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ABSTRACT

Destabilization and Aggregation Kinetics of Asphaltenes

by

Nasim Haji Akbari Balou

Chair: H. Scott Fogler

Asphaltenes are the heaviest fraction of crude oil and can precipitate due to changes

in temperature, pressure or composition. It was previously shown that the precip-

itation and aggregation of asphaltenes is a kinetic phenomenon. In this thesis, it

is demonstrated that the kinetics of aggregation is universal among many different

crude oils, model oils and precipitants. The factors that can play a role in controlling

this kinetic behavior are investigated in this study.

It is shown that the rate of asphaltene aggregation strongly depends on the type of

solvent (i.e. crude oil) used for stabilizing asphaltenes. A new universal mathematical

model relating the aggregation rate to the solution viscosity and the solubility param-

eters of the solution and asphaltenes is developed. With this model, all aggregation

curves collapse onto a single master curve.

The asphaltene content and the chemical identity of the precipitant are also shown

to play important roles in controlling the aggregation rates. The findings for the ef-

fect of asphaltene content challenge the intuitive expectation that higher asphaltene

xiv



concentration would lead to accelerated aggregation kinetics. Instead, two distinct

regimes are identified for the effect of asphaltene concentration: 1) Below 1 wt%, the

aggregation rate of asphaltenes increases, 2) Above 1 wt%, the aggregation rate de-

creases. The new universal model successfully predicts this behavior after accounting

for the contribution of soluble asphaltenes to the solubility parameter of the solution.

In addition, the polydispersity of asphaltenes is shown to be important in dic-

tating their kinetic behavior in different n-alkane precipitants. The universal model

quantitatively accounts for the asphaltenes polydispersity using a solubility parame-

ter distribution and can successfully predict the precipitation rate of asphaltenes in

the blends of up to five different precipitants.

Finally, our findings reveal that asphaltenes with the highest solubility paramenter

precipitate first and have the tendency to form the largest nano-particles in toluene.

The findings from this thesis leads to a better understanding of the factors that govern

the kinetics and can in turn give rise to new predictive models to foresee precipitation

and aggregation kinetics under different operational conditions.
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CHAPTER I

Introduction

1.1 Background

Due to industrialization and globalization of the modern world, energy demands

have been rising continuously since nineteenth century. To meet this demand, the

world’s desire for oil and other fossil fuels seems to be insatiable. Today more than

85% of total energy consumption in the United States relies on fossil fuels. Fossil

fuels are expected to remain the major source of energy for decades to come. It is

projected that they will constitute as high as 80% of global energy consumption in

2040 [1]. It is therefore important to invest in technologies aimed at optimizing the

process of extracting and utilizing existing resources of fossil fuels.

Crude oil is one of the major forms of fossil fuels. It is a complex mixture of diverse

hydrocarbons and organic compounds (composed of up to 105-106 distinct chemical

species [2]). To simplify such a complex mixture, its components are often classi-

fied into four distinct groups, or solubility classes: saturates, aromatics, resins and

asphaltenes (SARA). SARA fractionation of the crude oil is a separation technique

based on differing solubility of each of these classes.

Changes in operational conditions such as temperature, pressure, or composi-
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tion, can occur during production, transportation, and processing of crude oils, and

can lead to precipitation and deposition of organic solids (i.e., waxes, hydrates and

asphaltenes). Wax and hydrate deposits are more common than asphaltene de-

posits [3, 4], however due to difficult and costly remediation processes needed for

asphaltenes, they are considered one of the most problematic fractions of crude oil [4].

Potential asphaltene-related problems have become more concerning in recent years

due to an increase in the production of high-asphaltenic heavy oils [5]. Asphaltenic

crudes are produced worldwide such as in oil fields in Venezuela, Persian Gulf, the

Adriatic Sea and the U.S. Gulf of Mexico [6].

Asphaltenes are operationally defined as the collection of components precipitating

out of the crude oil when mixed with precipitants such as n-pentane or n-heptane

in a 1 : 40 volume ratio [7]. The definition of asphaltenes encompasses the heaviest

and most polar fraction of the crude oil that are macroscopically soluble in aromatic

solvents such as toluene or benzene [5]. According to this definition, asphaltenes are

a class of molecules rather than one single component and their chemical structures,

natural states and destabilization mechanisms are largely unknown and a subject of

debate and speculation in the asphaltene research community. Asphaltenes are dark

brown to black solids [5, 8]. The amount and properties (e.g., aromaticity, molecular

weight and polarity) of precipitated asphaltenes depend on the chain length of the n-

alkane precipitant used for their destabilization. Therefore, asphaltenes are typically

named after the n-alkane precipitant used for their destabilization such as pentane

asphaltenes or heptane asphaltenes (Figure 1.1 [7]).

Destabilized asphaltenes can easily adhere to the reservoir grains and downhole

production equipment, transportation pipelines and also refining and storage facili-

ties [4, 5, 8, 10, 11]. Moreover, asphaltenes can act as glues for the hardening of other

organic deposits or act as nucleation sites for crystallization of wax molecules [11].
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Figure 1.1:
Amount of asphaltenes precipitated as a function of precipitant’s
carbon number (Image reproduced from [9])

Therefore, the economic impacts of asphaltene-related problems are enormous in the

oil industry. For example, asphaltenes have led to complete blockage of some wells

only few days after the start of their production with production rates up to 3000

barrels a day [12]. Remediation of deposited asphaltenes in the field may require well

shutdown [8].

Different techniques such as solvent and dispersant treatments, and mechanical

removal are currently used in the oil industry for cleaning up organic deposits [11].

However, the effectiveness of these techniques strongly depends on the characteristics

of the crude oil and the deposit [11]. In some circumstances the costly remediation

has been only partially effective[8, 11]. Therefore, the ability to predict and pre-

vent deposit formation is preferred to their cleanup after they have already formed.In

order to develop more effective predictive tools, it is necessary to obtain a funda-
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mental knowledge about the factors that determine the tendency of asphaltenes for

aggregation and phase separation.

1.2 Asphaltenes Properties

Typical asphaltenes molecules are composed of aromatic cores and aliphatic chains [13]

with H/C ratio of 1.15 ± 0.5% [7]. Small quantities of heteroatoms such as oxygen

(0.3%− 4.9%), sulfur (0.3%− 10.3%) and nitrogen (0.6%− 3.3%) [7] comprise vari-

ous polar groups, such as aldehydes, carbonyls, carboxylic acids and amides in their

molecular structure [13]. Asphaltenes also contain trace quantities of metals such as

nickel, vanadium and iron in ppm levels (few parts per million to a few hundred parts

per million) [14]. Nickel and vanadium could exist in prorphyrin or non-porphyrin

forms [14].

1.2.1 Molecular Structure

Due to extreme complexity of asphaltenes, their chemical structure has been the

subject of heated debate in the research community. Two fundamentally different

structural models have been proposed for asphaltenes: the archipelago model and

the island model (Figure 1.2). According to the archipelago model, asphaltenes are

typically composed of several aromatic cores linked with aliphatic chains. According

to the island model however, aspaltene molecules are made up of a single aromatic

core (made up of several interconnected aromatic rings) with aliphatic side chains

surrounding this central core. The evidence for the archipelago model is heavily

based on destructive techniques that result in decomposition of asphaltenes such as

pyrolysis, oxidation and thermal degradation [15]. The products of such destructive

reactions are small ringed aromatic molecules, a fact that is thought to be consistent
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Figure 1.2:
(a) Archipelago and (b) Island molecular structures (Image (a)
reproduced from [17] and Image (b) reproduced from [18] )

with the archipelago model [16]. However, recent experimental evidence shows that

the decomposition of island model compounds with the same techniques can also

result in the formation of small ringed aromatic molecules [16].

The experimental evidence for the island model can be obtained from a verity

of experimental techniques. For example, optical techniques such as time-resolved

fluorescence depolarization (TRFD) have shown that the rotational correlation time of

asphaltenes can be better described by the Island structure [18–21]. In addition, two-

step laser desorption laser ionization mass spectroscopy (L2MS) [17] has revealed that

the fragmentation behavior of asphaltenes is identical to the fragmentation behavior

of island model compounds and differs from that of archipelago compounds. Further

evidence such as direct molecular imaging of asphaltene PAHs by scanning tunneling

microscopy [22], high-resolution electron transmission microscopy [23] and Raman

spectroscopy [24] along with lower stability of archipelago compounds [16] has resulted

in the island structure being viewed the dominant structure for asphaltenes by the

majority of researchers.
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1.2.2 Molecular Weight

Different techniques such as small angle X-ray and neutron scattering (SANS and

SAXS), vapor pressure osmometry (VPO), size-exclusion chromatography, mass spec-

troscopy and fluorescence depolarization have been utilized to measure the molecular

weight of asphaltenes [5]. However, due to strong tendency of asphaltene molecules for

self-association (even in strong solvents) (1.2.4), most of the reported values are the

molecular weight of the aggregates of asphaltenes rather than individual molecules.

More accurate estimates of their molecular weight (500-1000Da) using time-resolved

fluorescence depolarization (TRFD) [19–21], fluorescence correlation spectroscopy

(FCS) [25] and laser desorption ionization (LDI) MS [26] have been recently reported.

1.2.3 Solubility Parameter

Solubility parameter is a measure of the extent of interactions between molecules

and is one of the main input parameters in the majority of thermodynamic models

utilized for describing the phase behavior of asphaltenes [27–31]. Solubility parameter

is defined as the square root of cohesive energy density:

δ =
√
E/V (1.1)

where δ is the solubility parameter, V is the molar volume of pure compound and

E is its energy of vaporization [32]. For pure solvents, solubility parameter can be

measured experimentally. However, measuring the solubility parameter of complex

mixtures such as crude oils or asphaltenes is not experimentally feasible. Given the

PVT data, solubility parameter of crude oils can be calculated using their equation

of state. In the absence of PVT data, several empirical correlations have been used

for estimating δ of crude oils. Among those are the correlations that relate δ and the
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refractive index, or the density (one-third rule) [8, 30, 33]. However, extrapolation of

such simple correlations to asphaltenes might be problematic. In addition, it is not

straightforward to measure certain input quantities for asphaltenes, such as refractive

index, that are needed in these correlations.

Solubility parameter of asphaltenes can be estimated by investigating their solu-

bility in blends of different solvents with varying solubility parameters. However, as

has been discussed in detail by Wang [8], this approach has significant limitations due

to the ill-defined asphaltenes/solvent ratio, possibility of dissolution kinetics and also

possible swelling of asphaltenes. Some other correlations such as the relationship be-

tween the H/C ratio and solubility parameter are also used in the literature [8]. Values

ranging from 18.4-24.5 MPa0.5 have been typically reported as solubility parameter

of asphaltenes [8]. However, values as high as 32 MPa0.5 has been also reported for

the solubility parameter of asphaltenes [34]. Due to these technical complications,

the solubility parameter of asphaltenes is generally treated as a fitting parameter in

most existing models.

1.2.4 Natural State

The majority of researchers view asphaltenes as colloidal nano-sized particles im-

mersed in the crude oil. Scattering techniques such as SANS and SAXS have been

applied to crude oils and model oils and the measured scattering intensity is generally

attributed to the existence of asphaltene nano-particles in the mixture [35–39]. On

the other hand, it has been shown that scattering profiles can also be successfully ex-

plained by treating asphaltenes as fully dissolved and attributing their scattering to

the concentration fluctuations in the solvent rather than the existence of solid parti-

cles [40]. Due to the chemical complexity of asphaltenes and the broad distribution of

molecules characterized as asphaltenes, both liquid (dissolved) and solid (aggregated)
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asphaltenes can coexist in the crude oil. However, ultra-centrifugation [41] and nano-

filtration [42] of crude oils support the idea that the majority of asphaltenes exist as

nano-sized colloidal particles. The average molecular weight of associated asphaltene

molecules measured from vapor pressure osmometry (VPO) and size exclusion chro-

matography (SEC) has shown that their association tendencies strongly depend on

the solvent and the asphaltene concentration and the association itself is a reversible

process [7].

Aggregation of asphaltene molecules to nano-particles can be viewed as a dy-

namic equilibrium between the soluble molecules and the aggregates. The aggrega-

tion propensity is expected to increase as a result of an increase in the asphaltene

concentration. Two different aggregated states have been proposed for describing

the natural state of asphaltenes in a solvent or crude oil: nano-aggregates and clus-

ters [18, 43]. Asphaltene nano-aggregates are believed to form from the stacking of

individual molecules. Different techniques such as high-Q ultrasonic [44, 45], AC [18]

and DC [46] conductivity and NMR [47] have been utilized for determining the as-

phaltene concentration at which nano-aggregates start to form in the solvent– known

as the critical nano-aggregate concentration(CNAC)– by varying asphaltene concen-

tration. CNAC values depend on the characteristics of the asphaltenes as well as the

solvent used for their stabilization.

Asphaltene clusters are believed to form from further aggregation of nano-aggregates.

Sudden changes in the properties of the solution such as surface tension [48] or heat

of dissociation [49, 50] as a result of an increase in the asphaltene concentration have

been attributed to the structural changes of asphatenes due to the formation of as-

phaltene clusters. Figure 1.3 [43] shows the proposed model for structural hierarchy of

asphaltenes [43]. In this model, asphaltene nano-aggregates are thought to be around

2 nm in size and to be composed of approximately 6 asphaltene molecules. Asphal-
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Figure 1.3:
Structural hierarchy of asphaltenes as a function of their con-
centration (Image reproduced from [43])

tene clusters however, are thought to be around 5nm in size and to be composed of

8 nano-aggregates [18].

1.3 Asphaltenes Destabilization and Precipitation

The mechanism of asphaltene precipitation has been extensively investigated usu-

ally by titrating the crude oil with an n-alkane precipitant. Different techniques

such as optical microscopy [8], refractive index measurements [5], viscosity measure-

ments [51] ,UV- visible spectroscopy [52, 53] and NIR spectroscopy [54] have been

utilized to detect aspaltenes instability. Most of these studies are performed based on

the assumption that the solution equilibrates shortly after precipitant addition. In

other words, according to this assumption, the crude oil-precipitant mixture is consid-

ered stable if asphaltenes do not become detectable immediately after destabilization.

The concentration of n-alkane precipitant at which asphaltenes are detected for the

first time is defined as the onset volume. Thermodynamic models generally have been

developed using the data collected from the experiments performed according to the

assumption of immediate equilibration [27–31].
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Contrary to the immediate equilibration assumption, Angle et al. [55] showed that

asphaltenes can become unstable below the pseudo onset concentration if enough time

elapses. Angle et al. [55] made this observation for a mixture of crude oils diluted with

toluene and subsequently mixed with heptane. Although their results clearly indicate

that precipitation of asphaltenes at concentrations below onset is a slow process, it was

not yet clear whether such a delayed destabilization was due to a delay in precipitation

because of toluene addition or it was rather a more general phenomenon. Maqbool et

al. [56] investigated kinetics by mixing a crude oil with heptane without dilution

with toluene. Maqbool et al.’s [56], experiments revealed that the time required to

detect asphaltene instability under optical microscope varies exponentially with the

precipitant concentration, indicating that under certain circumstances, it can take

up to several weeks and even months to detect asphaltene instability. It should be

emphasized that the definition of detection time depends on the spatial resolution of

the technique used for detecting asphaltene instability. Conventional techniques such

as optical microscopy can only detect particles that are at least 0.5 µm in diameter.

Recent studies have demonstrated that when a precipitant is added to the crude

oil, only a fraction of asphaltene nano-particles– known as unstable asphaltenes– un-

dergo further aggregation and the rest– referred to as stable asphaltenes– remain in

solution. [57]. The asphaltene particles that belong to these two different classes tend

to have different fractal dimensions [57]. At asphaltene contents higher than cluster-

ing concentration( 1.2.4), unstable asphaltene nano-particles experience a reaction-

limited aggregation process [58, 59]. The slow precipitation kinetics below onset

volume is attributed to the aggregation of sub-micron unstable asphaltene particles

(i.e. nano-particles) to detectable sizes [60].

In order to explain the aggregation behavior of sub-micron and micron-sized unsta-

ble asphaltenes, several mathematical models have been proposed that are all based
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Figure 1.4:
Time dependence of asphaltene precipitation for a single pre-
cipitant concentration (Image reproduced from [56])

on the the population balance equation developed by Smoluchowski [60–62]. Most of

the existing models deal with asphaltenes growth at or above onset volume and are

therefore valid only at those high precipitant concentrations [61, 62]. In order to study

the precipitation of sub-micron particles, alternative models are needed for concentra-

tions below the onset volume. One such model was proposed by Maqbool et al. [60],

who studied aggregation kinetics at precipitant concentrations below the onset vol-

ume. Under such circumstances, the growth processes is extremely slow, and can be

in the order of several hours, days or months. The main assumption in their model is

that a certain fraction of asphaltenes become unstable immediately after precipitant

addition. These unstable asphaltenes colloid with each other due to Brownian motion

and aggregate to form larger particles. The initial destabilized asphaltene particles

are assumed to be around 2 nm in size, which then grow to larger (micron) length

11



scales.Their model can only be used if the concentration of destabilized asphaltenes

at each precipitant concentration is known; a quantity which can only be estimated

if sufficient time is given for the mixture to reach equilibrium (at low concentrations,

equilibration can take more than 500 hours). The aggregation of asphaltenes in their

model is shown to be a reaction-limited process, therefore not all collisions are going

to be successful and collision efficiencies are estimated by matching the experimental

results with the model. Estimated collision efficiencies are not constant and depend

on the precipitant concentration. Despite their model’s success in reproducing exper-

imental observations, this model is not predictive because both the input and fitting

parameters depend on the precipitant concentration and cannot be estimated without

performing actual experiments.

1.4 Project Objectives

The ability to predict asphaltenes phase behavior under various pressures, tem-

peratures or compositions has been the major focus of asphaltene research community

for decades. A wide variety of thermodynamic models with fundamentally different

assumptions (i.e. regarding the interactions of asphaltenes with their surroundings)

have been proposed in the literature [27–31, 63, 64]. Despite fundamental differences

in these models, they are all developed based on the experimental data collected

shortly after destabilization of asphaltenes. Therefore, any slow kinetics associated

with detecting asphaltenes instability is generally overlooked in these models. As a re-

sult, these models can miss the correct equilibrium point by neglecting kinetic effects.

This, in turn, can result in misleading predictions about the stability of asphaltenes.

It is therefore important to obtain a systematic understanding of precipitation kinet-

ics.
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Slow kinetics of aggregation has been neglected for decades and is generally con-

sidered not to be important. The main reason for this misconception is the general

belief that the life time of operational conditions are much smaller than the character-

istic timescales of these slow kinetic processes. Due to this separation of timescales,

the existence– or lack– of these kinetic effects is thought to be irrelevant to potential

asphaltene-related problems in the oil industry. However, the existence of long term

kinetics is an indicator for instability of asphaltenes in nano-scale which can poten-

tially deposit further along the way. As will be presented in the upcoming chapters

of this thesis, the asphaltenes that have been destabilized at earlier times, or at low

driving forces, are the most unstable asphaltenes, and are expected to cause the most

severe problems. The ability to understand, predict and prevent the destabilization

of most unstable asphaltenes is therefore considered to be extremely important.

The main objective of this project is to improve our understanding of the as-

phaltenes precipitation kinetics and to investigate factors governing their aggregation

process. Various key parameters such as the effect of solvent, the properties and the

concentration of asphaltenes and the precipitant are explored in this investigation.

Each chapter of the thesis focuses on a single factor and is organized independent

of the other chapters, with its own introduction, experimental section, results/dis-

cussion, conclusion and references. Despite minor redundancy in some background

information, this formatting allows each chapter to be self contained for easier ac-

cess to relevant information. The chapters are organized as follows: In Chapter II

the effect of solvent is investigated and the universality of kinetics is established for

precipitation of asphaltenes from different crude oils and model oils. A mathematical

model based on Smoluchowski’s aggregation model is then developed to describe the

aggregation behavior of asphaltenes in different solvents (i.e., crude oils and model

oils). The developed model correlates the aggregation rate of asphaltenes to the
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changes in the viscosity and the solubility parameters and successfully explains the

aggregation behavior of asphaltenes via a unified master curve.

In Chapter III, the effect of asphaltene concentration on their aggregation and

precipitation tendencies is investigated for three different types of asphaltenes. It is

intuitively expected that any increase in asphaltene concentration will accelerate the

precipitation kinetics after heptane addition. For asphaltene concentrations below 1

wt% in toluene, this expected trend is indeed experimentally confirmed in microscopy

experiments. However, for asphaltene concentrations above 1 wt%, an increase in con-

centration leads to slower aggregation instead. This counter-intuitive decline in the

aggregation rate is attributed to the stabilizing effect of stable/soluble asphaltenes

and has been overlooked in the existing aggregation models. Findings from Chap-

ter III are incorporated to the model developed in Chapter II. The model successfully

predicts the experimentally measured precipitation rates as a function of asphaltene

concentration.

In Chapter IV the effect of chain length of the n-alkane precipitants on the pre-

cipitation kinetics of asphaltenes is investigated. Despite a monotonic change in the

viscosity and the solubility parameter of n-alkanes as a function of change in their

carbon number, the precipitation rate of asphaltenes does not vary monotonically.

This behavior is explained by the polydispersity of asphaltenes and differences in the

solubility parameter of asphaltenes precipitated using different n-alkanes. The solu-

bility parameter distribution is obtained using the model developed in Chapter II and

is then used to predict the precipitation rate of asphaltenes in blends of two, three,

four and five different precipitants at different ratios.

In Chapter V the polydispersity of asphaltenes is further explored by fractionat-

ing asphaltenes into smaller sub-fractions precipitated at different times and heptane

concentrations. It is shown that asphaltenes precipitating first are the most unsta-
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ble ones with the fastest aggregation rate and the highest solubility parameter. In

addition asphaltenes precipitating earlier have higher metal and heteroatom content

compared to the other sub-fractions and form the largest nano-particles in toluene.

The presented results reveal that polydispersity of asphaltenes has a crucial role in

controlling their kinetic behavior and understanding this polydispersity is important

in predicting and preventing potential asphaltene problems.

Concluding remarks and directions for future research are presented in Chap-

ters VI and VII respectively.
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CHAPTER II

A Unified Model for Aggregation of Asphaltenes 1

2.1 Introduction

Crude oil is a complex mixture of diverse hydrocarbons and organic components

with different chemical properties [2]. Asphaltenes are defined as the collection of com-

ponents precipitating out of crude oil when mixed with n-alkanes such as n-heptane

and are soluble in aromatic solvents such as toluene [3]. This definition encompasses

the heaviest and most polar fraction of crude oil [4]. Asphaltenes can precipitate

due to changes in temperature, pressure or composition. These changes might oc-

cur at any point during oil production, transportation or processing. Precipitated

asphaltenes can plug pipelines and production facilities, reduce storage capacity and

cause equipment fouling and catalyst deactivation [5, 6]. Due to chemical complexity

of asphaltenes, their structure and natural state is still unknown and therefore subject

to debate and speculation [7, 8]. While a few researchers view phase behavior of as-

phaltenes as a liquid-liquid concentration fluctuations [7], the majority of researchers

postulate asphaltenes as small solid nano-sized colloidal particles [8–13]. Regardless

of what the stable form of asphaltenes is, their precipitation occurs when a fraction of

1This chapter is partly based on the following manuscript: Nasim Haji-Akbari, Pennapa
Masirisuk, Michael P. Hoepfner and H. Scott Fogler EnergyFuels 27: 2497-2505 (2013) [1].
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them are destabilized. Destabilization refers to both the phase separation or increase

in aggregation tendency of nano-particles and the subsequent collision and eventual

aggregation of asphaltene nano-particles into aggregates that are detectable under

optical microscopy (precipitation) [14].

In order to unravel the factors that govern the asphaltene precipitation, numerous

studies [15–19] have explored the behavior of destabilized asphaltenes. Destabiliza-

tion is usually induced by adding a precipitant rather than changing the temperature

or the pressure. Detection techniques such as optical microscopy [18], light scat-

tering [15], UV-visible spectrophotometry [16] and refractive index [19] have been

used to detect the precipitated micron-sized particles for different precipitants and

precipitant concentrations The majority of these studies assume that destabilized

nano-sized asphaltene aggregates instantaneously grow into sizes detectable via con-

ventional techniques. Such an assumption is only valid for the experimental conditions

that produce strong attractive forces between aggregating asphaltenes and where the

only rate-limiting step is the diffusion of asphaltene particles. However, at low precip-

itant concentrations, weaker attractions between asphaltene particles could lead to a

reaction-limited process where slow kinetics become significant [20, 21]. For example

Maqbool et al. [21] showed that the time it takes to detect asphaltene instability at

low precipitant concentrations can be in the order of weeks, months or even years.

Even in the case of higher precipitant concentrations where instabilities can be de-

tected immediately, it can still take up to several weeks for the measured solubility of

asphaltenes to reach to their final values [21]. Therefore the existing thermodynamic

models [22–24] that are developed based on the assumption that the experiments con-

ducted attained immediate solubility equilibration can lead to misleading predictions

about the asphaltene behavior under different conditions.

The rate of asphaltene aggregation is controlled by two important factors: (1) the
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frequency of the collisions between sub-micron sized particles and (2) the strength

of interactions between aggregating asphaltenes [14]. In a pure solvent or crude oil,

repulsive forces overcome attractions, therefore the asphaltenes remain stable [25, 26].

The nature of these repulsions is believed to be steric effects exerted by alkyl chains

surrounding the aromatic cores [8]. Wang et al. [26] showed that long-range steric re-

pulsions between two asphaltene surfaces in toluene-heptane mixtures can be modeled

with the scaling theory of polymer brushes. Their model was successful in fitting in-

teraction force measurements from atomic force microscopy (AFM) with three fitting

parameters. Although their model provides a good insight into the nature of repulsive

forces between asphaltene particles, it was only applied to one type of asphaltenes

immobilized on silica surfaces and their fitting parameters are functions of the solu-

tion composition (i.e. the heptane to toluene ratio). The proposed model thus lacks

predictive power and there is no known procedure for extracting model parameters for

other types of asphaltenes, solvents or precipitants. In addition the model parameters

obtained for immobilized asphaltene surfaces might not be applicable to nano-sized

asphaltenes involved in the aggregation process. For example the thickness of the

immobilized asphaltene layers in pure toluene was found to be around 50 nm [26]

while the, size of asphaltene nano-particles in a pure solvent or a crude oil has been

estimated to be less than 10 nm [9, 12, 13]. Therefore the thickness of steric layers

cannot exceed a few nanometers. Since the magnitude of steric repulsions strongly

depends on the thickness of the steric layer, model parameters used to describe steric

repulsion at layers as thick as 50 nm are not likely to be applicable to nano-sized as-

phaltenes dispersed in crude oils. The magnitude of repulsive forces exerted by steric

layers in aggregating asphaltenes is expected to be smaller than values measured in

the aforementioned AFM study [26].

The fitting parameters from the scaling theory of polymer brushes used by Wang
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et al. [26] showed that the asphaltene layers become more compact upon precipitant

addition and this leads to a reduction in repulsive forces. In addition, it is believed

that precipitant addition increases the magnitude of attractive forces between as-

phaltenes. Several types of interactions such as dispersion forces, polar interactions

and hydrogen bonding have been proposed as possible contributors to such attrac-

tions. In order to formulate all these forces, a vast knowledge of the chemical structure

of asphaltene molecules is required. Most researchers [18, 27, 28] believe that London

dispersion forces are the dominant type of interactions between asphaltenes during

their aggregation and precipitation. On the other hand, it has been argued that the

impact of other types of forces such as hydrogen bonding, acidic/basic interactions

and metal coordination complexes should not be overlooked [29]. In addition to dis-

persion forces, other types of interactions such as depletion attraction [30] can also

increase the strength of attractive forces experienced by aggregating asphaltenes. In

the case of depletion attractions, stable nano-sized asphaltenes can act as depletants

for aggregating unstable asphaltenes.

Irrespective of the types of the interactions between asphaltenes, any increase in

attractive forces- or any decrease in repulsive forces- will make collisions between ag-

gregating particles more efficient and will therefore increase the rate of aggregation.

The extent to which such interactions can change is not only a function of destabi-

lization conditions (e.g. type of precipitant) but also depends on the properties of the

crude oil. For instance, it is widely accepted that asphaltenes self-associate even in

a good solvent [31]. Molecular weight (MW) measurements of associated asphaltenes

from vapor pressure osmometry (VPO) have shown a solvent dependency indicating

that the degree of association varies from one solvent to another [31]. Differences in

association tendency of asphaltenes in different solvents are also observed in surface

tension measurements [32]. In addition, both the association tendencies and the ag-
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gregation rates between associated asphaltenes differ for different crude oils even if

the same precipitant is used [21].

The aforementioned studies highlight the importance of the solvent or the crude oil

on the type and strength of interactions between asphaltenes and therefore the kinetics

of precipitation. However, predicting the effect of such changes on the aggregation rate

requires a thorough understanding of the diffusion and reaction rates of asphaltene

particles as a function of crude oil properties. Further studies are therefore necessary

to identify the properties of crude oils and asphaltenes responsible for differences in

their aggregation rates. In this paper, we focus on investigating the impact of changes

in asphaltenes, solvent and crude oil properties on their aggregation behavior. In order

to have the flexibility of studying the effect of solvent and asphaltenes independently,

model mixtures are used in some of the experiments. A new predictive method has

been then developed and will be discussed in detail. In this new method of analysis,

it is established that precipitation rates can be predicted if certain physical properties

of the asphaltenes and the solution surrounding them (e.g., viscosity and solubility

parameter) are known.

2.2 Experimental Section

2.2.1 Materials

Five different crude oils and five different model oils were used in our study.

Two additional crude oils (K1 and B1) were used to extract asphaltenes for the

model mixture preparations. HPLC-grade toluene from Fisher and 97% purity 1-

methylnaphthalene from Acros Organics were used as solvents for model oil prepara-

tion. HPLC-grade heptane from Fisher was used as precipitant to induce asphaltene

instability for all our experiments. Table 2.1 summarizes certain physical properties
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of the crude oils investigated in this study. The viscosities of the crude oils were mea-

sured by a rotational cone and plate rheometer (TA AR 1000). The refractive indices

of crude oils were measured using a Schmidt and Haensch DUR-HT refractometer.

All experiments were conducted at room temperature (20◦C).

Table 2.1: Physical properties of crude oils at room temperature.

Sample Name Oil A Oil B Oil C Oil D Oil E

Heptane Asphaltene
Content(wt%)

3.25±0.01 0.74±0.03 1.44±0.03 1.45±0.05 0.78±0.04

Viscosity×103 (20◦C,
Pa · s) 27.52±0.6 19.99±0.5 165.78±5.4 12.23±0.3 5.82±0.1

Density (20◦C,
kg/m3)

869.6±0.1 870.0±0.2 921.5±0.7 852.3±0.1 831.9±0.3

Refractive Index
(20◦C) (all±0.0002)

1.4964 1.4905 1.5204 1.4845 1.4720

2.2.2 Methods

All crude oils were centrifuged at 10,000 rpm for 3 hours to separate water, sand

or any other solid particulates. To extract asphaltenes, K1 and B1 crude oils were

mixed with heptane in 1:25 volume ratio. The solutions were kept well mixed for 24

hours and then were centrifuged at 3,500 rpm for an hour to separate precipitated

asphaltenes. The asphaltenes were Soxhlet washed with heptane for 24 hours to wash

any oil trapped in the cake. The asphaltenes were then dried in oven at 75◦C to

evaporate any heptane left in the cake from Soxhlet wash. Dried asphaltenes were

grinded and stored. To prepare model mixtures, 2.55 vol% of dried asphaltenes were

dissolved in the desired solvent. The density of asphaltenes was assumed to be 1200

kg/m3. The solutions were then sonicated until the proper dissolution was achieved.

In each case, optical microscopy was used to confirm that dissolution is complete.

27



Microscopy experiments: A total of ten different oils (five crude oils, five

model oils) were studied. Asphaltene precipitation was induced by adding different

concentrations of heptane to each oil. A known volume of oil was placed in a 4mL

vial. Heptane was then added slowly to the mixture using a syringe pump at a rate of

20 mL/hr. During the precipitant addition, all solutions were kept well mixed using

magnetic stirrers in order to minimize localized high precipitant concentrations. To

increase experimental accuracy, all samples were prepared on a mass basis and final

volume fractions of heptane were calculated using the final densities. After sample

preparation, a droplet of well-stirred sample was placed under the microscope at

different times in order to detect asphaltene particles. An optical microscope from

Nikon (model: Eclipse E600) with 50x objective lens and 10x eyepiece was used

for detecting asphaltene particles and a CCD camera from Sony (model: AVC-D7)

was used for shooting images off the microscope. The smallest particles detectable

under the microscope are approximately 0.5 µm in diameter. The earliest time when

particles were observed is defined as the detection time.

Small Angle X-ray Scattering (SAXS): Asphaltenes are believed to form

nano-sized particles both in crude oil and in a solvent [8–13]. Small angle X-ray scat-

tering is a powerful technique that can provide information about the size and struc-

ture of asphaltene nano-aggregates. To better understand the behavior of asphaltenes

in different solvents SAXS was applied to monitor change in size of asphaltene nano-

particles as a function of time and the solvent. Bruker Nanostar SAXS Equipment

at University of Michigan was used to perform scattering measurements. The X-ray

generator was set at 40 kV and 35 mA with 0.5 second per frame and 900 second per

sample. Guinier approximation was then used to get an average shape-independent

size, radius of gyration, for asphaltenes:
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I(q) = I0 exp

(
−(qRg)

2

3

)
(2.1)

where I is the scattering intensity, I0 is the zero angle intensity, q(1/Å) is the

scattering vector and Rg(Å) is the Guinier radius of gyration.

2.3 Results and Discussion

Optical microscopy is used for detecting the time at which asphaltenes reach a

certain size (0.5 µm). It can therefore be conveniently used to characterize precipita-

tion by measuring the time required for asphaltenes to reach a size detectable after

precipitant addition. The lag time between asphaltenes detection and the precipitant

addition is because the growth of asphaltene aggregates is not instantaneous, but

instead is a kinetically controlled process. In this paper, detection times obtained

from microscopy experiments provide an estimate for initial aggregation rates.

Figure 2.1 shows detection times as a function of heptane concentration for five dif-

ferent crude oils. The asphaltene precipitation detection time is a function of heptane

concentration in all samples indicating the universality of kinetic growth phenomena

among different crude oils. The aggregation rates however strongly depend on the

properties of individual crude oils. One can clearly observe different slopes and offsets

for the fitted lines, something that will be analyzed in the next section on modeling of

the asphaltene aggregation process. As discussed earlier, the aggregation rate depends

on both the frequency and the efficiency of collisions between unstable particles. Due

to differences in viscosity and total asphaltene content, the diffusivities and collision

frequencies of asphaltenes are expected to be different in each crude oil. However, as
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Figure 2.1:
Detection time as a function of heptane concentration for five
different crude oils (Crude oil A (•), crude oil B (�), crude oil C (N),
crude oil D (�) and crude oil E (H)).
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Figure 2.2:
Detection time as a function of heptane concentration for model
oils: (a)2.55 vol% B1 asphaltenes in: toluene (◦), mixture of 50:50 (vol%)
toluene–1-methylnaphthalene (5) and 1-methylnaphthalene (�) (b)2.55
vol% K1 asphaltenes in: toluene (4) and 1-methylnaphthalene (♦).

can be seen in Figure 2.1, no consistent trends can be observed among the aggregation

rates and viscosity or asphaltene content. Therefore it is believed that differences in

coagulation efficiencies have a larger impact on controlling the aggregation rate of

asphaltenes compared to their diffusivities. Consequently it is necessary to under-

stand why and how coagulation efficiencies change from one crude to another. It is

an objective of our model to understand changes in coagulation efficiencies as a result

of changes in solution properties.

Figure 2.2 shows the detection times measured from microscopy as a function of

heptane concentration for different types of asphaltenes dissolved in toluene, in 1-

methylnaphthalene and in a mixture of these two solvents (50 vol% toluene+50 vol%

1-methylnaphthalene). For the same type of asphaltenes, precipitation rate strongly

depends on the solvent used for their stabilization. Once again, one can observe

different slopes and offsets. The aggregation rate of asphaltenes in different solvents
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can be compared in two different ways: (1) identical detection times, (2) identical

heptane concentrations.

These findings reveal that larger amounts of heptane are required to induce

identical detection times (similar aggregation rates) in 1-methylnaphthalen com-

pared to toluene. This result is not surprising because the larger viscosity of 1-

methylnaphthalene decreases the diffusion rate of particles at the same heptane con-

centration. Furthermore, asphaltenes are believed to be composed of several aromatic

rings surrounded by alkyl chains [8]. 1-methylnaphthalene has one more aromatic

ring than toluene and is therefore more polarizable. The interaction between 1-

methylnaphthalene and asphaltenes, which is of a van der Waals nature, will thus be

stronger than the interaction between toluene and asphaltenes. Stronger interactions

between asphaltenes and the solvent will decrease the aggregation tendency of desta-

bilized asphaltenes. As a result, higher concentrations of precipitant are needed in

1-methylnaphthalene in order to obtain similar aggregation rates.

At identical heptane concentrations, differences in aggregation rates of asphaltenes

in different solvents cannot be directly compared because there is no overlapping range

of heptane concentrations at which kinetic effects are observed for both solvents (e.g.,

K1 asphaltenes in toluene and 1-methylnaphthalene). This lack of overlap can be

either due to thermodynamic stability of asphaltenes at low precipitant concentrations

for solutions with higher 1-methylnaphthalene content or it can just be a result of

very slow agglomeration kinetics. In the former case, there will be no change in

sizes and natural states of asphaltene particles as a function of time after precipitant

addition. However, in the later case, asphaltenes will slowly grow to larger sizes as

time progresses. As discussed earlier, both the collision frequency and the collision

efficiencies will produce slower kinetics in 1-methylnaphthalene at identical heptane

concentrations. To shed light on the actual behavior of asphaltenes at low precipitant
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concentrations, it was decided to monitor the change in the scattering behavior of K1

asphaltenes as a function of time using small angle X-ray scattering. Figure 2.3 shows

the scattering results for K1 asphaltenes in toluene and 1-methylnaphthalene mixed

with 30 vol% heptane.

Table 2.2 shows radius of gyrations estimated from the Guinier analysis for as-

phaltenes in each mixture as a function of time. It is clear that asphaltenes im-

mediately grow in size when heptane is added to the toluene-asphaltene solution

and the growth continues as time progresses. However, for 1-methylnaphthane no

change in scattering is observed neither as a function of heptane concentration nor

as a function of time. These findings indicate that asphaltenes are not growing in

1-methylnaphthalene at 30 vol% heptane (i.e. they are thermodynamically stable)

while they grow in size in toluene. Therefore the observed discrepancies in asphal-

tene aggregation rates in these two solvents at such low precipitant concentrations

are due to the thermodynamic stability of asphaltenes in 1-methylnaphthalene.

Table 2.2: Radius of gyration for samples shown in Figure 2.3.
Sample Name Rg(nm)

Toluene 5.0±0.09
Toluene + C7 (day 1) 7.1±0.18
Toluene + C7 (day 40) 9.6±0.40
1-MN 3.7±0.09
1-MN + C7 (day 1) 3.6±0.05
1-MN + C7 (day 40) 3.6±0.07

A simple model is proposed to determine the aggregation rate of asphaltenes at

precipitant concentrations where the kinetics are slow. This model accounts for the

factors that control the aggregation rate as a function of changes in solution properties

at every heptane concentration.
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Figure 2.3:
Scattering intensity as a function of scattering vector for K1
asphaltenes: in toluene (•), 1-methylnaphthalene (◦), 30 vol% hep-
tane in: toluene day 1 (�), day 40 (N) and 30 vol% heptane in 1-
methylnaphthalene day 1(�) and day 40(4).
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2.3.1 Asphaltene Aggregation Modeling

The aggregation behavior of asphaltenes can be predicted by the widely accepted

Smoluchowski’s aggregation model [33, 34]. The key parameters in this model are the

frequency of collisions between aggregating particles and the fraction of successful

collisions that lead to aggregation. The rate of formation of each particle in the

Smoluchowski’s model is given by [33]:

dCk
dt

=
1

2

∑

i+j=k

KijCiCj − Ck
∑

i≥k

KikCi (2.2)

where Ci is the number concentration of particles of size i (# particles/m3), and

Kij is the collision kernel for aggregation (m3/s). Asphaltenes exist as nano-sized

particles in the solution and at these length scales the major transport mechanism

for their movement is the Brownian motion. For collision of approximately equal sized

particles during a diffusion-limited process, the rate constant for Brownian diffusion

can be estimated using following equation [34]:

Kij =
8kBT

3µ
= K (2.3)

where T is the temperature (K), kB is the Boltzmann constant (m2 kg/s2K) and

µ is the viscosity (Pa · s).

During the reaction-limited aggregation, only a fraction of Brownian collisions

can lead to the formation of larger particles. In order to account for unsuccessful

collisions, the rate constant will be given by:
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K =
8kBT

3µ
β (2.4)

where β is the collision efficiency:

β =
Number of successful collisions

Total number of collisions
(2.5)

Using the exponential Ansatz procedure [33] the above set of differential equations

shown in Equation (2) can be solved analytically (See Appendix A):

CK(t)

C1(0)
=

4

(αt+ 2)2

[
αt

αt+ 2

]k−1
(2.6)

where α = 8kBT
3µ

βC1(0) , and C1(0) is the initial number concentration of aggre-

gating asphaltenes.

The analytical solution provided in Equation 2.6 predicts the change in the con-

centration of each particle as a function of time. The particle size continues to increase

until a number concentration with a size around 0.5 µm is reached where they can

be detected under microscopy. Equation 2.6 can be simplified (See Appendix A) to

estimate detection times from viscosity, collision efficiency and initial concentration

of asphaltene nano-particles:

tdetection ∝
1√
C1(0)

µ

β
(2.7)
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In order to predict initial aggregation rates (detection times) of asphaltenes when

their stability changes either as a result of precipitant addition or due to pressure

depletion, it is necessary to estimate the subsequent change in viscosity or collision

efficiency. Changes in the viscosity as a function of precipitant concentration can be

easily estimated by knowing the viscosity of the crude oil and precipitant. On the

other hand, due to the complexity of asphaltenes, their chemical structure is not well

understood even after several decades of research. Therefore, predicting the changes

in collision efficiency (i.e. aggregation tendency of asphaltenes) after changing the

solvent or crude oil is not an easy task to achieve.

As discussed earlier, the aggregation tendency of asphaltenes is controlled by the

strength of interaction forces between aggregating asphaltenes. The magnitude of

repulsive forces compared to attractive forces dictates the success of attachment of

two colliding particles. In the case of larger attractive forces compared to repul-

sive forces, every collision will be successful. However, at the separation distances

where the steric layers start to overlap, the magnitude of repulsion force becomes

larger than attractions. Large repulsions generate a local maximum on the potential

energy landscape (repulsion barrier) as illustrated in Figure 2.4. Colliding asphal-

tene particles need to have enough thermal energy during collision to overcome this

repulsive barrier. Therefore not all collisions lead to an aggregation event and the

collision efficiency will be less than one. The larger the repulsive energy, the higher

the repulsive barrier will be and as a result a smaller fraction of collisions will have

adequate thermal energy to overcome the barrier. To predict the collision efficiency

between two aggregating particles, one needs to know how attractive and repulsive

forces change as a function of separation distance. Fuch’s stability ratio (W) between

colliding particles of equal size is extensively used in the colloids literature to estimate

the collision efficiency from the interparticle potential Ut [34]:
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Figure 2.4:
Schematic of interactions between two asphaltenes as a function
of their separation distance.

1

β
= W = 2r0

∞∫

2r0

exp
(

Ut

kBT

)

s2
ds (2.8)

where r0 is radius of primary particles (m), Ut is the total energy of interaction

between two primary particles (J), s is the distance between the particles center (m),

kB is Boltzman’s constant (m2kg/s2K) and T is the temperature (K).

Because of the exponential term in Equation 2.8, the major contribution to the

stability ratio is from the separation distances close to Umax, therefore the collision

efficiency defined in Equation 2.5 can be estimated using following correlation:

β = exp

(
−Umax
kBT

)
(2.9)

Asphaltenes are stable in their natural state in crude oils or model mixtures,

indicating that the magnitudes of the repulsive forces are larger than the attractive
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forces. Therefore in a pure solvent repulsive barrier is the largest. When asphaltenes

are destabilized- e.g. as a result of heptane addition- the steric layers become more

compact [26]. This compaction in turn leads to a decrease in the magnitude of

repulsive forces that are no longer as effective as in a pure solvent. In addition,

attractive forces between asphaltene particles become larger upon heptane addition.

Therefore, the repulsive barriers become smaller as more heptane is added. On the

other hand, adding more heptane to the solution results in a decrease of its solubility

parameter. Hence, the difference between the solubility parameters of asphaltenes

and the surrounding solution will become larger upon destabilization. The maximum

potential barrier in our analysis depends on the overall interaction energy between

asphaltenes. Motivated by the experimental observations that the change in the

solubility parameter difference and the change in the maximum potential barrier are

correlated when a precipitant is added, it is postulated that the repulsion barrier is

related to the difference in solubility parameter of asphaltenes and the solution as

follows:

Umax ∝ (δasph − δsolution)n (2.10)

where δasph and δsolution stand for the Hildebrand solubility parameter (Pa0.5) of

the asphaltenes and the solution respectively and and n is a constant. Equation 2.10

can be used to predict changes in the collision efficiency under different experimental

conditions. Combining Equations 2.9 and 2.10 we get at constant temperature:

−ln(β) ∝ (δasph − δsolution)n (2.11)
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Another alternative approach is considering the collision efficiency a function of

the activation energy needed for the coagulation between two colliding asphaltenes

particles (i.e. Arrhenius activation energy):

β ∝ exp

(
− Ea
RT

)
(2.12)

where Ea is the activation energy and R is the universal gas constant. Inspired

by dependency of the activity coefficients (regular solution theory or Flory-Huggins

theory) on (δasph − δsolution), one can assume that Ea is proportional to the (δasph −

δsolution):

Ea ∝ (δasph − δsolution)n (2.13)

In addition it is known from Equation 2.7 that:

ln

(
tdetection

√
C1(0)

µ

)
∝ −ln(β) (2.14)

Assuming that Equations 2.10 or 2.13 are successful in capturing changes in repul-

sive barriers or activation energy as a function of solution solubility parameter, the

experimentally measured detection times will be related to changes in the solubility

parameters at a given temperature by:
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ln

(
tdetection

√
C1(0)

µ

)
∝ (δasph − δsolution)n (2.15)

2.3.2 Model Application

Equation 2.15 can be applied to our experimental measurements of detection times

of different mixtures with different values of n. The viscosity of the solution is calcu-

lated based on the modified logarithmic average mixing rule for mixtures of heptane

in the oils [35]. The solubility parameter of each mixture is estimated using the vol-

umetric average of solubility parameters of its components. Solubility parameters of

different crude oils are estimated by measuring their refractive indices and using the

correlation proposed by Wang and Buckley [24]. The solubility parameters of toluene,

1-methylnaphthalene and heptane are 18300, 20300 and 15200 Pa0.5 respectively [36].

The viscosities and densities of toluene, 1-methylnaphthalene and heptane at room

temperature are 0.000604, 0.00346 and 0.000415 Pa · s and 868, 1020 and 679 kg/m3

respectively. Initial nano-particle concentration2 at the precipitation point for each

oil is assumed to be proportional to the total asphaltene content in each crude oil

or model oil after average dilution effects with heptane has been taken into account.

Asphaltenes are solid and complex compounds and it is experimentally difficult to

measure their solubility parameters (See section 1.2.3). A wide range of values have

been proposed for the solubility parameter of asphaltenes in the literature [37]. Conse-

quently solubility parameters of asphaltenes within the acceptable range are adjusted

to get the best fit that matches all experimental findings of 10 different systems (5

crude oils and 5 model mixtures) investigated in this work. Our analysis shows that

the quality of the fit is not sensitive to the absolute value of the asphaltenes solubil-

2C1(0) Calculated using Equation A.22
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ity parameter for different asphaltenes and the most important factor is the relative

difference between the solubility parameter of different asphaltenes. The solubility

parameters of asphaltenes reported in this chapter for each asphaltene type are ob-

tained by searching for the global minimum of error squared between predicted and

measured value of ln(tdetection
√
C1(0)/µ) in the range of asphaltenes solubility param-

eters reported in literature (18400-24500 Pa0.5 [37]). In the model mixtures, a single

value is used for the solubility parameter of each asphaltene type regardless of the

solvent under investigation.

Figure 2.5 and 2.6 show the plot of ln(tdetection
√
C1(0)/µ) vs. (δasph − δsolution)n

for different values of n (n = 1, 2 and n = −1,−2). Our findings show that

(δasph − δsolution)n and ln(tdetection
√
C1(0)/µ) are linearly correlated; suggesting that

correlation proposed for changes in the repulsive barrier or activation energy can suc-

cessfully capture changes in aggregation rates for the crude oils and model oils. All

the curves shown in Figures 2.5 and 2.6 fall onto a single master curve for each n

with a simple form that we propose to predict the change in collision efficiency as a

function of heptane concentration. Our results also show that the quality of fits are

independent of the value chosen for n. The quality of fits for model oils are not as

good as crude oils. Figure 2.7 shows the analysis only for the crude oils with n = −2.

The inaccuracy of analysis for model oils is probably due to the polydispersity of

asphaltenes and will be discussed in further detail later (See Appendix B).

Table 2.3 shows the measured values of solubility parameter for crude oils and the

estimated values for solubility parameter of asphaltenes in each crude oil and Table 2.4

shows the solubility parameters of K1 and B1 asphaltenes. The estimated values for

solubility parameter of asphaltenes are close to the upper limit of values proposed in

the literature. This is not surprising because the analysis approach presented here is

based on microscopy experiments, which detect asphaltenes aggregating immediately
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√
C1(0)/µ) vs. (δasph−δsolution)n for different values

of n: (a)n = 1 and (b)n = 2.
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√
C1(0)/µ) vs. (δasph − δsolution)n for crude oils
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after precipitant addition. These asphaltenes are probably the most unstable fraction

of asphaltenes and therefore are expected to have the largest solubility parameters

among all the asphaltenes in the crude oil. A simple estimate for the solubility

parameter of asphaltenes is proposed by Wang [37] by estimating their refractive

index in a solvent and using the correlation between the refractive index function

and solubility parameter [24]. We applied this approach for B1 asphaltenes diluted

in toluene and obtained a solubility parameter of around 24400 Pa0.5. It can be seen

from Table 2.4 that the measured value is in good agreement with the values used in

our model.

Table 2.3:
Solubility parameter of crude oils and predicted solubility parameter of
asphaltenes.

Sample Name
Solubility Parameter

Crude Oil (Pa0.5)
Solubility Parameter
Asphaltenes (Pa0.5)

Crude Oil A 18150 24031
Crude Oil B 17990 23167
Crude Oil C 18790 23501
Crude Oil D 17830 23498
Crude Oil E 17490 23588

Table 2.4: Solubility parameter of K1 and B1 asphaltenes.

Sample Name
Solubility Parameter
Asphaltenes (Pa0.5)

K1 Asphaltenes 24168
B1 Asphaltenes 24447

The correlation from each master curve can be used to evaluate the accuracy of

the model in fitting individual data points. Figure 2.8 shows the modeling results

compared to the experimental measurements of detection times and Figure 2.9 com-

pares the predicted detection times with the measured times as a function of heptane
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concentration for each experiment separately. Model fits are in excellent agreement

with experimental results for the crude oils (Figure 2.9(a)). In the case of model

mixtures the fits are in reasonable agreement with experiments. The inaccuracy in

some fits for model mixtures (e.g. K1 asphaltenes in toluene) can be explained by

polydispersity of asphaltenes as the asphaltenes dispersed in a single crude oil are not

a single entity with a single solubility parameter but a mixture of different compo-

nents with a distribution of solubility parameters. The kinetics of destabilization is

governed by the difference between the solubility parameters of asphaltenes and the

solution, with larger differences leading to faster destabilization and aggregation. At

low precipitant concentrations, the aspaltenes whose mean solubility parameter is the

furthest from the solubility parameter of the solution will thus aggregate, while the

remaining asphaltenes will either not phase separate at all, or will do that at a much

smaller rate. The solubility parameter of the fraction of asphaltenes that precipitate

first could depend on the solvent or the precipitant (Chapter IV), and in different

solvents (e.g., toluene and 1-methylnaphthalene) different fractions of asphaltenes

might get involved in the aggregation process. As a result a single solubility param-

eter might not accurately describe the behavior of aspaltenes in different solvents

(See Appendix B). The effect of polydispersity is less dominant for a narrow range

of precipitant concentrations mixed with the same solvent (i.e. crude oils mixed with

heptane in Figure 2.7).The influence of asphaltenes polydispersity on their aggrega-

tion rates is further discussed in Chapters IV and V.

One of the important parameters in the Flory-Huggins theory of polymer-solution

thermodynamics is the difference between the solubility parameters of the solute and

the solvent [38]. In this theory, the Flory-Huggins interaction parameter (χ) is used

to account for the intermolecular forces between the polymers and the solvent and

to describe the effect of solvent quality on the polymer solubility. The interaction
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parameter (χ) depends on the square of difference in the solubility parameters of the

polymers and the solution. Some researchers have applied this theory to predict the

phase behavior of aspaltenes [22–24]. Due to the appearance of power two in Flory-

Huggins theory and due to insensitivity of our analyses to the power chosen, for the

rest of this thesis all the analyses are done using n = −2. Power of -2 means that

the maximum potential barrier is inversely proportional to the difference in solubility

parameters squared, which physically is in agreement with the reduction of Umax as

(δasph − δsolution)2 increases. This model cannot explain the behavior of asphaltenes

at δasph = δsolution and is only valid when the asphaltenes are destabilized and their

solubility parameter is different from the solubility parameter of solution.

Despite differences in aggregation behaviors of asphaltenes in different model oils

or crude oils, the proposed model captures and predicts the aggregation behavior of

asphaltenes and was tested for aggregation rates of ten different samples at room

temperature. The solubility parameter of asphaltenes can be estimated by a single

detection time measurement at a fixed precipitant concentration using the correlation

between ln(tdetection
√
C1(0)/µ) and (δasph − δsolution)2 from the master curve shown

in Figure 2.10 (2.6 (b)). This new method is expected to be valid for asphaltene

precipitation under other operational conditions. For example Maqbool et al. [39]

investigated precipitation kinetics for different temperatures and showed that the dis-

crepancies in the aggregation rates at 20◦C and 50◦C can be explained by accounting

for the change in viscosity. This observation is not surprising because the difference

in the solubility parameter of mixture and asphaltenes does not significantly change

with temperature [37]. Therefore the major contribution to the change in aggregation

rate is from the changes in viscosity as temperature increases from 20◦C to 50◦C. The

proposed approach can be also used to estimate the degree of asphaltenes instability

and their tendency for aggregation and deposition during the pressure depletion.
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2.4 Conclusions

This study provides new avenues for predicting destabilization and aggregation

rates of asphaltenes. Kinetic experiments highlight the importance of crude oil or

solvent properties on precipitation of asphaltenes. Such predictive models will be

extremely useful in foreseeing the precipitation kinetics. Changing the crude oils

or the model mixture changes the collision frequency and the efficiency of collisions

between aggregating particles. Smoluchowski’s aggregation model has been used to

account for any change in collision frequency by accounting for properties such as

mixture viscosity. A new model has also been proposed to account for the changes

in interaction forces of asphaltene particles during aggregation process. The model

correlates the change in collision efficiency to the change in the difference between

the asphaltenes and the mixture’s solubility parameters. Despite the differences in

properties of crude oil and model mixtures the proposed approach is shown to be

effective in modeling the detection times measured from microscopy experiments for

ten different systems. The results show that all the differences for different types of

asphaltenes and crude oils can be explained reasonably well by this new model and

their aggregation rates collapse onto a single master curve.
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CHAPTER III

The Effect of Asphaltene Concentration on the

Aggregation and Precipitation Tendency of

Asphaltenes1

3.1 Introduction

Asphaltenes have strong tendency for self-association and the vast majority of re-

searchers view them as colloidal nano-sized particles immersed in the crude oil [2–11].

The aggregation tendency of asphaltene molecules in a pure solvent has been shown

to be a strong function of their concentration [12, 13]. At low concentrations (e.g.,

less than 50 mg/L) in a solvent such as toluene, asphaltenes are believed to exist

either as molecularly dispersed entities or as oligomers of asphaltene molecules [13].

The aggregation propensity, increases with an increase in the asphaltene concentra-

tion. At concentrations close to the critical nano-aggregate concentration (CNAC ∼

50 mg/L), asphaltenes form structures with larger aggregation numbers called nano-

aggregates [13–15]. It is also postulated that as asphaltene concentrations exceed

the CNAC, further clustering of the existing nano-aggregates can also occur. Sud-

1This chapter is partly based on the following manuscript: Nasim Haji-Akbari, Phitsanu Teer-
aphapkul and H. Scott Fogler EnergyFuels(2014) [1].
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den changes in the properties of the solution such as surface tension [16] or heat of

dissociation [17, 18] resulting from a change in asphaltene concentration have been

attributed to asphaltene clustering.

Upon destabilization mediated by changes in solution thermodynamics (e.g. pre-

cipitant addition), destabilized asphaltene nano-particles (i.e., nano-aggregates and

clusters) have a strong tendency to further aggregate and form micron-size particles

and eventually to phase separate. The aggregation rate of destabilized nano-particles

is controlled by their collision frequency and the efficiency of those collisions, which is

determined by the strength of the interactions between aggregating asphaltenes [19–

21]. The strength of the interaction forces depends on the degree of attraction and

repulsion experienced by the asphaltenes in the solution. Attractive forces have been

attributed to several types of interactions such as van der Waals forces [22–24] (i.e.,

London dispersion, polar interactions and hydrogen bonding), acidic/basic interac-

tions [25] and metal coordination complexes [25]. Repulsion forces, on the other hand,

are generally believed to be of a steric origin [26, 27] caused by alky side chains sur-

rounding the aromatic cores of asphaltene molecules [13]. In a strong solvent, the

repulsive forces overcome the attractive forces and asphaltenes remain in solution as

stable nano-particles. By adding a precipitant, the effectiveness of repulsion forces

decreases due to the collapse of steric layers [26] and asphaltenes start aggregating

and growing into micron-sized particles.

As discussed earlier, asphaltene particles can undergo structural changes when

their concentration increases in a solvent [13]. Such structural transformations can

alter the relative strength of attractive and repulsive forces, which can in turn af-

fect their rate of aggregation after destabilization. For instance, Yudin et al. [28, 29]

measured the aggregation rates for different concentrations of asphaltene dissolved in

toluene and then destabilized by heptane. Dynamic light scattering (DLS) was used
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to monitor the changes in size as a function of time at heptane concentrations close

to the instantaneous onset point (i.e. the amount of precipitant needed for immediate

detection of asphaltenes instability). It was shown that for asphaltene concentrations

less than 5 g/L (0.57 wt%) in toluene, the precipitation process proceeds through

a diffusion-limited aggregation (DLA). At concentrations above 5 g/L however, as-

phaltenes experience a reaction-limited aggregation (RLA). The authors attributed

this change in the aggregation mechanism from DLA to RLA to the changes in the

structure of asphaltene nano-particles from elementary nano-aggregates to associated

nano-aggregates (clustering) [29]. Kyeongeok et al. [30] refer to the clustering con-

centration as the critical aggregation concentration (CAC) and measured the change

in surface tension as a function of asphaltene concentration for asphaltenes dispersed

in different solvents. The asphaltene-solvent mixtures used in their experiments were

also titrated with heptane to obtain the instantaneous onset concentration using near-

infrared (NIR) spectroscopy. For both sets of experiments (surface tension and NIR),

a break point in the measured property as a function of asphaltene concentration was

observed and was defined as CAC [30].

The aforementioned studies highlight the importance of asphaltene concentration

on the structure of the aggregates and therefore their aggregation tendencies. How-

ever, the majority of the studies dedicated to this subject used only pure solvents

or used precipitant concentrations around the instantaneous onset point. At such

high precipitant concentrations, asphaltenes experience strong attractive forces and

grow to micron sizes and phase separate immediately after destabilization. How-

ever, weak attractions between aggregating particles can result in slow aggregation

process [19, 21]. The aggregation behavior of asphaltene at low precipitant concen-

trations could have different characteristics compared to that at higher precipitant

concentrations.
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In the previous chapter, it was demonstrated that crude oil plays an important

role in controlling the kinetics of precipitation at low precipitant concentrations [21].

Aggregation kinetics also depend on the rate of collision between asphaltene par-

ticles [20, 21] and therefore the asphaltene concentration is also expected to have

an influence on the kinetics of precipitation. As a result further studies are neces-

sary to investigate the effect of asphaltene concentration on their aggregation rate

for conditions where the precipitation kinetics are significant. In addition, all previ-

ous studies [28–31] cover a very limited range of low asphaltene concentrations (less

than 1.5 wt% asphaltenes in solvent) and as such do not accurately represent the

asphaltene content of conventional or heavy crude oils. The few studies that have

investigated the effect of higher asphaltene concentrations in pure toluene, found that

the diffusivities of asphaltenes are no longer constant but instead a strong function of

asphaltene concentration [32–35]. This effect on diffusion could influence asphaltenes’

aggregation rates after destabilization. In this chapter, we focus on investigating the

effect of asphaltene concentration for a wide range of asphaltene and precipitant con-

centrations and also for three different types of asphaltenes. Due to the compositional

complexity of crude oils, model mixtures were used to vary asphaltene content. A

counterintuitive reduction in aggregation rate is observed for an increase in asphal-

tene concentration. Hypotheses to explain this reduction are then utilized to predict

the aggregation rate of asphaltenes as a function of their concentration using Smolu-

chowski’s aggregation model.
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3.2 Experimental Section

3.2.1 Materials

Asphaltenes were extracted from three different crude oils (K1, B1 and A1) to

be used for model mixture preparation. High performance liquid chromatography

(HPLC)-grade toluene and heptane from Fisher were used as the solvent and the

precipitant respectively. All crude oils were mixed with heptane in 1:25 volume ratio

and were kept well mixed for 24 hours. The solutions were then centrifuged with

a Sorvall Legend X1R at 3500 rpm for 1 hour to separate precipitated asphaltenes.

The asphaltenes were Soxhlet-washed with heptane for 24 hours to wash any non-

asphaltenic material trapped in the cake. The asphaltenes were then dried in the oven

at 75◦C (K1 asphaltenes were dried in a vacuum oven and A1 and B1 asphaltenes were

dried in presence of air). Table 3.1 shows the elemental analysis for these asphaltenes.

Table 3.1: Elemental analysis of A1, B1 and K1 asphaltenes.
wt% ppm

Sample Name C H N O S H/C Ni V

A1 81.5 7.79 1.05 2.21 7.2 1.15 152 479
B1 77.32 7.54 0.93 2.41 8.99 1.17 197 574
K1 84.25 6.36 1.29 1.91 4.5 0.91 185 571

To prepare model mixtures, different concentrations of dried asphaltenes were

dissolved in toluene and sonicated (See Appendix D for the effect of sonication) until

the proper dissolution was achieved. In each case, optical microscopy was used to

confirm that the dissolution is complete and any insoluble particles were centrifuged

before conducting the experiments. The weight percent (wt%) of asphaltenes reported

in this chapter refer to their concentration in toluene before heptane addition.
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3.2.2 Methods

Microscopy experiments: A known volume of model oil (asphaltene in toluene)

was placed in a 4mL vial. The asphaltene-toluene solutions were then destabilized

by adding heptane at concentrations below the instantaneous onset point. Heptane

was added slowly to the mixture using a syringe pump at 20 mL/h flow rate. All

solutions were kept well mixed using magnetic stirrers during precipitant addition to

minimize localized regions of high precipitant concentrations. All samples were pre-

pared on a mass basis and final volume fractions of heptane were calculated using the

corresponding densities. After sample preparation, a droplet of well-stirred sample

was placed under the microscope at different times to detect asphaltene particles. An

optical microscope from Nikon (model: Eclipse E600) with 40x objective lens and 10x

eyepiece was used for detecting asphaltene particles and a CCD camera from Sony

(AVC-D7) and a Nikon camera (DS-Fi2) were used for shooting images off the mi-

croscope. The smallest particles detectable under the microscope are approximately

0.5 µm in diameter. The earliest time at which the particles were observed under the

microscope is defined as the detection time. Sampling frequency varied depending

on the expected detection time and was done less frequently for samples with longer

detection times to minimize evaporation. The values reported for the detection time

are the average of two limits: lower limit with no precipitation and upper bond with

unequivocal precipitation. Error bars correspond to the standard deviations of these

two averages.

Centrifugation experiments:To quantify the amount of precipitated asphaltenes,

10 mL of the asphaltene-toluene-heptane mixtures were prepared at desired asphal-

tene and heptane concentrations (See sample preparation for microscopy experi-

ments). Centrifugation experiments were performed at heptane concentrations close
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to or above the instantaneous onset point. Two samples of 1.5 mL were withdrawn

from each sample after one month and were centrifuged using an Eppendorf 5418

centrifuge at 14000 rpm for ten minutes. To ensure that these samples have reached

the thermodynamic equilibrium, the samples were also centrifuged two months after

destabilization with heptane. The asphaltene cake was separated from supernatant

after centrifugation, dried in the oven at 75◦C and weighed. In addition, the as-

phaltene content of the supernatant was also measured by evaporating toluene and

heptane in the oven. To have a more accurate estimate of the mass precipitated, val-

ues reported in this work are the averages of values obtained from the mass balance

between the mass of collected cake and the mass of the asphaltenes that remains in

the supernatant.

3.3 Results

3.3.1 Microscopy Experiments

Microscopy results presented below identify two distinct regions for the effect of

asphaltene concentration on their aggregation rate: 1) concentrations below 1wt%

and 2) concentrations above 1 wt%.

Figure 3.1 shows detection time measurements for K1 asphaltenes in toluene at

concentrations equal to or below 1wt% (0.1, 0.5 and 1 wt%), after being destabilized

with heptane. It is experimentally difficult to obtain accurate estimates of detec-

tion times for 0.1 wt% samples because those samples have low asphaltene content,

resulting in relatively large error bars. Figure 3.1 demonstrates that for identical

heptane concentrations, the aggregation rate of asphaltenes increases with increasing

asphaltene concentration (aggregation rate 1 wt%>0.5 wt% >0.1 wt%).

The aggregation rate of asphaltenes is controlled by the frequency of the colli-

61



0.1 

1 

10 

100 

1000 

36 38 40 42 44 46 48 50 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Heptane Vol% in Toluene 

0.1 wt% K1 in Toluene 
0.5 wt% K1 in Toluene 
1 wt% K1 in Toluene 

1 wt% !

0.5 wt% !

0.1 wt% !

K1 Asphaltenes!

Figure 3.1:
Detection time as a function of heptane concentration for solu-
tions with three different concentrations of K1 asphaltenes in
toluene (0.11 wt%, 0.52 wt% and 1 wt%).

sions between sub-micron sized particles and their coagulation efficiency (i.e. collision

efficiency). The frequency of collisions depends on the diffusivity and the number

density of the aggregating asphaltenes. Therefore, the number of collisions is ex-

pected to increase as a result of increased asphaltene concentration. The coagulation

efficiency however is controlled by the type and strength of interparticle forces be-

tween aggregating asphaltenes and can be assumed to be independent of asphaltene

concentration at identical heptane/toluene ratios. As a result, the aggregation rate

of asphaltenes is expected to increase when their concentration increases. For as-

phaltene concentrations below 1 wt%, the expected increase in the aggregation rate

of asphaltenes at identical heptane concentrations is confirmed experimentally (Fig-

ure 3.1). Kyeongseok et al. [30] also observed a reduction in the instantaneous onset

point as a result of increase in asphaltene concentration up to 1.6 wt% asphaltenes in
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toluene, which was the highest asphaltene concentration investigated in their work.

Their results are in agreement with our microscopy results for asphaltene concentra-

tions below 1 wt%.

Figure 3.2 shows detection time measurements for K1 asphaltenes in toluene at

concentrations above 1 wt%. The time required for detecting asphaltenes instability

increases as their concentration increases. In other words, the aggregation rates are

slower at higher asphaltene concentrations (aggregation rate 1wt% >3wt% >5wt%

>8wt%). This trend is contrary to the expected increase in aggregation rates with

increasing asphaltene concentrations discussed in the previous paragraph. An expla-

nation for this behavior can be the contribution of stable asphaltenes to the solution

properties and will be discussed in further detail later. In addition, a clear change in

slopes and offsets of the detection lines is observed. These findings demonstrate that

solutions with higher asphaltene contents are more sensitive to changes in heptane

concentration (i.e. higher slope). Moreover, the differences between aggregation rates

become less noticeable as precipitant concentration approaches the instantaneous on-

set point.

Similar trends are also observed for B1 and A1 asphaltenes dispersed in toluene at

asphaltene concentrations above 1 wt% as shown in Figures 3.3 and 3.4. For A1 as-

phaltenes, the differences between 3 wt% and 8 wt% are much smaller when compared

to B1 and K1 asphaltenes. It was generally more difficult to obtain the detection time

in the 8 wt% samples compared to the samples with lower asphaltene concentrations.

Indeed, the transition from a clear microscopic background to distinguishable precip-

itated particles occurs in short time spans at low concentrations. However, for the 8

wt% samples the transition occurs more slowly which makes defining detection time

somewhat more difficult. This behavior was particularly problematic for asphaltenes

extracted from A1 crude oil.
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Figure 3.3:
Detection time as a function of heptane concentration for so-
lutions with four different concentrations of B1 asphaltenes in
toluene (1, 3, 5 and 8 wt%).
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Figure 3.4:
Detection time as a function of heptane concentration for solu-
tions with three different concentrations of A1 asphaltenes in
toluene (1, 3 and 8 wt%).

3.3.2 Centrifugation Experiments

The mass of asphaltenes precipitated per mass of toluene was quantified using

centrifugation experiments for samples of 3 wt% and 8 wt% B1 and A1 asphaltenes

dispersed in toluene and then destabilized by heptane at different heptane concentra-

tions. The mass precipitated was measured one and two months after destabilization.

Figure 3.5 shows the amount precipitated two months after destabilization for B1 and

A1 asphaltenes. No difference was observed for the mass precipitated between the

first and the second month for A1 asphaltenes within the experimental uncertainty

suggesting that the samples had reached thermodynamic equilibrium by the end of

the first month. For B1 asphaltenes however, there was a slight increase in the mass

precipitated after two months due to aggregation kinetics.

As expected, the amount precipitated increases with increasing heptane concen-
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Figure 3.5:
Amount of asphaltenes precipitated per mass of toluene for 3
and 8 wt% asphaltenes as a function of heptane concentration,
two months after heptane addition: (a) B1 asphaltenes and (b) A1
asphaltenes (actual asphaltene concentrations for 3 and 8 wt% of A1
samples were 2.7 and 7.9 wt% respectively).

tration for all the samples. In addition, at identical heptane concentrations, more

asphaltenes precipitate in 8 wt% samples than in 3 wt% samples. Larger quanti-

ties of unstable particles are typically associated with faster aggregation rates and

are consequently expected to decrease the time needed for detecting any instability.

However this expected decrease is not the case for asphaltene concentrations greater

than 1 wt%.

3.4 Discussion

The apparent inconsistency between the precipitation rates measured from mi-

croscopy experiments and the total amount of asphaltenes participating in the aggre-

gation process for concentrations above 1 wt%, indicates that a competing effect is in

play. This effect can arise from a change in the thermodynamic driving force (despite
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identical heptane/toluene ratios) or from kinetic limitations (e.g., due to reduction in

diffusivities or an increase in viscosities). At asphaltene concentrations below 1 wt%,

this competing effect is either nonexistent or is insignificant.

We believe that the competing effect acting against the increase in number of

unstable asphaltenes, is related to the stabilizing role of stable asphaltenes. For mod-

erate heptane concentrations (e.g. 40 vol% heptane in toluene), not all asphaltenes

precipitate and a fraction of them remain as nano-sized particles in the solution

(i.e. stable/soluble asphaltenes). Because asphaltenes are aromatic compounds, they

are structurally more similar to aromatic solvents such as toluene than aliphatic pre-

cipitants such as n-heptane. Stable asphaltenes can therefore be considered to act

as a solvent that increases the overall solvency power of the solution for unstable

ones. Spiecker et al. [38] have investigated the role of more stable asphaltenes on the

behavior of unstable asphaltenes and have shown that the abundance of the soluble

fraction of asphaltenes increases the stability of the insoluble fraction. Their results

are in agreement with our hypothesis for the increase in the solvency power of the

solution and the self-stabilizing effect of asphaltenes. However, the actual mechanism

through which insoluble asphaltenes are stabilized by soluble ones is unknown at this

time.

The amounts of soluble and insoluble asphaltenes depend on the composition of

the solution (e.g. heptane/toluene ratio). As the heptane concentration increases, the

fraction of asphaltenes characterized as soluble decreases and at high heptane concen-

trations eventually all the asphaltenes become insoluble and precipitate. Therefore,

the effect of stable asphaltenes on modifying the solvency power of the solution is ex-

pected to diminish with increasing heptane concentration. As seen in Figures 3.2-3.4,

at high precipitant concentrations (close to instantaneous onset point), the differences

in detection times are small and for some samples are not distinguishable between
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the 1wt% and the 3 wt%. However, as the precipitant concentration decreases, the

differences between the detection times increase and detection lines from microscopy

experiments diverge.

A change in the solution’s solvency power in the presence of stable asphaltenes

could be attributed to the change in the solubility parameter of the solution. The sol-

ubility parameter is a measure of the extent of the interactions between asphaltenes

and accounts for the intermolecular forces. Large differences between the solubility

parameters of asphaltenes and the solution provides the driving force required for the

aggregation and the phase separation. It has been previously shown that the phase

behavior of asphaltenes strongly depends on the solubility parameter of the solution

surrounding them [39]. In addition it has been shown in Chapter II that the aggrega-

tion tendencies and the effectiveness of collisions between aggregating asphaltenes is

controlled by the differences between the solubility parameters of the asphaltenes and

the solution [21]. Increasing the total asphaltene concentration increases the quantity

of both the stable and the unstable asphaltenes. Therefore, for the identical hep-

tane/toluene ratios, the solubility parameter of the solution for samples with higher

asphaltene concentrations is expected to be larger than samples with lower asphal-

tene contents. Thus, the effectiveness of collisions between aggregating asphaltenes

is expected to decrease as their concentration increases.

In summary on this point, upon an increase in asphaltene content of the solution,

the collision frequency and coagulation efficiency change in two opposite directions.

The existence of these two competing effects complicates the efforts to obtain a thor-

ough understanding of how a change in asphaltene concentration affects the kinetics

of the aggregation process. Our results suggest that for asphaltene concentrations

above 1 wt%, the quantity of stable asphaltenes is large enough to significantly alter

the solvency power and the solubility parameter of the solution and therefore offset
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the competing increase in the collision frequency. However, for asphaltene concentra-

tions below 1 wt% (i.e., 0.1 and 0.5 wt% K1 asphaltenes) any change in the solubility

parameter is at best negligible due to small quantity of soluble asphaltenes. There-

fore, the increase in the number of aggregating particles overcomes the reduction

in the coagulation efficiency and the aggregation rate increases upon an increase in

asphaltene concentration.

Clustering concentrations (i.e. CAC values) reported for asphaltenes-toluene mix-

tures in the literature are in the range of 3–22.9 g/L (0.34–2.6 wt%) [16, 17, 30] and 1

wt% in our experiments falls within this range. However, we believe that the concept

of critical aggregation concentration (CAC) does not explain our experimental obser-

vations. Because referring to CAC as critical concentration implies that the structure

of asphaltenes would not change upon further increase in their concentration. In such

circumstances (i.e. beyond CAC), the degree of interactions between asphaltenes at

identical heptane concentrations is expected to be identical regardless of asphaltene

concentration. Therefore, the aggregation rate is expected to increase by increasing

asphaltene concentration due to an increase in number density. However, our exper-

imental trends above 1 wt% are opposite to this expected trend and suggest that

coagulation efficiency (and possibly structure of asphaltenes) gradually varies from 1

wt% to 8 wt%. In addition, experimentally CAC is defined as a break point in the

measured property (e.g., surface tension [16, 30], heat of dissociation [17] or instanta-

neous onset point [30]) as a function of asphaltene concentration. The experimental

trend for the measured property is preserved above and below CAC and the only

change is a change in the slopes (i.e. break point at CAC) [17, 30]. However, in our

investigation, opposite trends are observed below and above 1 wt% and it is therefore

difficult to directly link/compare it to the CAC values reported in the literature.

Previous studies [28, 30, 31, 40] of the effect of asphaltene concerntration on their
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aggregation and precipitation tendency have focused on asphaltene concentrations

around or below 1 wt% and precipitant concentrations at or above instantaneous on-

set point. At such low asphaltene concentrations and high precipitant concentrations,

the effect of soluble asphaltenes in modifying the solution composition is negligible,

and the competing effects discussed earlier act in favor of faster aggregation rate.

Therefore, solely focusing on high precipitant concentrations (at or above instanta-

neous onset) or low asphaltene concentrations (∼1 wt%) is not appropriate to draw

general conclusions about the aggregation behavior of asphaltenes as a function of

their concentration. For example, Yudin et al. [28, 29] investigated the effect of as-

phaltene concentration in concentrations ranging from 1–10 g/L (0.11–1.14 wt% in

toluene). They reported a change in the aggregation mechanism from DLA to RLA

at 5 g/L (0.57 wt% in toluene). Most of our experiments (except 0.1 and 0.5 wt%)

are above 5 g/L . However, Yudin et al. [28, 29] have only studied asphaltene con-

centrations up to 10 g/L (1.14 wt%) and did not detect any changes in coagulation

efficiencies in the RLA regime. We have shown that the coagulation efficiency de-

creases by increasing asphaltene concentration and it will be shown that this change

can be explained by accounting for the change in the solubility parameter of the so-

lution. In the next section, the aggregation model developed in our earlier study [21]

is adapted to the current findings and is used to accurately predict the aggregation

rate of asphaltenes in solutions with different asphaltene concentrations.

In addition to the change in the solvency power of the solution, the diffusion coef-

ficient of unstable asphaltenes and therefore their collision frequency also depends on

the total concentration of asphaltenes. It has been shown that the average motion of

each particle in the concentrated samples depends on the direct interactions between

particles and their concentration. For example DOSY-NMR experiments performed

over a wide range of asphaltene concentrations showed that the self-diffusivity of
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asphaltenes in a solvent (e.g. toluene) decreased with increasing asphaltene concen-

tration [32–35]. The reduction in the diffusion coefficient is believed to be negligible

for our samples due to relatively low initial asphaltene concentrations in toluene and

also further dilution of the samples with heptane.

3.4.1 Asphaltene Aggregation Modeling

A unified aggregation model was developed in Chapter II using Smoluchowski’s

aggregation equation. In this model the experimentally measured detection time is

related to the solution properties with the following relationship [21]:

ln

(
tdetection

√
C1(0)

µ

)
∝ 1

(δasph − δsolution)2
(3.1)

where δasph and δsolution are the solubility parameters (Pa0.5) of the asphaltenes

and the solution respectively and µ is the local viscosity (Pa · s) experienced by as-

phaltene particles. C1(0) (# particles/m3) represents the number concentration of

aggregating asphaltenes (i.e. unstable asphaltenes). By increasing the heptane con-

centration, the number of the unstable asphaltenes increases. However due to dilution

effect resulting from heptane addition, the change in number concentration of the un-

stable asphaltenes (i.e. C1(0)) could be insignificant. Therefore, in Chapter II, C1(0)

was assumed to be a constant and independent of heptane concentration and was

calculated using the total asphaltene content of each crude oil after accounting for

average dilution with heptane. However in this chapter, C1(0) is calculated using

experimental centrifugation results for B1 and A1 asphaltenes. The amount of as-

phaltenes precipitated per total mass of asphaltenes can be easily calculated from the

centrifugation results shown in Figure 3.5. These calculated values are shown in Fig-

71



ure 3.6. The fraction precipitated appears to be independent of asphaltene content

and linearly depends on the heptane concentration. Consequently, Figure 3.6 can

be used to calculate the fraction precipitated at different asphaltene and precipitant

concentrations. The heptane concentrations used for the centrifugation experiments

were all close to or greater than the instantaneous onset point. Smaller heptane con-

centrations were not investigated due to the long times required for equilibration (in

the order of months) and also because of the small mass of precipitated asphaltenes

that would have increased experimental uncertainty. To obtain the fraction precip-

itated at smaller heptane concentrations, the results from larger concentrations can

be extrapolated. Two extremes for extrapolation exist, E1 and E2: E1) represents

the lower limit and is the extrapolation of the linear correlation from high heptane

concentrations to the point where asphaltenes would be completely soluble and E2)

represents the extrapolation of the last experimental data point to pure toluene (i.e. 0

vol% heptane). Extrapolations E1 and E2 likely represent the lower and upper limits

for the fraction precipitated, and the actual values are expected to fall between these

two extremes.

The plot of ln(tdetection
√
C1(0)/µ) vs. 1/(δasph−δsolution)2 has previously shown to

follow a linear master curve for ten different crude oils and model oils [21]. In order to

apply and compare the aggregation model for the samples with different asphaltene

concentrations, C1(0) and δasph need to be determined. By obtaining the fraction of

B1 and A1 asphaltenes precipitated at different heptane concentrations (Figure 3.6),

C1(0) can be calculated for each experimental run (See Equation A.22). The solubility

parameter of asphaltenes can be easily obtained by fitting the experimental measure-

ments of detection time to the master curve [21]. The solubility parameter of each

asphaltene type in this study was calculated using detection time measurements of

the samples with lowest asphaltene concentrations (i.e. 1 wt% asphaltenes in toluene
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Figure 3.6:
Fraction of asphaltenes precipitated two months after destabi-
lization as a function of heptane concentration, 3 and 8 wt%
asphaltenes in toluene: (a) B1 asphaltenes and (b) A1 asphaltenes
(actual asphaltene concentrations for 3 and 8 wt% of A1 samples were
2.7 and 7.9 wt% respectively).
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Table 1: Radius of gyration from scattering results of B1 asphaltenes shown in
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3 wt% in Toluene 8 wt% in Toluene
Toluene 5.0±0.09 1 2

1

Figure 3.7:
Plot of ln(tdetection

√
C1(0)/µ) vs. 1/(δasph − δsolution)2 for 1 wt% of

B1 and A1 asphaltenes in toluene using extrapolations E1 and
E2 with respect to master curve.

for B1 and A1). The effect of soluble asphaltenes in modifying the solution’s solubility

parameter is expected to be negligible for 1 wt% samples and therefore δsolution could

be calculated from the volumetric average of the solubility parameters of toluene and

heptane. As discussed earlier, at high asphaltene concentrations due to increase in

amount of soluble asphaltenes, δsolution could be higher than δC7−Toluene.

As shown in Figure 3.7 the values of 24.490 and 24.115 MPa0.5 are reasonable es-

timates for the solubility parameters of B1 and A1 asphaltenes respectively. The E1

extrapolation underestimates the fraction precipitated at low precipitant concentra-

tions (corresponding to large 1/(δasph − δsolution)2 values), and the predictions based

on E2 provide a slightly better match with master curve. However, the analyses re-

veal that the predictions of the model are only slightly sensitive to the extrapolation

method used for estimating the fraction precipitated. The solubility parameter values
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obtained from Figure 3.7 were used to predict the aggregation rate of asphaltenes at

other asphaltene and precipitant concentrations.

Figures 3.8(a) and 3.9(a) show experimentally measured ln(tdetection
√
C1(0)/µ)

vs. 1/(δasph − δsolution)2 for different concentrations of B1 and A1 asphaltenes using

extrapolations E1 and E2, where δsolution is the volumetric average of the solubility

parameters of toluene and heptane (δC7−Toluene). It is clear that without account-

ing for the effect of soluble asphaltenes in the solution’s solubility parameter, the

aggregation rates for high asphaltene concentrations significantly deviate from the

master curve. However after taking the effect of soluble asphaltenes into account

(i.e. δC7−Toluene−asph), the trend follows the master curve as shown in Figures 3.8(b)

and 3.9(b). The solubility parameter of the solution in Figures 3.8(b) and 3.9(b)

was calculated using the volumetric average of the solubility parameters of heptane,

toluene and soluble asphaltenes.

δC7−Toluene−asph = φC7δC7 + φTolueneδToluene + φsolubleasphaltenesδasphaltenes (3.2)

The solubility parameters of soluble and insoluble asphaltenes are assumed to be

equal and are obtained from Figure 3.7 as discussed earlier.

It should now be clear that the aggregation rate of asphaltenes strongly depends

on the asphaltene content of the solution. The proposed aggregation model accounts

for both the changes in the collision frequency and the changes in the coagulation

efficiency as a result of an increase in asphaltene concentration. The model pro-

vides reasonable predictions for the aggregation rate of B1 and A1 asphaltenes at

different asphaltene concentrations. Figures 3.8(b) and 3.9(b) demonstrate that the

competing effects of the increase in the number of aggregating asphaltenes and the
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Figure 3.8:
Plot of ln(tdetection

√
C1(0)/µ) vs. 1/(δasph − δsolution)2 for1, 3, 5 and

8 wt% B1 asphaltenes in toluene with respect to master curve
using extrapolations E1 and E2: (a) Before accounting for the contri-
bution of soluble asphaltenes and (b) After accounting for the contribution
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Figure 3.9:
Plot of ln(tdetection

√
C1(0)/µ) vs. 1/(δasph − δsolution)2 for1, 3 and 8

wt% A1 asphaltenes in toluene with respect to master curve us-
ing extrapolations E1 and E2: (a) Before accounting for the contribu-
tion of soluble asphaltenes and (b) After accounting for the contribution
of soluble asphaltenes.
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Figure 3.10:
Fraction of B1 and A1 asphaltenes precipitated as a function
of 1/(δasph − δsolution)2.

change in the solvency power can be successfully predicted with this model. It is

also clear from these analyses that the change in δsolution has a much greater impact

on the aggregation rate than the change in C1(0). This behavior is not surprising

because asphaltenes aggregate through a reaction-limited aggregation process for the

range of asphaltene concentrations investigated for B1 and A1 samples [40]. For a

reaction-limited process, any change in coagulation efficiency is expected to have a

greater impact on the aggregation rate than a change in collision frequency. There-

fore, slight changes in the solubility parameter of solution could significantly influence

the aggregation rates and offset the effect of the change in the number concentration.

For K1 samples, the analyses were not as straight forward as those for B1 and

A1 samples owing to the lack of centrifugation data needed for estimating C1(0).
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Figure 3.10 shows the plot of the fraction of B1 and A1 asphaltenes precipitated as

a function of 1/(δasph − δC7−Toluene)
2. The fraction precipitated shown in Figure 3.10

follows a single linear curve. Therefore, it can be used for estimating the fraction

precipitated for K1 samples. In order to use Figure 3.10, solubility parameter of

K1 asphaltenes should be known. However, to obtain the solubility parameter of

asphaltenes from master curve, the fraction of precipitated asphaltenes needs to be

known. A trial and error approach was therefore applied with an initial guess for

solubility parameter of K1 asphaltenes. The initial guess was first used to calculate

the fraction precipitated from Figure 3.10. Two extremes for extrapolation of the

fraction precipitated are available in Figure 3.10. E1 is the extrapolation of fraction

precipitated from B1 and A1 samples to lower precipitant concentrations (i.e. high

1/(δasph− δC7−Toluene)
2 values) and more likely represents the lower limit. The upper

limit was generated by connecting the last data point to the value of 1/(δasph −

δC7−Toluene)
2 corresponding to pure toluene (no precipitant) with fraction precipitated

being equal to zero (E2). The fraction precipitated from both extrapolations was then

used to obtain a new guess for solubility parameter of asphaltenes using detection time

measurements for 0.5 and 1 wt% K1 asphaltenes in toluene. The modifying effect

of soluble asphaltenes for 0.1, 0.5 and 1 wt% samples is expected to be minimal.

However, due to large experimental uncertainty for 0.1 wt% asphaltenes, only the

results for 0.5 and 1 wt% were utilized. The new solubility parameter was then used

to correct the fraction precipitated from Figure 3.10. This procedure was repeated

until the solubility parameter converged to a single value. The solubility parameter

value of 24.225 MPa0.5 provided reasonable matches with master curve for 0.5 and 1

wt% microscopy results.

Figure 3.11 shows the model predictions for the aggregation rate of K1 asphaltenes

at different concentrations before and after taking the effect of soluble asphaltenes
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into account. Similar to B1 and A1 asphaltenes, the large deviations observed in

Figure 3.11(a) disappear in Figure 3.11(b).

For K1 samples, a few experimental measurements deviate from the master curve

(Figure 3.11(b)). This deviation could be due to inaccuracies in the estimates of the

fraction of K1 asphaltenes precipitated obtained from Figure 3.10. Any inaccuracy in

estimating the fraction of precipitated asphaltenes can influence the values of C1(0)

and δsolution used in our aggregation model. Another source of inaccuracy could

be due to the assumption that the fraction of asphaltenes precipitated at identical

heptane/toluene ratio is independent of asphaltene content. Nevertheless, as can be

seen from Figure 3.6, at low precipitant concentrations (i.e., 38 and 40 vol% heptane

in toluene) for B1 asphaltenes, the fraction precipitated for the 8 wt% samples is

smaller than the fraction precipitated for the 3 wt% samples. For A1 asphaltenes

precipitated at 50 vol% heptane in toluene (Figure 3.6), the fraction precipitated

for the 8 wt% is also smaller than the 3 wt%. Therefore, the centrifugation results

presented in this chapter suggest that despite the fact that the samples have identical

heptane concentration, the fraction of asphaltenes precipitated for solutions with

different asphaltene concentrations (wt%) might not be identical. However, due to

large experimental uncertainties, this conclusion cannot be generalized. A possible

explanation for this behavior is the weaker thermodynamic driving force (i.e. larger

value of δsolution) in the 8 wt% samples compared to the 3 wt% samples.

In addition to possible errors in estimating the fraction of soluble and insoluble

asphaltenes, neglecting the reduction in diffusion coefficient due to increase in asphal-

tene concentration can be another source of error. Larger reductions in diffusivity are

expected in solutions with higher asphaltene contents because of an increased num-

ber density. However, as discussed earlier, we believe that the reduction in diffusion

coefficient is insignificant for our samples.

80



(a) Neglecting the Soluble Asphaltenes, K1!

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!

M
o
d
e
lP

r
e
d
ic

ti
o
n

(1
)

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!

E
x
p
e
r
im

e
n

ts

(2
)

1

(�
a
s
p
h
�

� s
o
lu

ti
o
n
)2

(3
)

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!
(4

)

(�
a
s
p
h
�
� s

o
lu

ti
o
n
)n

(5
)

T
a
b
le

1
:

R
a
d
iu

s
o
f
g
y
ra

ti
o
n

fr
om

sc
a
tt

er
in

g
re

su
lt

s
of

B
1

as
p
h
al

te
n
es

sh
ow

n
in

F
ig

u
re

?
?

3
w

t%
in

T
o
lu

en
e

8
w

t%
in

T
o
lu

en
e

T
ol

u
en

e
5.

0±
0.

0
9

1
2

1

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!

M
o
d
e
lP

r
e
d
ic

ti
o
n

(1
)

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!

E
x
p
e
r
im

e
n

ts

(2
)

1

(�
a
s
p
h
�

� s
o
lu

ti
o
n
)2

(3
)

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!
(4

)

(�
a
s
p
h
�
� s

o
lu

ti
o
n
)n

(5
)

T
a
b
le

1
:

R
a
d
iu

s
o
f
g
y
ra

ti
o
n

fr
om

sc
at

te
ri

n
g

re
su

lt
s

o
f
B

1
a
sp

h
a
lt

en
es

sh
ow

n
in

F
ig

u
re

?
?

3
w

t%
in

T
ol

u
en

e
8

w
t%

in
T
o
lu

en
e

T
o
lu

en
e

5
.0

±
0
.0

9
1

2

1

(b) Accounting for the Soluble Asphaltenes, K1 

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!

M
o
d
e
lP

r
e
d
ic

ti
o
n

(1
)

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!

E
x
p
e
r
im

e
n

ts

(2
)

1

(�
a
s
p
h
�

� s
o
lu

ti
o
n
)2

(3
)

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!
(4

)

(�
a
s
p
h
�
� s

o
lu

ti
o
n
)n

(5
)

T
ab

le
1:

R
a
d
iu

s
o
f
g
y
ra

ti
o
n

fr
om

sc
a
tt

er
in

g
re

su
lt

s
o
f
B

1
a
sp

h
a
lt

en
es

sh
ow

n
in

F
ig

u
re

?
?

3
w

t%
in

T
o
lu

en
e

8
w

t%
in

T
o
lu

en
e

T
o
lu

en
e

5
.0

±
0
.0

9
1

2

1

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!

M
o
d
e
lP

r
e
d
ic

ti
o
n

(1
)

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!

E
x
p
e
r
im

e
n

ts

(2
)

1

(�
a
s
p
h
�

� s
o
lu

ti
o
n
)2

(3
)

ln

 
t d

e
te

c
ti

o
n

p
C

1
(0

)

µ

!
(4

)

(�
a
s
p
h
�
� s

o
lu

ti
o
n
)n

(5
)

T
ab

le
1
:

R
a
d
iu

s
o
f
g
y
ra

ti
on

fr
o
m

sc
a
tt

er
in

g
re

su
lt

s
o
f
B

1
a
sp

h
a
lt

en
es

sh
ow

n
in

F
ig

u
re

?
?

3
w

t%
in

T
o
lu

en
e

8
w

t%
in

T
o
lu

en
e

T
o
lu

en
e

5
.0

±
0
.0

9
1

2

1

ln

 
tdetection

p
C1(0)

µ

!

ModelPrediction

(1)

ln

 
tdetection

p
C1(0)

µ

!

Experiments

(2)

1

(�asph � �C7�Toluene)2
(3)

1

(�asph � �solution)2
(4)

ln

 
tdetection

p
C1(0)

µ

!
(5)

(�asph � �solution)
n

(6)

Table 1: Radius of gyration from scattering results of B1 asphaltenes shown in
Figure ??

3 wt% in Toluene 8 wt% in Toluene
Toluene 5.0±0.09 1 2

1

ln

 
tdetection

p
C1(0)

µ

!

ModelPrediction

(1)

ln

 
tdetection

p
C1(0)

µ

!

Experiments

(2)

1

(�asph � �C7�Toluene)2
(3)

1

(�asph � �solution)2
(4)

ln

 
tdetection

p
C1(0)

µ

!
(5)

(�asph � �solution)
n

(6)

Table 1: Radius of gyration from scattering results of B1 asphaltenes shown in
Figure ??

3 wt% in Toluene 8 wt% in Toluene
Toluene 5.0±0.09 1 2

1

34 

36 

38 

40 

42 

44 

46 

48 

50 

1.7E-08 1.8E-08 1.9E-08 2.0E-08 2.1E-08 

0.1 wt% K1-E2 
0.5 wt% K1 -E2 
1 wt% K1 -E2 
3 wt% K1 -E2 
5 wt% K1 -E2 
8 wt% K1 -E2 
Linear (Model) 

34 

36 

38 

40 

42 

44 

46 

48 

50 

1.7E-08 1.8E-08 1.9E-08 2.0E-08 2.1E-08 

0.1 wt% K1 -E2 
0.5 wt% K1 -E2 
1 wt% K1 -E2 
3 wt% K1 -E2 
5 wt% K1 -E2 
8 wt% K1 -E2 
Linear (Model) 

K1 Asphaltenes (E2)!
δ asph = 24.225 MPa0.5!

K1 Asphaltenes (E2)!
δ asph = 24.225 MPa0.5!

34 

36 

38 

40 

42 

44 

46 

48 

50 

1.7E-08 1.8E-08 1.9E-08 2.0E-08 2.1E-08 

0.1 wt% K1-E1 
0.5 wt% K1 -E1 
1 wt% K1 -E1 
3 wt% K1 -E1 
5 wt% K1 -E1 
8 wt% K1 -E1 
Linear (Model) 

34 

36 

38 

40 

42 

44 

46 

48 

50 

1.7E-08 1.8E-08 1.9E-08 2.0E-08 2.1E-08 

0.1 wt% K1 -E1 
0.5 wt% K1 -E1 
1 wt% K1 -E1 
3 wt% K1 -E1 
5 wt% K1 -E1 
8 wt% K1 -E1 
Linear (Model) 

K1 Asphaltenes (E1) 
δ asph = 24.225 MPa0.5 

K1 Asphaltenes (E1) 
δ asph = 24.225 MPa0.5 

ln

 
tdetection

p
C1(0)

µ

!

ModelPrediction

(1)

ln

 
tdetection

p
C1(0)

µ

!

Experiments

(2)

1

(�asph � �solution)2
(3)

ln

 
tdetection

p
C1(0)

µ

!
(4)

(�asph � �solution)
n

(5)

Table 1: Radius of gyration from scattering results of B1 asphaltenes shown in
Figure ??

3 wt% in Toluene 8 wt% in Toluene
Toluene 5.0±0.09 1 2

1

ln

 
tdetection

p
C1(0)

µ

!

ModelPrediction

(1)

ln

 
tdetection

p
C1(0)

µ

!

Experiments

(2)

1

(�asph � �solution)2
(3)

ln

 
tdetection

p
C1(0)

µ

!
(4)

(�asph � �solution)
n

(5)

Table 1: Radius of gyration from scattering results of B1 asphaltenes shown in
Figure ??

3 wt% in Toluene 8 wt% in Toluene
Toluene 5.0±0.09 1 2

1

Figure 3.11:
Plot of ln(tdetection

√
C1(0)/µ) vs. 1/(δasph− δsolution)2 for 0.1, 0.5, 1,

3, 5 and 8 wt% K1 asphaltenes in toluene with respect to mas-
ter curve using extrapolations E1 and E2: (a) Before accounting
for the contribution of soluble asphaltenes and (b) After accounting for
the contribution of soluble asphaltenes.
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3.5 Conclusions

In this study, the effect of asphaltene concentration on the aggregation tendencies

and precipitation kinetics of asphaltenes was investigated. Our findings challenge

the intuitive expectation that higher asphaltene concentration would lead to acceler-

ated precipitation kinetics. Instead, two distinct regions for the effect of asphaltene

concentration were identified: 1) For asphaltene concentrations below 1 wt%, the

aggregation rate of asphaltenes increases with increasing concentration, 2) For con-

centrations above 1 wt%, the aggregation rate decreases with increasing asphaltene

concentration. In addition, centrifugation experiments show that the total amount of

precipitated asphaltenes is a monotonically increasing function of asphaltene concen-

tration. The differences in aggregation behavior for concentrations below and above 1

wt% are attributed to two competing effects. First, there is an increase in the number

of unstable asphaltenes as the total asphaltene concentration increases, thus leading

to an increase in collision frequency. Second, there is an increase in the solvency power

of the solution (i.e. the solubility parameter) as a result of an increase in the amount

of stable asphaltenes leading to a decrease in coagulation efficiency. The aggregation

behavior at concentrations below 1 wt% is dictated by the increase in collision fre-

quency while at concentrations above 1 wt%, the rate is controlled by the reduction

in coagulation efficiency. By accounting for the existence of soluble asphaltenes in

the solubility parameter of the solution, we were able to successfully model the aggre-

gation behavior of asphaltenes using Smoluchowski’s aggregation model. The model

provides reasonable predictions for the effect of asphaltene concentration.
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CHAPTER IV

Effect of n-Alkane Precipitants on Precipitation

Kinetics of Asphaltenes

4.1 Introduction

It has been shown that temperature [1], asphaltene concentration (Chapter III)

and the solvency power of the crude oil (Chapter II) play significant roles in control-

ling the kinetic behavior of asphaltenes. Moreover, the properties of the precipitated

asphaltenes depend on the chemical identity of the precipitant used for their desta-

bilization, therefore the type of the precipitant is also expected to be important.

Investigating the effect of different n-alkane precipitants on the kinetics of asphaltene

precipitation can help us better understand the behavior of asphaltenes in blend of

incompatible crude oils. Crude oil blending is a common process in the oil industry

for improving certain properties of the heavy crudes (e.g., viscosity or distillation

yield) by mixing them with lighter crude oils [2, 3]. Light crude oils are usually rich

in paraffins and could act as a precipitant for aspahletenes.

Asphaltenes are typically named after n-alkane precipitant used for their destabi-

lization and the most commonly investigated precipitant in the literature is n-heptane

(i.e. C7-asphaltenes). Two trends are reported for the role of n-alkane precipitants on
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the precipitation behavior of asphaltenes. At high precipitant concentrations (∼90

vol% precipitant blended with crude oils), the yield of precipitated asphaltenes has

shown to increase by decreasing the chain length of n-alkanes (Figure 1.1) [4]. This be-

havior suggests that shorter chain n-alkanes are stronger precipitants for asphaltenes

compared to their longer counterparts. Weaker precipitating power of the longer chain

n-alkanes is consistent with their smaller solubility parameters. On the other hand,

experimental measurements of onset volume (i.e. the amount of precipitant needed

for immediate destabilization of asphaltenes, moderate precipitant concentration) as

a function of precipitant carbon number, has shown that the onset volumes pass

through a maximum [5]. The chain length of n-alkane at the maximum varies among

different crudes oils and carbon numbers ranging from 7–10 are reported in the litera-

ture [5]. Existence of a maximum in the onset volume suggests that the precipitating

power of precipitants do not change monotonically with change in their chain length.

In other words, precipitating power of n-alkanes decreases with an increase in their

carbon number up to the maximum and then increases beyond the maximum. This

phenomenon is referred to as a paradox and is attributed to the mixing of molecules

with different sizes and has been explained by accounting for the polydispersity of

asphaltenes using the Flory-Huggins theory [5, 6].

Despite our current understanding of the phase behavior of asphaltenes at high

precipitant concentrations, the effect of n-alkane precipitants on precipitation kinetics

is not extensively investigated. Asphaltenes kinetic behavior in different n-alkanes can

indeed be attributed to various factors. The first factor is the increase of viscosity with

an increase in chain length of the n-alkane precipitants. Higher viscosity is expected to

decrease aggregation rates and thus increase the time needed for detecting asphaltene

instability. The second factor is the increase in the solubility parameter of the mixture

that can result in smaller coagulation efficiency between aggregating asphaltenes,
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leading to slower aggregation rates [7]. Finally, as discussed earlier, the yield of the

precipitated asphaltenes decreases with increasing the chain length, suggesting that

the properties and thus the aggregation tendencies of asphaltene that are involved

in the aggregation process might vary among different n-alkane precipitants. For

example, Fuhr et al.[8] and Calles et al.[9] have shown that the molecular weights and

aromaticities of asphaltenes precipitated using different n-alkanes are not identical.

It is generally difficult to obtain a thorough understanding of the role of differ-

ent n-alkane precipitants on the aggregation kinetics due to potential involvement of

multiple factors in this process. Balgoa [10] investigated the kinetics of asphaltene

precipitation from GM2 crude oil using six different precipitants (i.e., n-C6, n-C7,

n-C8, n-C9, n-C10 and n-C15). Despite the differences in the solubility parameter

and the viscosity of n-alkanes ranging from C7–C10, no significant change in the ag-

gregation rate of asphaltenes was detected (Figure 4.1). His results also revealed

that the precipitation rate of asphaltenes destabilized by hexane and pentadecane

are faster than C7–C10 n-alkanes. Balgoa [10] explained his results by the competing

effects between the collision frequency (i.e. change in viscosity) and the coagulation

efficiency (i.e. difference in aggregation tendency of asphaltenes destabilized in dif-

ferent n-alkanes). In addition, he investigated the precipitation rate of asphaltenes

in the blends of hexane and octane at different ratios (octane 1:3, 1:1 and 3:1). The

blends were mixed with GM2 crude at 33 vol%, 31 vol% and 27 vol% of precipitant

(Figure 4.2). The results showed that the experimentally measured detection time

from microscopy experiments increases non-linearly with an increase in the n-octane

volume fraction and the stronger precipitant (C6) governs the kinetic behavior of the

blend.

Balgoa’s hypotheses provide qualitative explanations for the observed experimen-

tal trends but do not quantitatively describe the aggregation behavior of asphaltenes
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Figure 4.1:
Precipitation detection time vs. precipitant vol% for different
n-alkanes mixed with GM2 crude oil (Image reproduced from [10]).

in different n-alkanes. The aggregation model developed in Chapter II can be used

to account for the competing effects of the collision frequency and the coagulation ef-

ficiency and can quantitatively model the aggregation rate of asphaltenes in different

n-alkanes. In this study, first the kinetics of asphaltene precipitation in different n-

alkane precipitants and the blends of n-alkanes is investigated. Then, the aggregation

model is utilized to describe the kinetic behavior of asphaltenes in each sample.

4.2 Experimental Section

4.2.1 Materials and Methods

Asphaltenes were extracted from K1 crude oil to be used for model mixture prepa-

ration. High performance liquid chromatography (HPLC)-grade toluene was used as
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Figure 4.2:
Precipitation detection time for different concentrations of n-
hexane–n-octane blend mixed with GM2 crude oil (Images repro-
duced from [10]).
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the solvent. HPLC-grade n-hexane (n-C6), n-heptane (n-C7), n-octane (n-C8), n-

nonane (n-C9), n-decane (n-C10), n-dodecane (n-C12) and n-pentadecane (n-C15)

from Fisher were used as the precipitant. K1 crude oil was mixed with heptane in

1:25 volume ratio and was kept well mixed for 24 hours. The solution was then

centrifuged with a Sorvall Legend X1R at 3500 rpm for 1 hour to separate precip-

itated asphaltenes. The asphaltenes were Soxhlet-washed for 24 hours to wash any

non-asphaltenic material trapped in the cake. The asphaltenes were then dried in a

vacuum oven at 75 ◦C. To prepare model mixture, 1 wt% of dried asphaltenes was

dissolved in toluene and sonicated until the proper dissolution was achieved.

Table 4.1: Physical properties of compounds at room temperature.

Compound Density (g/ml) [11] Viscosity (cP) [11]
Solubility Parameter

(MPa0.5) [12]

n-Hexane 0.660 0.32 14.90
n-Heptane 0.679 041 15.20
n-Octane 0.703 0.54 15.40
n-Nonane 0.718 0.70 15.60
n-Decane 0.726 0.93 15.80

n-Dodecane 0.749 1.56 16.0 [6, 13]
n-Pentadecane 0.768 2.81 16.30 [13]

Toluene 0.866 0.60 18.30
GM2 Crude Oil 0.868 15.69 17.59*
*Calculated from refractive index of GM2 crude oil using the correlation
proposed by Wang and Buckley [14]

Microscopy Experiments:A known volume of model oil (1 wt% K1 asphaltenes

in toluene) was placed in a 4 mL vial. The desired concentrations of precipitants/blend

of precipitants (below the instantaneous onset point) were slowly added to the model

oil using a syringe pump at 20 mL/h flow rate. All solutions were kept well mixed

during precipitant addition (samples were prepared on a mass basis). After sample

preparation, a droplet of well-stirred sample was placed under a Nikon microscope
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(model: Eclipse E600) with 40x objective lens and 10x eyepiece and a Nikon camera

(DS-Fi2) was used to shoot images off the microscope. Similar to previous chapters,

the time at which asphaltenes were detected for the first time under the microscope

was defined as detection time (detection limit ∼ 0.5 µm).

4.3 Results and Discussion

4.3.1 Individual Precipitants

For a polydispersed mixture such as asphaltenes, detection time likely represents

the aggregation rate of the most unstable asphaltenes. Figure 4.3 shows the detec-

tion time measurements for seven different n-alkane precipitants (C6, C7, C8, C9,

C10, C12, C15) mixed with the model oil (1 wt% K1 asphaltenes in toluene). For

the precipitants ranging from C6–C10 only slight differences in the aggregation rates

are observed, while for C12 and C15, the rates increase with increasing the carbon

number. Although these trends are opposite to the trend expected from the increase

in the viscosity and the solubility parameter of the solution, the results are in good

agreement with Balgoa’s observations [10]. The only difference between results shown

in Figure 4.3 and Balgoa’s results (Figure 4.1) is the aggregation rate of asphaltenes

in C6. In Balgoa’s experiments, C6 behaved identical to C15 but in our experiments

C6’s behavior is similar to C7, C8, C9 and C10.

This unexpected trend in the observed rates indicates the involvement of a compet-

ing factor that cancels out the effect of increase in viscosity and solubility parameter

of solution. We believe that this competing effect arises due to the polydispersity of

asphaltenes. Note that the existing definition of asphaltenes captures a broad distri-

bution of molecules with different physical and chemical properties. Mass spectrom-

etry experiments have shown that asphaltenes are composed of around 7000 distinct
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Figure 4.3:
Detection time as a function of precipitant concentration for 1
wt% of K1 asphaltenes dissolved in toluene and then mixed with
seven different precipitants (C6, C7, C8, C9, C10, C12, C15).
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molecules [15]. In addition, sub-fractions of asphaltenes have been shown to possess

different properties in terms of their molecular weight, solubility, size and structure.

Owing to extreme polydispersity of asphaltenes, different n-alkane precipitants are

expected to destabilize different fractions of the asphaltenes solubility class.

As discussed in the introduction (4.1), it is shown that the amount of precipi-

tated asphaltenes decreases with increasing the chain length of n-alkane, suggesting

that the longer chain n-alkanes can only precipitate the most unstable fraction of

total asphaltenes. Fuhr et al. [8] investigated the properties of asphaltenes precipi-

tated using several n-alkanes (n-C5, n-C6, n-C8, n-C9) and they observed that the

aromaticity and the molecular weight of precipitated asphaltenes increase with an

increase in the carbon number of precipitant. It is well known that increasing the

size and aromaticity, increases the magnitude of dispersion energy and thus the solu-

bility parameter [16]. Therefore, it can be concluded that the solubility parameter of

the precipitated asphaltenes increases with increasing the chain length of n-alkane.

This behavior might appear counter-initiative due to the weaker destabilizing power

of the higher carbon number precipitants. However, it should be noted that weaker

precipitants (e.g. pentadecane), are only capable of precipitating the most unstable

fraction of asphaltenes i.e. asphaltenes with the highest solubility parameter. On the

other hand for stronger precipitants such as hexane, they precipitate a wider spec-

trum of asphaltenes with the solubility parameter of precipitated asphaltenes being

the average of the different fractions rather than the most unstable fraction. Fig-

ure 4.4 represents a schematic of solubility parameter distribution for asphaltenes

destabilized from different n-alkanes.

In summary at this point, increasing the n-alkane carbon number increases the sol-

ubility parameter of both the precipitant and asphaltenes. The aggregation tendency

(i.e. coagulation efficiency) of asphaltens is controlled by the difference between the
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Figure 4.4:
Schematic of the solubility parameter distribution for as-
phaltenes precipitated using different n-alkanes.

solubility parameters of the asphaltenes and the environment surrounding them [7].

Therefore for different n-alkane precipitants, the coagulation efficiency can either in-

crease or decrease depending on the magnitude of changes in the solubility parameter

of asphaltenes and the precipitant. This hypothesis can also easily explain the exis-

tence of a maximum in the plot of onset volume vs. the precipitant carbon number.

One simple approach to qualitatively characterize the polydispersity of asphaltenes

is to calculate the solubility parameter of different fractions.

Asphaltenes are solid and complex compounds and it is experimentally difficult to

measure their solubility parameter (Section 1.2.3 of Chapter I). However, the solubility

parameter of asphaltenes can be easily obtained from the master curve relationship

between the detection time and the solubility parameters derived in Chapter II. The

following equation can be used for correlating the experimentally measured detection

times to the differences in the solubility parameters:
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ln

(
tdetection

√
C1(0)

µ

)
∝ 1

(δasph − δsolution)2
(4.1)

where δasph and δsolution are the solubility parameters of the asphaltenes and the

solution respectively, µ is the local viscosity and C1(0) is the number concentration of

aggregating asphaltenes. δsolution and µ can be simply calculated from the volumetric

averaging and logarithmic averaging of the solubility parameters and viscosities of

the solvent and precipitant respectively. C1(0) can be calculated from the fraction

of unstable asphaltenes. It is shown in Chapter III that the fraction of the precip-

itated asphaltenes is related to the 1/(δasph − δsolution)2. Therefore, by knowing the

detection time, a simple trial and error approach can be implemented to obtain the

solubility parameter of asphaltenes (i.e. δasph) precipitated using different n-alkanes.

The solubility parameter of asphaltenes are obtained both for Balgoa’s results shown

in Figure 4.1 and also for our results shown in Figure 4.3.

Figures 4.5 shows the agreement between the model and the experiments for ob-

taining the solubility parameter of asphaltenes in this work and in Balgoa’s study

and confirms that the utilized model can successfully explain the precipitation ki-

netics of asphaltenes in different n-alkanes. Tables 4.2 and 4.3 and Figure 4.6 show

the solubility parameters of asphaltenes precipitated from different precipitants as

a function of their carbon number. The solubility parameters obtained from the

model, increase with increasing the precipitants carbon number. This trend is in

agreement with the observed reduction in the precipitating power of n-alkanes as

their carbon number increases (Figure 1.1), leading to the destabilization of the most

unstable asphaltenes only, that are the asphaltenes with the highest solubility pa-

rameter. Figure 4.6 also reveals that the solubility parameter of K1 asphaltenes has
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Table 1: Radius of gyration from scattering results of B1 asphaltenes shown in
Figure ??

3 wt% in Toluene 8 wt% in Toluene
Toluene 5.0±0.09 1 2

1

Figure 4.5:
Plot of ln(tdetection

√
C1(0)/µ) vs. 1/(δasph−δsolution)2 for seven differ-

ent precipitants (C6, C7, C8, C9, C10, C12, C15) mixed with 1wt%
K1 asphaltenes in toluene and six different precipitants (C6, C7,
C8, C9, C10, C15) mixed with GM2 crude oil.

a wider distribution compared to GM2 asphaltenes, indicating that K1 asphaltenes

have greater polydispersity.

Solubility parameter of asphaltenes shown in Figure 4.6 along with the master

curve can be used to calculate the detection times and evaluate the accuracy of the

model in describing individual data points. Figures 4.7 and 4.8 show model predic-

tions vs. actual experimental data for K1 and GM2 respectively. The experiments

follow the model reasonably well in all samples. The modeling results for K1-toluene
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Table 4.2:
Solubility parameter of asphaltenes destabilized with different n-alkanes
(K1 asphaltenes in toluene).

Name Precipitant
Solubility Parameter of
Asphaltenes (MPa0.5)

n-Hexane 24.09
n-Heptane 24.22
n-Octane 24.32
n-Nonane 24.42
n-Decane 24.51

n-Dodecane 24.66
n-Pentadecane 24.82

Table 4.3:
Solubility parameter of asphaltenes destabilized with different n-alkanes
(GM2 crude oil).

Name Precipitant
Solubility Parameter of
Asphaltenes (MPa0.5)

n-Hexane 24.09
n-Heptane 24.15
n-Octane 24.19
n-Nonane 24.22
n-Decane 24.32

n-Pentadecane 24.53
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Figure 4.6:
Plot of asphaltenes solubility parameter vs. the precipitant car-
bon number (K1 and GM2).

mixtures slightly deviate from the experimental observations for the samples desta-

bilized with pentadecane (Figure 4.7). Precipitation of asphaltenes from GM2 crude

oil shows no such deviations. The deviation of K1 samples could be due to significant

difference between the molar volume of heptane and pentadecane. Our model was

developed based on the differences in solubility parameters and does not account for

the changes in molar volumes. To account for the changes in molar volumes, the

molar volumes of asphaltens and crude oils need to be known. Measuring the molec-

ular weights (and molar volumes) of the asphaltenes and crude oils is usually very

challenging. In fact, the molecular weight of asphaltenes have been the subject of ex-

tensive debate for decades due to their strong tendency to self-associate and it has not

been until very recently that some reasonable estimates were reported [17]. Molec-

ular weights (and molar volumes) of crude oils might also depend on the particular

100



0.1 

1 

10 

100 

30 35 40 45 50 55 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Precipitant Vol% in Toluene 

C6 
Model 0.1 

1 

10 

100 

1000 

20 25 30 35 40 45 50 55 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Precipitant Vol% in Toluene 

C7 
Model 

0.1 

1 

10 

100 

1000 

20 25 30 35 40 45 50 55 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Precipitant Vol% in Toluene 

C10 
Model 

0.1 

1 

10 

100 

20 25 30 35 40 45 50 55 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Precipitant Vol% in Toluene 

C12 
Model 

0.1 

1 

10 

100 

1000 

20 25 30 35 40 45 50 55 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Precipitant Vol% in Toluene 

C15 
Model 

0.1 

1 

10 

100 

1000 

20 25 30 35 40 45 50 55 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Precipitant Vol% in Toluene 

C8 
Model 0.1 

1 

10 

100 

1000 

20 25 30 35 40 45 50 55 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Precipitant Vol% in Toluene 

C9 

Model 

Figure 4.7:
Modeling results compared to experimental measurements of
detection time for seven different precipitants mixed with 1wt%
K1 asphaltenes in toluene.
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Modeling results compared to experimental measurements of
detection time for six different precipitants mixed with GM2
crude oil.
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experimental procedure used for measuring them [6]. Despite not accounting for the

changes in molar volumes, our model can still successfully describe the experimental

observations both for K1 asphaltenes and GM2 crude oil.

4.3.2 Blend of Precipitants

The aggregation model can be used for predicting the precipitation rate of as-

phaltenes in the blends of different n-alkanes. The precipitation rate of asphaltenes

in the blend of two, three, four and five n-alkane precipitants is investigated. To pre-

dict the precipitation rates in the blend, the solubility parameter of asphaltenes needs

to be known. Properties of the precipitated asphaltenes in the blend of n-alkanes are

expected to be the averages of properties of asphaltenes precipitated in each of the

constituent individual precipitants. Therefore, instead of fitting the detection time

measurements to the master curve, solubility parameter of asphaltenes in the blend

is calculated from the volumetric average of the asphaltenes solubility parameter in

each n-alkane:

δasph−blend = φCnδn + φCmδm + φCpδp + ... (4.2)

δasph−blend stands for the solubility parameter of asphaltenes in the blend of Cn,

Cm and Cp precipitants. φs represent the volume fraction of precipitants in the blend

and δn , δm and δp stand for the solubility parameter of asphaltenes precipitated from

individual precipitants (Tables 4.2 and 4.3).

Table 4.4 shows the calculated values of the viscosities and the solubility pa-

rameters of the blends and asphaltenes for the blends of two, three, four and five

different precipitants at different ratios. For the blends of 50:50 C7 − C12, 30:30:40
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C7 − C10 − C12 and 20:20:20:20:20 C6 − C7 − C10 − C12 − C15, the viscosities and

the solubility parameters are all identical. Therefore, despite the differences in the

composition of the precipitant, the precipitation rate of asphaltenes is expected to be

identical. This expected trend is confirmed experimentally from the results shown in

Figure 4.9 and can be qualitatively predicted from the master curve (Figure 4.10).

Table 4.4:
Calculated values of viscosities and solubility parameters used for predict-
ing detection times in Figure 4.10

Blend
Composition

Solubility Parameter of
Blend(MPa0.5)

Solubility Parameter of
Asphaltenes(MPa0.5)

Viscosity of
Blend (cP )

C7 − C15

0.75:0.25 15.48 24.37 0.67
0.5:0.5 15.75 24.52 1.07

0.25:0.75 16.03 24.67 1.74
C7 − C12

0.5:0.5 15.60 24.44 0.80
C7 − C10 − C12

0.3:0.3:0.4 15.70 24.48 0.89
C7 − C10 −
C12 − C15

0.2:0.2:0.2:0.4 15.92 24.61 1.36
C6 − C7 − C10 −

C12 − C15

0.2:0.2:0.2:0.2:0.2
15.64 24.46 0.88

Figure 4.10 shows the model predictions for the detection times as well as the

actual experimental measurements for the blends shown in Table 4.4. All predicted

detection times are calculated from the master curve (i.e. Equation 4.1) with known

values for the viscosities and solubility parameters. The agreement between the model

predictions and the experiments is remarkable for all the samples. It should be em-

phasized that no fitting parameter is used for obtaining the predictions presented

in Figure 4.10. Our findings reveal that Equation 4.2 provides accurate estimates of
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Figure 4.9:
Detection times vs. precipitant concentration for blends of
0.5:0.5 C7 − C12, 0.3:0.3:0.4 C7 − C10 − C12 and 0.2:0.2:0.2:0.2:0.2
C6 − C7 − C10 − C12 − C15 precipitants.

the solubility parameters of asphaltenes precipitated at different ratios of the same

blend (i.e.C7 − C15) and also in different blend compositions.

Similar analysis using Equations 4.1 and 4.2 was performed on the results for

the blends of C6 and C8 investigated by Balgoa (Figure 4.2). Figure 4.11 shows the

comparison between the experiments and the master curve for the blends investigated

in this work and Balgoa’s work altogether. Overall ten different blends have been

investigated and all of them perfectly follow the predicted trend from the master curve.

Excellent agreement between the master curve and the experimental data can be

interpreted as a close match between the detection time predictions vs. experimentally

measured values.

In previous investigations, Flory-Huggins theory has been used to describe the

phase behavior of asphaltenes in different n-alkanes [6, 18]. However, without ac-
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Model predictions compared to the experimental measure-
ments of detection time for blends of precipitants mixed with
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counting for the polydispersity of asphaltenes Flory-Huggins theory could not provide

a quantitative description of asphaltenes behavior [6, 18]. For example, in Wang’s [6]

model two fitting parameters (i.e., the solubility parameter and molar volume of as-

phaltenes ) were used as input to Flory-Huggins theory. Mathematical fits for differ-

ent precipitants was obtained by changing the solubility parameter of the precipitated

asphaltenes. No monotonic trend between the solubility parameter of precipitated as-

phaltenes and carbon number of n-alkane precipitants was observed in his model. In

our study the solubility parameter of precipitated asphaltenes in individual precipi-

tants is calculated by fitting the measured detection times to the unified aggregation

curve (Chapter II). However, opposite to Wang’s work a monotonic trend in the sol-

ubility parameter of precipitated asphaltenes as a function of n-alkanes chain length

was observed both in the model oils (K1 asphaltenes in toluene) and in the crude

oils (GM2 investigated by Balgoa). The increasing trend of the asphaltenes solubility

parameter as a function of n-alkane chain length is expected due to the monotonic

change in the precipitating power of n-alkanes and polydispersity of asphaltenes. Our

investigation is the first to study and predict the precipitation rate of asphaltenes in

the blends of more than two different precipitants. Blend of up to five precipitants

were investigated and the results were all successfully predicted with our model. These

results can help in developing new tools for predicting potential asphaltene problems

in blend of more than two crude oils at different blend ratios.

4.4 Conclusions

Precipitation kinetics as a function of chain length of the n-alkane precipitants was

investigated. Despite a monotonic change in the viscosity and the solubility parameter

of n-alkane precipitants as a function of their carbon number, the precipitation rate
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of asphaltenes does not vary monotonically. This behavior can be well explained

by the polydispersity of asphaltenes and differences in the precipitating power of

n-alkanes. Our model successfully predicted the precipitation rates in different n-

alkanes and showed that longer chain n-alkanes tend to precipitate the most unstable

fraction of asphaltenes with the highest solubility parameter. In addition, the model

predicted the precipitation rate of asphaltenes from blends of different precipitants

after characterizing asphaltenes polydispersity from individual precipitants. These

results provide new paradigm for predicting the precipitation rate of asphaltenes in

blends of incompatible crude oils.
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CHAPTER V

Polydispersity and Aggregation Tendency of

Asphaltenes

5.1 Introduction

The definition of asphaltenes captures a broad distribution of molecules with dif-

ferent chemical and physical properties. The properties of asphaltenes can greatly

influence their destabilization tendencies. Numerous studies have focused on char-

acterizing the properties of different asphaltenes and asphaltene sub-fractions with

the aim of identifying the most problematic fractions. Leon et al. [1] used various

characterization techniques to obtain the molecular weight (MW), aromaticity and

H/C ratio of asphaltenes precipitated from different crude oils. By determining the

precipitation onset point using titration technique, they concluded that an increase

in the H/C ratio and a decrease in aromaticity enhances the stability of asphaltenes

in the crude oil. They also dissolved extracted asphaltenes in different solvents (cy-

clohexane, tetrahydrofuran, carbon tetrachloride) to study the effect of asphaltenes

structure on their self-aggregation through surface tension measurements. However,

they were not able to establish a general relationship between self-aggregation and

properties characterized in their study [1].
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Spiecker et al. [8] fractionated asphaltenes into soluble and insoluble fractions

and showed that the insoluble fraction tend to form larger aggregates in toluene [8].

Buckley et al. [2] showed that asphaltenes precipitated from a single crude oil using

different precipitants behave differently in terms of their stability and precipitation

tendency. For instance, they observed that asphaltenes precipitated from shorter

chain n-alkanes are more stable. Calles et al. [3] compared properties of asphaltenes

precipitated from C5, C6 and C7. They showed that the aromaticity of precipitated

asphaltenes increases as a result of increase in the carbon number of precipitant.

They also investigated differences in elemental composition in terms of C, N and S

content of asphaltenes and found that the only difference is that C5 asphaltenes have

less nitrogen compared to C6 and C7 asphaltenes.

Field deposits are typically more unstable compared to asphaltenes extracted in

the laboratory from dead crude oils [5, 6]. Wattana [5, 6] compared the asphaltenes

collected from field deposits and precipitated from both unstable and stable crude

oils and showed that field deposits have different metal content, molecular weight

and polarity. She also showed that field deposits and the asphaltenes extracted from

unstable oils have a higher fraction of polar components. In addition, Wattana [5]

investigated the properties of asphaltene sub-fractions fractionated from methylene

chloride using different precipitant concentrations and found out that the metal con-

tent and the polarity of each sub-fraction is different . Similar to Wattana’s observa-

tions, Maqbool [7] also reported slight differences in the metal content of asphaltene

sub-fractions precipitated at different heptane concentrations. Higher metal contents

and polarities are typically associated with lower stability of asphaltenes. Moreover,

Maqbool [7] fractionated asphaltenes precipitated at different times in a single pre-

cipitation experiment. His results suggested that asphaltenes precipitating first have

higher dielectric constants compared to other fractions.
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Kinetics of asphaltenes aggregation is directly related to the interactions between

asphaltenes and is expected to depend on asphaltene properties. However, the role

of asphaltenes polydispersity on their aggregation kinetic has not been extensively

investigated (only dielectric constant measurements are done by Maqbool [7]). For

example, it is not clear if the overall properties of asphaltenes participating in the

aggregation process at a fixed precipitant concentration are identical or vary over time.

We hypothesize that the asphaltenes that precipitate first are the most problematic

fraction and have the highest tendency for aggregation. To evaluate our hypothesis

asphaltenes are fractionated into smaller sub-fractions and different techniques such

as small angle X-ray scattering(SAXS), elemental composition measurements and

microscopy experiments are utilized to study the importance of polydispersity on

kinetics.

5.2 Experimental Section

5.2.1 Materials

Crude oil A and model oil composed of asphaltenes extracted from crude A were

used in our characterization experiments. Crude oil was first centrifuged at 3500 rpm

for 10 hours using a Sorvall Legend X1R centrifuge to separate sand, clay, water and

other insoluble particles prior to our precipitation experiments. HPLC-grade toluene

and heptane from Fisher were used as the solvent and the precipitant for asphaltenes

respectively.

Microscopy experiments: An optical microscope from Nikon (model: Eclipse

E600) with 40x objective lens and 10x eyepiece was used for detecting asphaltene par-

ticles and a Nikon camera (DS-Fi2) was used for shooting images off the microscope.

The detection times (i.e. the earliest time to detect particles around 0.5 µm in size)
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as a function of heptane concentration were measured from microscopy experiments

for each sub-fraction.

Small Angle X-ray Scattering (SAXS): For all scattering experiments as-

phaltenes were dissolved in toluene. Two different SAXS facilities were utilized in

this study: Bruker Nanostar SAXS Equipment at University of Michigan and Ad-

vanced Photon Source (APS) in Argonne National Laboratory. For Bruker Nanostar,

the X-ray generator was set at 40 kV and 35 mA with 0.5 second per frame and 900

seconds per sample. For APS, X-ray generator was operated at 12 keV and samples

were loaded to a quartz flow-through capillary with a 1.5 mm inner diameter. The

results from APS are converted to the absolute scale by using toluene as the standard.

5.2.2 Fractionation Experiments

All fractionation experiments for the crude oil and model oil were conducted at

or above the instantaneous onset concentration (i.e. the amount of heptane needed

to immediately detect asphaltenes instability under optical microscope) in order to

avoid slow kinetics and to collect enough asphaltenes for characterization.

5.2.2.1 Separation of Asphaltene sub-Fractions from Crude Oil

50 vol% heptane (∼instantaneous onset) was added to the crude oil using syringe

pump at 5 mL/min flow rate. After 1 hour the entire sample was centrifuged at 3500

rpm for 4 hours using Sorvall Legend X1R centrifuge. The cake was separated from

supernatant to generate CutC1 asphalttenes. CutC1 asphaltenes were washed with

heptane and then dried in the oven. The supernatant was stored in a stirred flask to

allow remaining asphaltenes to precipitate. As will be discussed in the results section,

CutC1 asphaltenes has some wax contamination. Similar procedure was repeated

after 72, 833 and 2253 hours for generating CutC2, CutC3 and CutC4. After separating
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CutC4, 50 vol% heptane in crude oil sample has almost reached to the thermodynamic

equilibrium (micro centrifugation experiments were used as a guideline) and more

heptane was added to increase concentration to 75 vol% heptane in crude oil. CutC6

and CutC7 ashaltenes were then generated 1 hour and 1096 hours after heptane

addition. At each heptane concentration (i.e., 50 vol% and 75 vol%) after separating

the last cut some of the supernatant was used to precipitate soluble asphaltenes by

mixing it with heptane in 1:40 volume ratio. The soluble asphaltenes in 50 vol% and

75 vol% are referred to as CutC5 and CutC8 respectively.

In a separate experiment, crude oil was mixed with heptane in 1:40 volume ratio

and was kept stirred for 24 hours. The precipitated asphaltenes were then centrifuged

at 10000 rpm for an hour. The separated asphaltene cake was washed three times

(not Soxhlet wash) with heptane to remove trapped oil. Washed asphaltenes were

dried in the oven and are referred to as AsphaltenesC .

5.2.2.2 Separation of Asphaltene sub-Fractions from Model Oil

Model Oil Preparation: Asphaltenes were precipitated out of the crude oil us-

ing experimental procedure discussed earlier (i.e. extraction of total asphaltenes).

However, before dissolving asphaltenes in toluene, they were Soxhlet washed for 24

hours to ensure that all non-asphaltinic materials such as waxes are washed out

(AsphaltenesM). Therefore, due to slight differences in sample preparation, the re-

sults from the model oil and crude oil are not directly comparable. The asphaltene

content of model oil was 8 wt% asphatenes in toluene with the instantaneous onset

concentration of around 60 vol% heptane.

Fractionation Experiments (Model Oil): 60 vol% heptane was added to the

model oil. After 1 day and 25 days the entire sample was centrifuged to generate

CutM1 and CutM2 similar to fractionation of crude oil. After separating CutM2 ,
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Figure 5.1:
Schematic of asphaltene fractionation from crude oil and model
oil.
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70 vol% heptane was added to the supernatant to generate CutM3 and CutM4 after

1 day and 25 days. Finally the soluble asphaltenes remaining in the 70 vol% solution

were precipitated by adding 1:40 volume ratio heptane to generate CutM5 .

In this chapter, subscripts C and M refer to the fractions separated from crude oil

and model oil respectively. Figure 5.1 shows an schematic for experimental procedure.

5.3 Results and Discussion

Table 5.1: Elemental composition for crude oil sub-fractions.
wt% ppm

#ofCut C H N O S H/C Ni V

CutC1 82.86 11.12 0.55 2.70 4.33 1.61 88 237
CutC3 80.90 17.48 1.15 2.17 7.70 1.11 172 537
CutC4 81.41 7.35 1.11 2.79 7.60 1.08 160 495
CutC5 81.18 7.81 1.02 1.82 7.26 1.15 139 442
CutC6 81.27 7.77 1.07 2.13 7.48 1.15 148 453
CutC7 80.61 7.56 0.98 1.94 7.36 1.13 142 424
CutC8 81.07 7.79 1.01 3.79 7.06 1.15 129 394
AsphaltenesC 81.50 7.79 1.05 2.21 7.2 1.15 152 479

5.3.1 Elemental Composition

Table 5.1 shows the carbon, hydrogen, heteroatoms (N, O and S) and metal con-

tents (Ni and V) for different cuts separated from crude oil. The measurements were

performed in Shell labs. H/C ratio for asphaltenes is typically around 1-1.2 [9] and

for waxes is around 2. Thus, the 1.61 value for H/C ratio of CutC1 asphaltenes is

much higher than typical values expected for asphaltenes and is likely due to wax

contamination and will be discussed in further detail later. Figure 5.2 depicts the

H/C ratios, heteroatom contents and metal contents of different cuts. For all cuts

(except CutC1 ), no significant difference in H/C ratio is detected. In addition, there
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is no correlation between the oxygen content and the stability of the cuts. However,

asphaltenes precipitated earlier in each heptane concentration (with the exception

of CutC1 ) have slightly higher nitrogen, sulfur and metal content in their struc-

ture compared to the other cuts. Higher heteroatom and metal content would imply

higher polarity. Therefore, these findings indicate that asphaltenes that precipitate

earlier are slightly more polar compared to other sub-fractions. Also, the asphaltenes

precipitated at lower heptane concentrations (i.e. 50 vol%) have higher heteroatom

and metal content, an observation in agreement with previous studies [5, 7].

As mentioned earlier, high H/C ratio of CutC1 is likely due to wax contamina-

tion. Waxes are composed of alkane hydrocarbons and the main driving force for

their precipitation is changes in temperature. All our experiments were performed in

room temperature, therefore we believe that insoluble waxes were present inside the

crude oil before adding heptane (waxes are typically more soluble in heptane than in

crude oil). However, due to similar densities of waxes and crude oil, waxes were not

separated in pretreatment of crude oil by centrifugation. After heptane addition, due

to reduction in the density and the viscosity of the solution, waxes were centrifuged

alongside the precipitated asphaltenes. Therefore, all the waxes are likely separated

in the first centrifugation after heptane addition (CutC1 ) and are not expected to

contaminate the subsequent cuts.

The H/C ratio of asphaltenes is surprisingly constant even among asphaltenes

extracted from different crude oils (i.e. 1-1.2) [9]. Therefore, due to the almost

constant H/C ratio among all the cuts, wax/asphaltene content of CutC1 can be

estimated by assuming that the H/C content of its asphaltenes is identical to the

H/C content of other cuts. By using the average H/C ratio of other cuts (1.13) for

CutC1 and H/C ratio of 2 for waxes, the asphaltene content of CutC1 is estimated

to be around 44.8% (wax content ∼ 55.2%). Waxes are saturated molecules with
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Figure 5.2: Elemental composition for crude oil sub-fractions.
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no metals or heteroatoms in their structure. Therefore actual heteroatom and metal

content of CutC1 asphaltenes can be estimated from its asphaltene content. Table 5.2

shows the corrected values. After correcting for wax contamination, a clear correlation

is observed between the nickel and sulfur content of asphaltenes and their stability. In

other words, asphaltenes precipitated first have slightly higher metal and heteroatom

content compared to those separated in other cuts. However, such differences are

so insignificant that cannot lead to any general conclusions about the relationships

between stability and chemical composition. Differences in chemical composition were

not investigated for asphaltenes fractionated from the model oil.

Table 5.2: Corrected elemental composition of CutC1.
wt% ppm

#ofCut C H N O S H/C Ni V

CutC1 77.0 7.2 1.14 5.6 8.9 1.13 196 529

5.3.2 Small Angle X-ray Scattering (SAXS)

Asphaltenes usually exist in the aggregated form (i.e., nano-particles) even in pure

solvents. It is believed that there exists a correlation between the sizes of these nano-

particles and the aggregation tendency of their constituent molecules; asphaltenes

in larger nano-aggregates are generally thought to be more prone to precipitation,

and therefore less stable. Therefore characterizing the size distribution of different

asphaltene sub-fractions– in a single solvent– can be used as a tool for evaluating

variations in their stability. Different asphaltene cuts from the crude oil and the

model oil were dissolved in toluene (1 wt%) separately and were investigated by

SAXS. Optical microscopy was used for confirming the dissolution of asphaltenes

in the micron scale before scattering experiments. All the samples were soluble in
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Figure 5.3:
Scattering intensity as a function of scattering vector for crude
oil sub-fractions.

toluene in the micron scale except for CutC1. The insolubility of CutC1 was likely

due to existence of the insoluble wax. CutC1 was therefore centrifuged at 14000 rpm

for 10 minutes to separate the insoluble fraction. Figure 5.3 shows scattering results

for different cuts from crude oil characterized using APS equipment.

The size of the nano-particles in each fraction is estimated by Guinier approxima-

tion:

I(q) = I0 exp

(
−(qRg)

2

3

)
(5.1)

where I is the scattering intensity, I0 is the zero angle intensity, q(1/Å) is the scat-

tering vector and Rg(Å) is the Guinier radius of gyration. Due to large error bars in
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Figure 5.3 for small values of q, the smallest value of q used in the Guinier analysis was

around 0.009 (1/Å). For CutC1, I(q) does not plateau for low values of q (Figure 5.3),

suggesting that the asphaltene particles are too large to be characterized by Guinier

approximation. Large size of CutC1 asphaltenes can be attributed to their higher

instability and therefore their higher tendency to form strong associations (i.e. large

nano-particles). In addition, it is possible that despite the centrifugation of CutC1

sample, some of the larger wax particles are still left in the solution and cause sur-

face scattering. The radius of gyration values for cuts from crude oil are included in

Tables 5.3.

Table 5.3: Radius of gyration of crude oil sub-fractions.
Name of fraction Rg(Å)

50 vol% heptane
-CutC1 -
-CutC4 49.7±1.9
-CutC5 soluble 31.0±0.5
75 vol% heptane
-CutC6 37.3±0.8
-CutC7 36.1±0.7
-CutC8 soluble 28.1±0.4
AsphaltenesC 84.1±10.3

These scattering experiments clearly show that for the 50 vol%, asphaltenes that

precipitated first come form the larger nano-aggregates in the solution. In addition,

asphaltenes precipitated in 50 vol% (i.e.,CutC1 and CutC4 ) heptane are more unsta-

ble than asphaltenes precipitated in 75 vol% heptane (i.e.,CutC6 and CutC7 ). The

sizes of nano-particles present in CutC6 and CutC7 are identical, suggesting that the

properties of their constituent asphaltenes are also identical and the main reason for

the precipitation kinetics at 75 vol% is the aggregation of similar type of asphaltenes.

Figure 5.4 and Table 5.4 show scattering results and radius of gyration values for
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asphaltenes fractionated from model oil. The results are obtained using the NanoS-

tar equipment at the University of Michigan. Similar to the asphaltenes fractionated

from the crude oil, the size of nano-particles formed in toluene is consistently smaller

for asphaltenes precipitated later in time. Moreover, the size and polydispersity of

asphaltenes decreases by increasing the heptane concentration (i.e. 70 vol%).

In summary, the scattering results suggest that properties of asphaltenes precip-

itated at different times and precipitant concentrations are not identical. In other

words, the most unstable ashaltenes precipitate first and an inverse correlation ex-

ists between the stability and the precipitation time. By increasing the precipitant

concentration (i.e., to 75 vol% in the crude oil or to 70 vol% in the model oil), the

polydispersity decreases significantly in both systems and stable asphaltenes with

more uniform properties start coming out of the solution.

Table 5.4: Radius of gyration of the model oil sub-fractions
Name of fraction Rg(Å)

60 vol% heptane
-CutM1 62.1±3.6
-CutM2 50.7±2.3
70 vol% heptane
-CutM3 43.6±1.7
-CutM4 39.6±1.5
-CutM5 soluble 26.9±0.8
AsphaltenesM 35.1±1.1

5.3.3 Microscopy Experiments

Scattering results suggest that the aggregation tendency of asphaltenes varies

among different sub-fractions. In the next step, microscopy experiments were utilized

to measure the aggregation tendency of each sub-fraction after adding the precipi-

tant. Due to the limited quantity of asphaltenes, microscopy experiments are only
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Figure 5.5:
Detection time as a function of heptane concentration for crude
oil sub-fractions

performed for some of the cuts. To perform the experiments 2 wt% of each cut from

the crude oil fractionation and 1 wt% of each cut from the model oil fractionation

were dissolved in toluene. Figure 5.5 shows the detection time measurements after

the addition of heptane for crude oil cuts. CutC3 is the one that precipitated the

earliest compared to the other cuts shown in Figure 5.5 and has therefore the fastest

precipitation rate and the lowest stability.

In addition, precipitation rate of CutC4 asphaltenes is faster compared to the

CutC6 and CutC7. However, no difference in precipitation tendency is observed be-

tween CutC6 and CutC7. Identical aggregation rates of CutC6 and CutC7 is in agree-

ment with identical sizes of their nano-particles when dissolved in toluene. It appears

that polydispersity plays a significant role in dictating the behavior of asphaltenes at

small thermodynamic driving forces (i.e. at low precipitant concentrations) and once
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oil sub-fractions

the most unstable asphaltenes precipitate out of the solution, the rates are controlled

by aggregation of asphaltenes with similar properties. Unfortunately, elemental anal-

ysis did not show any significant differences in properties, therefore it is unclear at

this point, what are the structural properties of most unstable asphaltenes (the ones

precipitated the earliest). Similar conclusions are valid for asphaltenes fractionated

from the model oil (Figure 5.6).

Figures 5.5 and 5.6 along with the master curve developed in Chapter II can

be used to calculate the solubility parameter distribution in different cuts. Master

curve correlates the detection time to the difference in the solubility parameter of

asphaltenes and the solution and with known detection times it can be used to obtain

the solubility parameter of asphaltenes. Figure 5.7 shows the agreement between the

measurements and the master curve.
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Table 5.5: Solubility parameter of crude oil sub-fractions obtained from Figure 5.7.

Name of fraction
Solubility Parameter

(MPa0.5)

50 vol% heptane
-CutC3 24.59
-CutC4 24.03

75 vol% heptane
-CutC6 23.86
-CutC7 23.90
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The solubility parameters obtained from Figure 5.7 are shown in Tables 5.5

and 5.6. For samples fractionated from the crude oil, there is a significant change in

solubility parameters from CutC3 to CutC7 (∼ 0.7 MPa0.5). The solubility param-

eter of heptane and toluene are 15.2 and 18.3 MPa0.5 respectively and only 3 units

of difference in their solubility parameters dictates the difference between a solvent

and a precipitant. Therefore, a difference of 0.7 MPa0.5 in solubility parameter of as-

phaltenes from CutC3 to CutC7 is considered to be significant. For cuts fractionated

from the model oil, the variations of the solubility parameters falls into a narrower

range (∼ 0.4 MPa0.5).

Table 5.6: Solubility parameter of model oil sub-fractions obtained from Figure 5.7.

Name of fraction
Solubility Parameter

(MPa0.5)

60 vol% heptane
-CutM1 24.38
-CutM2 24.20

70 vol% heptane
-CutM3 24.05

5.4 Conclusions

The properties of asphaltenes precipitated at different times and precipitant con-

centrations were investigated in this study. No significant differences in the chemical

composition of different cuts was detected, and only slight differences in metal con-

tents and some of heteroatom contents were observed. In addition, it was shown that

different asphaltene sub-fractions tend to form different sizes of nano-aggregates and

the ones precipitating first form the largest nano-particles in toluene. Moreover, de-

spite small changes in the chemical composition, the aggregation rates measured from
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microscopy experiments varied significantly at small driving forces, indicating that

asphaltenes are extremely polydispersed. At higher driving forces, the polydispersity

deceases significantly.

Due to the extreme complexity of asphaltenes, the bulk properties such as el-

emental composition do not provide adequate information about the instability of

asphaltene sub-fractions and instead aggregation rates and estimation of solubility

parameter distribution appears to be a more appropriate way to characterize differ-

ences in properties of asphaltenes. In addition, the findnings presented in this chapter

support the hypothesis that asphaltenes precipitating first (i.e. ones precipitating in

the slow kinetics region) are in fact the most problematic fractions. Therefore, it

is extremely important to be able to understand and predict their behavior under

different experimental conditions which have been the main focus of this thesis.
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CHAPTER VI

Conclusions

In this dissertation the key factors effecting the aggregation behavior of asphaltenes

at small thermodynamic driving forces are investigated. It is shown that the solvent,

asphaltene concentration and the precipitant can influence the precipitation and ag-

gregation kinetics to varying extents. Overall, the effect of solvent is found to be more

prominent. On the other hand, some interesting trends for the roles of asphaltene

concentration and chemical identity of precipitant are observed which highlight the

importance of self-stabilization and polydispersity of asphaltenes on their aggregation

and precipitation tendencies.

The aggregation behavior of asphaltenes for different solvents and crude oils is

investigated in Chapter II mainly by using optical microscopy. The results demon-

strate that precipitation kinetics strongly depends on the properties of the crude oil or

the solvent under investigation. To quantitatively explain this behavior, a novel ag-

gregation model based on Smoluchowski’s population balance approach is developed.

Our analysis reveals that the detection times measured from optical microscopy can

be estimated from the number concentration of unstable asphaltenes, viscosity and

collision efficiency (i.e. coagulation efficiency). Due to the complexity of asphaltenes

and their unknown structure, the exact type and magnitude of forces involved in the

132



aggregation process are unknown. Therefore a simple form is proposed to predict the

changes in collision efficiency. The proposed correlation relates the collision efficiency

to the difference in the solubility parameters of asphaltenes and the solution and can

successfully explain the differences in aggregation behavior of asphaltenes in differ-

ent solvents and crude oils. With this new model, all aggregation curves collapse

onto a single master curve that can be utilized as a tool for obtaining the solubility

parameters of the most unstable asphaltenes for each asphaltene type.

In Chapter III the effect of asphaltene concentration on their precipitation rate

is investigated. It is intuitively expected from the literature that the nature and

strength of interparticle forces between aggregating asphaltenes do not change by

changing their concentration above 1 wt%. Therefore the collision efficiency is ex-

pected to remain constant and the aggregation rate is simply expected to increase

by increasing the number of aggregating particles. However, the microscopy experi-

ments revealed that the aggregation rate of asphaltenes passes through a maximum

at around 1 wt%. In other words, the precipitation rate increases by increasing the

concentration up to 1 wt% (as expected) and then decreases upon a further increase

in asphaltene concentration. This interesting phenomenon has not been reported for

any other system and it is believed to be due to a change in the degree of interpar-

ticle interactions between asphaltenes as their concentration increases. Although the

detailed picture of such changes are unknown at this point, we believe this behavior

is due to the existence of soluble asphaltenes remaining in the solution. The soluble

asphaltenes can be viewed as being part of the solvent and can therefore increase

the overall solubility parameter of the solution. From the model developed in Chap-

ter II, any increase in solubility parameter of solution results in smaller aggregation

tendency. Therefore, the results can be easily explained by the competing effects of

the changes in number concentration of aggregating asphaltenes and changes in their
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aggregation tendency. At concentrations below 1 wt%, the increase in number con-

centration overcomes the increase in solubility parameter (small quantity of soluble

asphaltenes to alter the solvency power). However, at concentrations above 1 wt%,

precipitation rates are dictated by the changes in the collision efficiency (i.e. change

in the solubility parameter). The self-stabilizing effect of asphaltenes is neglected

in all existing models and is successfully predicted using the analysis developed in

Chapter II.

The effect of different n-alkane precipitants on the kinetics of precipitation is

investigated in Chapter IV. By increasing the chain length of the n-alkane precipitant–

i.e. the carbon number–, both the viscosity and the solubility parameter of the solution

increases and as a result, the precipitation rate is expected to decrease. However, the

actual behavior of the system is more subtle. Indeed, the precipitation rate either

remains constant, or increases, or passes through a maximum as n increases. This

behavior can be explained by accounting for the polydispersity of asphaltenes. Due

to their higher solubility parameters, precipitants with longer chains are believed to

be weaker. Therefore they tend to precipitate the more unstable asphaltenes with

higher average solubility parameter. The aggregation tendency is controlled by the

difference in solubility parameters of asphaltenes and solution surrounding them and

thus depending on the magnetite of differences in solubility parameters of asphaltenes

and precipitants, the precipitation rate can either increase or decrease. The findings

from Chapter IV show that the polidispersity of asphaltenes can be characterized

using a distribution of solubility parameters and our model successfully predicts the

increasing trend in the solubility parameter of precipitated asphaltenes as a function

of an increase in n. The solubility parameter distribution obtained from the model

can also successfully predict the precipitation rate of asphaltenes in blends of different

n-alkane precipitants (blends of two, three, four and five precipitants are investigated).
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Finally, Chapter V provides direct experimental evidence for the importance of

studying asphaltenes kinetic at weak thermodynamic driving forces. The asphaltenes

are fractionated into smaller sub-fractions based on the time that it takes for them to

aggregate to a separable size (∼0.2–0.5 µm) at identical and different driving forces

(i.e. heptane concentration). The elemental composition of different asphaltene sub-

fractions shows minor differences in their chemical composition. Our findings suggest

that asphaltenes precipitated earlier are more polar (i.e., with higher metal and het-

eroatom content). Moreover, SAXS and microscopy experiments clearly show that

asphaltenes that precipitate first are the ones with the highest aggregation tendency

and solubility parameter. Therefore, they are expected to be the most problematic

fraction of total asphaltenes.

The fractionation approach utilized in Chapter V allowed us to investigate the

stability of each cut independently. In reality however, asphaltenes that precipitate

under stronger driving forces also include the ones that would have precipitated under

weaker driving forces as well. As a result, one might expect that the asphaltene-related

problems will be more severe due to the larger quantity of total asphaltenes that would

precipitate under strong driving forces. However, as discussed in Chapter III, the

presence of more stable asphaltenes tend to increase the stability of the less stable

fractions. Therefore larger mass of more stable and less stable asphaltenes is not

necessarily more problematic than the smaller fraction of unstable asphaltenes. For

example, in the case of deposited asphaltenes, the solvent remediation is more likely to

be effective in removing the asphaltenes deposited at stronger driving forces compared

to the ones that have deposited at weaker driving forces. It should be emphasized

that this discussion does not mean that operating at strong driving forces is not

problematic. In general, it is important to avoid operating at any conditions that can

result in instability and therefore deposition of asphaltenes . However, investigating
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the destabilization of asphaltenes in strong driving forces can help in predicting only

a fraction of potential problems but studying asphaltenes behavior in weak driving

forces provides the lower limit for the instability and can help in identifying all of

problematic operational conditions.
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CHAPTER VII

Future Work

7.1 Studying Asphaltene Model Compounds

As has been discussed throughout this thesis, asphaltenes are a complex solubility

class composed of more than 7000 unique molecules [1] with strong tendency for

self-association and phase separation from crude oil. The general consensus is that

asphaltenes are composed of rigid polyaromatic cores surrounded by flexible alkyl

side chains. The core-core interactions are considered to be the main intra-asphaltene

attractive forces that are countered by the steric repulsion emanating from side chains.

The magnitude of attraction and repulsion forces are controlled by various factors

such as the size of polyaromatic cores and the lengths and configurations of alkyl side

chains [2]. However, since the structural details and the polydispersity of asphaltenes

are unknown, it is extremely difficult to quantitatively characterize the attractive and

repulsive forces that are in play during their aggregation and precipitation.

In this thesis, a simple phenomenological approach is proposed for estimating the

effectiveness of collisions between unstable asphaltenes. Our model captures the as-

phaltenes behavior at ambient conditions reasonably well. However because of the

complexity of asphaltenes, it is difficult to explain why such simple correlations can
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work so well. In addition it is not clear if such correlations accurately represent the

types of interactions involved in the aggregation process. Studying model compounds

with known structures and controlled polydispersity can help us better understand

the process and address some of these unanswered questions. Existing theories for at-

tractions and steric stabilization can be utilized for estimating the range and strength

of interactions between asphaltenes and help in testing the validity of the theories that

correctly describe the behavior of asphaltenes model compounds. One can start by

adding alkyl side chains of different lengths at different locations of the aromatic

core like coronene. The stability and destabilization of model compounds at differ-

ent conditions (e.g., pure solvent or at different ratios of solvent/precipitant) can

then be investigated using techniques such as XRD, SAXS, SANS or NMR. Despite

the advantages of model compounds over asphaltenes, it should be mentioned that

some of the asphaltenes unique characteristics could simply be due to their extreme

polydispersity and not due to structural details of individual molecules. Therefore,

one should keep in mind that experiments on model compounds might not result in

behaviors similar to asphaltenes.

7.2 Further Investigating the Polydispersity of Asphaltenes

The nontrivial behavior of asphaltenes in different n-alkanes in Chapter IV is

attributed to their polydispersity. This hypothesis can be further investigated by

fractionating asphaltenes precipitated by different n-alkanes and studying the aggre-

gation tendency of each fraction separately. The instability of asphaltene sub-fractions

is expected to increase by increasing the carbon number of n-alkane precipitant. The

aggregation tendency and the solubility parameter of each fraction can be measured

in toluene-heptane mixtures. The solubility parameter distribution from toluene-
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heptane can be compared to the values obtained from the approach presented in

Chapter IV.

7.3 Precipitation Kinetics in Blend of Incompatible Crude

Oils

One of the main reasons for the destabilization of asphaltenes in the oil industry

is the blending of incompatible crude oils. Blending different crude oils is a common

process in the oil industry, which is carried out either to improve mixture properties

or to reduce transportation costs [3, 4]. However, blending of crude oils might change

the stability of asphaltenes in the mixture and can cause problems such as fouling in

the pipelines and refinery equipments [5].Our preliminary results indicate that blend

of incompatible crude oils show similar behavior in terms of precipitation kinetics

as the crude oils mixed with a precipitant such as heptane. Figure 7.1 shows the

detection time plot for the blend of crude A and L1 crude oil at different ratios. L1

is a paraffinic crude oil with an asphaltene content of approximately 0.03 wt% while

crude A has an asphaltene concentration of 3.25 wt%. L1 crude oil appears to be

acting as a precipitant for asphaltenes in crude A. This behavior is not surprising

because L1 is a paraffinic oil with high concentration of n-alkanes.

The initial results show that kinetic effects exist in blends of incompatible crude

oils. Neglecting these effects could lead to significant economic and operational prob-

lems. In cases where blending occurs between two types of oils only, one can easily

perform microscopy experiments similar to those explained in this thesis. However, if

three or more different types of oils are to be blended, the number of possible combi-

nations will be too large for the experimental approach to be practical. Consequently,

there is a need for predictive models for foreseeing the kinetic behavior of such blends
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Figure 7.1:
Detection time as a function of blend composition for blends of
incompatible oils.

and the validity of aggregation model developed in this thesis can be investigated for

blends of incompatible crude oils at different ratios.

7.4 Precipitation Kinetics in Live Oils

Pressure depletion is one of the major reasons for asphaltene precipitation and

deposition during oil production. Expansion of light ends (i.e. dissolved gas) due

to reduction in pressure, decreases the solubility parameter of the solution and can

therefore result in asphaltene destabilization [6]. Although laboratory experiments at

high pressures are typically challenging, it is interesting from an operational point of

view to investigate the existence of precipitation kinetics for pressure destabilization.

High pressure experiments can be performed in PVT cells equipped with laser-based

particle detection systems [7] or high pressure microscopes [6]. If precipitation kinetics

in these systems are similar to precipitations kinetics in oil-precipitatnt mixtures, the

140



validity of the model developed in this thesis can be tested for these systems as well.

The solubility parameter of live oils can be obtained using an equation of state or from

the correlations between the refractive index and solubility parameter by knowing the

amount of dissolved gas [8–10].
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APPENDIX A

Analytical Solution for Smoluchowski’s Equation

and Estimating Detection Time

A.1 Analytical Solution

Smoluchowski’s Equation is given by ([1]):

dCk
dt

=
1

2

∑

i+j=k

KijCiCj − Ck
∑

i≥k

KikCi (A.1)

where Ck is the number concentration of particle composed of k monomers and C1(0)

is the number concentration of monomers (i.e. primary nano-particles) at t = 0. For

a constant collision kernel, Smoluchowski’s Equation has an analytical solution. Con-

stant Kij (i.e. size independent kernel [2]) can be estimated from following correlation

(Chapter II):

Kij =
8kBT

3µ
β (A.2)
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where kB is the Boltzmann constant, µ is the viscosity, T is the temperature and β

is the collision efficiency. We want to solve Smoluchowski’s Equation with a constant

kernel analytically. We first define the dimensionless Ck as follows:

C
′

k =
Ck
C1(0)

(A.3)

Replacing Cks with C
′

kC1(0) in Equation A.1 we get:

dC
′

k

dt
=

1

2
C1(0)

∑

i+j=k

KijC
′

iC
′

j − C
′

kC1(0)
∑

i≥k

KikC
′

i (A.4)

which must be solved alongside the following initial conditions for C
′
1:

C
′

1(0) =
C1(0)

C1(0)
= 1 (A.5)

We define variable α as follows and substitute it in Equation A.4:

α = KijC1(0) =
8kBT

3µ
βC1(0) (A.6)

dC
′

k

dt
=

1

2

∑

i+j=k

αC
′

iC
′

j − C
′

k

∑

i≥k

αC
′

i (A.7)

We then assume that the solution for Equation A.7 has the following mathematical

form [1]):

C
′

k(t) = A(t) [a(t)]k−1 (A.8)
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Differentiating Equation A.8 and replacing it in Equation A.7 we get:

1

C
′
k

dC
′

k

dt
=

1

2C
′
k

α
∑

i+j=k

C
′

iC
′

j − α
∑

i≥k

C
′

i =
Ȧak−1 + Aȧ(k − 1)ak−2

A(t)[a(t)]k−1
(A.9)

Substituting C’s from Equation A.8 in Equation A.9, it becomes:

Ȧ

A
+ (k − 1)

ȧ

a
=
α

2
(k − 1)

A

a
− αA

∞∑

i=1

ai−1 (A.10)

with the following initial conditions:

C
′

1(0) = 1 =⇒ A(0) = 1

C
′

k(0) = 0 =⇒ A(0) = 0

From Equation A.10 we get:

dA

dt
= − αA2

1− a =⇒ α = −(1− a)

A2

dA

dt
(A.11)

and:

da

dt
= −α

2
A =⇒ α =

2

A

da

dt
(A.12)

Combining Equations A.11 and A.12:

−(1− a)dA = 2Ada =⇒ dA

A
= −2

da

1− a =⇒ lnA = ln(1− a)2 + a1 (A.13)
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From the initial conditions for A and a we get the constant a1 in Equation A.13:

A(0) = 1 and a(0) = 0 =⇒ a1 = 0 =⇒ A(t) = (1− a(t))2 (A.14)

By replacing A(t) in Equation A.12 we get a(t):

da

dt
=
α

2
(1− a)2 and a(0) = 0 =⇒ a(t) =

αt

αt+ 2
(A.15)

Combining Equations A.14 and A.15 we get:

A(t) =
4

(αt+ 2)2
(A.16)

Combining Equations A.8, A.15 and A.16, Ck can be calculated from the following

correlation (analytical solution):

Ck(t)

C1(0)
=

4

(αt+ 2)2

[
αt

αt+ 2

]k−1
(A.17)

where C1(0) is the number concentration of particles at t = 0.

A.2 Estimating Detection Time

For our experiments minimum detectable size under optical microscope is around

0.5 µm. In order to detect asphaltenes, the number concentration of particles at

microscope’s detection limit (i.e., 0.5µm) should have reached a minimum value (i.e.,

CM):

Ck0(tdetection) at 0.5 µm = CM (A.18)
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where k0 is the number of primary nano-particles in the structure of an aggregate

with size 0.5 µm.

Substituting Equation A.18 in A.17 for detection time we get:

Ck0(t)

C1(0)
=

CM
C1(0)

=
4

(αtdetection + 2)2

[
αtdetection

αtdetection + 2

]k0−1
(A.19)

Let αt = t
′
:

CM
C1(0)

=
4

(t′ + 2)2

[
t
′

t′ + 2

]k0−1
= f(t

′
)g(t

′
) (A.20)

f(t
′
) =

4

(t′ + 2)2
and g(t

′
) = [

t
′

t′ + 2
]k0−1

It is clear from Equation A.20 that the solution of t
′

depends on the values of CM ,

k0 and C1(0). CM and k0 are the characteristics of the detection point and therefore

should be the same for all our samples. We are also assuming that C1(0) is a constant

for the range of heptane concentrations investigated in each crude oil and model

oil. Due to dilution effect resulting from heptane addition, the change in number

concentration of the unstable asphaltenes (i.e. C1(0)) could be insignificant. In order

to solve Equation A.20, CM and k0 constants need to be known. k0 can be estimated

by knowing the size of primary nano-particles (typical size of asphalttene clusters is

around 5 nm [3]) from following equation [4]:

k0 ≈
(
da
dp

)Df
≈
(

0.5× 10−6

5× 10−9

)2.1

= 15848 ≈ 15800 (A.21)
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k0: number of primary nano-particles in the aggregates of size 0.5 µm

Df : fractal dimension (around 2.1 for reaction-limited aggregation [5])

dp: size of aggregate (0.5 µm)

da: size of primary nano-particles

CM is the minimum number of particles with size 0.5 µm. Some rough calculations

can be carried out to obtain a reasonable estimate for CM .

Microscopy experiments are done using a small drop of solution placed between

two microscopy slides (22 × 22 mm with the surface area of 0.000484 m2). The

volume of one drop is around: 5 × 10−8m3. Assuming that the droplet covers the

entire microscopy slide, the thickness of sample between two slides is estimated to

be around 0.1033 mm. An analysis of the microscopy pictures at detection times

has revealed that around 30 of 0.5 µm particles need to be detectable in the field

view for a sample to be called precipitated. Field of view approximately spans an

area of 3.06 × 104µm2. Therefore the volume monitored under field view is around

3.16 × 10−12m3. A value of CM = 1013 results in around 31 particles in the field of

view. Therefore all calculations in this appendix are carried out using CM = 1013.

In addition to the values of CM and k0, C1(0) also needs to be known for each

crude oil and model oil. To calculate C1(0) (the number concentration of primary

particles at t = 0), it is assumed that asphaltenes primary particles are clusters com-

posed of eight nano-aggregates, and nano-aggregates are composed of six asphaltene

molecules with average molecular weight of 750 [3]. If the volume fraction of unstable

asphaltenes in solution is b (m3 of asphaltenes/m3 of solution), then C1(0) can be

calculated using following formula:
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C1(0) = b
m3 asphaltenes

m3 solution

1200 kg asphaltenes

1 m3 asphaltenes

1000 g

1 kg

1 mol asphaltenes

750 g

NA(Avegadro number)

6 (# of molecules in nano− aggregate)
1

8 (# of nano− aggregates in cluster) =

2.00738× 1025b
# of primary particles(asphaltene clusters)

m3 solution

C1(0) = 2.00738× 1025b, where b is :
m3 asphaltenes

m3 solution
(A.22)

Knowing C1(0), k0 and CM , Equation A.20 can be solved to obtain t
′

using trial

and error. Table A.1 shows the solution for t
′

of ten different model oils and crude

oils presented in Chapter II.

Table A.1: Analytical solution for results presented in Chapter II.
Name of Sample C1(0) t

′
(s) f

′
g

′

K1 Asphaltenes in 1-MN 1.82× 1023 253155 6.24× 10−11 0.882
B1 Asphaltenes in 1-MN 2.15× 1023 277086 5.21× 10−11 0.892
K1 Asphaltenes in Toluene 2.78× 1023 317138 3.98× 10−11 0.905
B1 Asphaltenes in Toluene 3.45× 1023 355063 3.17× 10−11 0.915
B1 asphaltenes in Toluene
+ 1-MN

2.57× 1023 304274 4.32× 10−11 0.901

Crude Oil A 2.51× 1023 300872 4.42× 10−11 0.900
Crude Oil B 3.03× 1022 92868 4.64× 10−10 0.711
Crude Oil C 6.70× 1022 147028 1.85× 10−10 0.806
Crude Oil D 8.63× 1022 169221 1.40× 10−10 0.829
Crude Oil E 5.57× 1022 132410 2.28× 10−10 0.787

Figure A.1 shows the changes in f
′

and g
′

as a function of C1(0). f
′

and g
′

are

normalized with respect to their maximum value for better visualization. It can be

seen that the normalized f
′

is a stronger function of C1(0) compared to normalized

g
′
. Therefore one can assume that g

′
in Equation A.20 is a constant independent of
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Figure A.1:
Plot of f

′
and g

′
as a function of C1(0): (a) normal scale, (b) log

scale.

crude oil under investigation . For the value of CM = 1 × 1013 and k0 = 15800 , g
′

has the average value of 0.852 with the standard deviation of 0.0637.

Assuming that g
′
(t) = constant = g, the analytical solution (Equation A.20) can

be simplified to the following form:

CM
C1(0)

=
4

(t′ + 2)2

[
t
′

t′ + 2

]k0−1
=

4

(t′ + 2)2
g (A.23)

In addition t
′ � 2 therefore Equation A.24 can be further simplified to the fol-

lowing form:

CM
C1(0)

=
4

(t′)2
g (A.24)
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t
′
= αtdetection = 2

√
C1(0)g

CM
=

8kBT

3µ
βC1(0)tdetection (A.25)

Rearranging Equation A.25, we get:

tdetection =
µ

β
√
C1(0)

[
3

4kBT

√
g

CM

]
(A.26)

The term inside the brackets in Equation A.26 is a constant, therefore the following

equation for the change in detection time as a function of µ, β and C1(0) is obtained:

tdetection ∝
1√
C1(0)

µ

β
(A.27)

Equation A.27 was used in Chapter II to obtain the unified master curve from plot

of ln(tdetection
√
C1(0)/µ) vs. (δasph − δsolution)2. To have a dimensionless form of y-

axis, {tdetection
√
C1(0)/µ} can be replaced by {tdetection

√
CMC1(0)kBT/µ}. Figure A.2

shows the master curve obtained from the plot of ln(tdetection
√
CMC1(0)kBT/µ) vs.

(δasph − δsolution)2 for CM value of 10−3.

A.3 Sensitivity Analysis of Asphaltenes Solubility Parameter

The solubility parameter of asphaltenes precipitated from different crude oils and

model oils presented in Chapter II are obtained by searching for the global minimum of

error squared between the predicted and the measured values of ln(tdetection
√
C1(0)/µ)

(See Chapter II) and include up to five significant digits. The solubility parameter val-
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ues were also rounded to four, three and two significant digits. The analyses revealed

that up to three significant digits , the model can successfully predict the behav-

ior of asphaltenes in different crude oils and model oils (See Figures A.3 and A.4).

Figures A.3 and A.4 also show the sensitivity of the model prediction from master

curve to ±100Pa0.5 change in the solubility parameter of asphaltenes in each sam-

ple. It is clear from these analyses that change in δasph has a great impact on the

predicted aggregation rate. This behavior is not surprising because asphaltenes ag-

gregation is assumed to happen through a reaction-limited process in our model and

any change in the collision efficiency (due to change in δasph) is expected to have a

significant influence on the aggregation rate. Phase behavior of asphaltenes modeled

using Flory-Huggins theory is also shown to be very sensitive to the slight changes in

the solubility parameters of precipitated asphaltenes [6].
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Figure A.3:
Sensitivity of the model predictions from the master curve to
the solubility parameter of asphaltenes in five different crude
oils: data points represent experimentally measured detection times and
dashed lines represent the model predictions for different solubility pa-
rameter values.
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Sensitivity of the model predictions from the master curve to
the solubility parameter of two types of asphaltenes (K1 and
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APPENDIX B

Accounting for the Polydispersity of Asphaltenes

in Different Solvents

B.1 Accounting for the Polydispersity of Asphaltenes in Dif-

ferent Solvents

To account for the polydispersity of asphaltenes precipitated in different solvents

(i.e., toluene vs. 1-methylnaphthalene) (Chapter II) different values for the solubility

parameter of asphaltenes can be used in each solvent (similar to the approach used

in Chapter IV for different precipitants). Figure B.1 shows ln(tdetection
√
C1(0)/µ)

vs. (δasph− δsolution)−2 after accounting for asphaltenes polydispersity. The solubility

parameter of asphaltenes in the blend of toluene-methylnaphthalene is calculated

from the volumetric average of the solubility parameters of asphaltenes in toluene

and in 1-methylnaphthalene. Table B.1 shows the solubility parameter values used in

Figure B.1. As discussed in Chapter II, 1-methylnaphthalene is a stronger solvent for

asphaltenes than toluene. Therefore the average solubility parameter of precipitated
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Table 1: Radius of gyration from scattering results of B1 asphaltenes shown in
Figure ??
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Figure B.1:
Plot of ln(tdetection

√
C1(0)/µ) vs. (δasph−δsolution)−2 after accounting

for polydispersity of asphaltenes in different solvents.

asphaltenes in methylnaphthalene-heptane is expected to be higher than toluene-

heptane. The predicted trend (Table B.1) for the solubility parameters from our

model is well in agreement with this expected trend.

Table B.1: Solubility parameter of K1 and B1 asphaltenes.

Sample Name
Solubility Parameter
Asphaltenes (Pa0.5)

K1 Asphaltenes-Toluene 24050
K1 Asphaltenes-MN 24200
B1 Asphaltenes-Toluene 24420
B1 Asphaltenes-MN 24530
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APPENDIX C

Aging of Asphaltenes

C.1 Aging of Asphaltenes

Asphaltenes for model mixture preparation were extracted from different crude

oils. Crude oils were stored at ambient conditions under nitrogen environment. In

order to precipitate asphaltenes, crude oils were mixed with heptane in 1:25 volume

ratio and were kept well mixed for 24 hours. The arising solutions were then cen-

trifuged with a Sorvall Legend X1R at 3500 rpm for 1 hour to separate precipitated

asphaltenes. The asphaltenes were then Soxhlet-washed with heptane for 24 hours to

wash any non-asphaltenic material trapped in the cake. The asphaltenes were then

dried in the oven at 75◦C.

Despite the identical procedure used for extracting asphaltenes in all the samples,

the precipitation rates of asphaltenes extracted from the same crude at different

times can be different. For example, Figure C.1 shows the precipitation rate of three

separate batches of K1 asphaltenes in toluene as a function of their concentration.

All three batches were extracted from K1 crude oil: Batch #1 at 2010, Batch #2
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at 2011 and Batch #3 at 2013. Batch #1 and #2 asphaltenes were dried in the

presence of air and batch #3 asphalttenes were dried in a vacuum oven. Although

we get slightly different values for the rate of precipitation in different batches, the

experimental trends– for the effect of asphaltene concentration on precipitation rate–

are clearly preserved. The differences in precipitation rates between different batches

could be attributed to the: aging of crude oil (e.g. due to oxidation), oxidation of

asphaltenes at high temperatures (i.e. 75◦C in the presence of air) and evaporation

losses of light ends from crude oil over time. In addition, the number of washing cycles

in the Soxhlet could also influence the composition of recovered asphaltenes. All the

samples were washed for 24 hours, however minor fluctuations in the temperature

of the coolant could affect the number of cycles and therefore the properties of the

recovered asphaltenes.

Despite the differences in the results shown for K1 asphaltenes in Figure C.1, the

relative differences between asphaltene concentrations among different batches are

identical. For example, by shifting the batch #1 and batch #3 asphaltenes on x-

axis by 3.3 and 4 units respectively, the results for all three batches perfectly overlap

(Figure C.2).

In conclusion, the aging of asphaltenes can influence the absolute rates measured

from microscopy experiments but it does not affect the experimental trends and the

conclusions reached in this thesis. In order to investigate the effect of different factors

on the precipitation rate of asphaltenes (e.g., solvent or asphaltene concentration),

only asphaltenes extracted from the same batch were used to perform the experiments

presented in this thesis. All the model oils for the same set of experiments were

prepared at the same day and were not destabilized until at least one week after their

preparation.
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Figure C.1:
Detection time as a function of heptane concentration for dif-
ferent batches of K1 asphaltenes in toluene.
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Detection time as a function of heptane concentration for dif-
ferent batches of K1 asphaltenes in toluene: values for batches 1
and 3 are shifted 3.3 and 4 units on x-axis respectively to match batch
2.
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APPENDIX D

Effect of Sonication

D.1 Effect of Sonication

In order to prepare samples with different asphaltene concentrations, all the sam-

ples were sonicated to insure complete sub-micron dispersion in toluene. Due to larger

quantity of asphaltenes at higher asphaltene concentrations, their sonication time was

typically longer than the time needed for lower concentrations. To insure that the

results presented in Chapter III are not influenced by different sonication times, two

batches of 1 wt% of K1 asphaltenes in toluene were prepared: 1) Batch #1 asphatenes

were sonicated until the background under optical microscope appeared clean (∼ 15

minutes), 2) Batch #2 asphalttenes were sonicated for 45 minutes (sonication time

used for 8 wt% K1 asphaltenes in toluene). Figure D.1 shows the detection time

results for two batches of 1 wt% K1 asphaltenes, along with other concentrations.

Sonication time might have a minor influence on the detection time measurements

(the largest deviation is at small detection times with the highest experimental uncer-

tainty), but the differences between results for 1 wt% and other concentration are still

165



0.1 

1 

10 

100 

1000 

36 38 40 42 44 46 48 50 52 

D
et

ec
tio

n 
T

im
e 

(h
rs

) 

Heptane Vol% in Toluene 

1 wt% K1 in Toluene-Sonicated 15 minutes 

1 wt% K1 in Toluene-Sonicated 45 minutes 

3 wt% K1 in Toluene 

5 wt% K1 in Toluene 

8 wt% K1 in Toluene 

Figure D.1:
Plot of detection time as a function of heptane concentration
for different asphaltene concentrations (effect of sonication).

significantly large enough that the trends and conclusions presented in Chapter III

are valid.
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APPENDIX E

Small-Angle X-ray Scattering for Different

Asphaltene Concentrations

E.1 Small-Angle X-ray Scattering for Different Asphaltene

Concentrations

SAXS is a powerful technique that provides information about the size and struc-

ture of nano-particles. The scattering intensity for a particle in a solution is expressed

as [1, 2]:

I(q) = φ(1− φ)Ie∆ρ
2P (q)S(q) (E.1)

where φ is the volume fraction of the particle, Ie is the scattering intensity of

an electron, ∆ρ is the difference between scattering density of the particles and the

solution, P (q) is the form factor which accounts for the size and shape of particles

and S(q) is the structure factor accounting for the position or orientation correlation
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between scattering particles. For dilute samples, the position correlation between

particles can be assumed to be negligible (S(q) = 1) and Guinier approximation can

be used to obtain an average shape-independent size, radius of gyration:

I(q) = I0 exp

(
−(qRg)

2

3

)
(E.2)

where I is the scattering intensity, I0 is the zero angle intensity, q(1/Å) is the

scattering vector and Rg(Å) is the Guinier radius of gyration.

At high asphaltene concentrations, due to close proximity of particles, the interac-

tions between them become important and the structure factor is no longer equal to

one. In such circumstances, I(q)/φ(1−φ) at low q range decreases by increasing the as-

phaltene concentration in a solvent (i.e. repulsive interaction between asphaltenes) [1]

and the Guinier approximation is not valid for estimating the size (e.g., 8 wt%). As

heptane is added to the solvent, the overall concentration of asphaltenes decreases

as a result of dilution. In addition, centrifugation of precipitated asphaltenes further

reduces the concentration of remaining asphaltenes in the supernatant. Therefore,

the influence of structure factor on the scattering of the centrifuged samples is sig-

nificantly smaller compared to asphaltenes dispersed in toluene. Consequently direct

comparison between solutions with different asphaltene concentrations might become

feasible. SAXS was therefore applied to measure the change in the size of asphaltene

nano-particles as a function of asphaltene and precipitant concentration. Brucker

Nanostar SAXS equipment at the University of Michigan was used to perform scat-

tering measurements. The X-ray generator was set at 40 kV and 35 mA with 0.5 s

per frame.

The supernatant of the centrifuged samples (two months after heptane addition) in
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Chapter III were collected and the scattering intensities of the asphaltenes remaining

in the solution were measured using SAXS (Figures E.1 and E.2). All the plots in

Figures E.1 and E.2 are background corrected and are corrected for the differences

in the scattering density and the volume fraction of asphaltenes (Equation E.2) (I

is not converted to the absolute scaling). The scattering densities of asphaltenes

were calculated from their elemental composition shown in Table 3.1. It is clear

from Figures E.1 and E.2 that the scattering intensities at Guinier region (low q)

for 3 wt% samples are consistently higher than 8 wt% samples at identical heptane

concentrations. The differences between 3 and 8 wt% samples of A1 asphaltenes at 55

and 60 vol% of heptane appear to be small, and scattering profiles overlap. However,

the radius of gyration calculations show that the sizes of asphaltene nano-particles are

different among these samples. Tables E.1 and E.2 show the size of nano-aggregates

calculated using Guinier approximation for the results shown in Figures E.1 and E.2

respectively.

The size of nano-particles left in the solution decreases by increasing heptane con-

centration for B1 asphaltenes both in 3 and 8 wt% samples. These results might

appear contra-initiative, because one would expect the size of asphaltenes to increase

as a result of increase in heptane concentration. However, the most unstable as-

phaltenes tend to form the largest clusters in the solution. As heptane concentration

increases, the unstable asphaltenes have already precipitated and been centrifuged

out of the solution at the time of scattering measurements. Therefore the sizes mea-

sured in these experiments are due to the scattering of the remaining asphaltenes

that are more stable, and thus tend to form smaller clusters in the solution. For A1

asphaltenes similar trends are observed except for 3 wt% asphaltenes at 50 and 55

vol% heptane. The increase in the size of stable nano-particles from 50 to 55 vol%

heptane could be due to experimental error or could be attributed to an increase in
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Figure E.1:
Scattering results for supernatant of 3 and 8 wt% B1 as-
phaltenes at different heptane concentrations.
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Figure E.2:
Scattering results for supernatant of 3 and 8 wt% A1 as-
phaltenes at different heptane concentrations.
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the size of remaining asphaltenes despite the fractionation and separation of unstable

ones.

Table E.1:
Radius of gyration from scattering results of B1 asphaltenes shown in
Figure E.1
3 wt% B1 in Toluene 8 wt% B1 in Toluene

C7 Concentration Rg(Å) C7 Concentration Rg(Å)

38.57 71.40±2.37 38.43 79.98±1.61
40.59 68.54±1.89 40.37 79.13±1.62
45.61 61.92±1.36 45.55 71.44±3.97
50.61 56.01±1.39 50.72 64.93±1.08

Table E.2:
Radius of gyration from scattering results of A1 asphaltenes shown in
Figure E.2
3 wt% A1 in Toluene 8 wt% A1 in Toluene

C7 Concentration Rg(Å) C7 Concentration Rg(Å)

48.56 65.93±1.85 48.11 80.49±1.23
50.58 51.66±0.87 50.20 68.20±1.50
55.18 53.46±1.29 55.36 59.80±1.20
60.00 49.65±0.89 60.49 56.91±0.90

The results from Tables E.1 and E.2 indicate that at a fixed heptane concentra-

tion, the sizes of asphaltene nano-particles in 3 wt% are always smaller than their

sizes in 8wt%. Smaller sizes of asphaltenes in 3 wt% compared to 8 wt% samples

are surprising because asphaltenes are equally polydispersed in both samples. These

results indicate that asphaltenes tend to fractionate differently in these two sam-

ples. It appears that at identical heptane concentration, higher fraction of unstable

asphaltenes has precipitated in 3 wt% compared to 8 wt%. This behavior is only pos-

sible, if the thermodynamic driving force is different between these two samples and

asphaltenes have lower tendencies for phase separation in 8 wt% samples. Change in
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thermodynamic driving force can be attributed to changes in solubility parameter of

solution.

One other plausible explanation for higher radius of gyration of 8 wt% samples

could be the higher volume fraction of asphaltenes remaining in the supernatant and

contribution of structure factor.
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