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ABSTRACT

Asphaltenes are a solubility class of bitumen known to have undesirable properties. As asphaltenes
are insoluble in paraffinic solvents, they can be separated from bitumen by adding a solvent such
as n-pentane or n-heptane to produce better quality deasphalted oil (DAO). This process is called
Solvent Deasphalting (SDA). Several methods of SDA are reported in literature. The solvent,
solvent to bitumen (S/B) ratio, precipitation time, temperature and pressure affect the yield and

properties of asphaltenes.

The objective of this work is to study the effect of solvent, S/B ratio and precipitation time in the
SDA process on the properties of asphaltenes and DAO. Characterization of asphaltenes and DAO
produced at different conditions of the SDA process could help in predicting how the SDA process
affects the thermal cracking process and downstream processes. Experiments were performed
using Canadian oil sands bitumen from Athabasca region. n-pentane, n-hexane and n-heptane were
used as solvents at S/B ratios 3:1, 4:1, 5:1 and 40:1 (ml/g), and the effect of changing precipitation
time from the most commonly used 24h, to longer time (330h), was also studied. All the

experiments were performed at room temperature and atmospheric pressure.

The solvent and S/B ratio were found to affect the yield and the following characteristics of
asphaltenes and DAO: hydrogen to carbon ratio, heteroatoms (N, S), metal content (Ni, V),
distillation curve, micro carbon residue, free radical content, liquefying point and refractive index.
The separation selectivity and extractability of components from bitumen into asphaltenes and
DAO respectively, change with solvent and S/B ratio in the SDA process. These process variables
also impact the thermal cracking behavior of asphaltenes and DAO. The change in precipitation

time from 24h to 330h in the SDA process did not significantly affect the boiling point distribution

il



and micro carbon residue of asphaltenes and DAO. This work could be extended to the
temperatures and pressures used in the industrial process of solvent deasphalting, and to a wider

range of solvents with different structural aspects.
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CHAPTER 1. INTRODUCTION

1.1 Background

Canadian oil sands are the third largest oil reserves in the world. Oil sands are a mixture of sand,
water, clay and bitumen. Bitumen is the heaviest form of petroleum, having a viscosity greater
than 10° mPa.s and an API gravity lesser than 10°API at the standard temperature of 15°C.!
Compared to conventional crude oil, bitumen has a lower H/C ratio, higher content of hetero atoms
such as sulphur, nitrogen and oxygen, and higher content of metals such as nickel and vanadium.?
The poor fluidity and associated chemical characteristics of bitumen make it unsuitable for pipeline
transport. Dilution and upgrading are the two main strategies to improve the properties of bitumen

and facilitate pipeline transport.!

Upgrading of bitumen is achieved by
a. removal of undesirable components by chemical separations and/or

b. transformation of the structure of the molecules by chemical reactions

During upgrading of bitumen using thermal cracking reactions, coke formation is a major issue,
thus lowering the conversion to valuable liquid oil product. According to literature, a fraction
called ‘asphaltenes’ is mainly responsible for coke formation during thermal cracking of petroleum
residua and bitumen.>* Asphaltenes are a solubility class of bitumen that are soluble in aromatic
solvents such as toluene and insoluble in paraffinic solvents such as n-heptane.! Though they do
not represent a unique compound class, they are characterized by high aromaticity and molecular

weight.®> Hence, it is desired to remove asphaltenes from bitumen through separation.

Solvent deasphalting (SDA) is a separation process in which asphaltenes are precipitated from
bitumen by addition of paraffinic solvent. The remaining fraction of bitumen after separation of
asphaltenes is called deasphalted oil (DAO). DAO is a partially upgraded product. The SDA
process conditions that affect the yield and quality of DAO and asphaltenes are : type of solvent,
solvent to bitumen (S/B) ratio, precipitation time, temperature and pressure.>® The solvent is

recovered from the product streams and recycled.



Asphaltenes from SDA process can be
e used as a road packing material (asphalt binder).’
e gasified to produce hydrogen for hydrocracking and hydrotreating processes.’

e treated by cracking and converted to feedstocks for other conversion processes.®

However, asphaltenes have a lower value compared to the DAO. Bitumen contains 14-20wt% of
asphaltenes.? Removing all the asphaltenes from bitumen represents a significant loss of material.
While SDA process is performed to remove compounds that are deleterious, it is possible that not
all the molecules separated in the asphaltenes phase are deleterious. According to literature, by
varying the conditions of the asphaltene precipitation process the yield, molecular weight and

chemical composition of the precipitate can be varied.>®°

On the other hand, DAO is

e sold as partially upgraded bitumen, i.e. intermediate between fully upgraded synthetic crude
oil and diluted bitumen (DilBit) via pipeline
o further upgraded using processes such as delayed coking, catalytic cracking etc. to synthetic

crude 0il.%1°

The nature of DAO could have an impact on factors such as process conversion, catalyst

deactivation and quality of the products and by-products of downstream conversion processes.

For the above mentioned reasons, it is important to study the effect of SDA conditions on the yield

and properties of DAO and asphaltenes.

1.2 Objective and Scope of Work

The objective of this work is to study the effect of solvent, S/B ratio and precipitation time on the

yield and properties of DAO and asphaltenes in the SDA process.

The approach taken to accomplish this objective can be divided into three parts:
1. Literature review of SDA process and some important properties of bitumen fractions

(Chapter 2)



2. Separation of bitumen into DAO and asphaltenes using different solvents, S/B ratios and
precipitation times in the lab, along with feed characterization, yield measurements of the
fractions and mass balance calculations (Chapter 3)

3. Characterization of the DAO and asphaltene samples using various techniques, followed by

data analysis and interpretation (Chapter 4 and Chapter 5).
The conclusions from this work are summarized in Chapter 6.

1.3 Contribution to the work

The solvent deasphalting experiments and the characterization of the feed and products, except
simulated distillation and elemental analysis were performed by me. Elemental analysis of the
samples was performed by Analytical Chemistry department in University of Alberta. Simulated
distillation analysis along with calibration and data generation were performed by my colleague,

Cloribel Santiago Flores.
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CHAPTER 2. LITERATURE REVIEW ON SOLVENT DEASPHALTING
PROCESS

2.1 Introduction

The purpose of this literature review is to gain an understanding of the key elements of the solvent
deasphalting (SDA) process. As indicated in chapter 1, the end goal of the project is to study the
effect of SDA process of bitumen on the properties of DAO and asphaltenes. The literature review
focuses on three subtopics: 1. Characteristics of the feed (bitumen), 2. SDA process variables and
methods and 3.Characterisitcs of the products (DAO and asphaltenes). This knowledge of existing
scientific literature was applied in experimental planning, product analysis and data interpretation

in this study.

2.2 Characteristics of Bitumen
2.2.1 Chemical Composition

The elemental compositions of most bitumens are in the range: Carbon 83.1 £0.5%, Hydrogen

10.3 £0.3%, Nitrogen 0.4 £0.1%, Oxygen 1.1 £0.3%, Sulfur 4.6 + 0.5%."

It is comprised of hydrocarbons principally of three types: paraffinic, naphthenic and aromatic.’
The hydrogen to carbon (H/C) ratio, which is an important property of crude oils, is ~1.5 for
bitumen, whereas 2-2.3 for conventional crude oils.! This indicates the low paraffinic nature of

bitumen.

Bitumen has a higher heteroatom (O,N,S) and metal content compared to conventional crude oils.'
Table 2-1 shows the S, V, Ni contents of conventional crude oil and bitumen, along with the
physical properties, viscosity and API gravity. The microbiological degradation of light crude oil
during the cretaceous period led to the depletion of hydrogen rich (paraffinic) components and
enrichment of sulfur and metals, making bitumen a heavy crude oil rich in naphthenic and aromatic

type of hydrocarbons.!*?



Table 2-1. Properties of Conventional Crude Oil vs Bitumen.?

. Viscosity . Metals
) Gravity Sulfur | Nitrogen
Crude Oil (m?/s x 10%), (ppm by
(°API) (Wt%) (Wt%)
at 40°C weight)
West Texas Intermediate 40.8 4 0.3 0.08 3.2
Athabasca Bitumen 9.0 7000 4.9 0.5 280

Physical properties such as viscosity, density, boiling point distribution (distillation curve) etc. can

be correlated with the chemical composition of bitumen. '

2.2.2 SARA Fractionation

Based on solubility or adsorption characteristics, bitumen can be fractionated into four classes:
saturates, aromatics, resins and asphaltenes.!* This process is called SARA fractionation and the
process is shown in Figure 2-1. Asphaltenes are precipitated from bitumen using n-pentane or n-

heptane. The remaining portion of bitumen is called maltenes or deasphalted oil (DAO).

ASTM D2007, based on clay-gel chromatographic analysis, is used for separation of saturates,
aromatics and resins.* Two percolation columns, the upper column containing clay and the lower
column containing clay at the top section and silica gel at the bottom section, are connected in
series. The heavy oil or bitumen sample, diluted with n-pentane is added from the top of the upper
column. The polar compounds adsorb on clay, and the aromatics adsorb on silica gel. Saturates
have poor affinity for both silica gel and clay, hence n-pentane is added in sufficient amounts to
elute saturates from silica gel and clay. The upper and lower columns are then separated. The polar
compounds are desorbed from clay by adding toluene-acetone mixture in 1:1 (v/v) ratio. Aromatics
adsorbed on silica gel are desorbed using hot toluene. The solvents are evaporated from the

separated fractions.

The composition of the SARA fractions in bitumen is in the following range: saturates 15-21%,

aromatics 18-19%, resins 44-48% and asphaltenes 14-20%.!
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Figure 2-1. Process Diagram of SARA Fractionation.?

2.2.3 Distillation Profile of Bitumen

The boiling point distribution of Athabasca bitumen is shown in Table 2-2, obtained by using
ASTM D1160.
Table 2-2. Mass loss upon distillation (volume %) vs. Boiling point (°C) of Athabasca Bitumen.?

Volume % Tb, °C

Initial 257

10 326

20 383

30 434

40 483

50 530
50.9 536

The boiling point of a fraction can be correlated with the average molar mass of the fraction.? The
higher the molar mass, higher is the boiling point of the fraction. According to Speight,’ generally
speaking, the proportion of aliphatic compounds in crude oils decreases with increase in boiling

point or molecular weight. As the boiling point increases, the proportion of naphthenes, aromatics



and naphtheno-aromatic compounds increases. Heteroatomic compounds are mainly present in the

non-volatile (residue) fraction of the oil.’

2.2.4 Density

American Petroleum Institute (API) gravity, a measure of density, is widely used in petroleum

industry. The relationship between API gravity and density is given in Eq. 2-1.

141.5
°API =

_ s Eq. 2-1
SCatisec  BO1° a

where SG is the specific gravity of crude oil or bitumen. API gravity greater than or equal to
19°API (940 kg/m>) at 15 °C is the specification for pipeline transport. The API gravity of bitumen
is lesser than 10°API.

Density of heavy oils can be correlated with the elemental composition using Eq. 2-2,? at 15.6°C.

p = 1033 — 13.69H + 13.85S + 115.7N Eq. 2-2
. . ..k .
where p is the density of heavy oil in m—g3, and H, S, N are hydrogen, sulfur and nitrogen
respectively, all in wt%. Thus, the density increases with increase in hydrogen content, and
decreases in the presence of sulfur and nitrogen. The density further increases in the presence of

trace metals.

Viscosity of a fluid is defined as its resistance to undergo deformation under shear stress. It is

represented in two forms: dynamic viscosity and kinematic viscosity.

The SI units for dynamic viscosity are Pa.s, N.s/m? or Kg/(s.m), and the engineering units are

centipoise (cP), where 1cP=ImPa.s. It is represented by the symbol n and given by Eq. 2-3.

Eq. 2-3

o)
n=-
Y

where 0 is the shear stress in Pa and y is the shear rate in s™!



Kinematic viscosity is the ratio between dynamic viscosity and density of the fluid. The SI units
for kinematic viscosity are m?/s, and the engineering units are centistokes (cSt), where

1cSt=1mm?/s. It is represented by the symbol p.

Viscosity lesser than or equal to 350 ¢St at pipeline temperature, is the pipeline specification. The
pipeline temperature depends on the ground along the pipeline. These temperatures usually range

between 5 and 38°C.

The density and viscosity of bitumen are given in Table 2-1. Dilution or upgrading of bitumen is

required in order to meet the pipeline specifications of density and viscosity.

Density and viscosity are dependent on temperature. They decrease with an increase in
temperature. Eq. 2-4 and Eq. 2-5 can be used to calculate the density and viscosity respectively,

at different temperatures.
p = po— 0.62T Eq. 24
In[ln(uw)] = a; + a,In(T) Eq. 2-5

where p is the density in kg/m? at temperature T in units K, p, is the density in kg/m?® at 0°C

(273K), w 1s the viscosity in mPa.s, T is the temperature in K and a1, a; are adjustable parameters.

2.3 SDA Process
2.3.1 Industrial SDA Processes

SDA process separates asphaltenes from oil using a solvent-based extraction. The SDA process
was described in detail by Speight, et al.® Heavy feedstock (such as vacuum residuum) is diluted
with a little amount of solvent to reduce its viscosity and sent into an extraction tower at a point
about one-third from the top of the tower. An alkane solvent is pumped from the solvent
accumulator and enters the extraction tower from the bottom. The extraction tower normally
contains multistage baffle trays, allowing the contact of solvent flowing in upward direction with
the heavy feedstock flowing in the downward direction. The separation of asphaltenes (also called
deasphalter bottoms or pitch) takes place and they move towards the bottom of the tower, while

the DAO and solvent rise in the tower. The temperature at the top of the tower is controlled by



the temperature of the feed inlet and flow of steam to the heating coils located at the top of the

tower. The bottom temperature of the tower is controlled by the temperature of the solvent stream.

The DAO-solvent mixture exits from the top of the tower and flows into a DAO separator. The
solvent is evaporated from DAO using the heat supplied by low pressure steam. The solvent vapor
is condensed and collected in a solvent accumulator, from where it is recycled to the extraction
tower. The DAO goes into a flash tower equipped with a fired heater, where the residual solvent
vaporizes and joins the solvent stream from the evaporator. The minor quantity of solvent present

in the DAO is stripped out in a steam stripper at atmospheric pressure using super-heated steam.

The pitch-solvent mixture flows from the bottom of the extraction tower into a flash drum where
the solvent is vaporized and sent into solvent accumulator. The remaining solvent is stripped out
from the pitch in a steam stripper at atmospheric pressure using super-heated steam. The

asphaltenes are pumped from the bottom of the steam stripper into storage.

The solvent type, solvent to oil ratio, temperature, pressure and contact time are the major process
variables of the SDA process.!*” The yield and quality of the DAO and asphaltenes depend on
these variables. The existing literature on the effect of process variables will be discussed in detail

in section 2.3.3 of this chapter.

Different methods of SDA are used in industry. Low energy deasphalting (LEDA) process, Demex
process, MDS process, Residuum Oil Supercritical Extraction (ROSE) process, Solvahl process
and Lube deasphalting are the different types of SDA processes.® These processes differ in their
process conditions, design and the desired qualities of DAO. These methods are described in the

subsections 2.3.1.1 to 2.3.1.6 using the process description given by Speight.°

2.3.1.1 Low Energy Deasphalting (LEDA) process

In the LEDA process, heavy feedstock such as vacuum residue is diluted with a low-boiling solvent
such as propane to reduce its viscosity. The temperature of the mixture is lowered to the extraction
temperature and fed to a rotating disk contactor (RDC). RDC has more extraction stages than a
baffle-type column or a mixer-settler. This allows production of higher yield of DAO at the same
quality or higher DAO quality at the same yield. The solvent is recovered from DAO and recycled

into the bottom portion of the RDC, after adjusting its temperature. In the RDC, the vacuum residue
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flows downwards and the solvent flows upwards, extracting more paraffinic components from the

feed, while rejecting aromatic components.

The DAO-solvent mixture leaves the extraction tower from the top and sequentially flows through
an evaporator, high pressure flash tower, pressure vapor heat exchanger, low pressure flash tower,
reboiler and superheated steam stripper, where the solvent is recovered from DAO. Similarly,
solvent is removed from the deasphalter bottoms, by flashing the volatiles, followed by
superheated steam stripping. The recovered solvent vapors from DAO and deasphalter bottoms are

condensed and recycled.

2.3.1.2 DEMEX process

Demetallization of vacuum residue with a high metal content is achieved by solvent extraction in
the DEMEX process. The products of this process are demetallized oil, that has a low metal
content and asphaltenes, that has a high metal content. The feedstock is mixed with the DEMEX
solvent before it is sent into the first stage extractor, where constituents of asphaltenes are
separated. The overhead from first stage extractor is extracted with hot solvent in the second-stage
extractor to remove constituents of resins and aromatics of high molecular weight. The bottoms of
the second stage extractor are recycled back to the first stage extractor. The second stage overhead
is heated with hot solvent. The temperature of the mixture is raised above the critical temperature

of the solvent using a fired heater, resulting in the separation of demetallized oil from the mixture.

The solvent circulation required in this process is low, reducing the size of the process unit and the
utility costs. The solvent vapors from the demetallized oil and bottoms are flashed, steam stripped,
condensed and then sent into a supercritical separator. The solvent stream, which is hot, is used

for heat exchange in the process.

2.3.1.3 MDS process

In the MDS process, the feed-solvent mixture is fed to a deasphalting tower. The extraction takes
place in the upper half portion of the tower. The deasphalter bottoms comes into contact with
solvent flowing in countercurrent direction, which extracts oil from the bottoms fraction. After
separation of the bottoms, the DAO-solvent mixture flows from the top of the tower into a heating
furnace and flash tower, to remove most of the solvent under pressure. The remaining smaller

amount of solvent is removed by heating, followed by stripping operation. Similarly, the
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deasphalter bottoms, which accumulate at the bottom of the deasphalting tower, are sent into a
heating furnace, flash tower and asphalt stripper to remove the solvent. The solvent recovered from

deasphalter bottoms and DAO is condensed and recycled.

2.3.1.4 ROSE process

Supercritical solvents are used in the ROSE process. Low boiling solvents such as pentane, butane
and propane are used as solvents depending on the nature of feedstock and desired characteristics
of DAO. The feed is blended with several fold-volume of the liquefied solvent in a mixer at high
temperature and pressure. The mixture is sent into a separator, where asphaltenes are precipitated
from the feed by the solvent flowing in countercurrent direction. The overhead solution is fed to a
second stage separator, where it is subjected to a higher temperature. In this stage the resins are
separated. The overhead solution from the second stage is fed to a third stage separator, where it

is subjected to supercritical temperature. In this stage, the insoluble oil constituents are separated.

The extracted oil-solvent mixture from the top of the third separator flows into an oil separator,
followed by a steam stripper, where solvent is separated and recycled. The solvent from the
asphaltenes is removed by heating and steam stripping, and then recycled. The advantages of this
process are flexibility and precise blending of constituents to desired compositions. Typically, the

process efficiency when propane is used is ~75-83%.

2.3.1.5 Solvahl Process

High yields of higher quality DAO is obtained in the Solvahl process by using solvents in the range
C4-Cs at low solvent to oil ratios. Asphaltenes separated in this process have a high softening point,
and hence appear as pellets. The metal content of the feed is reduced to a level that is compatible

with the downstream operations.

2.3.1.6 Lube Deasphalting

The Lube deasphalting process is used to remove heavy asphaltic materials from lubricating oil.
Propane is mixed with the feed in a baffle tower or RDC. Solvent is recovered using evaporators
or supercritical solvent recovery processes. In the Duo-Sol process, batch extractions in series are
used to deasphalt lubricating oil with propane and using a mixture of phenols and cresylic acids
such as cresols and hydroxyl toluenes as extraction solvent. Solvent recovery takes place in

multistage flash distillation units and stripping towers.
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2.3.1.7 Nexen’s SDA Process

In Nexen’s partial upgrading process, asphaltenes separation from bitumen takes place in two
stages. The first separator is maintained at 160°C and the second separator is maintained at 140°C.
Paraffinic solvents such as 100% n-pentane, a blend of 60wt% i-pentane, 25wt% n-pentane,
15wt% n-hexane are used in this process at a solvent to feed ratio of 1.7 + 0.3 wt/wt. The aim of
this process is to separate 80wt%= 20wt% of the n-pentane insolubles originally present in

bitumen.

2.3.2 Analytical Methods for Asphaltenes Precipitation

Standard analytical methods for asphaltenes precipitation from petroleum feedstocks are listed in
Table 2-3. n-pentane and n-heptane are used as precipitants.®’ These methods recommend a
solvent to oil ratio of 10-50ml/g when n-pentane is used, and >30ml/g when n-heptane is used.”*®
The recommended contact times for n-pentane are 0.5-15h and for n-heptane 1-24h.” Some

methods also use heat to warm up the solvent-oil mixture, and during filtration.’

Table 2-3. Standard Methods for Asphaltenes Precipitation.®’

Method Precipitant Precipitant to sample
ratio (ml/g)
ASTM D&93 n-pentane 10
ASTM D2007 n-pentane 10
ASTM D2006 n-pentane 50
ASTM D6560 n-heptane 30
ASTM D3279 n-heptane 100
ASTM D4124 n-heptane 100
IP 143 n-heptane 100
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2.3.3 Process Variables
2.3.3.1 Solvent

The choice of solvent plays an important role in determining not just the yield and quality of DAO,
but the operating flexibility of the unit. The operating limits of temperature would depend on the
type of solvent used. The temperature has to be maintained below the critical temperature of the
solvent but not too low to increase the viscosity of the feedstock.® Liquid propane is the most
widely used solvent for deasphalting lighter hydrocarbons.® The operating temperature is
maintained below 82°C when propane is used, as its critical temperature is 97°C.% This makes
propane unsuitable as solvent for deasphalting heavy or high viscosity feedstocks. For heavy
feedstocks a higher temperature is needed to reduce their viscosity and allow good mixing with
the solvent. n-butane and iso-butane are suitable as their critical temperatures are higher than
propane (152°C and 134°C respectively).® It is reported in literature that with increase in the carbon
number of n-alkane solvent, the yield of asphaltenes fraction decreases, and the molecular weight
and aromaticity of the precipitated asphaltenes increase.!”® A blend of solvents is used in the SDA
process when it is required to handle feedstocks varying from light to heavy oils and/or to produce

variable yields of DAO.6

2.3.3.2 Solvent to Oil Ratio

The solvent to oil ratio is determined by the properties of feedstock (such as viscosity) and the
desired characteristics of the DAO.® Industries use S/B ratios of 3:1 to 10:1 due to high costs of
solvent recovery.>® According to literature, the amount of asphaltenes precipitated increases with
increase in solvent to bitumen (S/B) ratio, and reaches a saturation.! For n-pentane-bitumen
mixture, the asphaltenes yield reaches saturation at a S/B ratio of 30ml/g.! In a study on solvent

1.9 it was observed that the coke

deasphalting of heavy vacuum residue by Hamidi Zirasefi, et a
yield of thermal cracking of DAO decreased with an increase in solvent to feed ratio when n-

pentane was used as precipitant in the deasphalting process.

2.3.3.3 Temperature

As mentioned earlier, the lower limit of operating temperature is determined by the viscosity of
the feedstock and the upper limit by the critical temperature of the solvent. The temperature
gradient in the extraction tower also influences the separation.® It was reported in literature, that

when n-alkane (Cs-Cs) solvents are used, the amount of asphaltenes precipitated decreases with
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increase in temperature, indicating that the solubility of asphaltenes in n-alkane solvents increases
with a rising temperature.! Temperature was also found to affect the molecular weight of the
precipitate.! At higher temperatures, the lower molecular weight material tends to remain soluble
in solution leading to precipitation of higher molecular weight fraction.! So, as temperature

increases, the molecular weight of the precipitate increases.

2.3.3.4 Pressure

The operating pressure is always maintained higher than the vapor pressure of the solvent to ensure
that it remains in liquid phase.® According to literature, the solubility of asphaltenes in crude oil
increases with increase in pressure when Cs, Cs, Cs and C7 solvents are used.! In case of
Venezuelan crude oil, the solubility of asphaltenes is affected by pressure above bubble point.!
Above the bubble point, solubility increases with increase in pressure (changes in pressure are of
the order of MPa) and below the bubble point the effect of pressure is overruled by changes in

composition.'

2.3.3.5 Contact Time

In most of the previous studies, the effect of contact time on precipitation of asphaltenes was
neglected. In general, a precipitation time of few hours to two days is used for experimental
studies.”!! The yield of asphaltenes is assumed to reach a constant value in that duration. However,
Magbool, et al.!' studied the kinetics of asphaltenes precipitation for crude oils over extended
periods of time varying from 0 to 2000h at different solvent to oil ratios. It was observed that the
onset of precipitation and the time at which the asphaltenes precipitation reaches equilibrium
depend on the solvent to oil ratio. In their study, at lower solvent to oil ratios, the onset time was
several months. Hence, from their study it was concluded that contact time could play an important
role in experimental studies involving asphaltenes precipitation and should not be neglected. These

results indicate that solvent deasphalting is a kinetic process.

2.3.4 Solubility Parameters

Solubility parameter, denoted by the symbol 0, is a measure used to predict the solubility behavior
of substances. According to Hildebrand, solubility parameter of non-polar liquids is related to
internal pressure or cohesive energy density.! It is expressed in two forms &;and §,, given in Eq.

2-6 and Eq. 2-7.
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5, =yV=1/3 Eq. 2-6

11/3

where §; is the solubility parameter (J.mol'®>.m), y is the surface tension (J.m) and V is the

molar volume (m3.mol™!),! and

8, =+c = ’Agv = ’—AHUV_ RT Eq. 2-7

where c is the cohesive energy density defined as the energy of vaporization per unit molar volume,

AE, is the energy of vaporization, AH,, is the heat (enthalpy) of vaporization, R is the universal
gas constant and T is the temperature.! The solubility parameter &, is expressed in units MPa'2.

Between §; and &5, &, is the most widely used form of Hildebrand solubility parameters. !

Eq. 2-7 indicates that there exists a correlation between vaporization and solubility behavior of
the liquid. The intermolecular attractive forces holding the molecules of the liquid together must
be overcome to vaporize it. And the same forces must be overcome to dissolve it or mix the liquid
with another. Hence, solubility parameter is a reflection of the strength of intermolecular forces of
the substance. The linear chain length, degree of branching, shape of the molecule, number of
bonds (single/double/triple) etc. affect the intermolecular forces in organic compounds. Hence the

solubility parameter of a substance would also depend on these factors.

Solubility parameters of mixtures can be calculated using Eq. 2-8.

2xiVi0;
xxiVi

5= Y0;0; = Eq. 2-8
where @;, 0;, x; , V; are the volume fraction, solubility parameter, mole fraction and molar volume

respectively of component ‘i’

The solubility behavior and precipitation of asphaltenes in solvents and solutions can be predicted
using the concept of solubility parameters. Figure 2-2 shows the precipitation of asphaltenes from
Athabasca bitumen in non-polar solvents, both pure and solvent blends, as a function of Hildebrand
solubility parameters §; and §,. With increase in solubility parameter the solubility of asphaltenes

increases, thus leading to lesser precipitation.
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Figure 2-2. Relation between solubility parameter and amount of asphaltenes precipitated from
bitumen. !

As the intermolecular forces in non-polar liquids are predominantly London dispersion forces,
Hildebrand solubility parameters do not take into account the polar and hydrogen bonding
interactions in the substances. Hence the concept of three dimensional (3D) solubility parameters
was later developed to take into consideration the polar and hydrogen bonding forces.! The 3D
solubility parameter (8) can be expressed as the sum of three components called Hansen solubility

parameters as given in Eq. 2-9.

5= \/SDZ + 86p° + 842 Eq. 2-9

where 6p corresponds to the dispersion forces between molecules and is nearly equal to the 6§,
values, 6p corresponds to the polar forces and §y corresponds to the hydrogen bonding interactions

between the molecules.! Figure 2-3 provides a list of 3D solubility parameters of various solvents.
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Molar volume P:lrirrLE‘:ﬁ [(MPalT)

Solvent ¥ 5, :, 5, = _._._Sfrumlj
benzene 9.4 18.4 0 2.0 18.5
methyl chlornde 55.4 153 a1 3.9 1o.9
methylenc chlonde 63.9 13.4 11.7 9.6 202
chloroform BO.7 17.8 i1 5.7 19.0
carbon terrachloride 971 17.8 0 0.6 17.8
retrahydrofuran 81.7 168 57 8.0 19.5
dicthyl ether 104.8 14.5 29 5.1 15.6
ACeTOne 74.0 15.5 10.4 Hh.9 19.9
acetophenone 117.4 196 B 37 21.7
methyl isabutyl ketone 1258 153 61 4.1 17.0
methyl feamyl kerone 1428 15.9 57 4.1 17.4
||i,| [} r|'r|,'||7e;1|1,' ||:|2.? ].‘.-'_.{;\ ]_4.[] ﬂ.ﬂ 22.5
pyridine B9 19.0 BE 5.9 21.8
aniling 91.5 19.4 5.1 10.2 22.5
quinoline 118.0 19.4 6.4 B.9 224
carbon disulfide 0.0 20.4 0 0.6 20.4
dimethyl sulfoxide 71.3 18.4 16.3 10.2 o6
dimethyl sulfonc 75.0 19.0 19.4 12.2 29.8
benzyl alcohaol 103.6 18.4 6.3 13.7 238
cyclohexanal 106.0 17.4 4.1 13.5 224
a=~dichlorobenzene 1128 18.0 9.8 0.0 M5
water” 18.0 155 159 42.2 47.7
asphaltene’ 20.2 20 4. 0.7
asphaltene 203
||:I|!-h'|'l'|'.ﬂ-e' e 19.2 2.0 349 19.7
-methylnaphthalene 2006 0.8 4.7 21.2
phenanthrene 20.0
anthracene 20.3
pentene—1 13.9 4.1 = 14.5
hexene—1 14.4 3.9 - 15.0
heptemne—1 14.6 3.6 2.7 15.3
octene—1 15.0 35 23 15.5
none—1 15.4 3.4 = 15.8
decene—1 15.7 i3 1.3 16.0
cyclopentene 153 58 4.1 16.9
methylcyclopentane 15.7 35 0.0 16.0
cthyloyclopentane 159 33 (.0 16,2
ethyloyclohexanc liadl X (.0 163
undecane 160 0.0 0.0 Lé.0
dodecane 16.2 0.0 0.0 1_'|'|_.1

Figure 2-3. 3D solubility parameters of liquids at 25°C.!

Though the major intermolecular forces in asphaltenes are dispersion forces, they still contain
some polar and hydrogen bonding interactions due to the presence of heteroatoms and polar
functional groups. Hence, Hansen solubility parameters provide an accurate prediction of

solubility behavior of asphaltenes in polar media over the Hildebrand solubility parameters.

According to Wiehe,!? earlier investigators had concluded that dipole interactions in liquids are

not significant. Thus, the polar component of solubility parameter can be neglected. Two
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dimensional (2D) solubility parameters were later developed, to determine the solvent power of
liquids. The 2D solubility parameter (&) of a liquid is a combination of two components, dr and d,
as indicated in Eq. 2-10. &ris called the field force solubility parameter component and it represents
the dispersive interactions. The electron donor- electron acceptor interactions between molecules
that have random spatial orientations (however, the interactions depend on the separation distance
between them) are also represented by Or. O is called complexing solubility parameter component
and represents hydrogen bonding interactions and electron donor- electron acceptor interactions
caused by dipole moment between molecules that have a specific spatial orientation. This reduces
the number of components in the solubility parameter from three to two, and makes it more

convenient to use solubility parameters.
§= 624 6.° Eq. 2-10
where 6720 and §.20.

For a mixture (M) of N liquids, the 2D solubility parameters are given by Eq. 2-11 and Eq. 2-12.

SfM = Z g0i5fi Eq 2-11

Eq. 2-12

where @; is the volume fraction of the liquid ‘i’ in the mixture, and &; and &; are the field force

solubility parameter component and complexing solubility parameter component respectively of

liquid “i’.

It has been reported in literature that the volume of n-paraffin required for ‘onset’ of asphaltenes
precipitation increases upto Co and then decreases, suggesting that n-paraffinic solvents with
higher carbon number can be poor solvents for asphaltenes.!* However, the amount of asphaltenes
precipitated decreases with increase in carbon number of n-paraffinic solvents, indicating that
higher carbon numbered n-paraffins are better solvents, which is also in agreement with solubility

parameters."!* These two observations are contradictory.
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According to Wiehe, et al.'® this paradox can be explained by Gibbs free energy of mixing (AGm).
Eq. 2-13 shows the thermodynamic equation for Gibbs free energy:!

AG,, = AH,, — TAS,, Eq. 2-13

While solubility parameter represents the heat (enthalpy) of mixing (AH,,), Gibbs free energy
combines it with the entropy of mixing (AS,,,) of molecules of dissimilar sizes.'* At higher carbon
numbers of the n-paraffin precipitant, Gibbs free energy of mixing increases with increase in
carbon number resulting in decrease in the volume of the solvent required at flocculation point.'?
In the study by Wiehe, et al.!* the need to improve the accuracy of solubility parameters was
indicated. Approximations were made to Flory-Huggins thermodynamic equation (RF-HM
Model) of Gibbs free energy,'*! to calculate the ‘effective’ solubility parameters that can be used

to predict the onset of asphaltenes precipitation.

In the work by Nikooyeh and Shaw,!® it was shown that enthalpy of solution and partial specific
volume are independent of Hildebrand and Hansen solubility parameters of asphaltene-diluent
mixtures, and these values were inconsistent with the concepts of regular solution theory in
thermodynamics. It was concluded that solubility parameter and simple thermodynamic theories
of solutions cannot accurately describe the behavior of asphaltene-diluent mixtures. In their study,
mixtures of asphaltenes from Athabasca bitumen and Maya crude oil and various solvents, at
infinite dilution, were used. The need to develop a detailed understanding of the physiochemical

phenomena occurring in asphaltene-diluent mixtures was indicated in their study.

Mannistu, et al.'® measured the solubility of asphaltenes in various organic solvents and compared
with the predicted solubility from the models they had developed based on Scatchard-Hildebrand
solubility parameters theory. Solvents used in this study were normal alkanes, branched alkanes,
cycloalkanes, aromatics etc. The single component solubility parameter models successfully
predicted the solubility behavior of asphaltenes in non-polar and slightly polar organic solvents.
The accuracy of prediction improved when three component solubility parameter models were
used. However, both the single and three component models failed to adequately predict the
solubility of asphaltenes in highly polar solvents. It was also found that these models failed to

predict the solubility of asphaltenes in mixtures of cycloalkanes and normal alkanes.
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2.4 Some Important Properties of the Products
2.4.1 Elemental Composition

H/C ratio is an important indicator of the product quality. The value of the product is more if the
H/C ratio is more. Lower H/C ratios imply high aromatic or low paraffinic nature of the product.

The density, boiling point and microcarbon residue (MCR) can be correlated with H/C ratio. !’

Compounds that contain nitrogen can lead to inhibition of acid catalysts during cracking
reactions.'® Some nitrogen-containing compounds are also responsible for gum formation in fuel
oil products.'® Liquid density or API gravity can be correlated with the Nitrogen and sulfur
content.> As shown in Eq. 2-2, the density increases with increase in nitrogen and sulfur content.
Oxygen is mainly present in the carboxyl group of naphthenic acids, which can lead to corrosion
in refining processes.? V, Ni and Fe are the metals present in highest concentration in bitumen, and

thus also in its fractions.!® These metals lead to catalyst deactivation in upgrading processes.'®

Generally, the heteroatom and metal content is higher in high boiling fractions of bitumen.!* SDA
process concentrates these compounds in the asphaltenes fraction which has a low H/C ratio

compared to the DAO.

2.4.2 Refractive Index of Liquids

Refractive index is defined as the ratio of speed of light in vacuum to the speed of light in a
medium.’ According to literature, there exists a relation between refractive index, molecular
weight, density and chemical structures of hydrocarbons.!® The refractive index of paraffins <
naphthenes < aromatics within a specific boiling range and the refractive index for any compound
class increases with increase in molecular weight.!” “Refractive index may be used as an indicator

of the degree of upgrading for similar boiling range fractions”.?

2.4.3 Free radical content

Free radicals are species that contain an unpaired electron, which potentially makes them very
reactive. Free radicals participate in hydrogen transfer, oxidation and polymerization reactions in
petroleum upgrading and refining processes. According to literature, free radicals in asphaltenes
also play a role in aggregation and de-aggregation of asphaltenes when dissolved in solvents, and

vanadium free radicals could lead to catalyst deactivation in upgrading and refining processes.?’
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For these reasons, it is important to measure the free radical concentration, in order to develop

methods to modify or reduce the free radicals present in asphaltenes.

It is reported that asphaltenes and resins contain a very high free radical concentration of 8.9 x
10'8 /g and 1.2-2.5 x 10'7 /g respectively.?! The free radical content is measured using the Electron
Spin Resonance (ESR) spectrometry. According to literature, the central organic radical peak,
having a g-factor of ~2.003 is exhibited by the polycyclic aromatic carbocations present in
asphaltenes.?? The presence of paramagnetic VO™ ions (valency of vanadium = 4) in asphaltenes
displays a signal in ESR spectrum of asphaltenes.?? The g-factor of vanadyl ion is ~1.96.% In the
previous studies, it was observed that the vanadyl or VO*? ions generate multiple peaks due to

hyperfine splitting.!?*2° The ESR spectrum of Athabasca asphaltenes is shown in Figure 2-4.
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Figure 2-4. ESR spectrum of Athabasca asphaltenes.’

2.4.4 Distillation Curve

The separation of chemical substances by virtue of differences in their vapor pressures is called
distillation. Fractions of the material are separated based on their boiling ranges as shown in Table
2-4. The fractions not just differ in their boiling ranges but their chemical composition and other

physical properties. For complex mixtures, the boiling ranges of the fractions overlap at cut points.
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5-10% of the material boils below the minimum cut point and 5-10% of the material boils above

the maximum cut point.?

Table 2-4. Distillation Fractions commonly used in Upgrading and Refining of Crude Oils and

Bitumen.?
Name Boiling Range, °C Uses
Naptha 26-193 Reformed for gasoline or bitumen diluent
Kerosene 165-271 Jet fuel or gasoline blend
Light gas oil (LGO) 215-321 Diesel fuel or jet fuel
) Feedstock for catalytic cracker or
Heavy gas o1l (HGO) 321-426
hydrocracker
‘ Feedstock for catalytic cracker or
Vacuum gas oil (VGO) 426-565
hydrocracker
Vacuum residue (resid Asphalt or feedstock for coker or
>524-565
or residuum) hydroconversion unit

2.4.5 Coking Tendency

Coke is the byproduct of thermal cracking reactions of petroleum feeds. Asphaltenes are mainly
responsible for coke formation. Thermal cracking of DAO or maltenes also produces some coke.
A series of condensation and polymerization reactions take place during thermal cracking of
petroleum feeds, leading to increase in aromaticity and molar mass.>'>?* During this process, oils
form asphaltenes which self-associate and phase separate to form a second ordered liquid phase,

called mesophase, which ultimately leads to coke formation.**

Microcarbon residue (MCR) is a measure of coking tendency. MCR is defined as the solid residue
left after the oil sample is heated to 500°C.> ASTM D4530 is the standard method for testing
MCR.? The coke formed in a delayed coker is 1.7 times the MCR content of the feed.

2.4.6 Melting point of asphaltenes

In the SDA process, it is important to maintain the temperature of the asphaltenes stream in order
to keep them in a fluid state.® Solid phase separation of asphaltenes at low temperatures can cause

fouling and plugging of the process equipment.® When the asphaltenes are present as solids, a
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liquid phase is still necessary for slurry transport. The SDA process variables not only affect the

yield and chemical composition of products, but may also affect their thermal behavior.

Asphaltenes are a complex mixture that do not have a defined melting point.? Previous differential
scanning calorimetry (DSC) studies on asphaltenes from crude oil vacuum residuum reported that
softening and liquefying occurs in the temperature range between 100 and 230°C.?° In the study
by Kopsch on pyrolysis of asphaltenes in inert atmosphere using DSC, the glass transition
temperatures of asphaltenes at different heating rates were determined, and used to calculate a
hypothetical melting point temperature using approximations. The calculated melting point

temperature fell in the temperature range of pyrolysis of asphaltenes.?’

2.5 Conclusions

e The solvent deasphalting is considered to be promising and is widely used in petroleum
industry. However, the effect of the process conditions on the properties and performance of
the products has not been studied extensively. Hence, there is a scope for comprehensive
investigation on this topic.

e In order to study the effect of solvent deasphalting process conditions on the behavior of
asphaltenes and DAO in thermal cracking and downstream processes, it would be important to
measure some of the crucial properties of bitumen and its fractions such as elemental
composition, density, boiling point profile, free radical content, microcarbon residue,
refractive index and melting point.

e As the physical properties of bitumen and its fractions depend on their chemical composition,
it is important to perform chemical characterization of bitumen and its fractions to support the
observations on physical properties and to determine the governing compositional origin for

those observations.
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CHAPTER 3. EXPERIMENTAL - PRECIPITATION OF ASPHALTENES
FROM BITUMEN AT DIFFERENT SDA PROCESS CONDITIONS

3.1 Introduction

In this chapter the experimental lab procedure of asphaltenes precipitation from bitumen is
described. As mentioned in chapter 2, the yield of asphaltenes is different when different SDA
process conditions are used. The bitumen feed characterization, asphaltene and DAO yields and

calculated material losses are presented in this chapter.

3.2 Experimental

3.2.1 Materials

This study was performed using Canadian oil sands bitumen obtained from the Nexen Energy ULC
Long Lake steam-assisted gravity drainage bitumen production facility, which is located in the

Athabasca region of Alberta.

The solvents used for asphaltene precipitation were n-pentane (99.6%), n-hexane (95%) and n-

heptane (99.6%, HPLC grade) supplied by Fisher Scientific.

3.2.2 Equipment and Procedure

The procedure that was followed for the precipitation of asphaltenes from bitumen is shown in

Figure 3-1.

An empty PYREX Erlenmeyer flask made of standard borosilicate glass (volume of 125ml for S/B
ratios 3:1, 4:1 and 5:1, and 1000ml for S/B ratio 40:1) was placed in a weighing balance. Mettler
XS105 Dual Range analytical balance was used to weigh bitumen, asphaltenes, DAO and the
paraffinic solvents in this study. The readability of the balance is 0.01mg and 0.1mg at a maximum
capacity of 41g and 120g respectively. A certain amount of n-paraffinic solvent was taken into the
flask and the balance was tared. The solvent prevents the bitumen from sticking to the bottom of
the container and makes the mixing of solution easier. ~10g of bitumen was added into the flask.
The total amount of solvent required to obtain a certain S/B ratio was calculated. After subtracting
the initial amount of solvent taken, the remaining amount of solvent was added into the flask, and

the mixture was mixed thoroughly with a spatula. A rubber stopper was inserted into the mouth of



the flask to prevent the evaporation of the solvent. The solvent-bitumen mixture was mixed on
Heidolph MR Hei-Standard bar magnetic stirrer (at 125rpm for S/B ratios 3:1 to 5:1 and 400rpm
for 40:1) for 1h, after which it was left in an amber bottle for the target precipitation time, either
24h or 330h, in a dark place. The precipitation time in these experiments is the contact time
measured after stirring, which doesn’t include the 1h stirring period. Except for the 3:1 pentane-
bitumen mixture, rest of the products were separated by vacuum filtration with a pre-weighed filter
paper. MF-Millipore membrane filter paper composed of mixed cellulose membrane, and having
a diameter of 47mm and pore size of 0.22 um was used for filtration. Due to extreme semi-solid
character of the insolubles in the 3:1 pentane-bitumen mixture, this asphaltenes product could be

separated only by decantation of the pentane-rich phase.

Filter papers containing unwashed asphaltenes precipitated from n-pentane, n-hexane and n-
heptane were placed in pre-weighed aluminium weighing dishes. The weighing dishes were dried
at 65°C, 75°C and 100°C respectively in hot air oven (Cole-Parmer, StableTemp vacuum oven,
Model 6259) at atmospheric pressure for 1h. The dishes were left overnight in a vacuum-sealed
oven (Fisher Scientific™ Isotemp™ Model 282A) at 60°C and a pressure of -94.8kPa (-28in Hg).
The dried asphaltenes were weighed by subtracting the empty weights of filter paper and weighing
dish from the total weight after drying. The asphaltenes were collected and stored in amber vials

for further analyses.

Residual solvent from DAO was removed by rotary evaporation at 55°C and 65 rpm. Heidolph
Hei-VAP rotary evaporator was used. 32kPa and 10kPa vacuum were used during evaporation of
n-hexane and n-heptane respectively, while the evaporation of n-pentane was performed at
atmospheric pressure. The weight of DAO in the flask was recorded and DAO was collected into
an amber vial for further analyses. The DAO samples, when observed under a stereomicroscope
(SteREO Discovery.V20) at 150x magnification, were not found to contain small particulates that

could have passed through the filter during filtration.
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Figure 3-1. Process Diagram of Asphaltene Precipitation in this study

3.2.2.1 Process Conditions

3.2.2.1.1 Solubility Subfractions
In this study, the asphaltenes produced when n-pentane, n-hexane and n-heptane were used as
precipitants are called Cs asphaltenes, Cs asphaltenes and C7 asphaltenes respectively, and the

corresponding DAO or maltenes are called Cs maltenes, Cs maltenes and C7 maltenes respectively.

3.2.2.1.2 Solvent to bitumen (S/B) ratios

~10g of bitumen was used in all the experiments. The S/B ratios (ml/g) chosen for this study are
3:1,4:1, 5:1 and 40:1. The lower S/B ratios represent more practical ratios for industrial practice.
The high S/B ratio represent a reference point, since standard methods for asphaltene precipitation
recommend S/B ratios of 40:1 and above.! Asphaltene precipitation was performed in triplicates
for Cs and C7 solvents at the above S/B ratios. For Cs, experiments were performed in triplicates

at 3:1 S/B ratio and single experiments were performed at the remaining ratios.
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3.2.2.1.3 Precipitation Time
The effect of precipitation time on asphaltene precipitation was studied by using two time points:
24h and 330h. In this study, the effect of precipitation time was studied qualitatively by performing

one set of experiments (not in triplicates) for Cs and C7 solvents at different S/B ratios.

3.2.2.1.4 Temperature and Pressure
Asphaltene precipitation experiments were performed at room temperature (~20°C) and

atmospheric pressure. The effect of temperature and pressure are not the focus of this study.

3.2.3 Analyses

Bitumen feed characterization involved the following analyses:

Density of bitumen at 25°C was measured using Anton Paar Density meter, Model DMA 4500M.
The instrument was calibrated using ultra-pure water provided by Anton Paar at 20°C. The density
accuracy of the instrument is 0.00005g/cm® and the temperature accuracy is 0.03°C. Before
injecting into the density meter, the viscosity of bitumen was reduced by heating it to 60°C in a

beaker on Heidolph MR Hei-Standard hot plate magnetic stirrer, without stirring.

Anton Paar Abbemat 200 refractometer was used to measure the refractive index of bitumen at
25°C using the sodium D-line (589nm). The range of the instrument is 1.30 to 1.72nD and the
accuracy is = 0.0001nD. Temperature probe accuracy of the instrument is = 0.05 °C. Equipment
was pre-calibrated by the manufacturer using official standards from the National Metrology
Institute of Germany. Ethanol check was performed every time before measurements, to check
whether the instrument was performing correctly. According to literature, refractive index of

ethanol is ~1.3614nD at 20°C.?

Mineral content of bitumen was determined by thermogravimetric analysis (TGA) using Mettler
Toledo TGA/DSC-1. The equipment contains an MX5 internal microbalance whose capacity and
readability are 5.1g and 0.001mg respectively. ~5mg of bitumen was taken into a 70uLL alumina
crucible and heated in air flowing at a rate of 100ml/min. The gas (air) flow rate was controlled
using Mettler Toledo GC 10 gas controller. The sample was heated from 25 to 900°C in the LF
1100 furnace, at a rate of 10°C/min and left for 1h at 900°C. STARe software was used to evaluate

the mass loss behavior of the sample.
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Microcarbon residue (MCR) of bitumen was determined by TGA analysis using Mettler Toledo
TGA/DSC-1. ~5mg of the sample was heated in a 70uL alumina crucible, in the presence of
nitrogen gas flowing at the rate of 100ml/min. The flow rate of the nitrogen gas was controlled
using the Mettler Toledo GC 10 gas controller. The sample was heated from 25°C to 600°C at a
rate of 10°C/min and left for 1h at 600°C.

Elemental Analysis of bitumen was performed by the Analytical laboratory of the Department of
Chemistry at University of Alberta using Thermo Flash 2000 CHNS analyzer. Oxygen content

was calculated by difference.

The boiling point distribution of bitumen was obtained by simulated distillation (SimDis) analysis,
which was performed by following the standard method ASTM D7169-11.° The equipment used
for this analysis was Agilent 7890B Gas Chromatograph(GC) with DB-HT Simdis column of
dimensions 5Sm x 0.53mm x 0.15um (length x inner diameter x film thickness) and the detector
used was flame ionization detector (FID). Carbon disulfide (Fisher chemical, 99.99% purity) was
used as a solvent to dilute the standards and samples. Polywax 655 (Supelco, Neat) was used for
retention time calibration. In order to calculate the sample recovery, response factor of the FID
detector was determined using ASTM® D6352/D7169 Reference Material 5010 (Supelco) as the
external standard. Response factor (RF) is calculated from the net area of the standard (Astp), mass

of the standard (Mstp) and mass of the solvent (MsLstp) in the standard solution, using Eq. 3-1.

_ (Mstp) 1
= X Eq. 3-1
(Mgtp + Mgsistp)  Astp :

RF

Sample recovery (%RC), expressed as a percentage, is calculated using Eq. 3-2

ME
%RC = I(VI ) x 100 Ea. 3
SMP q. 3-
((MSMP + MSLSMP))

where, ME is the mass of the sample eluted, Msmp is the mass of the sample and Msrsmp is the

mass of the solvent in the sample solution. ME is calculated using Eq. 3-3
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where, Aswmp is the net sample area and RF is the response factor of Reference Oil 5010.

Hydrogen (compressed, 99.999% molar purity, Praxair), helium (compressed, 5.0 grade, Praxair)
and air (compressed, ZERO grade, Praxair) were used for the operation of GC. OpenLAB GC
software was used for operating the GC and acquiring the data, while Dragon Simdis software was
used for calibration and reprocessing of the data. 0.1+0.005g of the sample was weighed and
diluted with carbon disulphide to 10ml. The amount of middle distillate, gas oil and residue
fractions (wt%) were calculated from the boiling point distribution of bitumen, according to Table
3-1. The sample recovery was 80wt%, i.e. 20wt% of the material is boiling above ~720°C, as

shown in Figure 3-2.
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Figure 3-2. Simulated Distillation Curve of Athabasca Bitumen

Table 3-1. Boiling Ranges of Distillation Fractions used in this study

Distillation Fraction Boiling Range (°C)
Middle Distillate Initial Boiling Point - 343 °C
Gas Oil 343 - 524 °C
Residue >524 °C
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Metals (Ni,V) were analyzed by X-Ray Fluorescence spectrometry, using Bruker S2 Ranger
instrument. The instrument contains a silicon drift detector with Peltier cooling, and a Pd-target
X-ray tube. It was calibrated using oil based Ni and V standard solutions (1000ug/g) supplied by
Specpure, at different concentrations (1000, 800, 600, 500, 400, 200, 100, 80, 60, 40, 20, 10, 8, 6,
4,2, 1 ppm) in a mineral oil matrix. The analysis was performed at 40keV and the presence of Ni

and V metals was indicated by the Kq1 lines.

The concentration of free radicals in bitumen was measured using Electron Spin Resonance (ESR)
spectroscopy. Active Spectrum Micro-ESR was used for this analysis. The sweep range of the
instrument is 320 to 9240 Gauss. A 5 mm medium wall precision quartz EPR sample tube,
purchased from Wilmad-LabGlass, was used for analysis. Precision quartz tubes are suitable for
quantification, and give better results than the standard Smm quartz tubes. To ensure that the
resonator cavity is full, the height of the sample tube was adjusted using an O-ring. DPPH (2, 2-
Diphenyl-1-picrylhydrazyl, CAS Number 1898-66-4), supplied by Sigma-Aldrich, was used for
calibration of organic free radical. ~280mg of bitumen was diluted to 1ml with toluene. Using the
calibration curve, the organic free radical content of bitumen was calculated from the double
integral value of the first derivative organic free radical peak of the ESR spectrum. As the
instrument was not calibrated for the vanadyl radical, the double integral value of the vanadyl peak
of the ESR spectrum was recorded and not quantified. The settings used were: microwave power
= 15mW, range of swept magnetic field = 3200-3600G, number of points = 4096, sweep time =
113.9s, number of scans/sweeps = 5, digital gain = 12dB, modulation amplitude = 1.2G. The
modulation phase and frequency were automatically set by the instrument. The ESR spectrum of

bitumen, which is the first derivative of original absorption spectrum, is shown in Figure 3-3.
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Figure 3-3. ESR spectrum of bitumen

Mettler XS105 Dual Range analytical balance was used to weigh bitumen and calibration standards

used for analyses.
The characterization of the bitumen feed is shown in Table 3-2.

Table 3-2. Characterization of Athabasca Bitumen Feed ?

Experimental Data
Description
X s

Liquid Density at 25°C (kg/m?) 1029.4 3.1
Refractive Index at 25°C (nD) 1.5821 0.0002
Mineral Matter Content (wt%) 1.36 0.10

MCR (wt%) 11.7 1.6

Organic free Radical content (spins/g)
4.18x10" 7.14x10'
g-factor = 2.0025
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Vanadyl radical (Double Integral Value)

5.62x10* 4.78x10°
g-factor =2.0146
Elemental Analysis (wt%)
Carbon 82.83 0.19
Hydrogen 10.02 0.002
Nitrogen 0.56 0.02
Sulfur 4.76 0.20
Oxygen (by difference) 1.83 0.006
Metal Content (ppm)
Nickel 47.41 0.46
Vanadium 107.25 0.99
SimDis Fractions (wt%)
Middle Distillate Fraction 6.21 -P
Gas Oil Fraction 34.15 -°
Residue Fraction 65.85 .

® Analysis was performed on single sample

# Average (x) and standard deviation (s) of three samples are reported
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3.2.4 Results

The yields of asphaltenes and DAO (expressed as wt% of bitumen), and associated material losses
are shown in Table 3-3 and Table 3-4 for 24h and 330h precipitation times respectively. The

material losses were calculated by difference.

The first step where material was lost, was during the transfer of the bitumen-solvent mixture at
the end of the contact time to separate the asphaltenes from DAO by filtration. Since it was not
possible to use solvent to remove material that stuck to the container wall (S/B ratio was a
controlled variable), only mechanical means could be used to assist with this transfer. Losses at

low S/B ratios therefore tended to be higher.

The second step where material was lost, was during the transfer of DAO from filtration stage to
rotary evaporation stage. The DAO-solvent mixture produced at low S/B ratios was viscous, as the
amount of solvent in the mixture was low. Due to high viscosity, material was stuck to the walls
of the container used for filtration. It could not be recovered using additional solvent, as the ratio

of solvent to DAO could have an impact on solvent recovery.*

The third step where material was lost, could have been during the rotary evaporation stage, due
to volatilization of light material in DAO along with solvent. However, Figure 3-2 indicates that

this amount is negligible, as less than 0.5wt% of bitumen boils below ~258°C.

The losses in the above stages were contributed by one or more of the following components:
bitumen, DAO, asphaltenes and solvent. Hence, the material losses were cumulatively calculated

by mass balance for each experiment.
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Table 3-3. Yields of Fractions and Losses from SDA of bitumen with contact time of 24h 2

S/B Average Material
) Asphaltenes Yield DAO Yield
Solvent | ratio Loss (wt%)
(Wt%) (Wt%) ]
(v/w) (by difference)
X S X S
3:1 12.23 2.55 75.66 3.20 12.11
o 4:1 14.51 2.39 74.69 3.78 10.80
g
=
2 5:1 19.38 2.35 72.63 5.04 7.99
=
40:1 19.86 1.51 77.61 1.18 2.53
3:1 11.54 1.48 73.82 3.74 14.64
. 4:1 13.11 -b 76.50 -b 10.39
2
= 5:1 17.65 -b 73.73 -° 8.62
<
40:1 18.96 -° 80.25 -° 0.79
3:1 9.10 1.19 81.53 4.91 9.37
o 4:1 12.31 1.40 78.66 3.30 9.03
g
a,
2 5:1 16.35 1.88 77.89 4.27 5.76
<
40:1 17.40 2.97 76.05 1.96 6.55

# Average (x) and standard deviation (s) of three experiments are reported

®Single experiment
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Table 3-4. Yields of fractions and Losses from SDA of bitumen with contact time of 330h ?

Material Loss
S/B ratio Asphaltene Yield DAO Yield
Solvent (Wt%)
(VIw) (Wt%) (Wt%) )
(by difference)
3:1 20.69 75.26 4.05
o 4:1 22.70 68.25 9.05
g
5] 51 23.79 63.81 7.40
=
40:1 21.22 74.13 4.65
3:1 11.40 76.98 11.62
o 4:1 15.42 75.6 8.98
5
a,
2 5:1 17.13 77.45 5.42
=
40:1 17.57 80.26 2.17

® All the experiments were performed for one time

3.2.5 Discussion

3.2.5.1 Feed Properties

The measured values of bitumen properties and composition mentioned in Table 3-2 were
compared against reported values in literature as shown in Table 3-5. Exact comparison of some

properties was not possible, as there are differences in measurement temperature and units.

In Figure 3-3, the central line or signal corresponds to the organic free radical.’ In the work by
Khulbe, et al.® the free radical content of Athabasca bitumen was reported to be 2.5 x10!'7 spins/g
and the g-factor was 2.0023. In their study, the ESR spectrum of Athabasca bitumen contained
multiple free radical lines along with the central peak. The paramagnetic VO™ ions (V**) produced

eight hyperfine lines, due to hyperfine splitting.> However, in the present study, only one peak
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was observed at ~g=2.0146, corresponding to the vanadyl radical. Hyperfine splitting was not
observed in the spectral range used in this study. In Figure 3-3, there seems to be an overlap
between the organic radical peak and vanadyl peak. Hence, the double integral value, used for
quantification of vanadyl radical, was calculated by multiplying the double integral value of the

half portion of the vanadyl peak that didn’t overlap with the organic radical peak by two.

Table 3-5. Comparison of bitumen characterization in this study with values reported in literature

Description Measured Literature.’
Refractive Index (nD) 1.5821 1.57¢%
Carbon (wt%) 82.83 83.31
Hydrogen (wt%) 10.02 10.59
Nitrogen (wt%) 0.56 0.41
Sulfur (wt%) 4.76 4.78
Oxygen (wWt%) 1.83 0.88
H/C ratio 1.45 1.53
Description Measured Literature.’
Liquid Density (kg/m?) 1029.4° 1021.7 ¢
Mineral Matter Content (wt%) 1.36 0.24 49
MCR (wt%) 11.7 13.6 ¢
Nickel (ppm) 47.41 75
Vanadium (ppm) 107.25 196
Middle Distillate Fraction (wt%, vol%) 6.21°F 7.18 &
Gas Oil Fraction (wt%, vol%) 34.15fF 44.25¢
Residue Fraction (wt%, vol%) 65.85" 48.57 ¢

“ Measurement temperature not reported, ® Measured at 25°C, * Measured at 15.6°C
4 Toluene insoluble solids which could include coke particles, ¢ Solids-free basis
"Expressed in wt%, & Expressed in volume%
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3.2.5.2 24h precipitation time

For 24h precipitation time, the yield of asphaltenes decreases from n-pentane to n-heptane at the
observed S/B ratios and it increases with increase in S/B ratio for all the three solvents, as shown
in Figure 3-4. These trends are in agreement with literature.®® In a study by Luo, et al.?,
precipitation experiments were performed for 12h using Canadian heavy oil (p = 975 kg/m?, p =
9440 mPa.s) at room temperature and it was found that the yield of Cs and C7 asphaltenes increased
with S/B ratio upto 20:1(v/v) and then remained same upto 40:1. Speight, et al.’ reported that the
yield of Cs asphaltenes from Athabasca bitumen increases with increase in S/B ratio upto 30:1
(ml/g) and remains constant thereafter. The precipitation time in their experiments was 16h.
Strausz, et al.’ reported that the yield of Cs asphaltenes precipitated at S/B ratio 30:1 (ml/g),
reaches a constant at 12h precipitation time, and the value remains unchanged between 12h and

24h precipitation time.

As mentioned in section 2.3.4 of Chapter 2, the amount of asphaltenes precipitated decreases with
increase in solubility parameter of the precipitants. Solubility parameter is calculated from the
intermolecular forces and molar concentration. In this study, for a given S/B ratio (volume of solvent
is constant), the molar concentration of solvents decreases from n-pentane (0.0087mol/ml) to n-
heptane (0.0068mol/ml). However, the intermolecular forces, mainly the dispersion forces increase
with increase in carbon number or chain length of the linear paraffinic solvent. Hence, the ability of
the solvent to dissolve asphaltenes, represented by the solubility parameter, also increases from n-
pentane to n-heptane, and the amount of asphaltenes precipitated decreases from n-pentane to n-

heptane.

Maltenes have a higher solvent strength for asphaltenes compared to n-paraffinic solvents.® As the
S/B ratio or volume fraction of solvent increases, the solvent strength of the solvent-bitumen

mixture decreases, increasing the amount of asphaltenes precipitated.
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Figure 3-4. Yields of Cs, Cs and C5 asphaltenes precipitated at different S/B ratios.
Precipitation Time = 24h

However, such trends could not be observed in the yields of DAO, due to the additional steps
during which losses in the experiments could occur and the variability they introduced. Only, in

case of n-heptane, the yield of DAO decreased with increase in S/B ratio.

The losses varied from 0.79 wt% to 14.64 wt% of bitumen in the experiments. In general, the
material losses were more at lower S/B ratios and decreased with increase in S/B ratio. A reason
for this behavior could be that the solvent-bitumen mixture and the precipitated asphaltenes are
sticky and semi-solid in nature when low S/B ratios are used, contributing to more losses on the

surfaces of equipment used for precipitation.

Figure 3-5 shows a comparison of Cs-asphaltenes precipitated at S/B ratios of 5:1 and 40:1. Though
the yields of these two asphaltenes are close, asphaltenes are black, shiny, sticky and have a semi-
solid character when precipitated at 5:1, whereas they are brown powdery solids at 40:1. Though
Cs-asphaltenes showed a dominant semi-solid character over Cs and C; asphaltenes, the

appearance in Cs and C7 asphaltenes transformed in a similar manner with increase in S/B ratio.
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According to literature, at S/B ratios < 20:1, asphaltenes retain resin material producing a black,
shiny semi-solid precipitate.” Hence, the efficiency of separation of asphaltenes from bitumen is

greater at higher S/B ratios.

5:1 40:1

Figure 3-5. Appearance of Cs asphaltenes precipitated at S/B ratios 5:1 and 40:1

The standard deviations in the yields of asphaltenes and DAO were high. Inhomogeneity in
bitumen feed and/or variable losses could be contributing to this variability among the

experiments.

3.2.5.3 330h precipitation time

The yield of asphaltenes increased with increase in precipitation time, as shown in Figure 3-6.
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Figure 3-6. Effect of precipitation time on the yield of (a) Cs asphaltenes and (b) C7

asphaltenes at different S/B ratios
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In a study by Shafiee Neistanak,'” it was observed that the yield of asphaltenes from West
Canadian bitumen continued to increase for more than 1000h when precipitation was performed
in air. When the same experiments were performed in nitrogen, the asphaltene yield reached a
saturation after 48h. Their hypothesis was that oxidation and polymerization reactions catalyzed

by oxygen in air contributed to these long term changes in asphaltene yields in the presence of air.

" in his work on auto

Hydrocarbon auto oxidation mechanisms were reported by Siddiquee,’
oxidation of oil sands bitumen. Auto oxidation processes go through free radical reactions which
can be divided into initiation, propagation and termination reactions.!! The polarity of bitumen
increases due to auto oxidation,!! which would lead to a decrease in the solubility of bitumen
fractions in paraffinic solvents, thus leading to increase in asphaltene content. Free radicals in
bitumen, as shown in Table 3-2, which are highly reactive, might also participate in these reactions
and initiate low temperature polymerization reactions. The process conditions such as temperature
and reaction time could affect the rate of these reactions. Usually, formation of sufficient
concentration of free radicals is required for the reactions to proceed at a significant rate. The time
required for this is called induction time, and it is commonly observed in auto oxidation

processes.!! In general, presence of metals such as Fe, Co, Mn, Ni could also affect the reactions

by offering catalytic activity.'!

From Figure 3-6 it can be observed that the extent of increase in asphaltene yield with precipitation
time was greater for n-pentane compared to n-heptane and it was greater at lower S/B ratios. At
330h precipitation time, the yield of Cs-asphaltenes was greater than Cr-asphaltenes at the
observed S/B ratios as shown in Table 3-4. The yield of asphaltenes increases with increase in S/B
ratio for both the solvents, with one exception - this increase was not observed in case of Cs-
asphaltenes from 5:1 to 40:1. Thus, in addition to the effect of precipitation time on asphaltenes
yield, the difficulty of separating the Cs asphaltenes from maltenes at lower S/B ratios could have
amplified the higher amount of asphaltenes and caused the yield to exceed that found at 40:1 ratio,
where this was not a problem. This could be the reason why the yield of Cs asphaltenes did not

monotonously increase with S/B ratio from 3:1 to 40:1.

Again, a specific trend was not observed in the yields of DAO due to variable material losses. The

losses varied from 2.17 wt% to 11.62 wt% of bitumen in the experiments.
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3.2.6 Conclusions

a) In this chapter, characterization of bitumen feed and material balance calculations in the SDA
process at different process conditions were performed. These results will be helpful to
interpret the findings related to characterization of asphaltenes and DAO in later chapters.

b) At 24h precipitation time :

e The yield of Cs asphaltenes increased from 12.23 to 19.86 wt% with increase in S/B ratio
from 3:1 to 40:1 (ml/g), and that of Cs and C; asphaltenes increased from 11.54 to
18.96wt% and 9.1 to 17.4wt% respectively. The yield of asphaltenes increased with the
carbon number of n-paraffinic solvent from Cs to C;. These trends in asphaltene yield
with solvent and S/B ratio are in agreement with literature.

e Though the increase in the yield of asphaltenes from 5:1 to 40:1 was not significant, there
was a notable difference in their appearance. At 5:1 asphaltenes were black, shiny, sticky
and semi-solids whereas at 40:1 they were brown, powdery solids.

c) The asphaltene yield increased with increase in precipitation time from 24h to 330h at the
observed S/B ratios. This effect was more pronounced in the case of Cs asphaltenes compared
to C7 asphaltenes. However, further experimentation is required to validate these observations.

d) Material losses occurred at different stages of asphaltene precipitation from bitumen. The
losses varied from 0.79 wt% to 14.64 wt% of bitumen in the experiments. The losses decrease
with an increase in the S/B ratio from 3:1 to 40:1, indicating that the efficiency of separation

of bitumen fractions increases with increase in S/B ratio in the SDA process.
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CHAPTER 4. CHARACTERIZATION OF ASPHALTENES AND DAO
FRACTIONS OF BITUMEN FROM THE SOLVENT DEASPHALTING
PROCESS

4.1 Introduction

In this chapter, some important properties of DAO and asphaltenes that were described briefly in
chapter 2, were measured and reported. The DAO and asphaltenes were obtained from bitumen by
solvent deasphalting as described in chapter 3. Measurements of free radical content, elemental
composition, metal content, Fourier Transform Infrared (FTIR) spectroscopy of DAO and

asphaltenes and refractive index of DAO are reported in this chapter.

The chapter begins with a description of the experimental techniques used for these analyses,
followed by the results and data analysis to evaluate the role of solvent, S/B ratio and precipitation

time of the SDA process on the above mentioned properties of DAO and asphaltenes.

4.2 Materials and Methods
4.2.1 Materials

DAO and asphaltenes produced from SDA of bitumen using Cs, Cs and C7 solvents at S/B ratios
3:1,4:1, 5:1 and 40:1 (ml/g) and precipitation times 24h and 330h were analyzed.

4.2.2 Analyses

The elemental analysis of DAO and asphaltenes was performed using the same procedure as

described in chapter 3 for bitumen analysis.

Fourier Transform Infrared (FTIR) spectroscopy of samples was performed using ABB MB3000
analyzer with deuterated-triglycine sulfate (DTGS) detector. The spectral range of the instrument
is 485 to 8500cm™, and the frequency accuracy is <0.06cm™. A PIKE MIRacle™ Reflection
Attenuated Total Reflectance (ATR) accessory, containing a diamond crystal plate and high
pressure clamping, was used for sampling. Before the sample analysis, a reference background
spectrum was collected which contains unwanted IR peaks resulting from the air that fills the
sample holder. The instrument automatically subtracts the reference background spectrum from
sample spectrum. IR spectrum was obtained for samples over the wavenumber range 4000-600cm”

! at 4cm’! resolution and an average number of scans of 240.



Refractive Index of DAO samples was measured using Anton Paar Abbemat 200 refractometer at
using the sodium D-line (589nm) similar to bitumen analysis in chapter 3, at four different

temperatures 20°C, 30°C, 40°C and 60°C.

X-ray fluorescence (XRF) spectrometry described in chapter 3 for bitumen was also performed for
asphaltenes. XRF calibration for analysis of asphaltenes was performed using Ni(Il)
Phythalocyanine and V:Os at different concentrations (5-10-20-50-100-200-300-400-500-600-
700 ppm) in a potassium carbonate matrix. The analysis was performed at 40keV and the presence

of Ni and V metals was indicated by the Ka1 lines.

Electron spin resonance (ESR) spectroscopy for measurement of free radical content in asphaltenes
was performed using Active Spectrum Micro-ESR. A 5 mm medium wall precision quartz EPR
sample tube, purchased from Wilmad-LabGlass, was used for analysis. Precision quartz tubes are
suitable for quantification, and give better results than the standard Smm quartz tubes. To ensure
that the resonator cavity is full, the height of the sample tube was adjusted using an O-ring. ~6mg
of asphaltenes was diluted to 1ml with toluene. The settings used were: microwave power = 10mW,
range of swept magnetic field = 3200-3500G, number of points = 53500, sweep time = 150ms,
number of scans/sweeps = 8, digital gain = 18dB, modulation amplitude = 0.5G. The modulation
phase and frequency were automatically set by the instrument. The instrument was not calibrated
at the time when this analysis was performed. The Micro-ESR Signal Processing Software was
used to measure the double integral values of organic free radical peak and vanadyl peak, which

were used to compare the free radical concentration of samples.
Mettler XS105 Dual Range analytical balance was used to weigh samples for analyses.

4.3 Results
4.3.1 Elemental Analysis

The carbon, hydrogen, nitrogen, sulfur and oxygen contents of Cs and C7 asphaltenes, all expressed
in wt%, are reported in Table 4-1, Table 4-2, Table 4-3, Table 4-4 and Table 4-5 respectively.
Oxygen content was calculated by subtracting the total of carbon, hydrogen, nitrogen and sulfur

(in wt%) from 100wt%.
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Table 4-1. Carbon content (wt%) of asphaltenes obtained with different solvents and S/B ratios

by solvent deasphalting when the precipitation time was 24h ?

Solvent
S/B ratio
n-pentane n-heptane
X S X S
3:1 77.69 0.37 74.28 0.01
4:1 78.36 0.32 75.43 0.003
5:1 78.14 0.23 76.30 0.13
40:1 77.54 0.19 76.66 0.06

 Analysis of one set of asphaltenes was performed in duplicates. Average (x) and standard deviation (s) of the

analysis are reported

Table 4-2. Hydrogen content (wt%) of asphaltenes obtained with different solvents and S/B

ratios by solvent deasphalting when the precipitation time was 24h ?

Solvent
S/B ratio
n-pentane n-heptane
X ] X s
3:1 8.63 0.01 7.80 0.02
4:1 8.44 0.20 7.77 0.003
5:1 8.07 0.01 7.84 0.01
40:1 7.78 0.04 7.70 0.06

2 Analysis of one set of asphaltenes was performed in duplicates. Average (x) and standard deviation (s) of the

analysis are reported
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Table 4-3. Nitrogen content (wt%) of asphaltenes obtained with different solvents and S/B ratios

by solvent deasphalting when the precipitation time was 24h ?

Solvent
S/B ratio
n-pentane n-heptane
X s X ]
3:1 0.72 0.01 0.89 0.004
4:1 0.87 0.05 0.97 0.0001
5:1 0.94 0.02 0.96 0.02
40:1 1.07 0.01 1.08 0.03

 Analysis of one set of asphaltenes was performed in duplicates. Average (x) and standard deviation (s) of the

analysis are reported

Table 4-4. Sulfur content (wt%) of asphaltenes obtained with different solvents and S/B ratios

by solvent deasphalting when the precipitation time was 24h ?

Solvent
n-pentane n-heptane
S/B ratio X s X S
3:1 6.37 0.08 6.75 0.06
4:1 6.80 0.22 6.97 0.06
5:1 7.25 0.12 7.15 0.03
40:1 7.65 0.12 7.44 0.14

2 Analysis of one set of asphaltenes was performed in duplicates. Average (x) and standard deviation (s) of the

analysis are reported
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Table 4-5. Oxygen content (Wt%) of asphaltenes obtained with different solvents and S/B ratios

by solvent deasphalting when the precipitation time was 24h ?

S/B ratio n-pentane n-heptane
X S X S
3:1 6.57 0.46 10.28 0.04
4:1 5.58 0.26 8.85 0.06
5:1 5.59 0.34 7.75 0.11
40:1 5.95 0.11 7.12 0.04

 Analysis of one set of asphaltenes was performed in duplicates. Average (x) and standard deviation (s) of the
analysis are reported

The carbon, hydrogen, nitrogen, sulfur and oxygen contents of Cs and C7 maltenes, all expressed
in wt%, are reported in Table 4-6, Table 4-7, Table 4-8, Table 4-9 and Table 4-10 respectively.
Oxygen content was calculated by difference.

Table 4-6. Carbon content (wt%) of DAO obtained with different solvents and S/B ratios by

solvent deasphalting when the precipitation time was 24h ?

Solvent
S/B ratio
n-pentane n-heptane
X ] X ]
3:1 83.66 0.10 83.06 0.26
4:1 83.81 0.05 83.33 0.28
5:1 83.89 0.05 83.04 0.12
40:1 83.81 0.09 83.48 0.04

® Analysis of one set of DAO was performed in duplicates. Average (x) and standard deviation (s) of the analysis
are reported
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Table 4-7. Hydrogen content (wt%) of DAO obtained with different solvents and S/B ratios by

solvent deasphalting when the precipitation time was 24h #

Solvent
S/B ratio
n-pentane n-heptane
X S X S
3:1 10.33 0.06 10.29 0.06
4:1 10.56 0.02 10.37 0.05
5:1 10.58 0.001 10.40 0.07
40:1 10.62 0.01 10.54 0.03

 Analysis of one set of DAO was performed in duplicates. Average (x) and standard deviation (s) of the analysis

are reported

Table 4-8. Nitrogen content (wt%) of DAO obtained with different solvents and S/B ratios by

solvent deasphalting when the precipitation time was 24h ?

Solvent
S/B ratio
n-pentane n-heptane
X ] X s
3:1 0.41 0.01 0.41 0.007
4:1 0.38 0.03 0.38 0.009
5:1 0.34 0.01 0.37 0.0003
40:1 0.34 0.03 0.33 0.0004

2 Analysis of one set of DAO was performed in duplicates. Average (x) and standard deviation (s) of the analysis

are reported
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Table 4-9. Sulfur content (wt%) of DAO obtained with different solvents and S/B ratios by

solvent deasphalting when the precipitation time was 24h #

Solvent
S/B ratio
n-pentane n-heptane
X s X ]
3:1 4.12 0.05 4.60 0.01
4:1 3.87 0.01 4.33 0.13
5:1 3.75 0.15 4.20 0.05
40:1 3.44 0.06 4.12 0.03

 Analysis of one set of DAO was performed in duplicates. Average (x) and standard deviation (s) of the analysis

are reported

Table 4-10. Oxygen content (wt%) of DAO obtained with different solvents and S/B ratios by

solvent deasphalting when the precipitation time was 24h ?

Solvent
S/B ratio
n-pentane n-heptane
X s X S
3:1 1.48 0.005 1.65 0.32
4:1 1.38 0.01 1.59 0.19
5:1 1.43 0.11 1.99 0.14
40:1 1.79 0.13 1.52 0.03

2 Analysis of one set of DAO was performed in duplicates. Average (x) and standard deviation (s) of the analysis

are reported
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4.3.2 Metal content by X-Ray Fluorescence

Nickel and Vanadium content in asphaltenes was measured using XRF. The measurements are
plotted in Figure 4-1. The Ni content in ppm increased from 129 to 261ppm in Cs asphaltenes and
256 to 345ppm in C7 asphaltenes with increase in S/B ratio from 3:1 to 40:1. The V content in ppm
increased from 418 to 1058 ppm in Cs asphaltenes and 958 to 1178 ppm in C7 asphaltenes with
increase in S/B ratio from 3:1 to 40:1. The Ni and V contents of C7 asphaltenes were higher than
those of Cs asphaltenes at the observed S/B ratios. The Ni and V content of Cs asphaltenes at S/B

ratio 4:1 was not measured as the quantity of sample required for this analysis was not available.
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Figure 4-1. Metal content in asphaltenes (a) Ni and (b) V expressed in ppm

4.3.3 FTIR Spectra

FTIR of asphaltenes and DAO was performed to observe changes in molecular structures when
different SDA process conditions are used. Different types of bonds in molecules absorb light at
different frequencies of the infrared region and vibrate. Vibrations are accompanied with either
stretching (change in bond length) or bending (change in bond angle).! The frequency of vibration,
which is used to calculate the wavenumber (V), depends on the strength of the bond and reduced
mass of the bonding atoms.! Functional groups can mainly be identified using FTIR by observing
the peaks that appear at different wavenumbers which correspond to the vibration of specific

bonds.

The FTIR spectra of asphaltenes produced using different solvents and S/B ratios in the SDA
process with 24h precipitation time are shown in Figure 4-2. In the same figure, spectra of
asphaltenes are compared with the IR spectrum of bitumen. Differences among the samples with

changes in solvent and S/B ratios could not be identified visually from the graphs.
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Figure 4-2. FTIR spectra of asphaltenes precipitated at different solvents and S/B ratios in the

SDA process when the precipitation time = 24h

Changes in asphaltenes with precipitation time can be observed by comparing the FTIR spectra in

Figure 4-2 and Figure 4-3. Figure 4-3 contains the FTIR spectra of asphaltenes precipitated after

330h in the SDA process. The absorption bands in Figure 4-3 are similar to those in Figure 4-2,

and the differences could not be identified visually among the FTIR spectra with change of

precipitation time from 24h to 330h.
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Figure 4-3. FTIR spectra of asphaltenes precipitated at different solvents and S/B ratios in the

Pentane 3:1 330h
Pentane 4:1 330h
Pentane 5:1 330h
Pentane 40:1 330h
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Heptane 5:1 330h
Heptane 40:1 330h

SDA process when the precipitation time = 330h

Figure 4-4 and Figure 4-5 contain IR spectra of DAO precipitated using different solvents and S/B
ratios in the SDA process with precipitation time 24h and 330h respectively. They are similar to
the FTIR spectrum of bitumen, and visually, no major differences were found with changes in
solvent and S/B ratio in the SDA process. The IR peaks between ~1010 and 1030cm™ and at
~1100cm’!, which were present in the IR spectra of asphaltenes were less intense compared to

those in the FTIR spectra of asphaltenes. No visually noticeable differences in DAO were found

between 24h and 330h precipitation time by comparing Figure 4-4 and Figure 4-5.
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Figure 4-4. FTIR spectra of bitumen, and DAO for different solvents and S/B ratios in the
SDA process when the precipitation time = 24h
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Figure 4-5. FTIR spectra of DAO for different solvents and S/B ratios in the SDA process
when the precipitation time = 330h
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4.3.4 Free Radical Content

In ESR, the first derivative of the absorption signal is recorded as a function of g-factor, as shown
in Figure 4-6. To obtain the area under the original absorption spectrum vs. g-factor plot, which is
shown in Figure 4-7, a double integration is required. The double integral is proportional to free
radical content in the sample.? As the same settings and precision tubes were used in the analyses
of all the samples, the double integral values of the samples can be compared in order to study

qualitatively how the free radical concentration varies among the samples.
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Figure 4-6. Graph showing first Derivative of Absorption Spectrum of asphaltenes vs. g-factor

in the ESR spectroscopy of asphaltenes
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Figure 4-7. Absorption spectra of asphaltenes as a function of g-factor obtained in ESR

spectroscopic analysis

The central peak in Figure 4-7 is from the organic free radical in asphaltenes. The double integral
values of the central peak in Cs, Cs and C7 asphaltenes precipitated at different conditions of the
SDA process are plotted in Figure 4-8. The peak at g=~2.0146 belongs to the vanadyl radical.
Hypertine splitting of vanadyl radical was not observed in the spectral range used in this study. As
shown in Figure 4-7, there seems to be an overlap between the organic radical peak and vanadyl
peak. Hence, the double integral value of the vanadyl peak was calculated by multiplying the
double integral value of half portion of the vanadyl peak that didn’t overlap with the organic radical
peak by two. The double integral values of vanadyl radical peak in Cs, C¢ and C;7 asphaltenes
precipitated at different conditions of the SDA process are plotted in Figure 4-9.

The double integral values in both the figures increase from Cs to C; asphaltenes, indicating that
the free radical content in asphaltenes increases from Cs to C; asphaltenes at the observed S/B
ratios. It can also be observed that the double integral values of asphaltenes increase with increase
in S/B ratio from 3:1 to 40:1, indicating that the free radical content in asphaltenes increases with

increase in S/B ratio from 3:1 to 40:1.
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Figure 4-8. Double integral values of organic free radical peak in the ESR spectroscopy of Cs,
Cs and C7 asphaltenes at different S/B ratios. Precipitation Time = 24h
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Figure 4-9. Double integral values of vanadyl radical peak in the ESR spectroscopy of Cs, Cs
and C7 asphaltenes at different S/B ratios. Precipitation Time = 24h
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In Figure 4-7, the g-factor of the organic and vanadyl radical peaks appears to be different among
the samples. Table 4-11 contains g-factors of organic radical peak in the ESR spectra of Cs, Cs and
C7 asphaltenes precipitated using different solvents and S/B ratios in the SDA process. The g-

factors changed with the solvent and S/B ratio used in asphaltene precipitation by SDA process.

Table 4-12 contains g-factors of vanadyl peak in the ESR spectra of Cs, C¢ and C7 asphaltenes
precipitated using different solvents and S/B ratios in the SDA process. The g-factors of Cs, Cs
increased with increase in S/B ratio from 3:1 to 40:1 in the SDA process used for asphaltene
precipitation. Also, the g-factors of vanadyl peak increased from Cs to C7 asphaltenes, at the

observed S/B ratios.

Table 4-11. g-factors of organic free radical signal in the ESR spectra of asphaltenes precipitated

using different solvents and at different S/B ratios in the SDA process, with precipitation time =

24h
S/B ratio g-factor
Cs asphaltenes Cs asphaltenes C7 asphaltenes
3:1 2.00062 2.00078 2.00139
4:1 -4 2.00109 2.001
5:1 2.00078 2.00094 2.00094
40:1 2.00109 2.00011 2.00094

# Sample was not available for analysis
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Table 4-12. g-factors of vanadyl peak in the ESR spectra of asphaltenes precipitated using

different solvents and at different S/B ratios in the SDA process, with precipitation time = 24h

S/B ratio g-factor
Cs asphaltenes Ce asphaltenes C7 asphaltenes
3:1 2.01406 2.01453 2.01467
4:1 - 2.01469 2.01487
5:1 2.01437 2.01469 2.015
40:1 2.01469 2.01484 2.01516

4 Sample was not available for analysis

4.3.5 Refractive Index of DAO

In this study, refractive indexes of DAO samples were measured at different temperatures in the

range 20 to 60°C. Changes in refractive indexes of Cs, Cs and C7 maltenes with the S/B ratios used

in the SDA process are shown in Figure 4-10. Analysis was performed for three samples of Cs and

C7 maltenes, and one sample of C¢ maltenes. Refractive index decreased with increase in

temperature. The refractive index of maltenes decreased with increase in S/B ratio from 3:1 to 40:1

in the observed temperature range of 20 to 60°C.
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Figure 4-10. Refractive Indexes of DAO with temperature at different S/B ratios and

precipitation time = 24h for (a) Cs maltenes, (b) Cs maltenes and (c) C7 maltenes

Changes in refractive index with SDA precipitation time are shown in Figure 4-11. With increase

in precipitation time, the refractive index of Cs and C7 maltenes decreased at the observed S/B

ratios.

65



®m  Pentane 3:1 24h
Ll . ® Pentane 3:1 330h
] A Pentane 4:1 24h
1.565 - ! v Pentane 4:1 330h
. & Pentanc 5:1 24h
@ 4 E 4 Pentanc 5:1 330h
= 1.560 § . » Pentanc 40:1 24h
ks 4 e Pentane 40:1 330h
& 4 o
‘o 955 § % E
a B
& 1.550 .
2 ¥ .
1.545 ?
5
1.540 : T T ; r y | r
20 30 40 50 60
Temperature (°C)
1.580
i m  Heptane 3:1 24h
® Heptane 3:1 330h
IS % A  Heptane 4:1 24h
] v Heptane 4:1 330h
1.570 4 s % & Heptane 5:1 24h
é ] P4 4 Heptane 5:1 330h
£ 1.565 « $ > Heptane 40:1 24h
5 ] : 2 ® Heptane 40:1 330h
T 15604 & ¢
P q
b 2 l
®) 2 1,555+ E
&
- o t
o 1.550
1.545 S >
1 .
1.540 T v T . T T T T T
20 30 40 50 60

Temperature (°C)

Figure 4-11. Effect of precipitation time in SDA process on the refractive Indexes of DAO
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4.4 Discussion
4.4.1 Effect of SDA process on the chemical composition of asphaltenes and DAO
4.4.1.1 Material balance of elements (C, H, N, S)

The elemental losses of C, H, N, S in the asphaltene precipitation experiments were obtained from

material balance calculations (Eq. 4-1) and tabulated in Table 4-13.

Ly =27y — (ZAsp X YAspl_B(Z)DAO X YDAO) Eq. 4-1
Where
Zioss = Elemental loss in terms of wt% of bitumen
Zg = wt% of element in bitumen
Zpsp = wt% of element in asphaltenes
Yasp = yield of asphaltenes in terms of wt% of bitumen
Zpao = wt% of element in DAO
Ypa0 =yield of DAO in terms of wt% of bitumen

Table 4-13. Calculated elemental (C, H, N, S) losses during precipitation of asphaltenes using

different solvents and S/B ratios

Solvent S/B ratio Calculated Elemental Losses (wt% of bitumen)
C H N S
3:1 10.03 1.15 0.16 0.86
4:1 8.86 0.91 0.15 0.88
n-Cs
5:1 6.76 0.77 0.13 0.63
40:1 2.39 0.23 0.08 0.57
3:1 8.35 0.92 0.14 0.40
4:1 8.00 0.91 0.14 0.50
n-Cy
5:1 5.68 0.64 0.11 0.32
40:1 6.00 0.66 0.12 0.33
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4.4.1.2 Hydrogen to carbon (H/C) ratio

As mentioned in chapter 2, H//C ratio is an important quality indicator for petroleum products.
Higher the H/C ratio, better is the quality. In general, low H/C ratios indicate high density,
aromaticity and high micro carbon residue (MCR) or coking tendency.? Correlation of H/C ratio

with the solubility parameters of petroleum fractions was reported by Gray.>

With the separation of asphaltenes in the SDA process, the H/C ratio increased from 1.45 in
bitumen (calculated from Table 3-2 of Chapter 3) to 1.48-1.52 in DAO, as mentioned in Table
4-15.

The changes in H/C ratio of asphaltenes were caused by changes in both the carbon content (wt%)
and hydrogen content(wt%), as shown in Table 4-1 and Table 4-2. The H/C ratio of Cs and C;
asphaltenes decreased with an increase in the S/B ratio from 3:1 to 40:1, as indicated in Table 4-14.
This decrease with S/B ratio was higher for Cs asphaltenes compared to C7 asphaltenes, indicating
that the effect of S/B ratio on the H/C ratio is more pronounced in the case of Cs asphaltenes. These
trends indicate that with increase in S/B ratio, the aliphatic nature of asphaltenes decreases and/or
the cyclic content of the asphaltenes increases. The increase in asphaltene yield with S/B ratio
(chapter 3) could be associated with increasing precipitation of the aromatic components of
asphaltene fraction in bitumen. The boiling point and coking tendency of the asphaltenes phase
should also increase, which could be detected using simulated distillation and thermogravimetric

analysis. The results of these additional analyses will be provided in Chapter 5.

The H/C ratio of Cs asphaltenes is greater than that of C; asphaltenes. The difference between the
H/C ratios of Cs and C7 asphaltenes decreased from 3:1 to 40:1 and the effect of solvent on the
H/C ratio of asphaltenes was low at S/B ratios 5:1 and 40:1 compared to 3:1 and 4:1.
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Table 4-14. H/C ratio of Cs and C7 asphaltenes precipitated at different S/B ratios in the SDA

process with precipitation time=24h

H/C ratio
S/B ratio
Cs asphaltenes C7 asphaltenes
3:1 1.33 1.26
4:1 1.29 1.24
5:1 1.24 1.23
40:1 1.20 1.21

In the study of effect of precipitating conditions on the properties of asphaltenes by Ortega, et al.*
Cs and C7 asphaltenes precipitated from Athabasca vacuum residue at S/B ratios 13:1 and 40:1
were compared. In their results, the H/C ratio of Cs asphaltenes was greater than C7 asphaltenes,
and the H/C ratio decreased with increase in S/B ratio. The density measurements of solutions of

asphaltenes in toluene followed the reverse trend.

In the study by Luo, et al.’, it was observed by characterization of Cs and C7 asphaltenes
precipitated from heavy oil by 'H NMR and '*C NMR that C7 asphaltenes were more aromatic
than Cs asphaltenes.

Asphaltenes are characterized by high molecular weight and aromaticity.® The intermolecular
forces in aromatic structures, which are closely packed, are greater compared to those in aliphatic
compounds. Hence, the solvent power required to dissolve the aromatic components of bitumen
increases with the aromaticity, indirectly measured by the H/C ratio. This could be the reason
behind the decrease in H/C ratio from Cs to C7 asphaltenes, and with an increase in S/B ratio from

3:1to 40:1.

As shown in Table 4-15, changes in the H/C ratio of DAO were much less than those observed

among the asphaltenes.
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Table 4-15. H/C ratio of Cs and C7 maltenes precipitated at different S/B ratios in the SDA

process with precipitation time=24h

H/C ratio
S/B ratio
Cs maltenes C7 maltenes
3:1 1.48 1.49
4:1 1.51 1.49
5:1 1.51 1.50
40:1 1.52 1.51

4.4.1.3 Nitrogen, Sulfur and Oxygen

As mentioned in chapter 2, properties of asphaltenes and DAO depend on their chemical
composition. In general, the higher boiling fractions contain higher concentration of nitrogen,
sulfur, Ni and V. Density of heavy oils (p ) can be correlated with the elemental composition using

Eq. 2-2.%at 15.6°C.

p = 1033 — 13.69H + 13.85S + 115.7N Eq. 4-2

k
where p is the density of heavy oil in g3, and H,S,N are hydrogen, sulfur and nitrogen respectively,

m

all in wt%. In the presence of heavy metals, the density further increases.

The nitrogen and sulfur content (wt%) in asphaltenes increased with increase in S/B ratio used in
the SDA process, as shown in Table 4-3 and Table 4-4. The maximum percentage increase in the
nitrogen and sulfur content in asphaltenes with increase in S/B ratio was ~20 and ~7% respectively.

As mentioned in chapter 2, presence of nitrogen and sulfur containing compounds not only affects

the properties of asphaltenes and DAO, but would also affect their processing
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Measuring the separation selectivity for heteroatoms from bitumen into the asphaltenes phase at
different process conditions is important. It is a fraction and is calculated using Eq. 4-3. For this
purpose, the heteroatom content in asphaltenes, expressed as wt% of bitumen, was calculated from
the heteroatom content in asphaltenes (wt%), mentioned in Table 4-3, using Eq. 4-4. The
extractability of heteroatoms, defined as the amount of nitrogen (wt% of bitumen) present in the

DAO, was calculated using Eq. 4-5.

. .. Nf;sp
Separation Selectivity = N Eq. 4-3
B
NAsp X YAsp
Njgy = ————— Eq. 4-4
EB :NB_NASP Eq 4-5
Where
Nysp = wt% of nitrogen in asphaltenes
Nysp = wt% of nitrogen in asphaltenes in terms of wt% of bitumen
Yasp = yield % of asphaltenes
Ep = Extractability in terms of wt% of bitumen
Npg = wt% of nitrogen in bitumen

The nitrogen content of asphaltenes, expressed as wt% of bitumen, calculated from Eq. 4-4, and
the nitrogen content of bitumen (from chapter3) are plotted in Figure 4-12. The nitrogen content
in asphaltenes represents 0.2 to 1 wt% of bitumen at the SDA conditions used in this study. The
amount of bitumen represented by the nitrogen content in Cs and C7 asphaltenes increased with
increase in S/B ratio from 3:1 to 40:1. The values in Figure 4-12 increased by 17 to 47% with
increase in S/B ratios, which represents 6 to 10% of the nitrogen content in bitumen. The separation
selectivity of Cs and C7 asphaltenes for nitrogen increased from 0.16 to 0.38 and 0.15 to 0.34

respectively with increase in S/B ratio from 3:1 to 40:1, as shown in Table 4-16.
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The amount of bitumen represented by the nitrogen content of C; asphaltenes appears to be lower
than that represented by the nitrogen content of Cs asphaltenes, as shown in Figure 4-12. However,
the difference between the two represents less than 5% of nitrogen content in bitumen. The
separation selectivity slightly decreases from Cs to C7 asphaltenes, as shown in Table 4-16. It is
interesting to notice that the nitrogen content of C; asphaltenes is higher than that of Cs
asphaltenes, as shown in Table 4-3, though the asphaltene yield and separation selectivities
decrease from Cs to C7 asphaltenes. However, the effect of solvent on the separation selectivity is

much lesser than that of the S/B ratio.
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Figure 4-12. Nitrogen content of Cs and C7 asphaltenes, expressed as wt% of bitumen, at

different S/B ratios of SDA process. Precipitation time = 24h
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Table 4-16. Separation selectivities of Cs and C7 asphaltenes for nitrogen in bitumen at different

conditions of SDA process. Precipitation Time = 24h

Cs asphaltenes C7 asphaltenes
3:1 0.16 0.15
4:1 0.22 0.21
5:1 0.33 0.28
40:1 0.38 0.34

The sulfur content of asphaltenes, expressed as wt% of bitumen, was calculated from Eq. 4-4 by
replacing nitrogen with sulfur. These values at different conditions of SDA process were plotted
along with the sulfur content of bitumen in Figure 4-13. The sulfur content in asphaltenes
represents 0.6 to 1.5wt% of bitumen at the SDA conditions used in this study. The amount of
bitumen represented by the sulfur content in Cs and C7 asphaltenes increased with increase in S/B
ratio from 3:1 to 40:1. The values in Figure 4-13 increased by 8 to 40% with increase in S/B ratio,

which represents less than 10% of the sulfur content in bitumen.

The separation selectivity for sulfur was calculated from Eq. 4-3, by replacing nitrogen with sulfur.
The separation selectivities in Cs and C7 asphaltenes for sulfur increased from 0.2 to 0.3 and 0.1
to 0.3 respectively with increase in S/B ratio from 3:1 to 40:1, as shown in Table 4-17. These
separation selectivities in Cs and C7 asphaltenes for sulfur are similar to those for nitrogen (Figure

4-12) in the range of S/B ratios from 3:1 to 5:1.

The amount of bitumen represented by the sulfur content of C; asphaltenes is lower than that
represented by the sulfur content of Cs asphaltenes, as shown in Figure 4-13. However, the
difference between the two represents less than 5% of nitrogen content in bitumen. The separation
selectivities decrease from Cs to C7 asphaltenes, as shown in Table 4-17. It is interesting to notice
that the sulfur content of C7 asphaltenes is higher than that of Cs asphaltenes, as shown in Table

4-4, though the asphaltene yield and separation selectivities decrease from Cs to C7 asphaltenes.
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Figure 4-13. Sulfur content of Cs and C7 asphaltenes, expressed as wt% of bitumen, at

different S/B ratios of SDA process. Precipitation time = 24h

Table 4-17. Separation selectivities of Cs and C7 asphaltenes for sulfur in bitumen at different

conditions of SDA process. Precipitation Time = 24h

Cs asphaltenes C7 asphaltenes
3:1 0.16 0.13
4:1 0.21 0.18
5:1 0.30 0.25
40:1 0.32 0.27

These results indicate that with decrease in asphaltene yield (or increase in the yield of DAO), the
separation selectivity for nitrogen and sulfur decreases, thus extracting higher amounts of nitrogen

and sulfur from bitumen into the DAO.
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The solvent and S/B ratio in SDA process affect the calculated oxygen content in asphaltenes, as
shown in Table 4-5. As the oxygen content was calculated by difference, there could inherently be
a high uncertainty in the results. The oxygen content of Cs asphaltenes is lower than that of C;
asphaltenes at the observed S/B ratios. Though the changes in oxygen content of Cs asphaltenes
with S/B ratio did not follow a regular trend, the oxygen content of C7 asphaltenes decreased with

an increase in S/B ratio.

The oxygen content of asphaltenes, expressed as wt% of bitumen, was calculated from Eq. 4-4 by
replacing nitrogen with oxygen. These values at different conditions of SDA process were plotted
along with the oxygen content of bitumen in Figure 4-14. The oxygen content in asphaltenes
represents 0.8 to 1.3wt% of bitumen at the SDA conditions used in this study. The amount of
bitumen represented by the sulfur content in Cs and C7 asphaltenes increased with increase in S/B
ratio from 3:1 to 40:1 for Cs asphaltenes and from 3:1 to 5:1 for C7 asphaltenes. The oxygen content
remained similar between 5:1 and 40:1 for C7 asphaltenes. The values in Figure 4-14 increased by
0.7 to 17% with increase in S/B ratio, which represents less than 10% of the oxygen content in

bitumen.

The separation selectivity for oxygen was calculated from Eq. 4-3, by replacing nitrogen with
oxygen. The separation selectivities in Cs and C7 asphaltenes for oxygen increased from 0.4 to 0.7
and 0.5 to 0.7 respectively with increase in S/B ratio from 3:1 to 40:1, as shown in Table 4-18.
The separation selectivities of oxygen are 2 to 4 times higher than those of nitrogen and sulfur. It
is interesting to notice that though the separation selectivities and asphaltene yield increased with
increase in S/B ratio, the oxygen content in asphaltenes decreased with increase in S/B ratio as

shown in Table 4-5.

The amount of bitumen represented by the oxygen content of Cs asphaltenes is lower than that
represented by the oxygen content of C;7 asphaltenes, as shown in Figure 4-14. The difference
between the two represents 3 to 15% of the oxygen content in bitumen. The separation selectivities

increase from Cs to C7 asphaltenes, as shown in Table 4-18.
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Figure 4-14. Oxygen content of Cs and C7 asphaltenes, expressed as wt% of bitumen, at

different S/B ratios of SDA process. Precipitation time = 24h

Table 4-18. Separation selectivities of Cs and C7 asphaltenes for oxygen in bitumen at different

conditions of SDA process. Precipitation Time = 24h

Cs asphaltenes C7 asphaltenes
3:1 0.44 0.51
4:1 0.44 0.60
5:1 0.59 0.69
40:1 0.65 0.68

Heteroatoms contribute to the polarity of bitumen, which has an impact on its solubility in organic
solvents. Nitrogen and sulfur mainly occur in cyclic, aromatic structures of bitumen.® Nitrogen is
present in the form of alkyl carbazoles, alkyl quinolines, alkyl pyridines, alkyl metalloporphyrins

etc.® Sulphur is present in the form of alkyl thiphenes, alkyl dibenzothiphones, cycloalkano benzo-
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thiophones etc.® Oxygen is present in the following functions groups of compounds: carboxylic
acids, ketones, alcoholic hydroxyl, ethers and esters.® These electronegative elements also result
in hydrogen bonding interactions in bitumen. As mentioned in chapter 2, in addition to dispersion
forces, it is important to consider polar and hydrogen bonding interactions in bitumen, in order to
study the solubility of bitumen in solvents more accurately. Hansen solubility parameters of the »-
paraffin solvents used in this study along with bitumen are given in Table 4-19. dj, corresponds to
the dispersion forces between molecules and is nearly equal to the d, values, dp corresponds to

the polar forces and @y corresponds to the hydrogen bonding interactions between the molecules.®

Table 4-19. Hansen solubility parameters of n-pentane, n-hexane, n-heptane and bitumen.’

dp Jp Oy
n-pentane 14.5 0.0 0.0
n-hexane 14.9 0.0 0.0
n-heptane 15.3 0.0 0.0
Bitumen ? 17.9 4.6 3.2

* Average values for 15 different bitumens are reported

Asphaltenes represent the highly polar fraction of bitumen.” As shown in Table 4-19, the solvents
used in this study are completely non-polar. However, it is difficult to interpret the relative
selectivity for partitioning of heteroatoms from bitumen among the solvents, at a given S/B ratio,

using the concept of Hansen solubility parameters.

With an increase in the S/B ratio from 3:1 to 40:1, the contribution of polar and hydrogen bonding
components, as well as the overall Hansen solubility parameter of the solvent-bitumen mixture
decreases. This would have led to increase in the separation selectivity for nitrogen and sulfur in

bitumen, with increase in S/B ratio.
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4.4.1.4 Nickel and Vanadium

The Nickel and Vanadium content of asphaltenes, expressed as ppm or pg/g of bitumen, was

calculated using Eq. 4-6. These values at different conditions of SDA process were plotted along

with the Ni and V content of bitumen in Figure 4-15.

' XAsp * YAsp
XAsp = T Eq 4-6

Where
Xasp = Ni or V in asphaltenes in terms of ppm
Xasp = Ni or V in asphaltenes in terms of ppm of bitumen
Yasp = yield of asphaltenes in terms of wt% of bitumen
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Figure 4-15. (a) Nickel (Ni) and (b) Vanadium (V) content of Cs and C7 asphaltenes,

expressed as wt% of bitumen, at different S/B ratios of SDA process. Precipitation time = 24h

As shown in Figure 4-15, the amount of Ni and V in asphaltenes on weight basis of bitumen,
increases with increase in S/B ratio. The separation selectivities were calculated from Eq. 4-3, by
replacing nitrogen with nickel or vanadium. The separation selectivities in Cs and C7 asphaltenes
for nickel are shown in Table 4-20. The separation selectivities at 40:1 are greater than one,
indicating that the amount of nickel separated into asphaltenes phase is greater than the amount of
nickel present in bitumen, which is not possible. However, the trends indicate that the separation
selectivity increases with increase in S/B ratio from 3:1 to 40:1. The separation selectivities of

nickel in asphaltenes increased from Cs to C7 asphaltenes.
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Table 4-20. Separation selectivities of Cs and C7 asphaltenes for nickel in bitumen at different

conditions of SDA process. Precipitation Time = 24h

Cs asphaltenes C7 asphaltenes
3:1 0.33 0.49
4:1 - 0.68
5:1 0.87 0.95
40:1 1.08 1.24

Similar trends were observed in the separation selectivities for vanadium in asphaltenes at different
conditions of the SDA process, as shown in Table 4-21. However, most of the values are greater
than one, indicating that the mass balance of vanadium in the SDA process is not satisfied by the

measurements of XRF analysis.

Table 4-21. Separation selectivities of Cs and C7 asphaltenes for vanadium in bitumen at

different conditions of SDA process. Precipitation Time = 24h

Cs asphaltenes C7 asphaltenes
3:1 0.48 0.81
4:1 - 1.15
5:1 1.55 1.61
40:1 1.96 1.91
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Thus, the extractability of nickel and vanadium into DAO from bitumen decreases with increase

in S/B ratio, and decreases from Cs to C; asphaltenes.

As mentioned in chapter 2, it is desired to extract lesser amounts of N, S, Ni and V into DAO in
the SDA process. The density of DAO increases with increase in the concentration of heteroatoms
and heavy metals. In this study, the extractability of N, O, S, Ni and V, from bitumen into DAO is
represented by Eq. 4-5. The extractability decreases with increase in S/B ratio from 3:1 to 40:1.

This indicates that the improvement in the quality of DAO, associated with removal of heteroatoms
and heavy metals, can be accomplished by separating higher amount of asphaltenes from bitumen
in the SDA process. As mentioned in chapter 1, removal of asphaltenes from bitumen represents a
significant loss of material. Hence, there is a trade-off between quality improvement of DAO and

losses associated with increased precipitation of asphaltenes.

4.4.2 FTIR Spectra of asphaltenes and DAO at different conditions of SDA process
The IR peaks observed at ~2925cm™! and 2853cm™ in Figure 4-2, Figure 4-3, Figure 4-4 and Figure

4-5 correspond to C-H asymmetric and symmetric stretches respectively, in the CH, and CHj3
groups.®® In addition, peaks were observed at ~1456¢cm™ and ~1375cm™, which correspond to the
vibrational bending of methyl and methylene groups.®® The group of peaks between 1800 and
1600cm™ correspond to the double bond region (C=C and C=0).” The peaks between 850 and
700cm™ are from “the out-of-plane deformation vibration of one isolated aromatic C-H bond (870
cm™), two or three adjacent aromatic C-H bonds (814 cm™) and four aromatic adjacent aromatic

bonds (750 cm™)”.8

Asphaltenes showed additional peaks in FTIR spectroscopy between ~1010 and 1030cm™ and at
~1100cm™!, as shown in Figure 4-2 and Figure 4-3. The peaks between ~1010 and 1030cm™!
correspond to the sulfoxide groups (S=O stretch).® The peak at ~1100cm™! corresponds to C-O

stretch in secondary alcohol. '

There could be more differences among the FTIR spectra of the samples, which could not be
detected visually from the graphs and would require a detailed multivariate modeling analysis.
Hence, it cannot be concluded that there is no effect of the SDA process conditions on the chemical

structure of asphaltenes and DAO.
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4.4.3 Effect of SDA process on free radical content of asphaltenes and DAO

As mentioned in chapter 2, asphaltenes contain a high concentration of free radicals. Free radical
reactions occur in upgrading and refining processes and could impact coke formation.'!!?
According to literature, free radicals in asphaltenes also play a role in aggregation and de-
aggregation of asphaltenes when dissolved in solvents, and vanadium free radicals could lead to
catalyst deactivation in upgrading and refining processes.'> For these reasons, it is important to
measure the free radical concentration, in order to develop methods to modify or reduce the free

radicals present in asphaltenes.

According to literature, the organic radical peak at ~g=2.003 in Figure 4-6 and Figure 4-7 is
exhibited by the polycyclic aromatic carbocations present in asphaltenes.!! The presence of
paramagnetic VO™? ions (valency of vanadium = 4) in asphaltenes displays a signal in ESR
spectrum of asphaltenes.!! The g-factor of vanadyl ion is ~1.96.2 In the previous studies, it was
observed that the vanadyl or VO*? ions generate multiple peaks due to hyperfine splitting in this
spectral range.®!"!3 However, in the present study, only one peak was observed at ~g=2.0145,
corresponding to the vanadyl radical. This could be due low concentration of vanadium or due to
the presence of the solvent toluene. It was previously reported in literature that the nature of solvent
and dipole moment of the solvent plays a role in affecting the intensity and g-factor of the peaks

in ESR spectroscopy.'?

The ESR spectroscopic results of asphaltenes in Figure 4-8 and Figure 4-9 indicate that the solvent
and S/B ratio used in the SDA process affect the free radical concentration in asphaltenes. Though
it is possible that the nature and concentration of free radicals in the precipitated asphaltenes could
be different from those of the original asphaltenes present in bitumen, these trends indicate that
with increase in asphaltene yield in the SDA process, the free radical concentration of precipitated
asphaltenes increases. The increase in free radical content of asphaltenes could also be due to free
radical reactions (initiation, hydrogen abstraction, termination reactions) occurring in bitumen-
solvent mixture during solvent deasphalting process, leading to formation of new free radicals and
asphaltene species. However, the ambient temperature and nature of solvents used in this study

may play a role in the free radical reactions.
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As shown in Table 4-11 and Table 4-12, the g-factor of asphaltenes varied between 2.00062 and
2.0014 for the organic free radical peak, and between 2.01406 to 2.01516 for the vanadyl radical
peak of asphaltenes. These values are different form the g-factor values for bitumen (2.0025 and
2.0146 for organic and vanadyl radical peaks respectively). As mentioned earlier, the g-factors of
the ESR peaks of asphaltenes changed with different solvents and S/B ratios used in the
precipitation of asphaltenes. These changes in the paramagnetic properties of asphaltenes indicate
that not only the concentration of free radicals, but the nature of free radicals in the precipitated
asphaltenes phase is different when different conditions of SDA process are used. The g-factor
helps to identify different types of samples.? Free radical centred on carbon atom has a g-factor
2.0023.2 The g-factors may vary depending on whether the carbon free radical is a primary,
secondary or tertiary radical. Presence of heteroatoms shifts the g-factors.? “For example
benzosemiquinones, which have significant spin density on oxygens, have g ~ 2.004 and nitroxide
radicals which have spin density on a nitrogen and oxygen have g ~ 2.006. Metal ions have very

different g-factors. For example, the vanadyl ion has g ~ 1.96”.2

As shown in Figure 4-16, the double integral values of vanadyl radical at g=~2.0145 were plotted
against the vanadium content expressed in ppm from Figure 4-1. A linear correlation was found
showing an increase in the double integral values with vanadium content in ppm, indicating that
the double integral values of vanadyl radical at g=~2.0145 can be used to predict the vanadium
content in ppm in asphaltenes and vice versa. The double integral value of bitumen (406.62) at the
same settings of ESR, fits to the same correlation with vanadium in ppm, as shown in Figure 4-16.
According to literature, “Vanadium atoms in other than the four-valent state have not been detected

with certainty in carbonaceous materials”.®
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Figure 4-16. Correlation between double integral values of vanadyl free radical peak of

asphaltenes from ESR spectroscopy and their vanadium content from XRF spectrometry.

4.4.4 Effect of SDA process on the refractive index of DAO

Refractive index provides information about the composition and physical properties of the
hydrocarbon liquid. Density and viscosity behave similar to refractive index with respect to
temperature. At higher temperature, expansion of the liquid leads to a decrease in density.
Refractive index and liquid density are used to estimate the polarizability of liquids, which is
related to the strength of intermolecular forces.'* Changes in refractive index can be attributed to

changes in aromatic content, molecular de-aggregation and expansion. %!°

A decrease in refractive index of DAO with increase in S/B ratio, as shown in Figure 4-10, could
be related to a decrease in the aromatic content of maltenes, due to separation of higher amount of

asphaltenes, which are more aromatic, at higher S/B ratios.

In Figure 4-10, refractive index appears to decrease linearly with temperature. Temperature
coefficient of refractive index, which is an indication of the change in slope of the refractive index

vs temperature plot of the sample with temperature, is given by Eq. 4-7.
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dn _ n; —my
dr  T,-T,

Eq. 4-7

dn
where ar is the temperature coefficient of refractive index, n, and n; are the refractive indexes

of the sample at temperatures T, and T, respectively.

The temperature coefficient of the samples is ~34-39*107/°C, which indicates that the change in
refractive index of DAO with change in temperature from 20 to 60°C is nearly constant. Also, the

slopes of the lines of different DAO samples are almost similar in the temperature range 20 to

60°C.

The refractive index at different S/B ratios follows the order: Cs maltenes < C¢ maltenes < C7
maltenes, and refractive index of Cs and C7 maltenes decreased with increase in precipitation time
from 24h to 330h. This indicates that C7 maltenes are more aromatic than C¢ and Cs maltenes, and
that the aromatic content of DAO decreases with increase in precipitation time from 24h to 330h.
Though changes in refractive index provide useful information about the changes in the
composition, the refractive indexes of DAO at different SDA process conditions could not be
meaningfully compared due to the variability in DAO yield and material losses in the SDA process,

as mentioned in chapter 3.

4.5 Conclusions

e Hydrogen to carbon (H/C) ratio of Cs asphaltenes decreased from 1.3 to 1.20 and that of
C7 asphaltenes decreased from 1.26 to 1.21 with increase in S/B ratio from 3:1 to 40:1.
Changes in both carbon and hydrogen content contributed to changes in H/C ratio with
SDA process conditions.

e The nitrogen, sulfur, nickel and vanadium content in asphaltenes increased with increase
in S/B ratio from 3:1 to 40:1. C7 asphaltenes contained higher amount of N, S, Ni and V
compared to Cs asphaltenes.

e The separation selectivity and extractability of nitrogen, sulfur, oxygen, nickel and
vanadium were affected by the solvent and S/B ratio used in the SDA process. The
separation selectivity increased (1) with increase in S/B ratio from 3:1 to 40:1 in the SDA

process, in the following manner:
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Cs [10.16t0038 | 10.16t00.32 | 10.44100.65 | 10.33t0 1,08 | T 04810 1.96

Cr | 101510034 | 10.13t00.27 | 10510 0.68 | 10.49t0 1.24 | T 081 10 1.91

Higher S/B ratios would be required to extract lesser amount of N, S, Ni and V into DAO
in the solvent deasphalting process. Density of DAO, which depends on heteroatoms and
heavy metals, may be improved by performing solvent deasphalting at higher S/B ratios.
There is a trade-off between quality improvement in DAO and the material loss associated
with removal of higher yield of asphaltenes from bitumen at higher S/B ratios in the SDA
process.

The double integral values of organic free radical peak and vanadyl peak in ESR
spectroscopy of asphaltenes, increased from Csto C7 asphaltenes, and with increase in S/B
ratio from 3:1 to 40:1. A linear correlation was observed between the double integral values
of vanadyl peak of asphaltenes and their corresponding vanadium content in ppm,
measured in XRF spectrometry.

The solvent and S/B ratio in the solvent deasphalting process not only affected the double
integral values of the ESR peaks, but also their g-factors. The g-factor of asphaltenes varied
between 2.00062 and 2.0014 for the organic free radical peak, and between 2.01406 to
2.01516 for the vanadyl radical peak of asphaltenes at the solvent deasphalting process
conditions used in this study. The g-factor increased with increase in S/B ratio from 3:1 to
40:1.

Visual observation of FTIR spectra of asphaltenes and DAO did not indicate any noticeable
changes with SDA process conditions, except that the FTIR spectra of asphaltenes,
precipitated after 24h and 330h precipitation time in the SDA process, contained additional
peaks between ~1010 cm™ and 1030 cm™, and at 1100cm’!, which, according to literature
correspond to the sulfoxide (S=0O) groups and C-O of secondary alcohol respectively. A
detailed multivariate analysis of the FTIR spectra would be required to determine the

changes in the spectra with SDA process conditions.
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e Refractive Index of DAO decreased with temperature ranging from 20 to 60°C. The
temperature coefficient of DAO samples was ~34-39 * 10/°C, indicating that the slope of
the refractive index vs. temperature plot of DAO samples is nearly constant with change in
temperature from 20 to 60 °C, and the slopes for all the DAO samples used in this study

were nearly similar.
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CHAPTER 5. EFFECT OF SDA PROCESS ON THE THERMAL
PROPERTIES OF ASPHALTENES AND DAO

5.1 Introduction

Transportation and processing of bitumen and its fractions are performed over a range of
temperatures. At low temperatures, phase separation of solids can lead to fouling and plugging of
process equipment.! In many upgrading processes, reactions are performed at temperatures as high
as 500°C.2 Thermal properties of asphaltenes and DAO such as melting, boiling, cracking and
coking tendency are important to monitor, as they impact the design, flexibility, chemistry, and
efficiency of the processes. In this chapter, the thermal behavior of asphaltenes and DAO obtained

from bitumen at different conditions of the SDA process was studied.

The boiling point profile of the samples was obtained by Simulated Distillation (SimDis). Hot
Stage Microscopy (HSM) was used to visually observe the changes in asphaltenes upon heating.
The microcarbon residue (MCR), which is a measure of the coking tendency of the substance, was
measured for asphaltenes and DAO using thermogravimetric analysis (TGA). The data obtained
from these analyses was analyzed by calculations and correlations, to interpret the effect of the

SDA process conditions on the thermal properties of DAO and asphaltenes.

5.2 Materials and Methods
5.2.1 Materials

DAO and asphaltenes produced from SDA of bitumen using Cs, Cs and C7 solvents at S/B ratios
3:1,4:1, 5:1 and 40:1 (ml/g) and precipitation times 24h and 330h were analyzed.

5.2.2 Analyses

SimDis analysis and MCR measurement by TGA performed in Chapter 3 for bitumen, were also

performed for asphaltenes and DAO.

Hot stage microscopy was used to visually observe the liquefying behavior of asphaltenes. An
Olympus BX50 microscope with a camera attachment and coupled with Mettler FP84HT thermal
analysis cell was used for this analysis. Asphaltenes (<1mg) were heated from 25 to 300°C at

10°C/min in a glass crucible and videos were captured at 10x magnification with the aid of the
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Studio Capture software. In addition to the images taken from the videos, light intensity values

from the same instrument also provided information on the liquefaction of asphaltenes.

DSC was used to study the phase transitions in asphaltenes with temperature. The analysis was
performed under nitrogen atmosphere at atmospheric pressure using Mettler Toledo DSC 1. The
DSC setup contains an FRS-5 sensor with 56 thermocouples, 400 W power amplifier, and Haake
intracooler. Nitrogen gas flow rate was maintained at 100ml/min using a Mettler Toledo GC 10
gas controller. Cole Palmer PMR1-010750 gas flow meter was used to control the flow rate of
nitrogen gas purged at 100ml/min. The instrument was calibrated for heat flow and temperature
with In and Zn standards. ~10 mg of sample was taken into a 40puL aluminum crucible. The lid of
the crucible was placed on a rubber surface, and a hole was pierced into it with a needle. The
crucible was sealed with the lid with the aid of Mettler crucible sealing press. Changes in heat flow
were recorded as the sample was heated from 25 to 300°C at a rate of 10°C/min, cooled back to

25°C at the same rate and heated again to 300°C at the same rate.

Mettler XS105 Dual Range analytical balance was used to weigh DAO and asphaltenes for
analyses. The readability of the balance is 0.01mg and 0.1mg at a maximum capacity of 41g and

120g respectively.

SimDis, HSM and DSC were performed on one set of asphaltenes and maltenes, whereas TGA
analysis was performed for three sets of asphaltenes and maltenes. The details of the preparation

of asphaltenes and maltenes were described in Chapter 3.

5.3 Results

5.3.1 Boiling Point Distribution by Simdis

Determination of true boiling point (TBP) curves of petroleum feed and products using methods
based on physical distillation is very time-consuming (~48h) and is labor intensive.’ The analysis
time can be reduced and the process of distillation can be automated by simulation using gas

chromatography, called GC SimDis.

SimDis curves of Cs and C7 asphaltenes precipitated at S/B ratio 4:1 are shown in Figure 5-1 as
examples. The amount of material that volatilizes upon distillation, represented as ‘%Off” (wt%

of the sample) is plotted as a function of temperature. The boiling point distribution of samples up
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to a temperature of ~720°C was obtained. At any given temperature, the amount of volatiles or

low boiling point material in Cs asphaltenes is greater than that of C7 asphaltenes.

60+

—— Pentane 4:1 24h
—O=— Heptane 4:1 24h

504

40
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30+

20

T T T T T T T T T T
300 400 500 600 700 800
Boiling Point (°C)

Figure 5-1. SimDis curves of Cs and C7 asphaltenes precipitated at S/B ratio 4:1 and with

precipitation time = 24h

Figure 5-2 contains distillation curves of Cs asphaltenes precipitated at different S/B ratios in the
SDA process. At any given temperature, the amount of volatile material lost by distillation

decreases with increase in S/B ratio. Similar curves were obtained for other asphaltenes.
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Figure 5-2. SimDis curves of Cs asphaltenes precipitated at different S/B ratios and with

precipitation time = 24h

The amounts of middle distillate, gas oil and residue fractions in the asphaltenes, expressed as
wt%, were calculated and tabulated in Table 5-1, Table 5-2 and Table 5-3. The boiling ranges used
in Table 3-1 of Chapter 3 for SimDis of bitumen were applied.

The middle distillate fraction of asphaltenes decreases with increase in S/B ratio used in the SDA
process, for Cs, Ce and C7 solvents. It decreases from Cs to C7 at S/B ratios 3:1 to 5:1. At 40:1, the
amount of middle distillate fraction is <0.5 wt% for Cs, Cs and C7 asphaltenes. Similar to the
middle distillate fraction, the amount of vacuum gas oil fraction decreases with increase in S/B
ratio for Cs, Cs and C7 asphaltenes, and decreases from Cs to C7 at the observed S/B ratios. The
amount of residue (+524°C), shown in Table 5-3, in Cs, Cs and C7 asphaltenes increases with
increase in S/B ratio, and increases from Cs to C7 at the observed S/B ratios. However, with
increase in S/B ratio from 3:1 to 40:1, the effect of solvent selected for precipitation on the
distribution of boiling fractions in asphaltenes decreases. The effect of solvent at S/B ratios 5:1

and 40:1 is insignificant.
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Table 5-1. Middle distillate fraction (wt%) of Cs, Cs and C7 asphaltenes precipitated at different

S/B ratios in the SDA process, Precipitation time = 24h

Cs Ce C7
3:1 3.95 3.72 2.05
4:1 2.79 2.00 1.85
5:1 1.77 1.69 1.71
40:1 <0.5 <0.5 <0.5

Table 5-2. Gas Oil fraction (wt%) of Cs, Cs and C7 asphaltenes precipitated at different S/B

ratios in the SDA process, Precipitation time = 24h

Cs Ce Cr
3:1 23.49 22.19 13.83
4:1 18.45 18.43 12.79
5:1 12.97 12.91 11.80
40:1 4.97 4.17 3.12

93




Table 5-3. Residue fraction (wt%) of Cs, C¢ and C7 asphaltenes precipitated at different S/B

ratios in the SDA process, Precipitation time = 24h

Cs Ce C7
3:1 72.55 74.09 84.12
4:1 78.76 79.57 85.36
5:1 85.25 85.40 86.49
40:1 95.03 95.05 96.09

The amounts of middle distillate, gas oil and residue fractions of DAO are shown in Table 5-4,
Table 5-5 and Table 5-6 respectively. The middle distillate and gas oil fractions appear to increase
with an increase in S/B ratio from 3:1 to 40:1 for Cs, Cs and C7 maltenes, and the residue fraction
decreases with increase in S/B ratio. These trends in DAO are opposite to the trends observed in

asphaltenes.

Table 5-4. Middle distillate fraction (wt%) of Cs, Cs and C7 maltenes precipitated at different
S/B ratios in the SDA process, Precipitation time = 24h

Cs Ce Cr
3:1 7.29 7.27 7.18
4:1 7.79 7.41 7.30
5:1 7.94 7.52 7.67
40:1 8.69 7.88 7.62
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Table 5-5. Gas Oil fraction (wt%) of Cs, Cs and C7 maltenes precipitated at different S/B ratios

in the SDA process, Precipitation time = 24h

Cs Ce C7
3:1 36.55 36.01 35.92
4:1 39.72 37.43 36.28
5:1 40.15 38.43 36.70
40:1 41.49 40.06 38.59

Table 5-6. Residue fraction (wt%) of Cs, Cs and C;7 maltenes precipitated at different S/B ratios

in the SDA process, Precipitation time = 24h

Cs Ce Cs
3:1 56.16 56.72 55.90
4:1 52.49 54.66 55.43
5:1 51.92 54.05 54.63
40:1 49.82 51.57 52.80

The amount of middle distillate, gas oil and residue fractions of Cs and C7 asphaltenes precipitated
after 330h in the SDA process are tabulated in Table 5-7, Table 5-8 and Table 5-9. The amount of
middle distillate and gas oil fractions of Cs and C7 asphaltenes numerically increases with increase
in precipitation time from 24h to 330h, but it is a small difference and unlikely to be a meaningful.
The amount of residue fraction numerically decreases with increase in precipitation time for Cs

and C7 asphaltenes. However, these changes are insignificant.
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Table 5-7. Effect of precipitation time in SDA process on the Middle distillate fraction of

asphaltenes
Cs Cr
24h 330h 24h 330h
3:1 3.95 4.14 2.05 243
4:1 2.79 2.95 1.85 2.67
5:1 1.77 2.14 1.71 2.10
40:1 0.00 0.49 0.79 1.03

Table 5-8. Effect of precipitation time in SDA process on the Gas Oil fraction of asphaltenes

Cs Cy
24h 330h 24h 330h
3:1 23.49 24.20 13.83 14.44
4:1 18.45 18.64 12.79 13.02
5:1 12.97 14.94 11.80 12.08
40:1 4.97 542 3.12 4.52
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Table 5-9. Effect of precipitation time in SDA process on the Residue fraction of asphaltenes

Cs Cy
24h 330h 24h 330h
3:1 72.55 71.65 84.12 83.13
4:1 78.76 78.41 85.36 84.31
5:1 85.25 82.92 86.49 85.82
40:1 95.03 94.09 96.09 94.45

The effect of precipitation time on the boiling point distribution of DAO is indicated in Table 5-10,
Table 5-11 and Table 5-12. The changes in the fractions of DAO with change in precipitation time
from 24h to 330h are insignificant.

Table 5-10. Effect of precipitation time in SDA process on the Middle distillate fraction of DAO

Cs Cy
24h 330h 24h 330h
3:1 7.29 6.91 8.18 8.27
4:1 7.79 8.01 8.30 8.55
5:1 7.94 8.00 8.67 8.47
40:1 8.69 8.39 8.62 8.53
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Table 5-11. Effect of precipitation time in SDA process on the Gas Oil fraction of DAO

Cs Cr
24h 330h 24h 330h
3:1 36.55 35.73 35.92 35.92
4:1 39.72 39.68 36.28 36.48
5:1 40.15 39.21 36.70 37.15
40:1 41.49 41.46 38.59 37.09

Table 5-12. Effect of precipitation time in SDA process on the Residue fraction of DAO

Cs Cy
24h 330h 24h 330h
3:1 56.16 57.36 55.90 55.81
4:1 52.49 52.31 55.43 54.97
5:1 51.92 52.80 54.63 54.39
40:1 49.82 50.15 52.80 54.39

5.3.2 Thermogravimetric Analysis

TGA is defined as “a technique in which the mass change of a substance is measured as a function
of temperature whilst the substance is subjected to a controlled temperature programme”.* TGA is
used to monitor mass loss and gain. Mass loss occurs due to mechanisms such as decomposition,

evaporation, reduction and desorption. Mass gain occurs due to mechanisms such as oxidation and
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absorption. TGA can be used to study reaction kinetics, characterize materials, analyze

composition, measure residue content and study thermal stability of materials.*

Shown in Figure 5-3 are the TGA curves of bitumen, Cs asphaltenes and Cs maltenes precipitated
at S/B ratio 40:1. The mass loss until 200°C was 2.4, 0.1 and 3.1wt% for bitumen, asphaltenes and
maltenes respectively. A significant loss in mass takes place in two temperature ranges, 200-400°C
and 400-480°C. In these temperature ranges, the slope of the curves indicates the rate of mass loss.
Between 200 and 400°C, the rate of mass loss was much faster for maltenes compared to
asphaltenes. Between 400°C and 480°C, the slope of the curves appears to be similar for bitumen,
maltenes, and asphaltenes. Above 600°C, the mass reaches a constant value. The residue
(proportional to coke) that remained after 600°C was greater in amount for asphaltenes, followed

by bitumen and maltenes.
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Figure 5-3. TGA curves of Bitumen, Cs asphaltenes and Cs maltenes, precipitated at S/B ratio
40:1 and with precipitation time = 24h

Mass loss in TGA occurs due to volatilization and cracking. To decouple them, the TGA results
of bitumen, Cs asphaltenes and maltenes were compared with the SimDis results, as shown in

Table 5-13. The temperature range 200-400°C was further divided into two ranges 200-300°C and
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300-400°C. Mass of the residue remaining after heating the samples to 600°C is also mentioned in

Table 5-13. All the masses were expressed in wt% of the sample.

Table 5-13. Comparison of mass loss of bitumen, Cs asphaltenes and maltenes in TGA and

SimDis analyses in different ranges of temperature

Temperature ) Mass Loss pit® Mass Loss asp ° | Mass LoSS mal ©
Analysis
Range (°C) (Wt%) (Wt%) (Wt%)
TGA 17.0 23 23.0
200-300°C
SimDis ~1.6 ~0.0 2.6
TGA 25.7 7.0 34.8
300-400°C
SimDis 13.3 ~0.82 16.7
TGA 39.1 43.7 34.5
400-480°C
SimDis 16.7 2.2 20.2
TGA 4.2 9.5 2.7
480-600°C
SimDis 21.7 6 25.6
Temperature ‘ Mass Resid vic® | Mass Resid asp® | Mass Resid mal f
Analysis
Range (°C) (Wt%) (Wt%) (Wt%)
TGA 11.7 37.45 1.96
+600°C
SimDis 46.2 90.5 34.1
@ Mass Loss in bitumen, ° Mass Loss in asphaltenes, © Mass Loss in maltenes
4 Mass of residue in bitumen, ¢ Mass of residue in asphaltenes, T Mass of residue in
maltenes
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Figure 5-4 contains TGA curves of Cs asphaltenes at different S/B ratios. With the increase in S/B
ratio, the amount of residue increases. The rate of mass loss between 200°C and 400°C increases
with a decrease in S/B ratio. And the rate of mass loss between 400°C and 480°C appears to

increase with an increase in S/B ratio. Similar curves were obtained for C¢ and C7 asphaltenes.

—&— Pentane 3:1
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Figure 5-4. TGA curves of Cs asphaltenes precipitated at different S/B ratios and with

precipitation time = 24h

In the case of Cs maltenes (shown in Figure 5-5), the amount of residue decreased with increase
in S/B ratio. Though the TGA curves of maltenes were very close, the rate of mass loss between
200°C and 400°C increases with increase in S/B ratio. And the rate of mass loss between 400°C
and 480°C appears to be similar at the observed S/B ratios. Similar results were obtained for Cg

and C7 maltenes.
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Figure 5-5. TGA curves of Cs maltenes precipitated at different S/B ratios and with

precipitation time = 24h

Table 5-14 and Table 5-15 contain MCR of asphaltenes produced at different conditions of the
SDA process. The MCR of asphaltenes increases with increase in S/B ratio for Cs, C¢ and C7
asphaltenes at both 24h and 330h precipitation time. It increases from Cs to C7 at the observed S/B

ratios. The MCR decreased with increase in precipitation time, though the change can be

considered to be insignificant.
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Table 5-14. MCR of Asphaltenes (wt%), Precipitation Time =24h?

Cs asphaltenes Cs asphaltenes C7 asphaltenes

S/B ratio X S X X S
3:1 23.5 0.7 24.9 35.0 1.6
4:1 29.9 0.2 30.4 35.2 0.8
5:1 32.2 0.1 34.1 35.5 0.8
40:1 37.7 0.4 40.7 41.0 1.3

# Average (x) and standard deviation (s) of three samples is reported

® Single sample was analyzed

Table 5-15. MCR of Asphaltenes (wt%), Precipitation Time = 330h

Cs asphaltenes

C7 asphaltenes

3:1 22.2 34.9
4:1 28.7 35.1
5:1 29.6 35.2
40:1 37.0 40.3

The MCR of maltenes is shown in Table 5-16 and Table 5-17 for precipitation time of 24h and
330h respectively. It can be observed that the MCR of maltenes decreases with increase in S/B
ratio for Cs, C¢ and C7 solvents at both 24h and 330h precipitation times. MCR of maltenes
increased from Cs to C7 at the observed S/B ratios and at both precipitation times. The MCR
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increased with increase in precipitation time, though the change can be considered to be

insignificant.
Table 5-16. MCR of maltenes (wt%), Precipitation Time = 24h ?
Cs maltenes Cs maltenes C7 maltenes
S/B ratio X S X X S
3:1 6.4 0.1 8.0 - 8.0 0.7
4:1 4.6 0.3 6.3 - 6.4 1.3
5:1 3.4 0.1 5.8 - 6.2 0.4
40:1 2.0 0.1 43 - 4.4 0.7

* Average (x) and standard deviation (s) of three samples is reported

®Single sample was analyzed

Table 5-17. MCR of maltenes (wt%), Precipitation Time = 330h

Cs asphaltenes

C7 asphaltenes

3:1 7.0 8.2
4:1 49 6.8
5:1 3.7 6.1
40:1 2.9 44
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5.3.3 Liquefying Point of Asphaltenes
5.3.3.1 Hot Stage Microscopy (HSM)

HSM was used to visually observe the changes in asphaltenes upon heating. Asphaltenes appear
as black, opaque solid particles at the beginning, which slowly transform into liquid droplets with
an increase in temperature. As heating progresses, the liquid droplets grow in size and merge to
form a continuous liquid phase. The microscopic images of Cs and C7 asphaltenes precipitated at
S/B ratio 5:1 are shown in Figure 5-6 as examples. Similar behavior was shown by other asphaltene

samples but with different temperatures of liquefaction.

40°C 105°C 200°C

(b)
Figure 5-6. Microscopic Images of (a) Cs asphaltenes and (b) C7 asphaltenes precipitated at
S/B ratio 5:1
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In the video’s fast forward mode, it was seen that asphaltenes begin to liquefy at a certain
temperature, called liquefying point. The liquefying points of asphaltenes at different S/B ratios
that were obtained by visual inspection of the video are mentioned in Table 5-18. However, as the
changes in the initial stages of liquefaction were very slow, it was difficult to reliably capture the
onset temperature from the images. The liquefying point of asphaltenes, mentioned in Table 5-18

is lower than the corresponding temperatures mentioned in Figure 5-6.

Table 5-18. Liquefying Point of Cs and C7 asphaltenes at different S/B ratios by Visual

Observation
Solvent S/B ratio Liquefying Point (°C)
3:1 66
4:1 78
n-pentane
5:1 88
40:1 121
3:1 77
4:1 90
n-heptane
5:1 102
40:1 125

The results in Table 5-18 indicate that the liquefying point of the Cs-asphaltenes is consistently
lower than that of the C7-asphaltenes. The liquefying point increases with increase in the S/B ratio

for both solvents.

Reflected light intensity values of Cs and C7 asphaltenes were plotted against temperature as shown
in Figure 5-7. Reflected light microscopy is ideal for opaque substances which cannot transmit
light through them. Changes in light intensity with temperature indicate changes in color, refractive
index, texture or expansion.® The magnitude of light intensity seems to depend on the mass of the

sample under observation, which in this case could not be quantified as it was below Img and
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dependent on the area of the sample under observation. Hence, the absolute light intensity of the

curves in Figure 5-7 does not provide any information.

The temperature at which the maximum light intensity was observed for Cs asphaltenes was lower
than that of the C7 asphaltenes at each of the studied S/B ratios. The shift in the peak of the curves

to lower temperatures with a decrease in the S/B ratio also gives a similar trend as in Table 5-18.
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Figure 5-7. Reflected light intensity against temperature for (a) Cs-asphaltenes and (b) Cs-
asphaltenes at different S/B ratios

5.3.3.2 Differential Scanning Calorimetry (DSC)

DSC is defined as “a technique in which the heat-flow rate (power) to the sample is monitored
against time or temperature while the temperature of the sample, in a specified atmosphere, is

6 Changes in heat flow represent thermal transitions in substances. DSC is used for

programmed.
the study of phase behavior, measurement of heat capacities, determination of the phase diagram
and degree of crystallinity of substances, determination of heats of reactions and reaction
mechanisms and characterization of materials. It is used to observe transitions such as melting,

polymorphism and glass transition of materials.

The energy change associated with asphaltenes heating is illustrated by the calorigram of one of
the samples in Figure 5-8. The asphaltenes does not exhibit a clear onset of melting (indicated by
endothermic peak pointing downwards) and the enthalpy change associated with liquefying the

asphaltenes is too low to represent a typical liquid—solid phase transition.
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Figure 5-8. DSC curves of C7 asphaltenes precipitated at S/B ratio 5:1

5.4 Discussion

5.4.1 Boiling Point distribution of asphaltenes and DAO

The boiling point of a fraction can be correlated with the average molar mass of the fraction.? The
higher the molar mass, higher is the boiling point of the fraction. According to Speight,” generally
speaking, the proportion of aliphatic compounds in crude oils decreases with increase in boiling

point or molecular weight.

From SimDis results shown in Figure 5-1, Table 5-1, Table 5-2 and Table 5-3, it can be expected
that Cs asphaltenes are lighter and more aliphatic compared to C7 asphaltenes. As mentioned in
chapter 2, it is reported in literature that with increase in the carbon number of n-alkane solvent, the

molecular weight and aromaticity of the precipitated asphaltenes increase.

SimDis results shown in Figure 5-2, Table 5-1, Table 5-2 and Table 5-3 indicate that asphaltenes
precipitated from bitumen at lower S/B ratios are lighter and more aliphatic, and the concentration
of heavier and aromatic components increases with increase in S/B ratio. Though the asphaltene
yields at S/B ratios 5:1 and 40:1 were similar (chapter 3), a significant difference in the proportion

of boiling fractions was observed.
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The results in Table 5-7 to Table 5-12 indicate that changes in the amount of boiling fractions of
asphaltenes and DAO with the change in precipitation time from 24h to 330h are insignificant.
Thus, the effect of precipitation time on boiling point distribution of asphaltenes and DAO is very
less or insignificant compared to that of solvent and S/B ratio at the SDA process conditions used

in this study.

5.4.2 Selectivity of the SDA process at different process conditions for the extraction of
boiling fractions of bitumen

Section 5.4.1 compared the nature of asphaltenes precipitated at different conditions of the SDA
process in terms of the boiling point distribution. However, from the process point of view, it is
important to determine the separation selectivity and extractability of different boiling fractions in
bitumen at different SDA process conditions. The boiling fractions of asphaltenes in Table 5-1,
Table 5-2 and Table 5-3, expressed as wt% of asphaltenes were converted into wt% of bitumen
using Eq. 5-1 and plotted in comparison to boiling fractions in bitumen, as shown in Figure 5-9.
The separation selectivity for different boiling fractions from bitumen into the asphaltenes phase
is represented as a percentage, and calculated using Eq. 4-3. The separation selectivities are listed
in Table 5-19. The extractability is defined as the percentage of boiling fraction in bitumen that

remains in the DAO after asphaltene precipitation. It is represented by Eq. 5-3.

Boiling fraction in asphaltenes (Wt% of bitumen)

Boiling fraction in asphaltenes (Wt% of asphaltenes) X Eq. 5-1
%Yield of asphaltenes
100

Separation Selectivity (%) =

Weight of boiling fraction in asphaltenes (Wt% of bitumen)x 100 Eq- 5-2
Weight of boiling fraction in bitumen (Wt% of bitumen)
Extractability (%) = 100 — Separation Selectivity (%) Eq. 5-3
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Following are the observations from Figure 5-9 and Table 5-19:

0.09 to 0.48wt% of bitumen belongs to the middle distillate fraction of asphaltenes at the SDA
process conditions used in this study, with precipitation time = 24h. Bitumen contains ~6.21wt%
of middle distillate fraction as mentioned in Chapter 3. This indicates that the separation selectivity
of middle distillate fraction varies from ~1.4 to 8%, and the extractability into DAO varies from

92 t0 98.6%.

0.02 to 2.87wt% of bitumen belongs to the gas oil fraction of asphaltenes at the SDA process
conditions used in this study, with precipitation time = 24h. Bitumen contains ~34wt% of gas oil
fraction as mentioned in Chapter 3. This indicates that the separation selectivity of gas oil fraction

varies from ~0.05 to 8.4%, and the extractability into DAO varies from 92 to 99.95%.

7.65 to 18.87wt% of bitumen belongs to the residue fraction of asphaltenes at the SDA process
conditions used in this study, with precipitation time = 24h. Bitumen contains ~66wt% of residue
fraction as mentioned in Chapter 3. This indicates that the separation selectivity of residue fraction

varies from ~12 to 29%, and the extractability into DAO varies from 71 to 89%.

From Figure 5-9, it appears that the decrease in asphaltene yield from Cs to C; asphaltenes at the
observed S/B ratios is accompanied by a decrease in the separation selectivity for all the three
boiling fractions of bitumen. Thus, the extractability of the boiling fractions increases when the
solvent is varied from n-Cs to n-C;. Although the nature of asphaltenes changes from lighter and
aliphatic to heavier and aromatic from Cs to C7 asphaltenes (section 5.4.1), the selectivity for
separation of heavier, aromatic components from bitumen, on a weight basis, gradually decreases

when the solvent is varied from n-Cs to n-C7 in the SDA process.

As mentioned earlier, the boiling point of a fraction can be directly correlated with its molecular
weight. According to Strausz, et al.® fractionation of molecular weight takes place during
asphaltene precipitation from bitumen using paraffinic solvents of varying linear chain length.
When Cs asphaltenes are dissolved in n-hexane, the lower molecular weight components dissolve,
precipitating out the higher molecular weight or the least soluble portion of the Cs asphaltenes as
Cs asphaltenes. The same occurs when Cs asphaltenes are dissolved into n-heptane, and so on.

Thus, the separation selectivity which represents the ‘quantity’ of the boiling fractions separated
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into asphaltenes from bitumen decreases when the solvent used in the SDA process is varied from
n-Cs to n-Cs. Differently put, the the fraction of lighter boiling material retained by the DAO

increases from n-Cs to n-Cs.

The increase in asphaltene yield with increase in S/B ratio is accompanied by an increase in the
separation selectivity for residue fraction and decrease in the separation selectivity for gas oil
fraction of bitumen. In other words, increasing the volume or the number of moles of paraffinic
solvent in the solvent-bitumen mixture in the SDA process, results in increased precipitation of
higher molecular weight components present in bitumen, while also leading to increased solubility
of lower molecular weight components of bitumen in the solvent. This indicates the effect of
number of moles of the solvent on the interactions between the solvent molecules and the solute
molecules of different boiling fractions of bitumen, which impacts the mixing. At S/B ratio 40:1,
the extractability of gas oil fraction is maximum and that of residue fraction is minimum. On the
other hand, the separation selectivity of middle distillate fraction of bitumen in Ce¢ and C;
asphaltenes doesn’t follow a regular decreasing trend with increase in S/B ratio, indicating that in
some cases with increase in asphaltene yield, the retention of lighter and aliphatic components

belonging to middle distillate fraction of bitumen by the asphaltenes fraction increases.
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weight basis, Precipitation time = 24h
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Table 5-19. Separation selectivities of Cs, Cs and C7 asphaltenes for middle distillate, gas oil and

residue fractions in bitumen at different conditions of SDA process. Precipitation Time = 24h

Separation Selectivity (%)
S/B ratio Cs asphaltenes | Cg asphaltenes | C7 asphaltenes
3:1 7.78 6.91 3.00
Middle Distillate
4:1 6.52 4.22 3.67
Fraction
5:1 5.52 4.80 4.50
40:1 1.60 1.53 1.40
3:1 8.41 7.50 0.83
4:1 7.84 7.08 0.69
Gas Oil Fraction
5:1 7.36 6.67 0.59
40:1 2.89 2.32 0.05
3:1 13.47 12.98 11.62
4:1 17.35 15.84 15.96
Residue Fraction
5:1 25.09 22.89 21.47
40:1 28.66 27.37 25.39

5.4.3 Cracking behavior of asphaltenes and DAO
Studies by Liu, et al.’, Trejo, et al.!” and Shin, et al.!' on pyrolysis and TGA of bitumen,

asphaltenes and maltenes were used to interpret the results in Table 5-13.
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Between 200 and 300°C, 17.0, 2.3, 23.0wt% of mass was lost from bitumen, asphaltenes and
maltenes respectively in the TGA analysis. From the SimDis results, ~1.6, 0.0 and 2.6wt% of
material volatilized before 300°C from bitumen, asphaltenes and maltenes respectively. This
indicates that cracking reactions take place in bitumen and maltenes before 300°C leading to

formation of lighter volatile hydrocarbons from heavier components.

Between 300 and 400°C, 25.7, 7.0, 34.8wt% of mass was lost from bitumen, asphaltenes and
maltenes respectively in the TGA analysis. From the SimDis results, 13.3, ~0.82 and 16.7wt% of
material volatilized between 300 and 400°C from bitumen, asphaltenes and maltenes respectively.

The cracking reactions are more pronounced in maltenes and bitumen compared to asphaltenes

between 300 and 400°C.

39.1, 43.7 and 34.5wt% of mass were lost from bitumen, asphaltenes, and maltenes respectively
between 400°C and 480°C. From the SimDis results, 16.7, 2.2 and 20.2wt% of material volatilized
from bitumen, asphaltenes and maltenes respectively, indicating that significant cracking reactions

occur in all the three samples.

A mass loss of 4.2, 9.5 and 2.7wt% was obtained for bitumen, asphaltenes and maltenes
respectively between 480°C and 600°C. From SimDis results, 21.7, 6 and 25.6wt% of material
volatilized in this temperature range, most of which would have undergone cracking during

pyrolysis at lower temperatures.

The residue (proportional to coke) that remained after 600°C was greater in amount for asphaltenes
(37.45wt%), followed by bitumen (11.7wt%) and maltenes (1.96wt%). According to literature,
maltenes transform into asphaltenes during pyrolysis leading to coke formation.>!*!3 From SimDis
results, 53.8, 9.5, 65.9wt% of bitumen, asphaltenes and maltenes respectively, volatilizes below

600°C, leaving behind 46.2, 90.5, 34.1wt% which continues to vaporize at higher temperatures.

Table 5-20 compares the composite or effective mass loss (Mass Loss.sf) of Cs asphaltenes and
Cs maltenes, precipitated at S/B ratio 40:1 and precipitation time 24h, on a bitumen basis with
mass loss in bitumen. Mass Loss. sy was calculated in different temperature zones between 200

and 600°C for both TGA and SimDis analyses using the following equation:
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Mass LosSesr = Eq. 5-4

_ (Mass Lossgsp X %Yield of asphaltenes + Mass Lossyq X %Yield of maltenes)
B 100

where Mass Loss,s, and Mass Loss;,g are the mass losses in asphaltenes and maltenes
respectively. The yield of asphaltenes and maltenes mentioned in Chapter 3, were applied in this

equation.

The composite mass of residue (Mass Resid cfr) of asphaltenes and maltenes, calculated in similar
manner is also mentioned in Table 5-20. The purpose of these calculations is to determine whether
the distillation versus temperature profiles for the separated fractions are different to that of the

bitumen as a whole.

Table 5-20. Comparison of ‘effective’ mass loss and mass of residue from asphaltenes and DAO

on bitumen basis with the mass loss and mass of residue from bitumen

Temperature Zone (°C) Analysis Mass Loss vit (Wt%) | Mass Loss efr(Wt%)
TGA 17.0
200-300°C 18.3
SimDis ~1.6 2.0
TGA 25.7
300-400°C 28.4
SimDis 13.3 13.1
TGA 39.1 35.5
400-480°C
SimDis 16.7 16.1
TGA 4.2 4.0
480-600°C
SimDis 21.7 21.1
Temperature Zone (°C) Analysis Mass Resid vit (Wt%) | Mass Resid efr (Wt%)
TGA 11.7
+600°C 90
SimDis 46.2 44 .4

According to Table 5-20, there is a smaller difference between effective mass loss or effective
residue of asphaltenes and maltenes, and mass loss or residue of bitumen in SimDis analysis. This
means that solvent deasphalting doesn’t alter the boiling point distribution (on weight basis) of

asphaltene and maltene fractions originally present in bitumen, when separated.
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The effective mass loss in TGA analysis is greater than mass loss in bitumen by 4wt% between
200 and 400°C, and it is lesser than mass loss in bitumen by 3.6wt% between 400 and 480°C. The
effective mass of residue is lesser than mass of residue from bitumen by 2.7wt%. It appears that
the cracking behavior of asphaltenes and/or maltenes below 400°C is affected by separating these
fractions and processing them individually. However, this finding needs further investigation, by
taking into account the 2.53wt% of material lost from bitumen in asphaltene precipitation process

(from chapter 3).

The distillation and reactive components of asphaltenes were separated by subtracting the TGA
curves from SimDis curves. This approach allows to study the effect of solvent and S/B ratio in
the SDA process on the reactivity of asphaltenes as a function of temperature. Figure 5-10 shows
the subtraction of TGA curve from SimDis curve of Cs and C7 asphaltenes. The difference in the
mass (wt%) remaining when heated in SimDis and TGA is plotted against temperature. The
constructions in green color made on Figure 5-10 indicate the onset temperature for meaningful
cracking of the C5 and C7 asphaltenes. The threshold for meaningful cracking was assumed to be
10wt% in the plot shown in Figure 5-10. From the constructions, it can be read that the onset
temperature increases with increase in S/B ratio from 3:1 to 40:1. For example, the onset
temperature for meaningful cracking of C5 asphaltenes increases from 275°C to 400°C with

increase in S/B ratio from 3:1 to 40:1.

The GC-SimDis oven was heated up to a temperature of 425°C at the rate of 15°C/min in this
study. Thus, at those high temperatures, it is possible that cracking reactions can occur in the GC
column. Carbognani, et al.'* investigated on-column thermal cracking in high temperature
simulated distillation of Athabasca vacuum residua components. In their paper, previous literature
evidence of cracking of asphaltenes even at temperatures as low as 100°C were presented. The
role of heating rate, time and temperature, on the cracking of petroleum compounds was
emphasized in their literature review. The appearance of a second chromatographic peak or mode
in the high temperature simulated distillation (HTSD) of resins and asphaltenes at temperatures
above 320°C in their study, led to the hypothesis that secondary cracking of components could be
occurring on HSTD columns. The column heating rate used in their study was 15°C/min up to a

maximum temperature of 425°C, which is same as the heating method used in the present study.
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The relationship between the GC oven temperature and the distillation temperature in SimDis

analysis used in this study is shown in Figure 5-11.

80
| ™ Pentane 3:1 24h
704 ® Pentane4:1 24h
| 4 Pentane 5:1 24h
60 v Pentane 40:1 24h
A &
S @ 50 -
g
g E "
E 2 L)
7 § 30 2
(S~ °
B R 201 o
v~ o®AY
1 a" G0%a
o® s
10 = ~
4 A v
0 T T T T T T T T T T
200 300 400 500 600 700 800
Temperature (nC)
(a)
80
= Heptane 3:1 24h
704 ® Heptane 4:1 24h
A  Heptane 5:1 24h
60 1Y Heptane 40:1 24h
vV Yvvy
ps e 50 v
O &7 483,
3 Seears
g E 7
g 8
7 § %0
A g 1
E £ 204
v >~ |
10 1
0 T T ! T T T T T T T T
200 300 400 500 600 700 800

Temperature (DC)

(b)
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asphaltenes precipitated at different S/B ratios with precipitation time = 24h
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SimDis

In Figure 5-10, the curves rise upto 480°C, indicating that mass loss in TGA is faster than the mass
loss in SimDis. From Figure 5-11, distillation upto a boiling point of 480°C required heating of
the GC column upto ~230°C. As on-column cracking is insignificant at column temperatures
below 230°C, it can be assumed that SimDis curve represents only distillation of asphaltenes below
480°C. Thus, the difference between TGA and SimDis curve upto 480°C represents the cracking

reaction component that occurs in TGA of asphaltenes.

At temperatures below 400°C, cracking was more prominent as the S/B ratio decreased from 40:1
to 3:1. Between 400 and 480°C, the curves of all the samples overlap because the rate of mass loss
due to cracking reactions increases with increase in S/B ratio. Above 480°C, the mass loss during

TGA of all the samples was insignificant, indicating that cracking has subsided.

The hypothesis behind the decrease in rate of cracking reactions with temperature is that chemical
structures being cracked at higher temperatures are stronger and require higher energy for
cracking, leading to an increase in the activation energy required for cracking of unconverted
material with an increase in conversion. Thermodynamic reactivity and reaction kinetics depend

on factors such as bond dissociation energies and molecular weight.!>!® The assumption of
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uniform cracking kinetics that works well for decomposition of polymers, needs careful
examination in the case of asphaltenes, as asphaltenes are a complex, heterogeneous mixture with

a wide distribution of bond strengths and molecular weight.'¢

In Figure 5-10, the curve starts to fall after 480°C, indicating that the rate of cracking of asphaltenes
decreases above 480°C. From earlier discussion, significant on-column cracking is likely to occur
above column temperatures of 275°C in SimDis of asphaltenes depending on the SDA conditions
used in this study for precipitation of asphaltenes. From Figure 5-11, a column temperature of
275°C corresponds to a distillation temperature of ~540°C, which means that the SimDis curve of
Cs asphaltenes precipitated at S/B ratio 3:1, above 540°C, represents both distillation and on-
column cracking of asphaltenes. Thus, for Cs asphaltenes precipitated at S/B ratio 3:1, this method
to decouple distillation and reactivity components by subtracting SimDis curve from TGA curve
becomes invalid above 540°C, as a combination of distillation and chemical reactions (cracking

and/or addition) occur in both TGA and SimDis analyses.

For Cs asphaltenes precipitated at S/B ratio 40:1, on-column cracking is significant at column
temperatures above 400°C, which correspond to boiling point of 680°C and above. Thus, this
method is valid upto ~680°C in Figure 5-10. Above 600°C, the shape of the curve in Figure 5-10 is
similar to the shape of SimDis curve, in which the mass remaining decreases with increase in
temperature due to the distillation of components. The mass remaining in SimDis also increases with
increase in S/B ratio from 3:1 to 40:1, as lighter components are present in asphaltenes precipitated at

lower ratios compared to those precipitated at higher ratios (section 5.4.1).

The curves obtained by subtraction of TGA from SimDis results for Cs and C; maltenes, as shown
in Figure 5-12, have a shape similar to the curves obtained for asphaltenes. The curves overlap in
the case of Cs maltenes. For C7 maltenes, the cracking increases with increase in S/B ratio up to
480°C, above which the shape is similar to the shape of the SimDis curve. Though lighter
components are present in maltenes produced at higher S/B ratios, the difference in the mass
remaining in SimDis and the mass remaining in TGA (residue) increased with increase in S/B
ratio. The curve falls with an increase in temperature due to the distillation of components. Again,
this method of comparison between TGA and SimDis curves becomes invalid at temperatures
above which on-column cracking of maltenes occurs in the SimDis analysis. From Figure 5-12,

the onset of cracking of maltenes is ~265°C, which corresponds to a boiling temperature of 535°C.
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5.4.4 Microcarbon residue (MCR)

As mentioned earlier, MCR is an indicator of the coke forming tendency. According to Table 5-14,
Table 5-15, Table 5-16 and Table 5-17, the coke forming tendency of asphaltenes increases from
Cs to C7 and increases with increase in S/B ratio. Though the increase in asphaltene yield from S/B
ratios 5:1 to 40:1 was not very high, a notable increase in MCR of samples was found, which
explains the difference in the nature of asphaltenes at S/B ratios 5:1 and 40:1. The coke forming
tendency of asphaltenes appears to slightly decrease with increase in precipitation time from 24h

to 330h. However, the changes with precipitation time are not significant.

According to literature, asphaltenes contribute to coke formation.'> When MCR of asphaltenes
was plotted against asphaltene yield, as shown in Figure 5-13, a scattered plot was obtained, with
no correlation between MCR and asphaltene yield for Cs, C¢ and C7 asphaltenes. When the average
MCR was plotted against average asphaltene yield in Figure 5-13, MCR of Cs, C¢ and C;
asphaltenes independently increased with increase in their yield. However, from Table 5-14, MCR
of C7 asphaltenes > C¢ asphaltenes > Cs asphaltenes, at a given S/B ratio, even though the yield of
Cs asphaltenes > Cs asphaltenes > C7 asphaltenes (chapter 3). Also, even though the increase in
asphaltene yield from S/B ratios 5:1 to 40:1 was not very high (chapter 3), a notable increase in
MCR of samples was found in Table 5-14, indicating that asphaltene yield is not a good indicator

of coke forming tendency.

Also shown in Figure 5-13 is the relation between MCR of Cs, Cs and C7 asphaltenes and the
corresponding amount of residue (+524°C) fraction obtained in the SimDis analysis. With the
increase in residue content, the MCR increases. The MCR decreases with an increase in H/C ratio,
as shown in Figure 5-13. In general, feeds with higher molecular weight and aromaticity produce

more coke.’

According to literature, coke formation from asphaltenes takes place by a series of reactions that
lead to increase in molecular weight and decrease in aromaticity.? Insolubility and hydrogen
depletion lead to the formation of mesophase or any other second liquid or solid phase, which
ultimately leads to coke formation. In a study by Rahimi, et al.!? the MCR of different fractions of

Athabasca bitumen vacuum residue correlated well with the H/C ratio and aromatic carbon
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content. The mesophase was found to form sooner when the MCR, molecular weight and

aromaticity of the fractions were higher.
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5.4.5 Liquefaction of asphaltenes

The results in Table 5-18 indicate that a higher temperature is required to maintain asphaltenes in
a fluid state when high carbon number linear paraffinic solvents or high S/B ratios are used in the

SDA process.

Melting transition in asphaltenes was not observed in the DSC calorigram (Figure 5-8) at the
temperatures where liquefaction was found to occur in the HSM results (Table 5-18). A possible
reason for liquefaction of asphaltenes at the temperatures observed in this study could be that a
portion of asphaltenes that contains lighter material melts upon heating. The liquid phase thus
formed then dissolves the heavier material, leading to the formation of a continuous liquid phase.

Thus, the solid to liquid transformation of asphaltenes could be due to self-dissolution.

The reason why the liquefying point of Cs asphaltenes is lower than C7 asphaltenes could be that
Cs asphaltenes contain greater amount of low molecular weight material compared to C;
asphaltenes. Asphaltenes precipitated at lower S/B ratios contain greater amount lighter material
or more components that are not asphaltenes (e.g. resins), which are trapped in the precipitates due
to inefficient phase separation. This in turn leads to a decrease in the liquefying point of the

asphaltenes fraction.

From the SimDis results in Table 5-1, Table 5-2 and Table 5-3, significant differences were
observed among the gas oil and residue fractions of asphaltenes precipitated using different
solvents and S/B ratios in the SDA process. Thus, the liquefying point can be considered to be
mainly related to the gas oil and residue fractions in asphaltenes. However, the low amounts of gas
oil fraction, especially in C7 asphaltenes, and at S/B ratios 5:1 and 40:1 indicates that liquefaction

of C7 asphaltenes at higher S/B ratios is reflective of the residue fraction of asphaltenes.

The correlation between the maximum point of intensity curve versus temperature for a fixed area
of observation (Figure 5-7) and the liquefaction of asphaltenes (Table 5-18) indicates that reflected
light intensity can be used as a tool to study the liquefaction or thermal behavior of asphaltenes.
This correlation could be due to changes in optical properties of asphaltenes as they physically

transform upon heating.
5.5 Conclusions
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The solvent (n-pentane, n-hexane and n-heptane) and S/B ratio (3:1 to 5:1 compared to 40:1)
in the SDA process affect the boiling point distribution, separation selectivity and extractability
of boiling fractions in bitumen, cracking behavior and MCR of asphaltenes and DAO. They
also affect the liquefying point of asphaltenes.

The trends in the simulated distillation curves and boiling fractions of asphaltenes indicate that
precipitated asphaltenes become heavier with increase in the carbon number of linear paraffinic
solvent and with increase in S/B ratio.

The changes in the boiling point distribution of asphaltenes and DAO were insignificant with
change in precipitation time from 24h to 330h in the SDA process.

The separation selectivity for middle distillate, gas oil and residue fractions of bitumen
decreased from Cs to C;7 asphaltenes, and the extractability into DAO correspondingly
increased with the change in solvent.

With increase in S/B ratio, the separation selectivity for the residue fraction of bitumen
increased and the separation selectivity for gas oil fraction decreased. The extractability of
residue and gas oil fractions from bitumen into DAO thus followed the opposite trend.

MCR of asphaltenes, which is a measure of coking tendency, increased from Cs to C7, and with
increase in S/B ratio. MCR increased with increase in the residue fraction of asphaltenes and
with decrease in the H/C ratio of asphaltenes. It was found that asphaltene yield is not a good
indicator of coke forming tendency, indirectly measured by MCR.

The changes in MCR of asphaltenes and DAO with change in precipitation time from 24h to
330h were insignificant.

The onset temperature of cracking reactions in asphaltenes increases with increase in S/B ratio.
S/B ratios used in the precipitation of asphaltenes in the SDA process also affect the rate of
cracking reactions occurring in asphaltenes with respect to temperature.

The liquefying point of Cs asphaltenes was lower than that of C7 asphaltenes, and it increased
with increase in S/B ratio. This indicates that the asphaltenes precipitated at higher S/B ratios
and using higher carbon number linear paraffinic solvent, require higher temperatures to
maintain them in fluid state.

A correlation was found between reflected light intensities and liquefaction of asphaltenes,
indicating that reflected light intensity can be used as a measurement tool to monitor thermal

behavior of asphaltenes.
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e Enthalpy change corresponding to a typical melting transition was not observed in differential
scanning calorimetric analysis of asphaltenes, at the temperatures where liquefaction of
asphaltenes was visually observed in the hot stage microscopic analysis. The hypothesis behind
liquefaction of asphaltenes is that they undergo self-dissolution instead of melting.

e In this study, significant differences in the studied thermal properties were observed between
the asphaltenes precipitated at S/B ratios 5:1 and 40:1, which indicates that even though their

yields are similar, their nature is different.
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CHAPTER 6. CONCLUSIONS
6.1 Background

The objective of this project is to study the effect of solvent, solvent to bitumen (S/B) ratio and
precipitation time in solvent deasphalting process on the chemical composition and properties of
asphaltenes and DAO fractions of bitumen. Solvent deasphalting (SDA) is the precipitation of
asphaltenes from bitumen by addition of an n-paraffin solvent such as n-pentane and n-heptane.
Industries employ low S/B ratios between 3:1 and 10:1 in the SDA process due to high cost of
solvent recovery. The type of solvent, S/B ratio, precipitation time, temperature and pressure used
in the SDA process affect the yield and nature of DAO and asphaltenes. The DAO produced in the
SDA process is thermally cracked to improve its properties and processed to valuable liquid
products. The conversion of DAO in the thermal cracking stage and properties of the resultant
products are impacted by the chemical composition and physical properties of DAO, which in turn
are affected by the process conditions used in the SDA process. Examples of properties that could
be affected by the solvent deasphalting process are: 1. the coking tendency of DAO in the thermal
cracking process, which limits the conversion to useful products, 2. the density of DAO which
should be within the limits of pipeline specification, 3. the presence of free radicals in asphaltenes,
which play a role in upgrading and refining processes and 4. the fluidity of asphaltenes, which
needs to be maintained to avoid plugging and fouling of process equipment. Asphaltenes produced
in the SDA process have a lower value compared to DAO. As bitumen contains 14-20 wt% of
asphaltenes, removal of all the asphaltenes from bitumen represents a significant loss. Thus, it is
desired to achieve quality improvement in DAO, while minimizing the yield of asphaltenes in the

SDA process at the same time.

6.2 Experimental Approach

In this study, asphaltenes were precipitated from Athabasca bitumen. n-pentane, n-hexane and »n-
heptane were used as precipitants in the SDA process at S/B ratios 3:1, 4:1, 5:1 and 40:1 (ml/g).
The effect of changing the precipitation time from 24h to 330h was studied. Experiments were
performed at room temperature and atmospheric pressure. The yield of asphaltenes and DAO, and
the associated material losses at different conditions of SDA process were measured (chapter 3).

Chemical characteristics (chapter 4) and thermal properties (chapter 5) of asphaltenes and DAO
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produced at different conditions of SDA process were studied using various characterization

techniques.

6.3 Major Conclusions

The major conclusions of this study are divided into three parts, chapter-wise:

1.
2.
3.

Asphaltene yield and material balance in SDA process
Chemical characterization of asphaltenes and DAO

Thermal properties of asphaltenes and DAO

6.3.1 Asphaltene yield and material balance in the solvent deasphalting process

a)

b)

d)

The solvent, S/B ratio and precipitation time used in the solvent deasphalting of bitumen
showed an impact on asphaltene yield and recovery of material after separation.

The effect of solvent and S/B ratio on the yield of asphaltenes found in this study was similar
to that reported in literature. At 24h precipitation time, the yield of Cs asphaltenes increased
from 12.23 to 19.86 wt% with increase in S/B ratio from 3:1 to 40:1 (ml/g), and that of Cs and
C7 asphaltenes increased from 11.54 to 18.96wt% and 9.1 to 17.4wt% respectively. The yield
of asphaltenes increased with the carbon number of n-paraffinic solvent from Cs to Cs.

The yield of asphaltenes precipitated at S/B ratios 5:1 and 40:1 were similar. However, their
appearance was significantly different, indicating that their characteristics are different.

Loss of material occurred during precipitation of asphaltenes. The recovery of material was
low when lower S/B ratios were used. The increase in losses at lower S/B ratios are attributed
to the sticky and thick nature of the solvent-bitumen mixture at lower S/B ratios. Material
balance calculations indicated that the losses varied from 0.79wt% to 14.64wt% in the

asphaltene precipitation experiments.

6.3.2 Chemical characterization of asphaltenes and DAO

e)

The solvent and S/B ratio in the SDA process affected the H/C ratio, nitrogen, sulfur, nickel
and vanadium content of precipitated asphaltenes. The H/C ratio of Cs asphaltenes was greater
than that of C; asphaltenes at the observed S/B ratios. The H/C ratio decreased with an increase

in S/B ratio from 3:1 to 40:1. The nitrogen, sulfur, nickel and vanadium content in asphaltenes
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g)

h)

increased with increase in S/B ratio from 3:1 to 40:1. C; asphaltenes contained higher amount
of N, S, Niand V compared to Cs asphaltenes. These findings are in accordance with literature.
The separation selectivity (fraction of the element in bitumen separated into asphaltenes phase)
and extractability (fraction of the element in bitumen extracted into DAO) of nitrogen, sulfur,
nickel and vanadium were affected by the solvent and S/B ratio used in the SDA process. The
separation selectivity increased with increase in S/B ratio from 3:1 to 40:1 in the SDA process.
Thus, higher S/B ratios are required to extract lesser amount of N, S, Ni and V into DAO in
the solvent deasphalting process.

The double integral values of organic free radical peak and vanadyl peak in ESR spectroscopy
of asphaltenes, increased from Cs to C7 asphaltenes, and with increase in S/B ratio from 3:1 to
40:1. A linear correlation was observed between the double integral values of vanadyl peak of
asphaltenes and their corresponding vanadium content in ppm, measured in XRF spectrometry.
Changes in g-factors of the organic and vanadyl radical peaks were observed with changes in
solvent and S/B ratios. The g-factor increased with increase in S/B ratio from 3:1 to 40:1.
Significant differences were observed in the chemical characteristics of asphaltenes
precipitated at S/B ratios 5:1 and 40:1, indicating that asphaltene yield is not a reliable indicator

of the effects of fractionation on bitumen fractions in solvent deasphalting process

6.3.3 Thermal properties of asphaltenes and DAO

i

)

The precipitated asphaltenes become heavier with increase in the carbon number of linear
paraffinic solvent and with increase in S/B ratio. The separation selectivity for middle distillate,
gas oil and residue fractions of bitumen decreased from Cs to C7 asphaltenes. With increase in
S/B ratio, the separation selectivity for the residue fraction of bitumen increased and the
separation selectivity for gas oil fraction decreased.

MCR of asphaltenes, which is a measure of coking tendency, increased from Cs to Cs
asphaltenes, and with increase in S/B ratio from 3:1 to 40:1. MCR increased with increase in
the residue fraction of asphaltenes and with decrease in the H/C ratio of asphaltenes. It was
found that asphaltene yield is not a good indicator of coke forming tendency, indirectly

measured by MCR.
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k)

D

The onset temperature of cracking reactions in asphaltenes increases with increase in S/B ratio.
S/B ratios used in the precipitation of asphaltenes in the SDA process also affect the rate of
cracking reactions occurring in asphaltenes with respect to temperature.

The liquefying point of Cs asphaltenes was lower than that of C7 asphaltenes, and it increased
with increase in S/B ratio. This indicates that the asphaltenes precipitated at higher S/B ratios
and using higher carbon number linear paraffinic solvent, require higher temperatures to
maintain them in fluid state. A correlation was found between reflected light intensities and
liquefaction of asphaltenes, indicating that reflected light intensity can be used as a

measurement tool to monitor thermal behavior of asphaltenes.

m) In this study, significant differences in the studied thermal properties were observed between

n)

the asphaltenes precipitated at S/B ratios 5:1 and 40:1, which indicates that even though their
yields are similar, their nature is different.
Changes in boiling point distribution and micro carbon residue of asphaltenes with change in

precipitation time from 24h to 330h were insignificant.

6.4 Recommendations for future work

a)

b)

In the present study, solvent deasphalting experiments were performed at room temperature
and atmospheric pressure. While the results of this study are instructive and form the basis for
understanding the effect of solvent deasphalting process conditions on bitumen fractions, it is
recommended to perform further experimentation at the industrial process conditions.

This study focused on the effect of linear paraffin solvents of varying chain length on the
properties of asphaltenes and DAO in the solvent deasphalting process. However, it is
worthwhile to extend the investigation beyond linear paraffin solvents, by incorporating the
usage of branched-chain alkanes, cycloalkanes etc. as precipitants in the solvent deasphalting
process, and studying the effect of structural and stereoisomerism of these solvents on the

fractionation of bitumen.
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