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Abstract

Unwanted phase separation of asphaltenes poses significant challenges in production and
processing of heavy oils and bitumen. The analysis and prediction of asphaltene
precipitation behaviors and asphaltene-diluent interactions are typically treated either
from a solution thermodynamics or a colloid perspective. However, the polydispersity
and multi-phase nature of asphaltenes allows for portions of these materials to exhibit

both behaviors concurrently at fixed global composition.

Partial specific volume at near infinite dilution and enthalpies of solution are sensitive
thermodynamic measures of solute-solvent interactions derived from high precision
density and calorimetry measurements for dilute mixtures. Solution calorimetry and
density measurements are performed on mixtures of asphaltenes with a variety of diluents
ranging from n-alkanes to bicyclic aromatics. The validity of the assumption of solubility
of asphaltenes in various diluents is evaluated based on density and calorimetry data. The
trends of changes in enthalpies of solution of asphaltenes and their fraction with
variations in composition and temperature are used in identifying the interactions of
asphaltenes with the diluents and determining the phase state of asphaltenes in organic

media.

The results indicate co-existence of a soluble and an insoluble fraction of asphaltenes in
each organic diluent and at every fixed temperature and concentration. Endothermic

phase transitions and exothermic sorption of diluent are detected in n-alkanes as well as



1-methylnaphthalene, tetrahydrofuran, toluene and quinoline. Asphaltenes are shown to

have both intermolecular and interfacial interactions with the studied diluents. The results

are in agreement with the hypothesis that only a fraction of asphaltenes undergo a solid-
liquid phase change upon mixing with diluents and that fraction is a function of diluent
properties, global composition and temperature. These results are inconsistent with the
application of dissolution as classically defined to asphaltene + diluent mixtures.
Quantitation of the asphaltene fractions potentially present as colloidal particles or as

dissolved species in a diluent remains a subject for future study.



Preface

They asked Logman, the man of wisdom, "of whom didst thou learn manners?” He
replied, "From the unmannerly. Whatever | saw them do which | disapproved of, that |

abstained from doing."

“Rose Garden”, Sa’adi - 12 century Iranian Poet
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Chapter 1: Introduction

1.1 Asphaltenes, an overview

Asphaltenes are an organic fraction found in “gas oil, diesel fuel, residual fuel oils,
lubricating oil, bitumen, and crude petroleum that has been topped to an oil temperature
of 260°C™!. Unwanted phase separation and precipitation of asphaltenes is a source of
major challenges in production, transportation and upgrading of heavy oil and bitumen.

In the past four decades a growing body of literature has focused on understanding the

14-18 19-23

structure”™3, physical and transport properties**™®, interfacial phenomena®®%, and phase

17, 24-30

behavior of asphaltenes in the native oil and in organic solvents.

Despite the importance of asphaltene behavior in flow assurance and refining,
ambiguities in the mechanism(s) of asphaltene phase separation and interaction of
asphaltenes with hydrocarbon diluents remain. The main focus and ultimate goal of all
the research conducted in this area is to understand the mechanisms involved in
stabilization and destabilization of asphaltene containing mixtures and develop tools for
prediction of onset of phase separation that minimize the processing difficulties
associated with asphaltenes and maximize the value of products obtained from

hydrocarbon resources.
1.1.1 The definition and properties of asphaltenes

Asphaltenes are defined as the fraction of oil that is insoluble in n-pentane or n-
heptane and soluble in toluene®™ . This definition is primarily based on filterability of the

asphaltene containing mixture. The solids that are filtered out of a dilute mixture of oil



and n-heptane and can be removed from the same filter by washing with warm toluene
are defined as asphaltenes. The filters used in these procedures have a pore size of 1.5

2.5% um.

One of the major issues in analysis of the fraction defined as asphaltenes is the poor
reproducibility of asphaltene preparation techniques and significant variations in
properties of the asphaltenes prepared by the same technique and even the same operator.
These problems have been attributed to inconsistencies in the washing procedures® and
oxidation during the various steps of preparation®. In addition, Andersen has shown that
the yield of asphaltene separation from the same oil varies significantly with varying the

rate of n-alkane* addition.

Another major shortcoming of the definition is the misconceptions caused by
application of the terms: solubility and insolubility. The material that is precipitated from
a mixture with 30-40 volume n-alkanes added to one gram of bitumen may not
necessarily be insoluble in that n-alkane. More importantly asphaltenes are in fact a

%540 \vith a very complex composition*. Each of the asphaltene

multicomponent mixture
components may have a different saturation concentration in n-alkanes. These
concentrations may well be low. However, defining the degree of solubility of a solute in

a solvent at which that material can be considered insoluble is arbitrary and relative to the

application.

Furthermore, the test for solubility of asphaltenes in toluene does not meet the
thermodynamic criteria for solutions. The fact that a mixture of asphaltenes in toluene

passes through filters with pore sizes in the micron range is not sufficient for categorizing



such mixtures as solutions. Indeed many colloidal suspensions are composed of particles
with a mean size far lower than 1.5 microns. In addition, the asphaltene + toluene
mixtures are opaque and asphaltenes are shown to be aggregated even at low

concentrations in toluene® 42°,

The issue of solubility also arises in determining whether or not a certain
hydrocarbon resource fraction falls into the category of asphaltenes. Fractions obtained
by partial precipitation of asphaltenes from mixtures of asphaltenes with toluene +
heptane have been reported to be insoluble in toluene** *°. According to the definition
these materials are not considered asphaltenes although they constitute a portion of what
by definition is an asphaltene fraction. These facts collectively raise serious questions
about applicability of the concepts of solution thermodynamics to asphaltene + toluene

systems.

1.1.2 Size and composition of asphaltene molecules

The ASTM standard for preparation of asphaltenes asserts: “Asphaltenes are the
organic molecules of highest molecular mass and carbon-hydrogen ratio normally
occurring in crude petroleum and petroleum products containing residual material.”™! It is
not clear whether all the molecules considered operationally as asphaltenes possess the
mentioned characteristics. However, the comparison of molar mass and carbon to

hydrogen ratio is valid for the asphaltene versus the other fractions.

Asphaltenes are known to have a higher carbon to hydrogen ratio and a higher

content of O, N, S and metals compared to other petroleum fractions. The fraction of



aromatic carbon is also reported to be high in this fraction. According to Speight*’ and
Andersen* the hydrogen to carbon ratios of various asphaltenes are in the range of 1.0 to
1.2 which translates to 30% to 50% wt of aromatic carbon . Oxygen contents vary from
0.3% to 4.9%, sulfur contents are in the range of 0.3% to 10.3%, and their nitrogen
contents range from 0.6% to 3.3%. The abundance of aromatic rings in the asphaltenes
and presence of heteroatoms allows for pi—pi interactions, polar interactions, and

hydrogen bonding to be present among such molecules.

For decades the reported molar masses for asphaltenes, determined by vapor pressure
osmometry (VPO) and size exclusion chromatography (SEC) were within a wide range
from 1000-20000 g/mol. The results of these measurements were later shown to be
impacted significantly by the tendency of asphaltenes to aggregate in organic solvents.
Evidently, by decreasing the concentration of asphaltenes the measured value of molar
mass also decreases significantly. With the employment of fluorescence spectroscopy and
non—invasive mass spectroscopy techniques such as laser desorption ionization-time-of-
flight (LDI-TOF) mass spectrometry® “® the ranges were narrowed down to “several
hundred to 2000-3000 g/mol”. Employment of newer techniques including the Fourier

Transform lon Cyclotron Resonance Mass Spectrometry®” %

and extrapolation of vapor
pressure osmometry data have lead to a consensus that the molar mass of asphaltenes is

1000 g/mol or lower.

1.1.3 Structure of asphaltene molecules

There is a large and ongoing debate on the structure of asphaltenes and nature of

interactions leading to their aggregation. The structures suggested for asphaltene



molecules differ dramatically from one another and are each backed by evidence
collected from analysical methods. While these debates, once concluded, may lead to a
better understanding of asphaltene aggregation and interactions with the media,
constraining the analysis of thermodynamic data by assumptions on asphaltene structure
IS not constructive. In the current work, these controversial issues have been avoided
intentionally. The analysis of interaction of asphaltenes with diluents of different
aromaticity, polarity and hydrogen bonding ability presented in this work may be further
used in assessment of the suggested asphaltene monomer and aggregate structures. This

kind of analysis, however, is beyond the scope of this work.

1.1.4 Aggregation

Perhaps the most important property of asphaltenes is their tendency to aggregate in
every organic medium studied in the literature. The root cause of the tendency has been

40, 50 :

interactions and hydrogen bonding*" ®*

attributed to the presence of pi-pi and polar
among asphaltenic molecules. Data support the notion that the tendency of asphaltenes to
precipitate may be related to aggregation. Resins are the fraction closest to asphaltenes in
boiling range and molecular weight and are defined as a crude fraction that does not
form aggregates®®. VPO>®° studies on fractionated asphaltenes have revealed that
asphaltenes that remain in the liquid phase in mixtures with toluene + n-heptane with a

low toluene content are less prone to aggregation.

The aggregation tendency of asphaltenes led researchers to draw parallels with the
colloidal behavior of surfactants in water in explaining the state of asphaltenes in organic

media. Micelle formation analogies® >® " dominated the discourse on the analysis of



asphaltene behavior and asphaltenes were believed to exist as monomers up to a critical
micelle concentration in the range of 1-10 g/L? **>"%% at which they started to aggregate
and form the so-called micelles. These micelles were thought to be stabilized by resin
molecules on the surface. Merino-Garcia and Andersen® showed that the concept of
critical micelle concentration was in fact inferred from misinterpretation of surface
tension and calorimetric data. Instead they suggested that asphaltenes undergo a stepwise
aggregation/association as their concentration is increased in organic diluents.
Aggregation of asphaltenes has been studied by fluorescence spectroscopy, near-UV/Vis
spectroscopy, high-resolution ultrasonic spectroscopy, nuclear magnetic resonance
spectroscopy, ultracentrifugation and nanofiltering, among other techniques. Through
application of these techniques it is established that asphaltenes start aggregation in

toluene at concentrations as low as 50-100 ppm® 1> 434562

As the size of these aggregates is in the nanometer range they are referred to as
nanoaggregates. Mullins and co-workers have suggested that the size of the aggregates
formed at low concentration is in the range of 2-3 nanometers and they contain ~5
asphaltene molecules* % These aggregates grow by increase in the concentration and
reach a size of 5-10 nm at the concentration range of several grams per liter (several
thousand ppms). SAXS and SANS measurements also support a size in the range of 4-10
nm for aggregates formed at medium concentration in organic diluents® ®. These values
also agree with the membrane diffusion results by Dechaine and Gray®®. Temperature has
also been shown to have a significant impact on the size of aggregates and the degree of
aggregation of asphaltenes in various media. Generally, increasing temperature results in

a lower degree of aggregation and smaller aggregates®”®°.



1.1.5 Summary of asphaltene properties

The properties of asphaltenes discussed in the preceding sections are summarized in
Figure 1-1. Boxes marked in red include data that have been refuted. Gray boxes include
unresolved issues and the underlined text is for issues that are subject of study in this

thesis.
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Figure 1-1 Flowchart summarizing asphaltene properties extracted from literature and
explained in this chapter



In the current work, applicability of the concept of solubility to asphaltene +
diluent systems is investigated from a thermodynamic standpoint. This issue is discussed

in detail in the following section.

1.2 Phase behavior of asphaltenes in organic media

Understanding the phase behavior of asphaltenes in organic media is key to
development of tools required for preventing issues caused by these materials in
production, upgrading and refining of heavy oil. Yet, many ambiguities in the mechanism
of asphaltene phase separation and interaction of asphaltenes with hydrocarbon diluents

have not been addressed.

Recent work has begun to explain the complexity of asphaltene phase behavior on
their own, in their native crudes and in organic diluents'®*" 2% 7 Fylem et al. have
shown that as-prepared asphaltenes at room temperature consist of at least two solid
phases®’. The first solid phase undergoes a phase transition to liquid crystals and then to
isotropic liquid upon heating and the other phase shows a broad endothermic peak
indicating melting up to ~ 520K. Bagheri et al. showed that the phase transition to liquid
crystals and subsequently to liquid can also be induced by exposure of asphaltenes to

toluene vapor’.

Asphaltenes are defined as insoluble in the n-alkane chosen to precipitate them.
However, n-alkanes have been shown to interact with asphaltenes on various levels.
Solid asphaltenes are porous'®. Carbognani et al.”* have shown that n-alkanes can

penetrate into beds of asphaltene particles and cause swelling. Mahmoud et al. observed



exothermic behavior of asphaltenes upon mixing with n-alkanes’®. They hypothesized
that asphaltenes impact the orientation of n-alkane molecules on their surface resulting in
an exotherm. It is also possible that the diffusion followed by sorption of n-alkane
molecules into pores within the solid asphaltene structure may also be a source of the

exothermic behavior observed by Mahmoud et al.”®

Asphaltenes had been largely thought to be soluble in toluene and other diluents
defined as solvents for them. However, recent developments have established the
particulate nature of asphaltenes at low concentrations in various media. Asphaltenes
have been filtered out of their native oil*® and mixtures with toluene®. Centrifugation has
also been employed to remove asphaltenes from toluene at low concentrations® *. The
asphaltene content of oil sampled from different depths of a reservoir has also been

shown to be larger for samples taken from deeper areas’™.

Asphaltenes are a continuum of molecules differing in size, aromaticity, polarity and
heteroatom content. It is not even clear if the whole asphaltene fraction participates in
aggregation and whether or not the change in size of these aggregates is accompanied by
a change in their composition. However, these molecules all lie within the definition of
asphaltenes because they agglomerate upon addition of excess volumes of an n-alkane to
their native oil. The possibility of the dissolution of a portion of this material in any
solvent cannot be overlooked. With the overwhelming evidence of presence of several
nanometer-sized aggregates in asphaltene containing mixtures at low concentrations,

coexistence of a dissolved portion as well as a particulate portion is a viable explanation



of the behavior of such mixtures and requires investigation. This hypothesis was first

suggested by Andersen and Stenby®® in 1996.

1.3 Fundamentals of asphaltene phase behavior modeling

Models developed for predication of asphaltene phase separation either treat
asphaltenes as soluble materials that precipitate upon addition of an anti-solvent, or
change of pressure or temperature; or as colloidal particles that are destabilized and
thereby settle as a result of the same variations in properties. In order to reduce the
complexity of the models the asphaltene fraction is usually represented by only one
pseudo-component. The most successful models developed for prediction of asphaltene
phase separation are based on regular solution theory. Precipitation of asphaltenes by
addition of an n-alkane to an asphaltene containing mixture has been largely assumed to

be caused by the subsequent decrease in the solubility parameter of the medium™ .

d75, 79-81 77, 78, 82

Models using Scatchard-Hidebran and Flory-Huggins equations are
primarily based on the Hildebrand solubility parameters. Both equations correlate
solubility behavior with the solubility parameter and molar volumes of the solute and the
solvent and temperature. The solubility parameter and molar volumes may also depend
on temperature, and for crystalline solids a term representing the enthalpy of fusion may
also be added. Solubility parameters are readily calculated from enthalpies of
vaporization and molar volumes. For asphaltenes, as the enthalpy of vaporization and
molar mass are not available, the solubility parameter and molar volume, or molar mass,

are often used as fitting parameters. Once the parameters for these models are tuned for

the specific systems they are developed for, they show reasonable success in capturing
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the trend of asphaltene precipitation. These models basically assume asphaltenes are
soluble in the original mixture and become insoluble as the solubility parameter of the
media changes. The major issue associated with these models is that the parameters
estimated for one asphaltene + diluent mixture are not necessarily applicable to a
different mixture containing the same asphaltenes. These models are therefore not
predictive. Failure in generalization of solubility parameter-based models and prevalence
of the evidence suggesting that the behavior of asphaltene mixtures are better explained

22, 43,56, 59, 83, 84 ather than solutions has made the case for the search for

as colloids
alternative models. Other models based on the solubility assumption include those based
on conventional cubic equations of state®™ or the statistical associating fluid theory
(SAFT)® 8 These models appear less successful and include the same shortcomings.
SAFT-based models have the capacity to account for associations resulting in

aggregation but because of the complex nature of the SAFT equation need significant

simplification to be applicable to asphaltene containing mixtures.

Models based on colloidal behavior have been around even before the solubility-
based models become popular. In the development of these models asphaltenes are
assumed to be particles that remain stable in the hydrocarbon medium surrounding them

8789 are based on the notion of micellar behavior

by association with resins. Some models
which has been shown to be inapplicable to asphaltene containing mixtures®*. They also
rely heavily on the assumption of stabilization of asphaltene aggregates by resin
molecules and therefore fail to explain the stability of asphaltene + diluent mixtures in

which resins are not present.
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Aggregation models®®**

assume that asphaltenes are present as aggregates of varying
sizes in solvents at low concentration. These models are successful in explaining the
growth of aggregates by increase in asphaltenes concentration. However, they are not
meant to be used to determine the onset of phase separation and also fail to explain the

mechanism involved in dispersion of asphaltenes in a diluent.

The format and details related to the asphaltene phase behavior prediction models are
not the focus of this thesis and discussions on this topic have been intentionally avoided.
This work is primarily concerned with testing underlying assumptions used to develop
these models and their applicability to asphaltene containing mixtures. Generalizable
models for asphaltene precipitation and asphaltene property prediction must capture the

underlying mechanisms of mixing and de-mixing of asphaltene + diluent systems.

1.4 Experimental measures of phase behavior of asphaltene + diluent mixtures

Once a solid is mixed with a liquid the phase state of each component of the mixture
is usually determined by visual observations. These observations can be complemented
by filtration or centrifugation of the mixture to check the homogeneity of the mixture and
for the presence of solid particles. These techniques are used as the primary test of
solubility of asphaltenes in a diluent. If the asphaltenes mixed with the diluent do not
settle, pass through filters and survive centrifugation they are assumed to be soluble in
that diluent. If the filter pores are small enough or the centrifugal force is strong enough
at least a portion of asphaltenes does pass the test of solubility in any diluent. In some
cases, a portion of the material considered soluble in a certain diluent becomes insoluble

once isolated from the other fractions.
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The presence and size of nano-sized aggregates, present in asphaltene-containing
mixtures, can be and have been inferred from various spectroscopic measurements
including SAXS, SANS, fluorescence spectroscopy, etc. However, one cannot conclude
from these results if the whole asphaltene fraction is present in those aggregates and how

those aggregates interact with their surrounding medium.

The most direct thermodynamic measures of the mixing behavior of two components
are the volume and enthalpy of mixing. Solid to liquid phase changes usually manifest
themselves in large volumes of mixing and endothermic enthalpies of solution. Enthalpy
and volume of mixing can also be used for tracking the strength of solute-solvent
interactions. Details on interpretation of these measurements are included in chapters 2,

3, and 4 of the thesis.

Volumes of mixing and partial specific volume, which represents the contribution of
a component to the volume of the mixture can be evaluated through density
measurements on pure materials and mixtures with varying compositions. Differences
between the partial specific volume of a component at low concentrations in the mixture
and its specific volume on its own “ provides significant knowledge of the solute-solvent
interaction because of the absence of solute-solute interaction™. Strong interactions
result in a value of partial specific volume lower than the specific volume of the solute
while a larger partial specific volume is a sign of weak attraction or strong repulsion. The
difference between partial specific volume in hydrocarbon mixtures and the specific
volume of the solute on its own tend to be small®%. However, upon a change in the phase

state a larger difference between the partial specific volume and the specific volume is
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expected. Such measurements on asphaltene containing mixtures are rare. Maham et al. %
performed measurements on Athabasca and Maya crudes in toluene and mixtures of
toluene and n-dodecane and concluded that there were no temperature or solvent impacts
on measured values within the experimental error. Their work was limited to n-decane +
toluene mixtures as diluents and their data were significantly impacted by the large
experimental uncertainty. Density measurements on asphaltene + toluene mixtures have
largely been used for determination of the density of various asphaltenes. Reporting the
apparent density of asphaltenes in toluene as solid asphaltene density inherently implies
no impact of phase change on the density and insignificance of interactions between the

two components. More precise measurements may permit the parsing of these effects.

Enthalpic measures of mixing generally show a more pronounced variation for
different mixtures and are far more informative in reflecting the phenomena occurring
upon mixing than the volumetric measures. Enthalpies associated with mixing are
determined through dissolution and dilution experiments. Dissolution experiments,
performed by solution calorimetry, allow for determination of the enthalpy change
involved in the mixing of a small amount of a solute with the solvent. The measurements
are particularly important for solid solutes as they reflect the enthalpy change upon phase
change of a solid to liquid upon dissolution. Dilution measurements have had a central
role in the study of asphaltenes as they reflect the impact of change in concentration on
the degree of aggregation of asphaltenes in any diluent. They can also be used to follow

the impact of addition of a so-called anti-solvent to asphaltene + diluent mixtures.
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There is a wealth of literature available on energy of dissolution and aggregation of
asphaltenes in hydrocarbon liquids. Andersen and coworkers > % ©1 9394 g died the
interaction energy and aggregation behavior of asphaltenes in pure hydrocarbon liquids

and in liquid hydrocarbon mixtures. These pioneers of titration calorimetry evaluated the

93, 95 96, 97 41, 56, 58,

impact of water™ *°, asphaltene-resin interactions™ ', and degree of aggregation

9.9 on asphaltene containing mixtures. Rejection of the notion of the micellar behavior
of asphaltenes was an important result of the titration calorimetry work of Merino-Gracia
and Andersen®’. Titration calorimetry can also be used to study the enthalpic impact of
precipitation of asphaltenes from heavy oil upon addition of n-alkanes. By subtraction of
the enthalpies involved in mixing of the alkanes and deasphalted oil from that of alkanes
and the oil containing asphaltenes, the enthalpic contribution of asphaltene precipitation
can be calculated. The titration calorimetry work of Mahmoud et al.”® and Stachoviak et

al.% in this area are particularly informative. Their results were the starting point for the

work presented in chapter 3 and are discussed in that chapter.

Titration calorimetry as versatile and informative as it is, does not allow for direct
observation on the transition of asphaltenes from solid to bulk liquid phase. Solution
calorimetry provides the platform for such analyses. Solution calorimetry work on
asphaltene containing mixtures is not as abundant as those in the area of titration. Zhang
et al.®® % studied energies associated with dissolution of solid asphaltenes in organic
solvents through solution calorimetry. Their analysis of the data included the assumption
of complete solubility of asphaltenes in the studied diluents. These data are discussed and
analyzed in chapters 2 and 4. Solution calorimetry data are usually collected at room

temperature and by addition of a small amount of solid to a large volume of liquid so that
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complete mixing and dissolution is guaranteed. For simple systems, enthalpies of solution
data measured at room temperature and low concentration along with fusion enthalpy of
the solute provide useful information on solute-solvent interactions. For asphaltene
containing mixtures, with the complexity arising from the multi-component nature of the
material and the possibility of partial dissolution, these data on their own may be
misleading. Detailed analysis of the trend of enthalpies of solution values with
temperature and concentration may help explain the phenomena occurring in asphaltene

+ diluent mixtures.

1.5 Objectives

The common hypothesis in chapters 2-4 is that the behavior of asphaltenes in organic
diluents cannot be explained by solubility behavior alone. Asphaltenes are hypothesized
to possess a soluble and an insoluble fraction in organic diluents. Observed properties of
asphaltene containing mixtures reflect a combination of both solubility and colloidal
behavior. The hypothesis tested in chapter 2 is that for a single solute, the volumetric and
enthalpic measures of mixing correlate with the solubility parameter of the solvent
studied if mixtures follow regular solution theory. Mixtures that do not show this
behavior are not regular solutions as defined by Hildebrand’s regular solution theory101.
Chapter 3 is focused on the interactions of asphaltenes with n-alkanes. The goal of this
chapter is to challenge the misconception that asphaltenes do not interact with n-alkanes
and show how asphaltenes behave once exposed to n-alkanes. In this chapter, the
assumption of insolubility of asphaltenes in n-alkanes chosen for their precipitation is

challenged. Chapter 4 is dedicated to interactions of asphaltenes with the diluents
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considered to be able to solubilize asphaltenes. The goal of this chapter is to re-define the
concept of solubility as applied to complex systems such as asphaltenes. The analysis of
this chapter is intended to challenge the common practice of using either colloidal or
solution analogies for understanding of phase behavior of asphaltenes in organic solvents.

Co-existence of both soluble and insoluble fractions is tested.

1.6 Outline of the thesis

The current chapter provides a general introduction and is followed by three chapters
formatted as journal publications. Each chapter includes a literature review which
complements the introduction in this chapter. Chapters 2 and 3 have been published in
Energy and Fuels while Chapter 4 has been submitted to the same journal for peer-
review. Chapter 2 includes a data set of partial specific volumes and enthalpies of
solution of two types of asphaltenes in various diluents and at varying conditions. The
data is used to evaluate the success of regular solution theory in capturing the volumetric

and enthalpic behavior of mixing of asphaltenes.

Chapter 3 includes density and solution calorimetry measurements on asphaltene + n-
alkane systems at low concentrations and room temperature. Chapter 4 includes a variety
of enthalpy of solution measurements at various concentrations and temperatures on
asphaltenes and their fractions. Chapter 5, a short chapter, provides a new perspective on
the mixing behavior of asphaltenes and discusses the impact of this perspective on

experimental and modeling studies of asphaltene containing mixtures.
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Conclusions and contributions of this research project are summarized in chapter 6
along with suggestions for those who may choose to further the lines of inquiry initiated

with this work.
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Chapter 2: On the applicability of regular solution theory to

asphaltene + diluent mixtures®

2.1 Introduction

Regular solution theory, as postulated by Hildebrand, is a modified version of van
Laar’s model for solutions. The theory assumes that the free energy change upon mixing
is correlated with the internal energy per unit volume of the species in the mixture and
thereby makes predictions about the solubility behavior of materials. To apply regular
solution theory, a mixture must meet the following criteria®:

1- components of the mixture should be subject to the same types of forces within the
mixture as in pure liquids,

2- mutual energy (interactions) of two molecules should not depend on their relative
orientation or on the presence of other molecules,

3- the distribution of molecules should be random, i.e.: excess entropy of mixing is
negligible,

4- equilibrium relationships should be applicable to constituents collectively.

Even though asphaltenes are defined as soluble in toluene, it is not clear whether
asphaltene + diluent mixtures meet the above criteria because the operating definition for
solubility of asphaltenes in toluene, for example, is based on macroscopic filtration

measurements.  This definition is inconsistent with the thermodynamic definition of

® The content of this chapter has been published in: Nikooyeh, K.; Shaw, J. M., On the Applicability of the
Regular Solution Theory to Asphaltene + Diluent Mixtures. Energy & Fuels 2011, 26, (1), 576-585
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solubility of solids in liquids, which includes a phase change, from solid to liquid, for the
solute followed by molecular level dispersion in the solvent. Further, asphaltenes
aggregate in organic media even at low concentrations®®. There is a growing body of
literature that asserts that asphaltenes can be separated from toluene by centrifugation and
filtration * *°, and asphaltenes have been shown to undergo stepwise transitions at low
concentrations through titration calorimetry and surface tension measurements™ ™.
These transitions are generally referred to as changes in the degree of aggregation. Thus
there is some doubt concerning the applicability of simple concepts of solubility to
asphaltene + diluent mixtures.

Regular solution theory and the Hildebrand solubility parameter *, have been used
extensively to model rejection of asphaltenes from native oil or toluene upon addition of

a non-solvent 1%

and the properties of asphaltene + solvent mixtures®* 2. In many cases,
the models were successfully fit to the behavior of the mixtures. Solubility parameters
have proven to be advantageous in averaging the properties of a solvent + an anti-solvent,
e.g., heptane-toluene mixtures, once one or more additional fitting parameters are
introduced. However, these models and the related parameters have not been successfully
applied in a predictive as opposed to a correlative mode. For example, Dechaine et al.”®
showed that solubility parameter based models fail to predict the solubility of asphaltenes
and model compounds accurately.

Application of multidimensional solubility parameters and Flory-Huggins
parameters are common modifications to the Hildebrand approach. The Hansen® -

solubility-parameter is used to account for interactions other than van der Waals forces.

The Flory-Huggins'® correction accounts for the entropy change resulting from large
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differences between the size of diluent and solute molecules. Hansen solubility parameter
based models have also been applied to asphaltene + diluent mixtures and reservoir
fluids®® 2 but their use is infrequent because a minimum of three parameters must be

obtained to describe asphaltene properties from experimental data.

The focus of the current chapter is to take a step back and investigate whether the
basic assumptions in solubility parameter based models are applicable to asphaltene +
diluent mixtures. In order to investigate the validity of the underlying assumptions, the
first step is to determine whether the models capture trends in thermodynamic properties
even qualitatively. Experimental measures related to the change in volume and enthalpy
upon mixing for pyrene (a model solute) and asphaltenes, derived from Maya crude and
Athabasca bitumen, are used to evaluate aspects of these models and limits to their

application to asphaltene + diluent mixtures.

2.2 Theory

Energy and volume change measurements possess model independent definitions
from which working equations can be derived to probe properties of interest. For example
solute-solvent interactions are best probed at infinite dilution, where solute-solute
interaction is minimized® 3! 3 partial molar volume of a solute in solution is defined

as:

= oV
(2
on,
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where vy, is the partial molar volume of solute, V is the volume of the mixture and n; is
the number of moles of solute. The above equation as well those that follow are valid “at
constant temperature and pressure”, however, the notation in the form of subscript T, P is
dropped as they are inherent. The difference between the molar volume of a constituent

in the liquid state, v, , , and the partial molar volume in solution is a broadly used measure

of solute-solvent interaction. In general, vi. is obtained from mixture density

measurements as:

v, =M ———— (2-1b)

where p is the density of the mixture and w is the mass fraction and M is the molar mass.

At infinite dilution:

— 1 1 op

v, =M,|lim| = - =~

1L 1l x>0 P ,02 a"l’ (2-1c)
|im(1j L (2-1d)
w0\ o) p,

— 1 1 0p

v, =M,| —-="F

o ' P ,022 oW, (210

where subscript 2 refers to the solvent. If the liquid molar volume and partial molar
volume are equal, the mixture is an ideal solution or the components are immiscible.

Differences between partial molar volume and molar volume for liquid organic solutes
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tend to be small (<1%)*® 33 For solid solutes, the reference state is sub-cooled liquid,

not solid, otherwise large apparent differences arise®.

Enthalpy changes measured in the laboratory, AH®®, enthalpy of solution, AH*
and enthalpy of mixing, AHy,, must be discriminated with care. AH®® includes all
transitions linked to combining constituents and is composition and temperature specific.
It is normally defined on a mole of mixture basis. AHy only concerns the energy
associated with combining two liquids. If the solute is a liquid, AH,, = AH®®. If the solute
undergoes a phase transition, such as from a crystalline solid to a liquid, during

dissolution, the enthalpy of fusion, AH ; , must be subtracted:
Ty
T, |
AH,, = AH® — x| AH] + [ (C3—C JaT 2-2)
T

Tm is the melting temperature, C; and C'p are the solid and liquid heat capacity

respectively. The temperature correction term, though readily calculated on the basis of
solid and liquid heat capacity data and correlations, is small relative to the enthalpy of
fusion of crystalline solids® *. Enthalpy of mixing, AHp, is composition and temperature
dependent and is also normally expressed on a per mole of mixture basis. Enthalpy of
solution, AH®, includes all effects but is referenced to the solute, and is normally

expressed on a per mole of solute basis:

AH®P
Xl

AH sol —

(2-3)

where X; is the mole fraction of solute in the mixture.
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2.2.1 Thermodynamic measures in terms of the Hildebrand solubility parameter

Regular solution theory asserts that the enthalpy of mixing is correlated with the
internal energy per unit volume of species in solution. Hildebrand suggested use of the
“Hildebrand solubility parameter”, J;, to represent this property. This parameter is

defined as:

5 [uj | (2-4)

; V.,
where: AH,; is the molar enthalpy of vaporization of component i at temperature T, and
R is the ideal gas constant. According to this theory, there is a direct correlation between
the difference in the solubility parameter values of the solute and the solvent and the
main thermodynamic measures of dissolution - the partial molar volume of solutes in
solution and the enthalpy of mixing. The difference between the partial molar volume of

a species in solution, E and the molar volume of a species as a pure liquid, v, , is:

V1,|_ _V1,L _ (51 _52 )2

w1

where E is the internal energy per unit mol of the mixture.

(2-5a)

By substituting for the energy term in the denominator using van der Waals equation of

state at infinite dilution equation 2-5a becomes®’:

=1 (2-5b)

The enthalpy of mixing is correlated with the solubility parameter as *:
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X1 o Xz -
AH,, = (X1V1,|_ + XV X51 -5, )2 2 P2

2 (2-6a)
X, —+ X, —=
i A1 P2 | |
which at infinite dilution becomes:
M,
AH,, =2, N8, -8, 0] (2-6b)
P>

where M; and M; are the molar masses of solute and solvent and p; and p, are the
densities of the solute and solvent respectively. If composition is expressed in terms of

mass fraction equation 2-6b becomes:

M
AH, =v,,(5-38,) WI{VZ} (2-6¢)

1
and on rearrangement, a relationship between solubility parameter and mass-based

measured mixture properties at infinite dilution is anticipated:

5

~@-a) (69

The enthalpy of solution can also be linked to solubility parameter at infinite dilution. For

liquid solutes:

33



AH
X

AH*' = (2-73)

At infinite dilution

x{%}(w) 2-Th
g M (2-7b)

So

AH* =v,, (8 -8,) (2-7¢)

and on rearrangement, a relationship between solubility parameters and measured
mixture properties for liquid solutes is anticipated by Regular Solution Theory:

AH*!

ViL

=6 -6 (2-7d)

For crystalline solid solutes:

l:AHm + xl{AH_ T+ i[ ¢ -c, )dTﬂ
T

AH™' = ;
N (2-8a)

At infinite dilution equation 2-8a becomes:
5 T,
sol T s l
A =v,, (8 - 8,) +AH + ] (€~ COWT (2-8b)
T

and enthalpy of solution is expected to be a positive-valued linear-function of the square

of the solubility parameter difference. Thus, according to regular solution theory,

(v,>V,), (AH, >0), (AH®* >0) and (AH*' >0). Hildebrand and coworkers' did
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comment though that if the boiling point of the solute is significantly higher than the

boiling point of the solvent, v, could be less thanv, but that a qualitative relationship

would continue to exist between the volume difference (v, —v, ) and (8- 52)2.

2.2.2 Thermodynamic measures in terms of the Hansen solubility parameter

Hansen®® introduced a three-dimensional solubility parameter to account separately
for the energies arising from London dispersion forces, polar forces and hydrogen
bonding separately. The solubility parameter suggested by Hildebrand () is replaced by

three separate parameters, dq, Jp, and oy for dispersion, polar and hydrogen bonding
contributions respectively. The term (51—52)2 appearing in the equations based on the

Hildebrand solubility parameter IS replaced by:
(641 —64,) +%_((5p,l —5p12)2 +(S,s —5h‘2)2). The sign restrictions noted above also

apply as the Hansen solubility parameter term is the sum of squares. For this study,
solubility parameter values for the Hansen model for asphaltenes were obtained from

Redelius et al.*,

2.2.3 Thermodynamic measurements for asphaltene + diluent mixtures
Thermodynamic measurements for asphaltene + diluent mixtures present a number
of challenges with respect to interpretation. The phase state(s) of asphaltenes are poorly

defined*® 4

. At room temperature asphaltenes comprise a minimum of two phases: an
amorphous solid or a glass and a phase that undergoes a transition to liquid crystals and
then to liquid at higher temperatures or on exposure to diluents such as toluene at room

temperature®®. While the molar volume, molar enthalpy and density of subcooled liquid

pyrene can be computed from the literature,*® these properties for asphaltenes as a
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subcooled liquid are not accessible experimentally and cannot be computed from
extrapolation of high temperature data. Thus, solubility parameter values for asphaltenes
are not accessible experimentally. Asphaltene mean molar mass is also poorly defined
and it is not clear whether asphaltenes undergo partial or full phase change on mixing
with typical diluents, irrespective of concentration. Thus the definitions of partial specific
volume and enthalpy of solution are not fully met and care must be taken not to over
interpret experimental results. While not imposed in this report, these measures should be
labeled “apparent” enthalpy of solution, and “apparent” partial specific volume because
the mass fraction and nature of constituents present in asphaltenes, however defined,

interacting with specific diluents is unknown.

2.2.4 Specific volume and partial specific volume of asphaltenes

Specific volume and partial specific volume are proportional to molar volume and

partial molar volume respectively. One merely divides these latter measures by specie

v
1L ) )
molar mass. Specific volumes for liquid asphaltenes M.|are not accessible, while
1

Vis ViL
specific volumes for solid M and partial specific volume in the liquid phase M
1 1

are accessible for asphaltenes. The structure of the relationship with solubility parameter

difference, according to Regular Solution Theory is unaffected by this division. The

ViL
possible existence of a relationship between ﬁ and o, as implied by equation 2-5b
1

can be probed, assuming & and v, , are unknown constants. A cusp is expected to arise in
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the relationship, if diluents with a broad enough range of solubility parameters are

investigated.

2.2.5 Enthalpy of mixing and enthalpy of solution for asphaltenes

As the molar mass of asphaltenes is approximately one order of magnitude greater
than the molar mass of the diluents, the enthalpy change values measured in the
laboratory are readily expressed on a mole of mixture basis, particularly at low
concentrations, because the number of moles of asphaltenes can be neglected in the
calculations. While this formalism is followed, the working equations linking AH*® and

the enthalpy of solution, by combining equations 2-3 and 2-7b:

AH®?

AH sol —

are readily expressed on a mass basis at near infinite dilution:

|:AHS01:| B i|:AHexp:|
M w| M, (2-9b)

Connecting AH™ to AH,, for asphaltenes is complex because the phase state(s) of

asphaltenes are poorly defined, and because the asphaltene constituents and the mass
fraction undergoing dissolution or other processes may vary with the global mass fraction

of asphaltenes in a diluent, and the composition of the diluent. Equation 2-2 becomes:

AH = AH®? - w{—} F (2-10a)
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where F is an unknown function of composition and temperature. By substituting in

equations 2-6¢ and 2-9b and rearranging, one obtains:

AHSOZ
2 M. F
(G -6,) = ILI v, (2-10b)
e 1,L
Ml

where both the enthalpy of solution per unit mass of asphaltenes and the partial specific
volume of asphaltenes in the diluents are measured. Only if F << AH® or is invariant, is
a relationship expected between AH** and AHy, and hence o,, even if Regular Solution
Theory is appropriate for this application. Again, a cusp is expected to arise in the
relationship, if diluents with a broad enough range of solubility parameters are
investigated.

2.3 Experimental

2.3.1 Materials

Maya crude oil is a commercial heavy oil blend from Mexico and was supplied by
the Mexican Petroleum Institute. Athabasca bitumen was supplied by Syncrude Canada
Ltd. Pyrene (98 wt% purity) was supplied by Sigma-Aldrich. Other chemicals were
supplied by Fisher, Sigma-Alrich and Acros. The purity of 1-methylnaphthalene was 97
wt %. The purity of the other compounds was 99 wt % or higher. The Hildebrand
solubility parameters for these compounds at 25 °C are listed in Table 2-1. N-pentane, n-
heptane, and n-dodecane precipitated asphaltenes were obtained from Athabasca Bitumen
and Maya oil. For asphaltene preparation, the alkane of choice was added at a ratio of 40
ml per gram of feedstock. The mixtures were mixed for 24 hours and then filtered using

filter paper Q2, with a pore size 1-5 um, washed and dried. Maya asphaltenes do not
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contain mineral solids while these solids account for ~6% of Athabasca bitumen
asphaltenes.

Table 2-1. Hildebrand solubility parameter values at 25 °C*

Diluent MPa"”
dodecane 15.9
toluene 18.3
tetrahydrofuran (THF) 19.1
2,6 - lutidine 19.3
anisole 20.1
1-methylnaphthalene (1-MN) 20.2
pyridine 21.8
quinoline 21.9
methylene chloride 20.4

To prepare solids-free (S/F) Athabasca asphaltenes, the asphaltenes were combined
with toluene (1 wt %) and mixed for 1 hour. Solids were then separated by centrifugation
for 5 min at 3500 rpm (1000 RCF) at 20 °C. As the measured properties of the
asphaltenes varied somewhat from batch to batch, even when the same procedure was
followed, comparisons based on density and enthalpy measurements are reported for

asphaltenes from the same batch only. Batch to batch variations for v, /M, as high as

0.01 g/cm® were observed, while AH®'/M, values varied as much as 3 J/g. These

deviations are greatly in excess of the property measurement repeatabilities for sub

samples within batches as noted below.

2.3.2 Density measurements

Density measurements were performed for pyrene and asphaltene containing

mixtures. Asphaltene + diluent mixtures were prepared by addition of diluent to
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asphaltenes followed by sonication. Samples were left for one hour and were checked for
deposition of solids. If deposits were visible the samples were re-sonicated and left for an
additional hour. This procedure was repeated until no deposit appeared at the bottom of
the sample holder. All samples were prepared at least 24 hours before experiments and
were kept sealed. For asphaltene containing mixtures, measurements were performed on
samples at low (200 - 1000 ppm), medium (2500 — 8000 ppm) and high (1-10 wt %)
asphaltene concentrations. Densities were measured from 10 to 80 °C using an Anton
Paar DMAS5000 oscillating u-tube density meter. The instrument controls the temperature
to £0.01 °C and records the temperature with an accuracy of £0.001 °C. Measured values
for density were reproducible to within £0.000 002 g/cm®. Pyrene + diluent mixtures,
comprising between 0.5-5 wt % pyrene were all well below the solubility limit of pyrene
and did not require special preparation procedures. Most measurements for Pyrene and
asphaltenes were performed in the range of 0.25-0.8 wt%. The partial specific volumes of
pyrene and asphaltenes were calculated using equations 2-1b and 2-1c, where the density
derivatives were obtained by fitting inverse density versus wt fraction of asphaltenes.

Each derivative was obtained using at least 6 data points as illustrated

Figure 2-1. With the propagation of errors, the specific partial volumes have
absolute deviations <0.005 cm®/g at less than 1000 ppm asphaltenes. The absolute
deviation decreases to <0.002 cm®g at higher concentrations. The density of solid
asphaltenes was measured using a pycnometer where the free volume was filled with
heptane. These measurements were repeatable to within +0.005 g/cm®. The density of

solid pyrene was available from the literature.
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Figure 2-1- Example inverse density vs weight fraction graph for Athabasca heptane-
asphaltenes (1) in toluene mixtures at 20 °C.

2.3.3 Experimental enthalpy measurements

Experimental enthalpy changes and enthalpies of solution, on either a unit mass or
mole basis, were calculated”®, based on temperature signals obtained using a TA
Instruments precision solution calorimetry module, SolCal, in combination with a TAM
Il thermostat. The equipment measures the difference between the temperature of the
cell and the set temperature of the thermostat- called temperature offset. All
measurements were performed within a temperature offset range of -100 mK to 100mK.
SolCal is a semi adiabatic system with a short-term noise of <10 uK/5 min. The module
comprises a 25 ml cell filled with diluent and a 1 ml glass ampoule containing 25-30 mg
of pyrene or asphaltenes placed within in the cell. The module was inserted in the
thermostat at a set temperature and allowed to reach steady state, which was defined as a
standard deviation of an exponential fit to the temperature signal of less than 10 uK over

5 min. A mixing rate of 500 rpm was used for all experiments. Heat calibrations using a
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heat signal of 2.5-5 J were performed before and after the ampoules were broken to
determine equipment related parameters. After the first calibration a 7 minute baseline
was collected. At the end of this period the glass ampoule was broken. For most
experiments a 5-minute period was allowed for release/sorption of the energy followed

by another 7 minute baseline. A second calibration was then performed.

2.4 Results and discussion

2.4.1 Pyrene + diluent mixtures

The principles of the thermodynamic measurements and the application of regular
solution theory are illustrated using pyrene + solvents mixtures. Pyrene is a crystalline
polycyclic aromatic solid that dissolves readily in the diluents and at the concentrations
employed in this work. Experimental values for the partial specific volumes in solution
and computed specific volume values for sub-cooled liquid pyrene are reported in Table
A-1. Fractional differences between the partial specific volume of pyrene in diluents and
the specific volume of pyrene are reported in Figure 2-2 using subcooled pyrene liquid
(Figure 2-2a) and solid pyrene (Figure 2-2b) as references states. Figure 2-2 is intended

to illustrate two principles:

v, —V . . : .
1. =X may be positive or negative, even for simple mixtures of polynuclear

Vl,L
aromatic compounds and organic solvents,

2. for a solid solute, the use of the solid molar volume or specific molar volume in

Vi = Vi
————"values for pyrene are
Vl

calculations distorts the interpretation of results, i.e.: all

,S

positive, yielding apparent agreement with regular solution theory by this measure.
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Figure 2-2- Relative deviation of the partial specific volume of pyrene from a) the sub
cooled liquid specific volume b) the solid molar volume. Symbols: THF (e), toluene (m),
1-MN (A), quinoline (x), anisole (+), methylene chloride (<).
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The Hildebrand solubility parameter for pyrene at 25 °C, 21.4 MPa"?, is readily

. . . _— 5-8,)
calculated and it is possible to probe for a functional relationship between (15—22)and
2

Vv, —V
=L L directly, as anticipated by equation 2-5b. These ratios are cross-plotted in

Vl, L

Figure 2-3. From regular solution theory, a linear relationship with a positive slope and

positive values is expected. For most cases, the relative volume difference is negative.
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Figure 2-3 — Cross-plot for the relative deviations of partial specific volumes vs the
Hildebrand solubility parameter differences for pyrene + various solvents at 20 °C.

This can be attributed to the relative boiling points of the solvents and pyrene.
The boiling point of pyrene (394 °C) is significantly larger than that of the solvents

except for 1-methylnaphthalene (245 °C) and quinoline (237 °C) where a positive volume
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difference arises. The observations are at variance with the theory, and only a weak

correlation appears to exist between the two ratios.

The enthalpy of fusion for pyrene at 25 °C, 75J/g, was calculated using enthalpy
and heat capacity values from the DIPPR database® as indicated in equation 2-2. It is

AH

m

possible to probe for a functional relationship between Mow| L and the solubility
2771
Ml

parameter difference (d—&z)zaccording to equation 2-6d. The trend, shown in Figure

2-4, is opposite to the one anticipated from Regular Solution Theory.
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Figure 2-4- Cross-plot for the enthalpy of mixing group, defined by equation 2-6d, and
Hildebrand solubility parameter difference for pyrene + various solvents at 25 °C.

Toluene is an apparent outlier. This result is especially significant as the theory is
based on estimating the enthalpy of mixing. Pyrene clearly does not follow the pattern of

behavior anticipated by Regular Solution Theory. Dechaine et al.*® concur. They found
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that regular solution theory does not predict the solubility behavior of pyrene in organic
solvents. However, they were able to correlate experimental solubility data with the
solubility parameter of pyrene. With the exception of toluene, it would also be possible to
establish correlations for volume and enthalpy of mixing for pyrene based on its
solubility parameter, even though key elements of the theory are violated. We attribute
the apparently anomalous behavior of pyrene in toluene to dimer formation,*® as this
affects the enthalpy and volume of mixing and would impact the apparent value of the

solubility parameter vis-a-vis the other diluents where dimerization may not occur.

2.4.2 Asphaltene + diluent mixtures

Partial specific volume values for Maya and Athabasca heptane asphaltenes at 20
°C are presented in Figure 2-5. Variations among diluents are significant. However, the
values are independent of the wt fraction of asphaltene within experimental error.
Experiments at temperatures other than 20 °C were carried out at 0.0025 < w; < 0.0075.
The specific volume of Athabasca heptane asphaltenes, 0.852 +/- 0.004 cm®/g, evaluated
at 20 °C, is greater than or equal to the partial specific volumes in all five diluents at 20

°C.

The partial specific volume values for Athabasca bitumen heptane asphaltenes in
quinoline, 1-methylnaphthalene and pyridine equal one another over the whole
temperature range, as shown in Figure 2-6. The values in toluene and THF are

consistently lower throughout this temperature range.
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Figure 2-5- Partial specific volume of Athabasca heptane asphaltenes at 20 °C in THF
(@), toluene (m), 1-MN (A), quinoline (%), pyridine ('¥), and Maya heptane asphaltenes

in toluene (O0)

As 1-methylnaphthalene, pyridine, and quinoline are substantially different in

structure, polarity and hydrogen bonding, significant differences had been anticipated for

the partial specific volume of Athabasca n-heptane asphaltenes in these diluents. That the

partial specific volumes in the diluents are less than or equal to the specific volume of the

solid asphaltenes is less surprising because asphaltenes are amorphous solids or glasses.

The difference between the specific volume of solid and liquid is expected to be

negligible. As shown in Figure 2-6 b the behavior of Maya asphaltenes in toluene, THF

and 1-MN is also identical to that of Athabasca asphaltenes, i.e., V1ur < Violuene < Vi-MN

throughout the temperature range.

47



a X
0.87 T
Y
.
Y
0.86 ;
o
ME T i
g Y
-, 0.85 -
= []
| > Y
0.84 - ?
[}
[}
0.83 L
— T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Temperature, °C
b
0.87 A
0.86 -
A
E) £
5 .
EH
- 0.85 " ¢
A
[ J
0.84 -
T T T T T T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90
Temperature, °C
Figure 2-6- Partial specific volume of a) Athabasca heptane asphaltenes in: THF (e),
toluene (m), I-MN (A), quinoline (), pyridine ('), solid asphaltenes (0) b) Maya
heptane asphaltenes in THF (®),1-MN (A), and toluene (m).
As neither the liquid density nor the solubility parameter for liquid asphaltenes are

accessible, the possible existence of a relationship between diluent solubility parameter,
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o, and ;}—L anticipated from Regular Solution Theory is probed at 20 °C (Figure 2-7),

I
and at 50 °C and 80 °C (Figure 2-8). Partial specific volume for Athabasca and Maya
asphaltenes, based on various definitions are presented in these Figures and are clearly
uncorrelated with diluent solubility parameter value. In Figure 2-7 a and b values for
pentane and heptane Athabasca asphaltenes, and heptane Maya asphaltenes in pyridine,
quinoline, anisole, 1-methylnaphthalene, and a mixture of decane and toluene are shown
to possess similar partial specific volumes even though the solubility parameter values of
the diluents and their properties vary widely. No value for the Hildebrand solubility
parameter of the asphaltenes can account for the absence of a trend in these data.
Moreover, significant differences between pairs of diluents with similar solubility
parameter values also arise. A similar behavior is apparent at 50 °C and 80 °C (Figure
2-8) where the partial specific volume of Athabasca heptane asphaltenes in 1-
methylnaphthalene, pyridine and quinoline agree to within the measurement error despite
significant differences in their solubility parameter values. More limited data sets for
solids free Athabasca asphaltenes and pentane Maya asphaltenes, at 20 °C presented in

Figure 2-9, are also consistent with this finding.
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Figure 2-7- Partial specific volume of asphaltenes in various diluents at 20 °C versus the
Hildebrand solubility parameter of the diluent: a) Athabasca heptane solids-free
asphaltenes (m), b) Athabasca pentane asphaltenes (=), Maya heptane asphaltenes (0).

50



0.88
1-MN Quinoline
§ Pyridine §
0.87 + §
1-MN Pyridine  Quinoline
o 0.86 i i
o= Toluene § x L
e
S e
—
EA 0.85 Toluene
- A
I > =
THF
0.84 + E
0.83 T T T T
18 20 22
5, MPa"®

Figure 2-8- Partial specific volume of Athabasca heptane asphaltenes in various diluents
versus diluent Hildebrand solubility parameter at 50 °C (A) and 80 °C (e)

0.86

o 0.84

e

o

2

B

0.82
T T T T T
C5 SF C5 Maya

C12 SF

Figure 2-9 — Partial specific volume of solids free n-dodecane and n-pentane Athabasca
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As the phase state(s) of asphaltenes are ill-defined, the enthalpy associated with
phase state change on mixing with diluents are not accessible. For example, if
asphaltenes are glasses, the phase state transition enthalpy is zero. The Hildebrand

solubility parameters for liquid asphaltenes are also not accessible. The possible

sol

v
L and the
1 1

existence of a relationship between the enthalpy of solution group

Hildebrand solubility parameter, (5, ), of diluents is probed in Figure 2-10. The values of
experimental enthalpy of solution per unit mass are reported in Table A-2. There is
clearly no correlation between the Hildebrand solubility parameter of diluents and the
enthalpy of solution group. Both positive and negative values arise at the same value of
Hildebrand solubility parameter (&,). This result was anticipated in the preamble leading

up to equation 2-10b, but it is subject to multiple interpretations.
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Figure 2-10- Enthalpy of solution group defined in equation 2-10b for Athabasca pentane
asphaltenes versus diluent Hildebrand solubility parameter at 25 °C.
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2.4.3 Hansen solubility parameter

The application of the Hansen solubility parameter to asphaltene + diluent mixtures
is illustrated in Figure 2-11. Redelius® regressed solubility data for a set of 48 solvents
with known solubility parameters to obtain Hansen solubility parameters for Venezuelan
bitumen, asphaltenes and maltenes. Their parameter values are applied to enthalpy and
volumetric measurements for Athabasca pentane asphaltenes obtained in this work. The

values used for &g, 8y, and dy of asphaltenes were 19.6, 3.4, and 3,4 MPa’* respectively.

v
From equations 2-5b and 2-10b, partial specific volume Al/[_Ll and enthalpy of solution

AH sol
group M, values are expected to correlate with
Vi
M 1
[(5d,1 - 5d,2)2 + % ((5@1 - 5p,2)2 + (5h,1 - 5h,2)2 )]/ S, and

(64—, F + %((5@1 =8, f + (60 —5h,z)2) respectively according to this modification
to Regular Solution Theory. However, even in this form, the theory does not capture the
trends of partial specific volume and enthalpy of solution for these asphaltene + diluent
mixtures. Restrictions inherent in the theory, as set out in the introduction, do not permit
it to capture fully the physics and chemistry of pyrene + diluent mixtures, and the failure
of the theory for asphaltenes + diluent mixtures should not be surprising, given the

complexity of asphaltenes themselves and their behavior in diluents.
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the Hansen solubility parameter for various diluents at 25 °C.
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2.4.4 Cross correlation of the volumetric data with enthalpy of solution and enthalpy of
mixing data

Values of partial specific volume and enthalpy of solution, at infinite dilution, both
reflect the nature and the extent of the interactions between asphaltenes and diluents.
Cross correlation is expected between these measures if similar or simple dissolution
phenomena arise. Cross plots for the partial specific volume values of pyrene and
pentane Athabasca asphaltenes versus measured enthalpy of solution values are presented
in Figure 2-12a and b respectively. The enthalpy of fusion of and specific volume of
subcooled liquid pyrene at room temperature, (75 J/g, 0.842 cm®/g) and the fusion or
glass transition enthalpy for Athabasca pentane asphaltenes and an estimated density of
liquid pentane asphaltenes at room temperature (~22 J/g*, 0.845 cm®/g) also shown in
Figure 2-12a and b, provide excellent reference points for the enthalpies of solution and
partial specific volumes identified in this work. There is a clear correlation between the
partial specific volume and enthalpy of solution for pyrene dissolution as shown in Figure
2-12a with the exception of toluene where dimer*® formation may occur. For this latter
case the enthalpy is larger for the given value of specific volume than expected. For
asphaltene + diluent mixtures, divergence reflecting the complexity and diversity of the
physiochemical behaviors present is observed. A trend cannot be inferred from the data in
Figure 2-12b and it is clear that the behavior of asphaltene + diluent mixtures cannot be
described on the basis simple solution thermodynamics. The difference between
asphaltene behavior in toluene and 1-methylnaphthalene is particularly striking, as is the

difference between quinoline and THF.
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Additional phenomena, from identification of the fraction of asphaltenes
participating in dissolution or other phenomena, to aggregation and the nature of phase
changes occurring upon mixing must be identified and quantified in order to model the
observed behaviors thermodynamically. Identification and resolution of these
physiochemical phenomena comprise topics for further detailed study that are actively

being pursued.

2.5 Conclusions

The partial specific volumes and enthalpies of solution of pyrene, and various
Athabasca and Maya asphaltenes at near infinite dilution in decane, toluene, 1-
methylnaphthalene, quinoline, anisole, 2, 6-lutidine, pyridine, methylene chloride, and
tetrahydrofuran are reported over the temperature range 20 - 80 °C. The properties of
pyrene + diluent mixtures are used to illustrate the application and misapplication of
regular solution theory and simple solution thermodynamics concepts to such mixtures.
The partial specific volumes and enthalpies of solution of various Athabasca and Maya
asphaltenes are shown to be uncorrelated with both Hildebrand and Hansen Solubility
parameter values, and their values are shown to be inconsistent with the thermodynamics
concepts defining regular solution theory. The results do not support the use of solubility
parameter or other simple solution thermodynamic concepts to describe asphaltene +
diluent mixture behavior and highlight the need for a more detailed description of

physiochemical phenomena arising in such mixtures.
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Chapter 3: Interactions between Athabasca pentane

asphaltenes and n-alkanes at low concentration®®

3.1 Introduction

Asphaltenes and related oil fractions are defined operationally based on their tendency to
precipitate from petroleum upon addition of specific n-alkanes and by the details related
to their separation. Examples include ASTM D3279', ASTM D6560° and the Association
Francaise de Normalisation procedure®. The mass fraction of asphaltenes in a sample is
defined by a two-stage filtration process, where samples are first diluted in an alkane
solvent. The permeate from the first filtration is discarded while the retentate is mixed
with toluene, or another solvent, and filtered a second time. The asphaltene content of the
sample is defined as the solvent-free mass recovered from the second permeate divided
by the mass of the sample. Numerous measurement techniques and variations are
employed globally. The effects of temperature, contact time, solvent, solvent-to-feed

ratio*, washing procedure® and filter pore size* ®™*

on asphaltene separation results have
been studied systematically, and there are data on the impact of the extent of dilution and
n-alkane chain length on the yield of asphaltenes from Athabasca bitumen'?. Small
differences in procedure or differences in the application of procedure appear to cause
significant differences in outcomes. For example, multi-laboratory reproducibility of the

procedure in ASTM 3279 for n-heptane insoluble mass fraction determination is twice

the single operator reproducibility that in turn is three times the single operator

# The content of this chapter has been published in: Nikooyeh, K.; Bagheri, S. R.; Shaw, J. M., Interactions
Between Athabasca Pentane Asphaltenes and n-Alkanes at Low Concentrations. Energy & Fuels 2012, 26,
(3), 1756-1766.

® All the microscopy data and text have been prepared by Dr. S. Reza Bagheri, a co-author of this paper.
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repeatability. The sensitivity of mass and physical property outcomes to small procedural
differences either planned or unplanned, suggests that the interaction of asphaltenes,

however defined, with n-alkanes and other solvents, such as toluene, are more complex

13-17 18-23

than those captured by simple notions of solubility™" or even colloid behavior

Carbognani et al.?*

reported on the swelling of asphaltene particle beds saturated with
liquid n-alkanes. Beds of heptane asphaltene particles exposed to n-hexane and n-heptane
swelled by 30 to 40 vol %, and swelled by 20 to 30 vol % in n-hexadecane. Mahmoud et

al.?® and Stachoviak et al.?®

using titration calorimetry of a heavy oil with a range of n-
alkanes hypothesized that the enthalpy of solution is composed of endothermic and
exothermic contributions, where the endothermic contribution prevails with n-hexane,
and the exothermic contribution prevails with n-heptane and higher n-alkanes. They
attributed the endotherm to van der Waals dispersion interactions between the diluents

and the oil and the exotherm to physical interactions between n-alkanes and exterior or

interior”’ asphaltene particle surfaces.

Discotic liquid crystals are typically formed in materials where the molecules comprise
both fused aromatic rings and alkane chains. The details of the molecular structure are

important for the formation of the liquid crystal phase?®%

as the core provides the rigidity
for the liquid crystal and the flexible chains serve to reduce the melting point so that the
behavior is exhibited®. Sorai and Sato® observed that liquid crystals present in discotic
liquid crystal forming materials, can be stabilized by successive melting of alkyl chains

attached to their molecular core. Without delving into debates regarding asphaltene

molecular structure, such groups are also associated with asphaltenes and Bagheri et al.*®
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recently reported that liquid crystalline domains form irreversibly on asphaltene particle

surfaces when the particles are exposed to toluene vapor or when they are heated.*

In this work, the phase behavior and interactions of Athabasca pentane asphaltenes with
n-alkanes at low concentration are investigated using mixture density and solution
calorimetry measurements, filtration, and direct microscopic observation of asphaltene +
n-alkane binary mixtures with cross-polarized and visible light. Through application of
these diverse approaches, independent qualitative and quantitative data sets are obtained.
These experimental results are then interpreted and modeled collectively in light of
known limitations on values for thermophysical properties and processes, such as
enthalpies associated with sorption, phase change and mixing of pure hydrocarbons. With
this integrated approach, we expect to contribute to a deeper understanding of asphaltene

properties and to methods chosen for their preparation.

3.2 Experimental

3.2.1 Materials

N-pentane precipitated asphaltenes were obtained from Athabasca bitumen supplied by
Syncrude Canada Ltd. N-alkanes were obtained from Fisher, Sigma-Alrich and Acros at a
minimum purity of 99%. For asphaltene preparation, n-pentane was added to bitumen at a
ratio of 40 ml to 1 g of feed stock. The mixture was stirred for 24 hours at room
temperature, and then filtered, using filter paper Q2, with a pore size 1-5 um and washed
with n-pentane until the liquid passing through the filter was clear. They were
subsequently dried overnight in a vacuum oven at 9 kPa and 303 K. Athabasca bitumen

comprises 18.7 wt% pentane asphaltenes on this basis.*

¢ The preceding paragraph was written by Dr. S. Reza Bagheri.
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3.2.2 Density measurements

Density measurements were performed using an Anton Paar DMA 5000 density meter
with an accuracy of 0.000 01 g/cm® and values reported to 0.000 001 g/cm®. For
measurements with each n-alkane, 4-6 binary mixtures with asphaltene contents ranging
from 1000 to 8000 ppmw (0.5-5 g/L) were prepared. Asphaltenes were mixed with the
n-alkanes in a closed container and shaken using a vortex mixer at 3200 rpm for 1
minute. The mixtures were then sonicated for 10 minutes and left for 24 hours prior to
measurement. Samples were re-mixed for one minute using the vortex mixer at 1000 rpm
prior to each density measurement. Repeatability of the density measurements for

asphaltene + n-alkane mixtures was within + 0.000 004 g/cm®.

Partial specific volumes of asphaltenes, v, , at near infinite dilution in n-alkane mixtures
were determined by linear regression of the inverse density of dilute mixtures of

asphaltenes in n-alkanes versus the mass fraction of asphaltenes using equation 3-1:

12
v ot . \Pn (3-1)

where O, is the mixture density and X, is the mass fraction of asphaltenes.

L
—. and Fm
: OX

m a

are the ordinate intercept and the slope of the plot respectively. An

example plot is shown in Figure 3-1. For this and other cases evaluated, the R? values for
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the regression exceeded 0.999 and the resulting uncertainty of the partial specific volume

values is 0.002 cm*/g.
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Figure 3-1 Linear regression of the plot of the inverse density of mixtures of Athabasca
Cs asphaltenes in n-decane versus the mass fraction of asphaltenes.

3.2.3 Solution calorimetry

For calorimetry measurements, a precision solution calorimetry module, SolCal, from TA
Instruments inserted in a TAM |11 thermostat was used. SolCal is a semi-adiabatic system
with a short-term noise of < 10 uK/5min. The module comprises a 25 ml cell, filled with
n-alkane, and a 1 ml sealed glass ampoule, loaded with 30-35 mg of Athabasca Cs
asphaltenes or asphaltene fractions recovered from asphaltene settling experiments. As
this apparatus comprises a commercial unit, and was used unmodified, equipment details
are available from the supplier. The module was inserted in a thermostat, maintained at a

set temperature of 25 °C, and allowed to reach a steady state or baseline condition
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defined as a standard deviation of an exponential fit to the temperature over 5 minutes of
less than 10 pK. A temperature calibration using a heat signal of 1 J was then performed
to determine system parameters. After the temperature calibration a 5 minute temperature
baseline was collected. At the end of this period the glass ampoule was broken to allow
for the solid to mix with the liquid. The temperature was then recorded for an additional 8
to 10 minutes, to capture the signal linked to mixing (less than 1.5 minutes in all cases),
and a final baseline. A second temperature calibration was then performed. All
measurements were performed within a temperature offset range of -100 mK to 100 mK,

at a mixing rate of 500 rpm.

The difference between the temperature of the cell and the set temperature of the bath,
(the temperature offset) during the experiment, was used to calculate enthalpies of
solution according to the method of Wadso®". In this work, enthalpies of solution include
enthalpies of sorption, phase change and mixing arising on addition of asphaltenes to n-
alkanes. Measurement precision and accuracy were validated using KCI (25 mg and 2
mg) + water (25 ml). For the 25 mg KCI case, the measured enthalpy of mixing value,
232.0 J/g was within 1.1 J/g (0.5%) of the value reported in the literature, 230.9 J/g®,
based on a ~ 6 J signal. For the 2 mg KCI case, the measured enthalpy of solution value,
230.2, J/g was within 0.7 J/g (0.3%) of the value reported in the literature, based on a ~
0.5 J signal. In this work, enthalpy of solution values are based on somewhat smaller
signals (~ 0.02 to ~ 0.20) mJ. Measurement repeatability ranged from +0.3 J/g to £0.5
J/lg. The largest uncertainties were associated with smaller signals, where the
corresponding enthalpies of solution fell between -1 and 1 J/g, and with pentane, a

volatile liquid.
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3.2.4 Sedimentation experiments

The samples from the solution calorimetry measurements were collected and stored in a
closed container for 24 h. The density of the supernatant was measured and the mass
fraction of asphaltenes present in the supernatant ( x) was calculated from the

supernatant, n-alkane, and mixture densities (o _......2..0.) 8S:

— psupematant - ps pm (3_2)

X
P~ Py \_p supernatant

One sample, the supernatant from the n-decane + asphaltene mixture, was also filtered
through a Millipore GSWP filter with a nominal pore size of 0.22 pm to gauge the size of

the asphaltene particles, if present, in the supernatant.’

3.2.5 Cross-polarized light microscopy®

A Zeiss Axio-Observer inverted reflective microscope equipped with crossed polarizers
was used to observe the interaction of asphaltene with n-alkanes. A 3 megapixel camera
was connected to the microscope to record images. Figure 3-2 shows the setup for the
experiments. Asphaltene samples were in the form of a powder placed on a glass slide on
the microscope stage. N-alkanes were injected onto the asphaltenes using a syringe and a
series of photos were taken, at room temperature, to show the progress of n-alkane-

asphaltene interactions. For observation of asphaltene particle swelling, asphaltene

4 The fraction recovered from the supernatant was collected and its density was calculated from
extrapolation of the density values to low concentrations in toluene. The calculated density was 1.15 glcm®.
If this value was used in the calculations based on equation 3-2 the obtained value would be <3% higher
than the current calculated values for mass fraction of the asphaltenes.

¢ The following section is written by Dr. S. Reza Bagheri.
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particles were placed on an aluminum slide and then the solvent was added. The

aluminum slide was then inverted and placed on the microscope stage.

1T — Top view direction

2
31‘.&“—“1:.

4 " Bottom view direction

Figure 3-2 The setup for observation of solvent-asphaltene interactions using an inverted
microscope. (1) syringe for solvent addition, (2) asphaltene powder, (3) glass slide placed
on the microscope stage, (4) objective lens of the microscope.

3.3 Results and discussion

Asphaltene mass fractions in crude oils are defined as insoluble in n-alkanes, on the basis
of filtration experiments. The mass fraction reported varies with the carbon number of the
n-alkane used for separation. The mass fraction of heptane asphaltenes, for example, is
typically smaller than the mass fraction of pentane asphaltenes. For Athabasca bitumen
the difference is 5 wt % of the bitumen™. Such effects do not appear to play a role in the
evaluations reported here as more than 80 wt % of the pentane asphaltenes settle from
pentane asphaltene + n-pentane suspensions and more than 87 % settle from larger
alkanes within 24 hours under the influence of gravity alone at 1-1.5 g/L, as shown in

Figure 3-3. A similar behavior was observed for n-heptane asphaltenes where the fraction
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that remained suspended at 1-1.5 g/L is larger in n-heptane than in n-decane (~13% vs.
~8%). However, a variable fraction of fine particles, comprising a significant fraction of
asphaltenes particles are at risk of being “washed away” during washing. For example, in
n-decane, ~ 13 % of the pentane asphaltenes pass through a 0.220 um filter. Different
mass retention outcomes are expected if a filter cake is allowed to form or is prevented
from forming on the filter surface during washing. In toluene, a diluent in which
asphaltenes are defined as soluble, Athabasca asphaltenes are also separable by
centrifugation from dispersions of similar composition®. Having noted this, given the
diversity of constituents reported as asphaltenes, solubility of a small mass fraction of

asphaltenes at low concentration in n-alkanes or toluene®’ cannot be precluded.
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Figure 3-3 Mass of Athabasca Cs asphaltenes remaining in the supernatant following 24
hrs of settling divid by the mass of asphaltenes in the mixture. The initial composition
was 1-1.5g/L asphaltenes in n-alkane.
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As the asphaltene fraction remaining in the supernatant comprises a mixture of
soluble and fine suspended particles and these sub fractions are not discriminated, no
inferences can be drawn regarding the relative solubility of asphaltenes in n-alkanes on

the basis of these data.

3.3.1 Partial specific volume of asphaltenes in n-alkanes

As asphaltene particles are primarily physically dispersed and readily separable from n-
alkanes by sedimentation, physical interactions between asphaltene particles and n-alkane
diluents must be explored in order to explain the systematic variation of partial specific
volumes of asphaltenes in n-alkanes shown in Figure 3-4a. Parkash et al.?” showed that
asphaltenes are porous solids using both mercury porosimetry and BET measurements.
They found that pore volumes for pores in the size range 15-2000 A were 0.09 to 0.12
cm®/g and that total pore volumes, reflecting the difference between the intrinsic and bulk
specific volumes of asphaltene powders, were between 0.8 and 0.95 cm®/g ?’. The
intrinsic specific volumes of crystalline polynuclear aromatic organic solids, the most-
dense relevant class of compounds, exceed 0.7 cm®g ®. Thus, the specific volume of
asphaltene particles is expected to exceed 0.79 cm®g. From Carbognani et al.?
asphaltenes are expected to swell by a minimum of 20 % in n-alkanes. Thus, values for
the swollen volume occupied by asphaltene particles in n-alkanes are expected to exceed
0.95 cm®/g. As asphaltene particles are porous, sorption of n-alkane is also expected. The
word sorption is used in this contribution because the nature of the interaction,

adsorption, absorption, or both remains unclear. Consequently, measured values for

partial specific volume of asphaltenes in n-alkanes are expected to be less than values
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linked to macroscopic observations of swollen asphaltene particles. As the partial specific

volume values fall between 0.83 and 0.86 cm®/g, this is clearly the case.
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Figure 3-4 Partial specific volume of Athabasca n-pentane asphaltenes in n-alkanes from
pentane to hexadecane: (a) as a function of n-alkane carbon number, (b) as a function of
the specific volume of the n-alkanes

3.3.2 Enthalpy of solution

The enthalpy of solution values, reported on a per unit mass of Athabasca pentane
asphaltenes basis, are plotted versus n-alkane carbon number in Figure 3-5. The sign
convention employed here is that positive values indicate endothermic behavior and
negative values indicate exothermic behavior. The enthalpy of solution decreases and
changes sign as the hydrocarbons become larger. A related effect was also noted by

I°°. Detailed examination of the heat production traces, Figure 3-6, reveals

Stachoviak et a
co-existing and competing exothermic and endothermic processes that sum to the net
enthalpy of solution values shown in Figure 3-6. For asphaltene + n-heptane the
endothermic peak dominates. For n-octane both endothermic and exothermic peaks are

evident but the overall impact is endothermic. For n-decane and n-hexadecane

exothermic and endothermic peaks continue to overlap but the overall impact is
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exothermic. From the n-octane, n-decane and n-hexadecane traces, the exothermic

process clearly precedes the endothermic one, though the processes overlap significantly.

Given this complexity, 