickness of the layer. The surface is acidic.
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Figure 4.7: The O 1s high-resolution XPS spectrum for the silicon surface
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Figure 4.8: The C 1s high-resolution XPS spectrum for the silicon surface



4.2.6 Substrate Composition Summary

As discussed above, surface contamination is unavoidable. XPS analysis permits the
evaluation of surfaces on a contaminant free basis. These are shown pictorially in Figure
4.9. Their form and composition differ from expectation at the outset but meet the
requirements established, namely a selection of acidic (SiO,, FeS; ), neutral (mixed Ni

and NiO) and basic (FeOy ) surfaces.

X-ray  FeQ,, FeOuy  Xeray FeS,,

S iQZ ‘X"'f* a)g S f
(a)

Ni Xeray NiO

S}i Oj }{”}“ a‘}* S i

Figure 4.9: Surfaces used in the organic deposition experiments
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4.3 Deposition of Model Compounds

4.3.1 Negative Controls

Negative control experiments have been performed with pentane and pentane + pyrene
mixtures. The XPS analysis results for pentane, with t1 = 3.5 hours and t2 = 30 minutes,
are shown in Table 4.2. As expected, pentane does not sorb on either iron oxide or silica
surfaces. The surface compositions are the same as the substrate, Table 4.1, within

experimental error.

Table 4.2: Surface composition on iron oxide and silica surfaces for pentane

Iron Oxide Silica
Fe 55.58 0.00
Si 0.00 66.73
0 25.57 25.44
N 0.08 0.10
C 18.42 7.72
S 0.35 0.00

XPS results for pentane + pyrene, with t1 = 3.5 hours, t2 = 30 minutes and a pyrene mass
fraction of 2.52% on iron oxide and silica surfaces are shown in Table 4.3. Again, the
surface composition on iron oxide surface is the same as the substrate, as shown in Table
4.1, within experimental error. However, deposition on the silica surface is observed.

From equation 3.8, the thickness of deposit on the silica surface is 0.19 +/- 0.05 nm. The
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deposit thickness is about the same order of magnitude as the length of a carbon-carbon
bond (~0.15 nm). It is likely due to partial coverage on the silica surface. From equation
3.7, surface compositions corrected for substrate and contamination layer 1 are shown in

Table 4.3 as well. Deposits are only composed of carbon within experimental error.

Table 4.3: Surface composition on iron oxide and silica surfaces for pentane + pyrene

Substrate and
Iron Oxide Silica lc;yr::.rlnifrrl:;igr;
Silica

Fe 56.03 +/- 1.92 0.00 0.00
Si 0.00 53.32 +/-2.64 0.00
6] 2490 +/- 0.46 24,66 +/-2.48 1.35 +/-2.37
N 0.23 +/-0.09 0.77 +/-0.18 0.37 +/-0.18
C 18.12 +/- 1.58 20.34 +/- 3.60 11.9 +/- 3.82
S 0.74 +/-0.73 0.92 +/-0.86

The negative control results indicate that this technique can distinguish the occurrence of

deposition and can detect the partial coverage of deposits on acidic and basic surfaces.

4.3.2 Positive Controls

Positive control experiments have been performed with several model compounds
including naphthenic acid, zinc naphthenate, zinc TPP and nickel TPP. Table 4.4 shows
the XPS results for naphthenic acid deposition on both iron oxide and silica surface with
tl = 3.5 hours and t2 = 30 minutes. From the compositions of iron and silica on the
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exposed surfaces, naphthenic acid is deposited on both iron oxide and silica surfaces.

Surface composition corrected for substrate and contamination layer 1 is also shown in

Table 4.4. Corrected deposits are mainly composed of carbon and oxygen elements,

which are the major elements of naphthenic acid. Again, from equation 3.8, the thickness

of deposit on the iron oxide surface is 0.05 +/- 0.01 nm and that on the silica surface is

0.18 +/- 0.07 nm. Partial coverage is realized in both cases. Clearly it is difficult to realize

quantitative composition measurements on films that are only 0.05 nm thick but at 0.2 nm

the composition of the contaminant free deposit approaches that of the depositing

compound.

Table 4.4: Surface composition on iron oxide and silica surfaces for naphthenic acid

Substrate and Substrate and Naphthenic
Iron Oxide contamination Silica contamination Acid
layer 1 free on layer 1 free on | (Normalized to
Iron Oxide Silica H free)
Fe 49.79 +/- 1.99 0.00 0.00 0.00 0.00
Si 0.00 0.00 54.02 +/- 3.59 0.00 0.00
o) 31.86+/-037 | 5.04+/-032 | 26.64 +/-1.03 3.18 +/- 1.57 17.62
N 0.33 +/-0.14 0.1 +/-0.14 0.35 +/- 047 -0.05 +/- 047 0.03
C 1459 +/-1.09 | 3.17+/-1.19 17.01 +/-3.11 8.5+/-3.45 82.35
S 3.42 +/-1.05 1.98 +/-2.44 0.00

The XPS results for naphthenic acid (15 wt %) + pentane are presented in Table 4.5.

Surface composition corrected for substrate and contamination layer 1 on silica is also
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shown. Nothing is deposited on the iron oxide surface within experimental error while the
deposit thickness on the silica surface is unchanged at 0.17 +/- 0.07 nm. Again, the
corrected deposit comprises carbon and oxygen where the ratio of carbon to oxygen is

equal to that of naphthenic acid within experimental error.

Table 4.5: Surface composition on iron oxide and silica surfaces for naphthenic acid (15

wt %) + pentane
Substrate and Naphthenic
Iron Oxide Silica contamination Acid
layer 1 free on | (Normalized to
Silica H free)
Fe 54.68 +/- 0.41 0.00 0.00 0.00
Si 0.00 54.37 +/- 3.49 0.00 0.00
O 29.23 +/-0.31 | 26.82 +/- 0.81 3.27 +/- 0.46 17.62
N 0.21 +/-0.11 0.49 +/- 0.07 0.09 +/- 0.07 0.03
C 13.98 +/-1.55 | 16.86+/-2.42 | 8.31+/-2.74 82.35
S 1.92 +/-0.78 147 +/-2.17 0.00

The surface composition of deposits for zinc naphthenate (15 wt %) + pentane is given in
Table 4.6. Deposition took place on both the iron oxide and silica surfaces. The thickness
of the deposit on the iron oxide surface is 0.09 +/- 0.02 nm and that on the silica surface
is 1.02 +/- 0.15 nm. The thickness of a benzene molecule is ~0.37 nm and its length is
~0.7 nm. The deposit thickness on silica is about the same as the length of a benzene

molecule. Corrected deposits composition on iron oxide is mainly zinc and carbon, while
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corrected deposits composition on silica is mainly zinc, oxygen and carbon. On the iron

oxide surface, there is too little oxygen and carbon relative to zinc, unless the naphthenate

is decomposed on the surface. On the silica surface, the ratio of zinc to oxygen is correct

but there is too little carbon for zinc naphthenate to be the sorbing species. The deposit

thickness is sufficient to obtain an accurate composition measurement. This matter merits

further investigation.

Table 4.6: Surface composition on iron oxide and silica surfaces for zinc naphthenate

(15 wt %) + pentane

Substrate and Substrate and Zinc

Iron Oxide contamination Silica contamination | Naphthenate

layer 1 free on layer 1 free on | (Normalized

Iron Oxide Silica to H free)

/n 5.88 +/-0.74 5.88 +/-0.74 8.57 +/-0.97 857 +/-0.97 9.33
Fe 4393 +/-2.64 0.00 0.00 0.00 0.00
Si 0.00 0.00 24.04 +/- 3.43 0.00 0.00
@) 25.65 +/- 0.50 -0.57 +/-0.26 24.69 +/-1.08 9.48 +/-1.82 10.52
N 0.07 +/- 0.08 -0.15 +/-0.09 0.39+/-0.15 0.07 +/-0.15 0.02
C 23.00+/-3.89 | 11.89 +/-4.03 39.89 +/-4.01 34.87 +/-4.46 80.13
S 1.48 +/-0.77 243 +/-1.70 0.00

Deposit composition for zinc TPP (15 wt %) + pentane and nickel TPP (15 wt %) +

pentane systems are shown in Tables 4.7 and 4.8, respectively. The deposit thickness for

zinc TPP + pentane is 0.05 +/- 0.01 nm on the iron oxide surface and 0.34 +/- 0.08 nm on

the silica surface. The corrected deposit composition on the thicker silica surface,
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composed of zinc, nitrogen and carbon approximates the composition of zinc TPP. For
the thinner deposit on the iron oxide surface, the approximation is poorer as expected.
The deposit thickness for nickel TPP + pentane is 0 nm on the iron oxide surface and 0.12
+/- 0.02 nm on the silica surface. Again, the corrected deposit composition on the silica

surface, composed of nickel, nitrogen and carbon approximates the composition of nickel

TPP.

Table 4.7: Surface composition on iron oxide and silica surfaces for zinc TPP (15 wt %)

+ pentane

Substrqte a.nd Substrgte apd Zinc TPP

. contamination .. contamination .
Iron Oxide Silica (Normalized
layer 1 free layer 1 free to H free)
on Iron Oxide on Silica

/n 3.00+/-0.86 | 3.00+/-0.86 | 3.52+/-0.10 | 3.52+/-0.10 10.07
Fe 49.12 +/- 1.38 0.00 0.00 0.00 0.00
Si 0.00 0.00 46.35 +/- 3.68 0.00 0.00
0O 24.01 +/-0.15 | -2.75+/-0.01 | 18.52 +/-0.79 | -3.10 +/- 0.09 0.00
N 0.97 +/- 0.11 0.74+/- 0.08 | 2.04 +/-0.11 1.65 +/- 0.08 8.63
C 21.97+/-1.61 | 10.58 +/-1.19 | 28.10 +/- 5.37 | 20.40 +/- 4.08 81.31
S 0.96 +/-1.05 1.48 +/- 0.91 0.00
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Table 4.8: Surface composition on iron oxide and silica surfaces for nickel TPP

(15 wt %) + pentane
c?oﬁiﬁfa?‘gi Ni TPP
Iron Oxide Silica (normalized on
layer 1 free on .
o1 a H free basis)
Silica
Ni 0.00 0.22 +/- 0.01 0.22 +/- 0.01 9.18
Fe 57.84 +/- 0.51 0.00 0.00 0.00
Si 0.00 57.34 +/- 0.94 0.00 0.00
0 24.91 +/- 0.03 23.82 +/-0.32 -0.41 +/- 0.08 0.00
N 0.17 +/- 0.08 0.72 +/- 0.33 0.31 +/-0.23 8.72
C 16.28 +/-1.53 16.19 +/- 0.99 7.34 +/-0.77 82.17
S 0.81+/-1.14 1.74 +/- 0.05 0.00

The positive control experiments illustrate the sensitivity of the analysis, i.e. partial
coverage and monolayer coverage are detectible on both acidic and basic surfaces as
summarized in Table 4.9. The model compounds all sorb more strongly to the acidic
silica surface. Further, deposit compositions corrected for contamination layer 1, appear
to reflect the composition of the depositing species, within experimental error for
deposits at least 0.1 nm thick. Further investigation is needed to evaluate the depositing

species for the zinc naphthenate + pentane case.
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Table 4.9: Deposit thickness for model compounds

Iron Oxide Silica

Pentane not material not material
Pyrene + Pentane not material 0.19 +/- 0.05 nm
Naphthenic Acid 0.05 +/- 0.01 nm 0.18 +/- 0.07 nm
Naphthenic Acid + Pentane not material 0.17 +/- 0.07 nm
Zinc Naphthenate + Pentane 0.09 +/- 0.02 nm 1.02 +/- 0.15 nm
Zinc TPP + Pentane 0.05 +/- 0.01 nm 0.34 +/- 0.08 nm
Nickel TPP + Pentane not material 0.12 +/- 0.02 nm

4.4 Deposition of Athabasca Bitumen Constituents

The control experiments show that deposition differences are expected on acidic and
basic surfaces. As indicated in Chapter 3, the whole experimental matrix was performed
with the iron oxide surface as the principal surface. Nickel/nickel oxide, iron sulfide and
silica surfaces are evaluated for a limited number of cases.

4.4.1 Thickness of Deposits on Basic Surfaces

4.4.1.1 Thickness of Deposits vs. Time Variables

Two temperature variables are introduced in Chapter 3. tl1 represents the time that a
substrate is exposed to mixtures above the deposition boundary. t2 represents the time
that a substrate is exposed to pentane at room temperature. The IMFP (3) of iron element

with a kinetic energy of 776.6 ev is 0.81 nm.
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Figure 4.10: Thickness of deposit on the iron oxide surface vs. t1 at t2 = 30 minutes
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Figure 4.11: Thickness of deposit on the iron oxide surface vs. t2 at t1 = 3.5 hours
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Figures 4.10 and 4.11 show that the thickness of the iron oxide film, t1 and t2, have no

measurable effect on deposit thickness which is ~1.12 nm on iron oxide surfaces.

4.4.2 Thickness of Deposits on Neutral Surfaces
4.4.2.1 Thickness of Deposits vs. Time Variable
The thickness of the deposit on the nickel/nickel oxide surface was evaluated as a
function of variable t1. The thickness of the nickel film was 100 nm. t2 was fixed at 30
minutes, and the compbsition was fixed at 15 wt % ABVB. The IMFP (1) of nickel

element with a kinetic energy of 620 ev is 0.60 nm.

1.00 T
Mean value = 0.59 +/- 0.17 nm

. 0.80 T
2 0.60
[
g
2
= 0.40

0.20

0.00 *

1 1.5 2 2.5 3 3.5 4 4.5 5
Time at T=125 C for Mixture with 15% ABVB (hr)

Figure 4.12: Thickness of deposit on nickel surface vs. t1 at 2 = 30 minutes
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The thickness of deposit on the nickel/nickel oxide surface increases slightly with t1.
However, the mean value of the thickness on the nickel/nickel oxide surface is ~0.59 nm

which is about half the thickness on the iron oxide surface (~1.12 nm).

4.4.3 Thickness of Deposits on Acidic Surfaces

4.4.3.1 Thickness of Deposits vs. Time Variable

The same experiments performed on the nickel surface were also performed on the silica
surface. The IMFP (&) of silicon element with a kinetic energy of ~1380 ev is 2.37 nm.
Figure 4.13 shows the deposit thickness on silica is not affected by variable t1. The
thickness of the deposit on the silica surface, for t2 = 30 minutes and ABVB wt % = 15%,
and over the range of t1 values, is on average ~2.88 nm. Experiments performed on the
iron sulfide surface, which is also an acidic surface, with t1 of 3.5 hours, t2 of 30 minutes
and ABVB 15 wt%, yielded an average deposit thickness of 1.41 +/- 0.25 nm which is
lower than that from the silica surface but still larger than that from iron oxide and nickel

surfaces.
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Figure 4.13: Thickness of deposit on the silica surface vs. t1 at t2 = 30 minutes

4.4.4 Comparison of Thickness of Deposits on all Surfaces

The thicknesses of deposits on iron oxide, nickel, iron sulfide and silica surfaces are
plotted together in Figure 4.14 and Figure 4.15. In Figure 4.15, it is evident that the
thickness is highest on the acidic silica surface (3.26 +/- 0.45 nm), lower on the basic iron
oxide surface (1.41 +/- 0.27 nm) and lowest on the neutral nickel/nickel oxide surface
(0.84 +/- 0.21 nm). The greatest deposit thickness tends to take place at ABVB 45 wt%
on all three surfaces. There is a weak indication that ABVB + pentane deposition is
somehow connected to its phase behavior as shown in Figure 1.3. The thickest deposit
appears to be greatest within the four-phase zone as shown in Figure 4.16 where the
phase diagram is superimposed on the deposit thickness results. The average organic

deposit thicknesses for sets of experiments are shown in Table 4.10.
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Figure 4.14: Thickness of deposits on iron oxide, nickel, iron sulfide and silica
surfaces vs. t1 at t2 = 30 minutes
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Figure 4.15: Thickness of deposits on iron oxide, nickel and silica surfaces vs.
ABVB mass fraction at t1 = 3.5 hours and t2 = 30 minutes. (The numbers of
repetitions of each experiment is a parameter.)
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Figure 4.16: Connection between thickness of deposit and phase behavior

Table 4.10: Organic deposit thickness from experiment set 1 and 2

. ) ) Experiment Set 2 (composition as

Deposit Experiment Set 1 (t1 as variable)
. variable)
Thickness
t2=30 min, ABVB wt%=15% | # of Exp.| t1=3.5 hr, 2=30 min # of Exp.

Iron Oxide 1.10 +/- 0.31 nm 23 1.41 +/- 0.27 nm 30
Nickel 0.59 +/- 0.17 nm 34 0.84 +/- 0.21 nm 33
Iron Sulfide 1.41 +/- 0.25 nm 16 N/A
Silica 2.88 +/- 0.60 nm 20 3.26 +/- 0.45 nm 32
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4.5 ABVB Deposit Composition

In this section, the composition of deposits is discussed on a contaminant free basis. As
the deposits are thick compared to those of model compounds, compositions on a
contamination free basis are robust for detectible constituents with significant mass
fractions. From the elemental analysis of ABVB, Tables 3.9 and 3.10, the easiest and least
ambiguous way to present the composition data is in the form of carbon to sulfur ratios.
These are presented here as functions of the time variables and ABVB mass fraction. The
carbon to sulfur ratio for Athabasca bitumen vacuum residue (ABVB), 11.9, Athabasca
maltenes (asphaltene free oil), 13.0, and Athabasca asphaltenes, 10, are used as

benchmarks.

4.5.1 Composition of Deposit on Basic Surfaces

The whole experimental matrix was performed on iron oxide surfaces. Experiments
where t1, t2 and substrate surface thickness were variables were performed. Figures 4.17
and 4.18 show that variable t1, t2 and iron oxide film thickness do not affect C1/S ratio at
ABVB 15 wt %. The value of C1/S ratio is ~11.3 for both the 40 nm and 137 nm thick
films. The deposit is slightly enriched in asphaltene-like materials relative to the feed.

The deposits are not asphaltenes per se.
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Figure 4.17: C1/S on iron oxide surface vs. t1 at t2 = 30 minutes and ABVB
composition = 15 wt %
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Figure 4.18: C1/S on iron oxide surface vs. t2 at t1 = 3.5 hours
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The effect of ABVB mass fraction on C1/S ratio is shown in Figure 4.19. Experiments are
performed over the ABVB weight percent ranging from 0 to 100 on the 137 nm thick iron
oxide surface. t1 is fixed at 3.5 hours and t2 is fixed at 30 minutes. ABVB mass fraction
has no effect on the C1/S of deposits which is ~ 11.33 nm. Again, the deposit is slightly
enriched in asphaltene like materials relative to the feed. The deposits are not asphaltenes

per se.
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Figure 4.19: C1/S on iron oxide surface at different ABVB mass fractions in pentane

4.5.2 Composition of Deposit on Neutral Surfaces

Since neither the thickness of the film nor the time variables play a role to the
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composition of deposit, the composition of deposit on nickel surface is only evaluated
with variable t1. The thickness of the nickel film is 100 nm. t2 is fixed at 30 minutes and
ABVB composition is fixed at 15 wt %. As expected, C1/S ratio does not vary with t1 as
shown in Figure 4.20. The value of C1/S on nickel surface is ~11.35 which is very close
to that on the iron oxide surface. Figure 4.21 shows that the C1/S on nickel surface does
not vary with ABVB mass fraction either. The mean value of C1/S is ~ 11.29 over the

entire composition range.
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Figure 4.20: C1/S on nickel surface vs. t1 at t2 = 30 minutes and ABVB
composition = 15 wt %
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Figure 4.21: C1/S on nickel surface at different ABVB mass fractions in pentane
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4.5.3 Composition of Deposit on Acidic Surfaces

The same experiments petformed on nickel surfaces were also performed on silica
surfaces. Figure 4.22 shows the C1/S ratio on silica surface is not affected by t1 at fixed
t2 = 30 minutes and ABVB = 15 wt %. However, the value of C1/S on silica surfaces is

higher (~12.63 nm). Figure 4.23 shows the C1/S ratio on silica surfaces as a function of

ABVB mass fraction.
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Figure 4.22: C1/S on silica surface vs. tl at t2 = 30 minutes and ABVB

composition = 15 wt %
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Figure 4.23: C1/S on silica surface at different ABVB mass fractions in pentane

4.5.4 Comparison of Composition of ABVB Deposits on all Surfaces

The C1/8 ratios on iron oxide, nickel and silica surfaces are compared in Figure 4.24 and
Figure 4.25. Figure 4.24 shows the C1/S ratio at a ABVB 15 wt %. It is evident that the
ratio is highest on silica surface and more or less the same on the iron oxide and nickel
surfaces. Figure 4.25 presents the C1/S ratio on all the surfaces at different ABVB mass
fractions. It is again noted that the C1/S is higher on silica surface and lower but similar
on the iron oxide and nickel surfaces. Mixture composition does not appear to have an
appreciable effect. The connection between C1/S ratio and phase behaviour is indicated

in Figure 4.26. Again there is no appreciable effect. The average C1/S ratio for sets of
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experiment is shown in Table 4.11. The adherent deposits sorbed on the silica surface are
enriched with maltenes, while the neutral and basic surfaces are enriched in asphaltenes

relative to the feed. This effect is weak.
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Figure 4.24: C1/8S ratio vs. t1 on iron oxide, nickel and silica surfaces at t2 = 30 minutes

96



14.00 - @ Iron Oxide
13.50 - ® Nickel
13.00 - A A Silica
A
12.50 - A
N A A A
~ 12.00 |
Q ® N
11.50
* 3 ° ° [ ]
11.00 = = ¢
10.50 -
10.00 T T T T T T [ T T 1
0 10 20 30 40 50 60 70 80 90 100
ABVB wt%

Figure 4.25: C1/S ratio on iron oxide, nickel and silica surfaces as a function of
ABVB wt % in pentane
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Figure 4.26: Connection between C1/S ratio and phase behaviour
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Table 4.11: C1/S ratio from experiment set 1 and 2

Experiment Set 1 (t1 as variable)

Experiment Set 2 (composition as

C1/8 variable)

t2=30 min, ABVB wt%=15% | # of Exp.| t1=3.5 hr, t2=30 min # of Exp.
Iron Oxide 11.15 +/- 0.40 21 11.33 +/-0.17 27
Nickel 11.35 4+/- 0.50 24 11.29 +/- 0.31 29
Silica 12.63 +/- 0.56 23 12.42 +/- 0.49 28
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

From the discussion presented in Chapter 4, the following conclusions can be drawn:

1. Acidic, basic and neutral surfaces were prepared. Surface contamination was

explored in detail and a clear understanding of surface properties was achieved. Two

surfaces, notably FeO and a mixed Ni/NiO were unexpected based on the literature

and the starting materials employed. Fe,O3 and NiO surfaces had been anticipated.

2. Contaminants on substrates were not removed during the experimental and analytical

procedures.

3. Negative and positive organic deposition control experiments were performed with

different model compounds. Results were consistent with expectations and suggested

that the technique employed is sensitive enough to detect partial coverage and

monolayer coverage on acidic or basic surfaces.

4. By contrast organic deposit composition is less well defined and the errors are

significant with respect to identifying species present, whether model compounds or

Athabasca vacuum residue constituents.

5. Deposit thickness for Athabasca bitumen + pentane mixtures varies with surface

properties and ranges from 0.5 to 4 nm and is greatest on a strongly acidic surface

and least on a neutral surface. For the surfaces tested, the order of organic deposit
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thickness is SiO2 > FeS > FeO > Ni/NiO. Deposit thickness also varies with mixture
composition. The dependence is weak but appears to reach a maximum in the
L1L2L3V zone at around 45 wt. % bitumen.

6. Substrate layer thickness and details of the experimental conditions appear to have a
limited influence on deposit composition or thickness.

7. Contamination between substrate and the base of the organic deposit layer is
significant and persistent.

8. Contamination on the upper surface of the organic deposit does not appear to be
significant.

9. Deposits from ABVB onto basic and neutral surfaces comprise ABVB enriched in
asphaltenes, while on acidic surfaces and on SiO; in particular, the deposit appears to

be asphaltene deficient.

5.2 Future Work

Based on the present work, the following recommendations are made for the extension of

this research:

1. Sample storage and handling present specific and significant challenges, in this
application and for the surface science literature more broadly.

2. Speciation of surface sorbed organic species is a second challenge, which should be
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pursued, even with the samples obtained from this study. Wet chemistry, and
analytical techniques such as acoustic IR or 13C-NMR could be applied to the

species to obtain more details concerning their composition and molecular structure.
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