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Asphaltenes have been known, since decades, to occasionally cause severe indus-
trial problems during crude oil extraction and during its transport. Petroleum fields
are apprehensively developed with oversized and costly prevention approaches due
to the limited understanding on asphaltenes deposition in conditions of oil produc-
tion.

Previous fundamental researches provided extensive descriptions of asphaltenes
properties in good solvents, such as aromatic solvents. The incompatibility of as-
phaltenes with alkanes induces their destabilization, their aggregation and their de-
position. The aggregation and the mass transfer behavior of asphatenes have been
explained by theoretical concepts for oil + liquid alkane systems. The amount of
destabilized asphaltenes and their aggregation rate both increase as the volume frac-
tion of the anti-solvent increases. Quantitative laboratory measurements have been
accordingly developed for liquid systems at atmospheric pressure. However, risks
related to the instability of asphaltenes are only qualitatively understood during the
primary production of crude oils. In the oil fields, the pressure decrease of the oil
causes the light constituents, such as methane or carbon dioxide, to increase their
volume fraction in the liquid phase.

Based on experimental observations, the first part of this dissertation addresses the
understanding of bulk behavior (destabilization and aggregation) related to asphaltenes
in oil-heptane systems. Analytical equations are proposed to distinctly model both
phenomena. Numerical results obtained by combining both equations with time dis-
cretization provide good agreements compared to experimental measurements. The
study reconciles the continuum consideration of asphaltene molecules in crude oils
with the notion of flocculation "onset" by distinguishing the destabilization and the
aggregation kinetics. A reasonable match is found between the transition of the the-
oretical and the adjusted colloidal stability ratio, indicating that underlying physics
are captured by considering simultaneous destabilization and aggregation kinetics.
Fully immersed quartz crystal resonators are used to record the mass of deposit on
solid surfaces in contact with varying liquid solutions. The deposition rate of as-
phaltenes is studied during continuous addition of heptane a several conditions.
The proposed diffusion-limited model, designed for studied geometry, can explain
experimental results and is in agreement with previous research on different appa-
ratus. The mass transfer relationship reveals that primary unstable aggregates of
asphaltenes mainly contribute to the deposition process and have an average hydro-
dynamic radius of 7 nanometers (£ 50%). A linear relationship is found between the
generation rate and the deposition rate of unstable asphaltenes in the investigated
conditions. However, the initial presence of large suspending unstable aggregates
slows down the asphaltenes deposition process.

In the last phase of this work, the validity of defined concepts for the destabiliza-
tion, the aggregation and the deposition induced by heptane additions is verified
for oil-methane systems. The rate of change of solution properties is found to be the
predominant variable affecting the deposition of asphaltenes. The effect of methane
is significantly more pronounced than liquid alkanes on the asphaltene deposition.
For the first time, the bulk concentration of unstable asphaltenes and their depo-
sition rate can be quantitatively measured during the depressurization of live oils
(light constituent dissolved). Although first tendencies are derived from this work,
the effect of the anti-solvent nature still needs further research with the identified
variables in order to fully elucidate the thermodynamic driving quantity which con-
trols the amount of destabilized asphaltenes.
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Du fait des problemes industriels reliés aux aphalténes lors de I’extraction, du traite-
ment et du transport des hydrocarbures, les champs pétroliferes sont développés
de maniere conservative avec des moyens de prévention de risques de dépodts sur-
dimensionnées lors de la mise en production des installations. Les répercussions
économiques sur les architectures et les opérations se quantifient en centaines de
millions de dollars par an autour du globe terrestre.

De nombreuses études fondamentales menées sur les asphaltenes dans des solvants
dispersants, tels que les solvants aromatiques, ont permis une description extensive
des propriétés et structures moléculaires des asphaltenes durant les 20 dernieres
années. Malgré la connaissance accrue sur les dispersions d’asphalténes en solu-
tion colloidales, leur incompatibilité avec certains composés plus légers, tels que les
alcanes, demeure quantitativement mal comprise. En effet, la présence d’alcanes
ou d’autres constituants légers comme le CO, induit une déstabilisation des as-
phalténes, sous ces conditions ceux-ci tendent a s’aggréger et/ou a se déposer. De
nombreuses précédents études ont montré que des concepts théoriques de trans-
ferts de masse peuvent expliquer ces phénomenes dans des solution de pétrole + al-
canes liquides au laboratoire. Plus la concentration volumique de mauvais solvants
est grande dans la solution, plus la quantité d’asphaltenes instables et leur vitesse
d’aggrégation sont grandes. Une bonne représentation de ces tendances par des
notions théoriques nécessite des ajustements de parametres pour ces solutions lig-
uides a conditions atmosphériques. Des expériences ont donc précédemment été
congues en ce sens afin d’établir les parametres nécessaires aux modélisations tels
que la constante d’aggrégation des asphalténes instables, leur nombre ou leur diffu-
sivité. En revanche, certains de ces coefficients sont inconnus dans les conditions de
déstabilisation industrielles en raison de la difficulté a les déterminer expérimentale-
ment, ce qui limite la prédiction quantitative des risques de dépots d’asphaltenes.
En réalité, c’est la décroissance de la pression dans les conduites pétroliere pendant
I'écoulement du fluide qui induit une augmentation significative du volume des
composés dissouts les plus sensibles a la pression, c’est a dire le methane ou le CO,.
Ainsi, avec l'allegement du solvant certaines fractions d’asphalténes peuvent étre
déstabilisées et causer des problémes.

Ce travail s’inscrit dans une volonté de prédire le comportement des asphaltenes
dans les conditions d’opérations de 1'amont de l'industrie pétroliere. Son objectif
est d’abord de développer la compréhension des systéemes liquides aux conditions
atmosphériques afin d’en extraire les mécanismes dominants et limitants. Dans un
premier temps, les observations expérimentales sont donc menées sur des mélange
de pétrole et d’heptane. Une fois les mécanismes bien compris, un parallele est réal-
isé avec d’autres alcanes, dont le methane.

La premiere partie de cette dissertation est une investigation des deux phénomenes
qui ont lieu dans la phase continue pendant I’ajout ininterrompu d’heptane: la désta-
bilisation et 'aggrégation des asphalténes. Ces derniers sont d’abord décrits de
maniere distincte par deux équations analytiques en fonction du temps et de la
qualité du solvant. La combinaison de la déstabilisation et de 1’aggrégation des as-
phaltenes est ensuite numériquement résolue en discrétisant le temps. Les résultats
de calculs, en accord avec les expériences réalisées, montrent que ces deux proces-
sus ont lieu simultanément. L'aggrégation étant plus rapide que la déstabilisation,
elle en devient naturellement dépendante car seuls les "clusters" d’asphalténes insta-
bles contribuent a ’agglomération pour former des objets de tailles supérieures aux
nanometres. La notion de seuil ou "onset" de flocculation est alors réintroduite de



maniere compréhensive tout en considérant une distribution continue de molécules
d’asphaltenes.

Dans une seconde partie, 'utilisation d"un résonateur en cristal de quartz, immergé
dans le fluide d’étude, a permis pour la premiere fois de mesurer la quantité de dépot
d’asphaltenes pendant le changement continu des propriétés du solvant. Un modele
physique est proposé pour résoudre le transfert de masse des asphaltenes dans le flu-
ide vers la surface solide. En accord avec de précédentes recherches, les simulations
montrent que le mécanisme d’accumulation est controlé par la diffusion des espéces
en question. Ce modele permet d’identifier les particules primaires d’asphaltenes
instables commme contributeurs principales du processus de déposition. Ceci est
notamment mis en évidence a travers la taille des objets qui diffusent puisqu’'une
moyenne de rayon hydrodynamique de 7 nanometres permet d’expliquer la majorité
des résultats expérimentaux. La relation linéaire entre le taux de déstabilisation et
le taux de déposition est aussi parlante sur le processus. Par ailleurs, la vitesse de
déposition tend a décroitre en présence initiale d’asphaltenes instables (grandes par-
ticules en suspensions) dans la solution de pétrole et d’heptane.

Dans la derniere partie de ce travail, les concepts définis sur la déstabilisation, 'aggrégation
et le dépot des asphaltenes pendant 1’ajout d’heptane sont expérimentalement véri-
fiés pour des systémes a gaz dissouts (methane) avec un appareil analogue a cap-
teurs immergés sous haute pression (1000 bars). Pour la premiere fois, le taux de
déposition et la concentration en asphaltenes instables peuvent étre quantifiées, en
laboratoire, au cours d’une opération de dépressurisation d"un pétrole qui contient
des éléments légers. Le taux de changement de parametre de solublité de la solution
liquide est un facteur dominant sur le processus de dépot. Le methane dissout mon-
tre un effet plus sévere que les alcanes plus lourds sur l'instabilité des asphalténes.
Les méthodes empiriques de prédiction ne suffisent pas a expliquer les tendances
observées sur cet effet de la nature (ou volume molaire) de I’agent déstabilisant.

Il est important de noter que ce travail doit servir de base pour effectuer des recherches
plus fondamentales, dans des conditions désormais dont les effets sont controllés,
afin d’élucider les lois thermodynamiques qui gouvernent la déstabilisation des as-
phalténes par différents composés.
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Chapter 1

Introduction

1.1 Background & Industrial Problems

After the invention of the kerosene lamp in the mid-19" century, large quantities
of liquid petroleum have been extracted from geological formations as the demand
of fuel for lighting was growing. The standardization of drilling instead of digging
to encounter natural resources provoked a major turn in the industrial revolution.
In the ensuing years, the world industrial machine of fossil fluid fuels was born.
Refineries have been able to deliver highly energetic fluids from extracted crude
oils and their development was motivated by continuous discoveries of immense
reserves on earth. At that time, the convenient transport properties of liquids com-
pared to the solid coal alternative, along with the high energy density of crude oil
products lead the world to abandon steam engines. Instead, the invented combus-
tion piston engines have been extensively used up to nowadays. Relying on this
dark raw material, the developed downstream industries modified many aspects of
the daily life and made standards of living of the western general population con-
sistently increase. In recent history, the geopolitical, economical and environmental
instabilities that the world is facing make us realize how dependent are our societies
on hydrocarbon supplies. Meanwhile the current research for substituting energies
and for more reasonable lifestyles, the transition period to a low-carbon economy
still puts crude oil in a central position of the global energy mix according to fore-
casts of the international energy agency (see example in Figure 2.1). Within the cur-
rent situation, the present work finds its interest in the need for better efficiency of
the petroleum extraction methods in short terms.

In 1837, the French chemist Boussingault '’ separated for the first time volatile con-
stituents from a natural bitumen sample. The author'’ could not know that the
residue of his experiment would become such an internationally known fraction for
causing industrial problems in the next centuries. He first named the solid black
and heavy material "asphalténe" because of its visual similarity to "asphalt", a syn-
onym word for bitumen, in contrast with the yellow oily liquid product of his ex-
periment that he had given the name of "petrolene">®. The term "asphaltum" was de-
rived from ancient greek "dsphaltos" which means bitumen. At this period of time,
worldwide civilizations would use the adhesive and/or water-repealing properties
of the naturally-occurring sticky substance for convenient utilization like caulking,
cementing parts of constructions or even embalming mummies'. In the modern
time, it is referred to as a technology after some transformations®’ but the vast ma-
jority of asphalt is still used for its same properties. Industrialization has gradually
promoted it to a refined product with intended specifications mainly guided by the
requirements of paving and roofing applications. However the industry frequently
suffers from asphaltic fraction properties and behavior during the transportation,
the treatment or the processing of petroleum fluids. Asphaltenes have been known
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FIGURE 1.1: Projections of the future world energy consumption by

sector (left) and by type of fuel (right) according to the reference case

of the international energy outlook from the U.S. Energy Information
Administration

to stabilize water-in-oil emulsions™’ causing difficulties in phase separation steps.
Fouling and deactivation of catalysts in the hydro-conversion processes of heavy
fractions is another issue reported in the downstream industry°. Blending of incom-
patible asphaltenic crude oils during upstream transportation*’ or in the refineries””
is known to cause deposition or sedimentation troubles.

Katz and Beu™ first reported wellbore deposition issues due to the expansion of
volatile hydrocarbons in californian wells. Haskett and Tartera”’ later published
an alarming case where algerian wells of Hassi Messaoud field were clogged by as-
phaltenes within weeks. Figure 1.2 illustrates typical asphaltene deposits found in

oil & gas conduits.


https://www.eia.gov/outlooks/ieo/pdf/ieo2019.pdf
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FIGURE 1.2: Picture of asphaltenes deposits in tubings (reprinted
from www.cere.dtu.dk)

Since then, very few cases of wellbore deposition were publicly reported to cause
significant losses of production. In fact, the main related issue is economical because
of oversized means of prevention and of remediation. The associated costs are es-
timated in billions of dollars per year spent worldwide by the upstream petroleum
industry .

The need for more cost-effective strategies highlights the importance to understand
mechanisms by which asphaltenes destabilize and deposit.

1.2 Petroleum fluids and Asphaltene properties

1.2.1 Petroleum composition

Petroleum fluids are mixtures composed of thousands of unique components. Their
composition do not only depend on the region where they come from but also de-
pend from which well the sample is collected in a single reservoir of oil. Four sub-
fraction families of components are defined to simplify such complex mixtures: satu-
rates, aromatics, resins and asphaltenes (SARA). The SARA fractionation enables to
compare crude oils using a standardized separation technique based on the solubil-
ity of components in well-defined conditions””. Note that when saturates, aromatics
and resins are not individually separated, they are usually regrouped and referred
to as maltenes.
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In this dissertation, good solvents refer to solvents that are able to disperse as-
phaltenes in their stable colloidal form, i.e. suspensions of nanoaggregates or clus-
ters of nanoaggregates in the liquid solution, such as aromatic solvents. Contrarily,
anti-solvent or destabilizing agents refer to bad solvents for asphaltenes, which tend
to induce the coagulation of asphaltenes, such as alkanes. Depending on the solvent
and conditions for the extraction of asphaltenes, the total mass of asphaltenes might
vary. Therefore asphaltenes are named after the anti-solvent that served to measure
their quantity in crude oils; most commonly n-pentane or n-heptane (e.g. n-Cs or

n-C7 asphaltenes) .

1.2.2 Molecular structure of asphaltenes

Asphaltenes are defined as a class of relatively heavy, highly aromatic and polar
molecules present in native crude oils at concentrations naturally ranging from units
of g/L to hundreds of g/L depending on the oil origin** and on the procedure
used for their recovery’**”. The quantity of heteroatoms (N, O, S) in asphaltene
molecules is also variable” and their influence on the solubility of asphaltenes has
been related to the polarity induced by their presence”. Asphaltenes are also richer
than other hydrocarbon components in heavy metals like Nickel or Vanadium that
can be found at the level of traces (parts per million) in crude oils*.

Despite tremendous research efforts on the topic, lacks of chemical analysis tech-
nologies that meet the complexities of crude oils had made the description of as-
phaltenes properties, such as their molecular weight, variable for years. The past
decade was fruitful in the gain of understanding on the molecular level of asphaltenes.
Two main structures of asphaltene molecules were reported: the island type (single
core of PAH with aliphatic side chains) and the archipelago type (several aryl con-
nected cores of PAHs). Figure 1.3 shows schematics of both main structures. Mullins

5 ,Mu/tip!e aromatic cores
. -
_ Aromatic core \

e 7 Alkylshell

o “/Alkyl connectors

Island Structure Archipelago Structure

FIGURE 1.3: Schematic of the island and archipelago structures of
asphaltene molecules (reproduced from Hoepfner **)

et al.”” have been leading extensive research and suggested that the island motifs of
asphaltenes were predominant based on time resolved fluorescence depolarization
experiments.

Recent studies significantly improved the molecular resolution of chemical struc-
tures and enabled analyzing samples of isolated asphaltene molecules by atomic
force microscopy (AFM)“** and by Fourrier transform ion cyclotron resonance cou-
pled to mass spectrometry (FT-ICR MS) '%'*. Findings eventually reach a consensus
to define petroleum asphaltenes as a polydisperse continuum composed of poly-
cyclic aromatic hydrocarbons (PAHs).

Elemental compositions of crude oil and asphaltene samples have been obtained by
FT-ICR MS analysis that provides the abundance of chemical species as a function
of their mass to charge ratios m/z. This technique enabled to verify the widespread
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agreement on the significantly lower Hydrogen to Carbon ratio of asphaltenes (H/C
~ 1) compared to maltenes™. Figure 1.4 is reproduced from McKenna et al.”’ and
shows the example of larger hydrogen deficiency of asphaltenes compared to its
parent oil.
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N
(=]
h
o

'} -? 1

H:C Ratio
—
bl

0.8

L L) T L L Ll 014 L 1 1 | 1 1
20 30 40 50 60 70 80 20 30 40 50 60 70 80

Carbon Number
Relative Abundance (% total)

[ BT AN N

>

FIGURE 1.4: Isoabundance-contoured plots of H/C ratio of maltenes
(left) and asphaltenes (right) of a heavy crude oil as a function of the
carbon number (reprinted from McKenna et al. ")

The concept of double bond equivalent (DBE) also uses FT-ICR MS measure-
ments to further evaluate the level of unsaturation in organic molecules (double
bonds + cyclic rings). This analysis enables another compact visualization of com-
plex mixtures compositional space. An upper theoretical boundary line has been de-
termined for planar PAHs on the plot of DBE against carbon number of structures,

the limit is given by the following relation”:

DBE ~ 0.9 x (carbon number) (L.1)

More explorations on the extracted highly aromatic asphaltenes, showed in Figure
1.5, revealed clear experimental evidence of the planar PAH boundary.
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FIGURE 1.5: Isoabundance-contoured plots of DBE (left) and H/C
ratio (right) of asphaltenes as a function of the carbon number
(reprinted from McKenna et al. ")

Several crude oils and asphaltenes from different origins were chemically ana-
lyzed by McKenna et al.”’. Figure 1.6 shows the empirical compositional spaces
defined by multiple samples. Indeed a boundary between asphaltenes and maltenes
compositional spaces is represented by a line that complements the PAH planar
limit. The delineation is equivalent to a H:C ratio of 1.10 and agrees with previous
data reported on the form of H:C ratios versus carbon number.
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FIGURE 1.6: Experimentally determined boundary (blue) between as-

phaltene and maltene compositional space on the plot of DBE as a
function of the carbon number (reprinted from McKenna et al. 0y

This powerful compositional method also facilitated the analysis of asphaltenes
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fragments using different methods. This way Chacon-Patino et al. * clarified previ-

ous selective artifacts and revealed the coexistence of archipelago and island motifs
of asphaltenes in crude oils as seen in Figure 1.7.
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FIGURE 1.7: Isoabundance-contoured plots of DBE of several frac-
tions of asphaltenes as a function of the carbon number (reprinted
from Chacon-Patino et al. %)

Although Chacon-Patino et al. ' correlated the abundance of archipelago mo-
tifs to the molecular weight and polarity of the overall asphaltenes, the ratio is-
land/archipelago is oil dependent.

Those results are completed by the impressive pictures of isolated asphaltenes molecules
obtained by AFM“*. Indeed images showed in Figure 1.8 were obtained on sam-
ples recovered from multiple industrial problematic operations and showed excel-
lent agreements with mass spectrometry measurements.

FIGURE 1.8: AFM raw images of individual heavy recovered compo-
nents from industrial deposits (reprinted from Schuler et al. **)
scale bars: 5 A
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The vast majority of the available catalogue of collected asphaltenes molecular

weights have been found to belong to the range ~ 250 — 1200 g.mol~!>%'%"?, Exact
measurement of asphaltenes molecular weights by FT-ICR MS might provide mat-
ters to argue with this widely accepted range. Indeed Chacon-Patino et al. '’ claimed
selectivity artifacts of previously used processes of chemical analysis. They reported
larger molecular weights using their "non-destructive" ionization technique.
Tens of thousands (or perhaps more) different molecular structures of asphaltenes
can be found in a single crude oil. Attempting to account for all molecules with in-
dividual properties complicates the problem and is almost impossible. Instead, dis-
tributions are defined and are usually adjusted to exprimental measurements with
equations of state®*. The notion of apparent molecular weight considers an ensemble
of molecules described by Gamma distribution functions. As illustrated in Figure 1.9
this practice requires to account for fractions that have much larger molar weights
than orders reported above (M, ~750 g/mol). Indeed asphaltenes self-association
can generate structures with larger apparent molar weights. The apparent molar
weight of associated asphaltenes increases with their concentration, this particular
behavior is discussed in the following paragraph.
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FIGURE 1.9: Comparison of molecular weight distributions of four
different extracted asphaltenes at concentration of asphaltenes of 10
g/L (reprinted from Barrera et al.”)

Yarranton and Masliyah ** developed a power law correlation between the den-
sity and the molecular weight of asphaltenes found in bitumen samples (referred
"Yarranton (1996)" in the following figure). However, as showed in Figure 1.10, Bar-
rera et al.” suggested that asphaltenes from crude oils rather follow an exponential
function given by the "correlation" curve shown in Figure 1.10:

Mwasph

where Mw ;, is the molecular weight of asphaltenes (in g.molfl) and pgspp is their
density (in kg.m3).
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FIGURE 1.10: Density of extracted asphaltenes at 23°C as a function
of the molecular weight at concentration of asphaltenes of 10 g/L
(reprinted from Barrera et al.”)

1.2.3 Asphaltenes in good solvents

Molecular properties of asphaltenes cannot directly be used to solve classical ther-
modynamics and transport equations as they are mainly present in forms of sta-
bilized self-associated molecules in good (aromatic) solvents’® and in (live) crude
oils*’. Indeed suspended elemental aggregates, more commonly referred to as nanoag-
gregates””’'/, have been extensively characterized with in-situ non-invasive tech-
niques of small angle scattering X-ray and neutron scattering (SAXS/SANS) %',
Direct-current conductivity measurements “*”! and nuclear magnetic resonance (NMR
were also used to investigate molecular and structural properties during the past
decades. The aforementioned studies converged in a shape description of nanoag-
gregates corresponding to core-shell disc-like organizations composed of 5 to 8 molecules
and made of 7t — 7t stacked aromatic cores limited in size by steric repulsion from the
peripheral chains /. Figure 1.11 exemplifies geometrical characteristics of nanoag-
gregates obtained by Hoepfner ** who used wide angle X-ray scattering (WAXS) to
study the molecular orders within nanoaggregates of asphaltenes.

)19

Fractal N : Molecular Alky!
Cluster anoag_greQa g Order Stabilization Well-ordered
- B 5-7A-y J Stacking

4A
Disordered <
Stacking

SAXS WAXS

FIGURE 1.11: Schematic illustration of results on the molecular order
of asphaltenes nanoaggregates obtained by WAXS (reprinted from
Hoepfner **)
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The characteristic radius of nanoaggregates is reported as ~1-2 nm, their molar
mass is comprised in the range of ~ 3000 — 10000 g.mol~1?%'"**> depending on their
level of association. Their fractal dimension is typically measured to be ~1.7°%,
which indicates high level of solvation of the structures. In analogy to the widely
used critical micelle concentration (CMC) in colloidal science, the critical nanoaggre-
gate concentration (CNAC) was defined as the concentration of asphaltenes above
which the majority of asphaltene molecules in the system go to nanoaggregates. In
good asphaltene solvents, the CNAC ranges from 10 mg/L to 150 mg/L according
to experimental results from multiple techniques””’*'/71%?>7 More recently, Svalova
et al.” statistically studied interfacial active asphaltenes by interpreting ultrasound
velocity measurements coupled to analyses of asphaltenes side-chains distribution
by selective oxidation of aromatic rings. Svalova et al.°® observed relation between
the CNAC and the side chain distributions. Their results on the CNAC are in agree-
ment with the range of values previously reported in the literature.

As seen in Figure 1.11, elemental aggregates of asphaltenes distinctly show a second
stage of aggregation at one unit larger order of length scale by forming fractal clus-
ters at concentrations above the reported critical cluster concentration ~ 2-5 g/ L2154,
Figure 1.12 shows a schematic representation of the asphaltenes structural hierarchy.

Asphaltene Molecule Asphaltene Nanoaggregate Asphaltene Cluster
(Island Structure) (Stacked aromatic molecular cores)

FIGURE 1.12: Schematic of the hierarchical self-association of as-
phaltenes in good solvents (reprinted from Hoepfner **)

Clusters are generally accepted to be composed of less than 12 elemental nanoag-
gregates, they are described by a molar mass of ~ 50000 — 10* g.mol~?, a character-
istic radius of ~ 5 — 7 nm and a fractal dimension up to D ~ 2 still indicating loose
particles with trapped solvent.

New simulation methods have been arising with the increase of computational power.
Javanbakht et al.”® were able to simulate the 2 stages of aggregation by long time
molecular dynamics (MD). Their MD results provided realistic size, morphology
and association energies of aggregated structures only when accounting for the poly-
disperse representation of the molecular weight, aromaticity and polarity of con-
tributing species.

1.2.4 Asphaltenes in their natural state

Supported by experimental results exposed in the previous paragraph, the most
used conceptual representation of the multiple stages of asphaltenes colloidal as-
sociation is the Yen-Mullins description””””. The characteristic dimensions in this
hierarchical picture of the state of asphaltenes aggregation in good solvents is mainly
used for the characterization of oil reservoirs. Indeed, Freed et al.”’ developed an
equation of state (EOS) based on the regular solution theory”">*"*?! " This EOS
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32,42

had originally been developed for macromolecules like polymers in solutions
The so-called Flory-Huggins-Zuo (FHZ) EOS showed successful predictions of as-
phaltenes concentration gradients and presence of tar mats in geological reservoirs.
Asphaltenes being much heavier than other components of crude oils, their observed
segregation in continuously permeable reservoirs is in agreement with theoretical
equilibrium reached during geological times. In practice it enables to identify reser-
voirs connectivity and to optimize the industrial strategy of oilfield developments.
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FIGURE 1.13: Predicted and measured gradients of asphaltene con-
tents in three wells of a Saudi Arabian oilfield (reprinted from Mullins
and Sheu °)

Note that molar masses used by Mullins and Sheu*° are in agreement with self-
association concepts presented above and reinforces the reported average in molec-
ular weight of asphaltene molecules (~ 750 g.mol ).

In parallel, Barré et al.” demonstrated consistent relations between structural pa-
rameters of clusters by considering asphaltenes as a suspension of fractal aggregates
in good solvents. The results are in agreement with previous evidences of the fractal
nature of asphaltenes™ and are supported by small angle X-ray scattering (SAXS)
and rheological measurements. As showed in Figure 1.14, Pal*” was able to collapse
viscosity measurements from 20 different sets of literature data with a single scaling

law: . p
T2 _ (2 13
[7s <1 - 47eff> (19)

where [77]; is the intrinsic viscosity of asphaltene aggregates, 7, is the relative viscos-
ity of dilute suspensions and ¢, is the volume fraction of the solvated asphaltenes.
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FIGURE 1.14: Semi-log viscosity scaling law applied to 20 sets of data
available in the literature (reprinted from Pal ™)

In summary at this point, we have seen that the literature regarding asphaltenes
in good solvents shows very rich and consistent results from multiple experimental
and modeling techniques at length scales ranging from molecular to macroscopic
scale. The understanding of the molecular structures of asphaltenes permits a good
understanding of their gradual and balanced presence throughout geological reser-
voirs. Moreover, transport properties of oils containing stabilized nanoaggregates
and clusters can be well calculated with relatively simple models accounting for
their averaged size and morphology. However, the transit of crude oils enclosing
large enough quantities of volatile components through the industrial network will
occasion a destabilization process of asphaltenes related to their decrease of solubil-
ity in the carrier solvent. The decrease of solubility of the solution can be caused by
a change in thermodynamic conditions (pressure or temperature) or by the change
in oil composition.

1.2.5 Solubility of asphaltenes

Completely dissolved asphaltenes as individual molecular solutes rarely exist even
in good solvents. However, the growth of self-associated asphaltenes is limited to
the nano-scale in good solvents. This behavior has been attributed to the larger steric
repulsion forces of side alkyl chains compared to attractive forces between clusters
in certain conditions’’”/°. Therefore, it becomes natural to call those asphaltenes
"stable" in reference to the stabilized colloidal suspensions formed by solvated as-
phaltenes in liquid solutions. In this dissertation, "unstable" or "destabilized" as-
phaltenes will only refer to components that contribute to the growth of aggregates
to larger association levels. Indeed, Hoepfner et al. "’ showed that upon a change of
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the surrounding solvent, a certain class of asphaltenes further grow through a floc-
culation process while others remain at a similar state to their original form (clusters
of nanoaggregates). Figure 1.15 reprints a schematic that illustrates this statement.
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FIGURE 1.15: Schematic of the destabilization process of asphaltenes
upon heptane addition (reprinted from Hoepfner et al. ")

We note that the fractal dimension of "insoluble" asphaltenes is significantly in-

creased in this process. This indicates that unstable aggregates expel the trapped
solvent by shrinking inter-molecular distances and become more solid-like struc-
tures.
The widespread enthalpic driving force of colloidal stabilization, Gibbs energy of
mixing”', has been applied to asphaltenes flocculation since a long time’*”’. This
energy can be estimated by the difference in the solubility parameters of colloidal
material and the solubility parameter of the solution (Juspn — Ssotution) . The solu-
bility parameter J; of a liquid constituent i is equivalent to the degree of interaction
between molecules””. Hildebrand *° first suggested a numerical estimate of the sol-
ubility of non-electrolytes, given by Equation 1.4:

| AHyap — RT
o=y —F __— (1.4)
Um

The square root of the cohesive energy density is expressed by the energy of vapor-
ization of the compound (AH,,p) divided by its molar volume (v,) in the condensed
phase. Materials with similar solubility parameters will be able to interact with each
other, resulting in good miscibility. Hansen”* developed a practical scale of solubil-
ity parameters and determined numerical values by addition of the three types of
interactions in solvents: dispersion, polar and hydrogen ones.

Based on results of a large number of crude oils, authors’' stated that asphaltenes
stability was predominantly governed by Van der Waals (VdW) interactions ™. A
crude oil system contains very few permanent dipoles, for this reason generalizing

VdW interactions to solely London dispersion interactions is a fair approximation.
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Consequently, techniques to study asphaltene instability were designed using labo-
ratory measurements of solvent parameters affecting dispersive forces such as den-
sities 0127 molar volumes’”*'?, volume ratios®’ or refractive indices '/ 41%73,
The solubility parameter of crude oils depend on their compositions and usually
ranges between 16 MPal/2 (light oils) and 20 MPal/2 (heavy oils) at ambient condi-
tions. In contrast the solubility parameter of problematic asphaltenes, which is often
indirectly determined, is much larger (up to 26 MPa'/2) than their parent oils (see
Figure 1.16).
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FIGURE 1.16: Indirectly measured solubility parameter profile of as-
phaltenes by re-solubilization (reprinted from Rogel et al. ©*)

Let us consider a stabilized crude oil sample at ambient conditions, the addition
of pure components, such as liquid alkanes, will decreases the average solubility pa-
rameter of the solution. Thus widening of the already existing gap between 4,5, and
dsolution can cause the destabilization of some asphaltenes. The predominant change
of solubility parameter of a mixed organic solvents is described by the change in
volume fraction ¢; of its constituents i and is given by:

Osolution = Z¢i5i (1.5)
i

Consequently, the volume composition of oil-alkane mixtures is pre-supposed to be
a relevant variable to study the asphaltenes destabilization.

Alternatively, a linear relation, given below, was proposed by Wang and Buckley "~
to relate the dispersion component of organic solutions solubility parameters and
the Clausius-Mossotti or Lorentz-Lorenz refractive index function . It is expressed

as:
(np? — 1)
(np? +2)

where np, is the refractive index of the pure constituent i at the conditions of interest.
Figure 1.17 shows the graphic representation of pure liquid solubility parameters
against the refractive index function. Buckley et al. '’ explained methane and ethane
deviation from this curve due to measurements at conditions beyond their respective
critical temperatures.

5; = 52.042 +2.904 (1.6)
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FIGURE 1.17: Comparison of the Lorentz-Lorenz function and the
solubility parameters of organic components (reprinted from Buckley
etal.'')

In this work Equation 1.6 is applied and refractive indices (np) of crude oils are
measured at the wavelength of yellow Sodium D line (589.3 nm) using a benchtop
refractometer with a temperature control. The mentioned wavelength is usually cho-
sen because it corresponds to the peak of absorption of organic matter and to a high
enough frequency (~ 10'®> Hz) to assume that the subsequent total polarizability of
the molecules is well represented by the electronic polarizability **.

We should note that Vargas and Chapman " related the density and refractive
indices of more than 200 crude oil samples by the so-called "one-third rule" as shown
in Figure 1.18.
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FIGURE 1.18: Consistency of the one-third rule applied to more than
200 stabilized crude oils at atmospheric pressure (reprinted from Var-
gas and Chapman ")

Assuming that oils follow the same rule defined by Figure 1.18 with dissolved
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light constituents, the calculation of live-oil refractive indices is simplified by only
using routine thermodynamic reports of oils that usually provide the density of
transported oils during their flow.

However, the extrapolation of simple laboratory measurements to industrial condi-
tions is complex due to other influential variables, such as the nature of the con-
stituents that cause the destabilization or "destabilizing agents".

1.3 Destabilization of asphaltenes induced by the expansion
of light dissolved constituents

The most catastrophic upstream industrial problems related to asphaltenes are sce-
narios of unexpected well bore deposition or formation damage™ that can irre-
versibly block wells. In those circumstances, the increased gap of solubility param-
eters is promoted by the volume expansion of light constituents (such as methane
or carbon dioxide) in the carrier liquid. Indeed the pressure gradient, which pro-
motes the fluid to move, also impacts volume composition to vary (signature from
the change of density). Figure 1.19 illustrates the continuous process by which the
asphaltenes are destabilized during the crude oil production in wells. The density
of a reservoir fluid decreases as the pressure decreases until it reaches the satura-
tion pressure (Psat). At this point, a gas phase is created and the light dissolved
constituents leave the liquid phase as the pressure further decreases.
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FIGURE 1.19: Typical live oil density profile as a function of the hy-

drostatic pressure along with the schematic of asphaltenes destabi-

lization (illustrated by experimental microscope images) and their de-
position in wells or pipelines

Consider one mole of fluid parcel that flows along the system, the steady de-
crease of the hydrostatic pressure causes an increase of its volume that is mainly
driven by most volatile components as shown in Figure 1.20. The most sensitive
constituents in the pressure range of interest (100 to 1000 bar) are ones with lighter
molecular weights than propane.
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FIGURE 1.20: Pure molar volumes of the 9 lightest main components

of live-oils as a function of the hydrostatic pressure in typical range of

oil & gas industrial pressures at 100 °C(reprinted from NIST chemical
web book)

Despite the strong economical implications of the presented process, general lab-

oratory practices induce asphaltenes instability with addition of liquid n-alkanes
(usually n-heptane or n-pentane) to crude oil samples at atmospheric pressure. In-
deed liquid solvents are convenient for their easy use with good controls of their
volumes and masses during experimentation.
Such inexpensive protocols are for example used to select the best chemicals for pre-
ventive actions. The low dosage continuous injection of dispersing agents is often
chosen as a remediation strategy to the deposition of asphaltenes. Depending on
the used method and conditions of tests, different mechanisms may be evaluated
and can result in varying selected chemical. However relevant laboratory protocols
to the field mechanisms are not yet understood, some injected chemicals are some-
times coincidentally discovered to be ineffective.

We should note that despite the lack of understanding, many qualitative risk

evaluation methods related to asphaltenes stability are available and are rather based
on statistical plots. The plot of average petroleum properties (such as density) as a
function of characteristic properties of associated asphaltenes is the preferred format
of such tools.
For example, Zhou et al.”” and Rondon et al.®” developed a database that correlates
the density of crude oils at reservoir conditions (equilibrium) to a graduated scale of
indices that classifies the most unstable asphaltenes of respective oils. The integer
number in the range of 0 to 20 scale (asphaltene stability class index: ASCI) is related
to the fraction of heptane in heptane-toluene mixtures where the first appearance of
flocculated asphaltenes can be visually detected by adding a droplet of crude oil

ASCI = 100 x ‘Pcﬂ% (1.7)
where ¢c, getection 18 the minimum volume concentration of heptane for visual de-
tection of solid and black particles. The method is designed to provide a simple
identification number of the most unstable fraction of asphaltenes. Safe and risky
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zones are empirically identified with a statistical frontier. The evolution of the trans-
ported oil density along extraction conduits informs whether or not the fluid will
cross risky conditions (see Figure 1.21). In the reprinted schematic of Figure 1.21 (b)
Py; is the initial pressure that represents reservoir conditions during oil production
and P, represents the conditions at saturation or "bubble" pressure. Conditions at
saturation pressure correspond to the most risky potential where the lightest con-
stituents are the most expanded in the liquid phase.
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FIGURE 1.21: (a) Plot of the ASCI versus the density of crude oils at

reservoir conditions database and (b) schematic of the ASCI method

where the red marker predicts severe risks and the green one does
not anticipate any destabilization (reprinted from Rondon et al. **)

Such methods are usually powerful to identify potential risks with exploration
samples, however they are not quantitative and show limitations when using them
during field development stages.

1.4 Objectives of this work

Despite nearly a century of scientific investigation*”’, upstream industrial prac-
tices have not changed much since disastrous cases of blocked wells have been re-
ported””. The complexity of describing a general behavior under extraction con-
ditions raise uncertainties in risk evaluations and remediation strategies related to
the deposition of asphaltenes. Indeed a significant gap exists between the lastly ac-
quired knowledge on the molecular level of asphaltenes and problems in oilfields
production.

This research is taking part of an initiative to link both scales by identifying the
major mechanisms by which asphaltenes destabilize, aggregate and deposit, under
relevant conditions to the to upstream industrial applications. The fundamental ob-
jective is to understand effects of primary variables in liquid solutions on the as-
phaltenes behavior. This way inexpensive experimentation could be developed with
procedures and conditions that can reasonably replicate the underlying physics tak-
ing place in oilfields.

This manuscript is organized in 5 Chapters in addition to this introductory Chap-
ter.
Chapter 2 presents the main measurement techniques that were used in this work. It
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clarifies key aspects of piezo-electrical resonators and lays solid experimental foun-
dations based on relevant length scales to the asphaltenes destabilization, aggrega-
tion and deposition phenomena. Indeed this dissertation heavily relies on results
obtained using immersed quartz crystal resonators to invetigate deposition mecha-
nisms at the nanometer to micrometer length scales.

In Chapter 3, first principles of diffusion-limited deposition theory experimentally
reveals the controlling kinetics of asphaltenes. Time-dependent destabilization is ex-
posed to be the limiting process as opposed to the aggregation kinetics””*". Indeed,
bulk appearance of "unstable" asphaltenes is described as a slower process than their
aggregation and a mathematical model is proposed for destabilization kinetics. The
necessity to simplify the description of such complex mixtures is addressed by char-
acterizing the unstable asphaltenes as a continuum of molecules with only two ad-
justable parameters. First insights of the asphaltene deposition are showed by com-
paring the deposition rates to the calculated destabilization rate along the deposition
experiments. The addition rate of n-heptane is identified as a key parameter to the
kinetics of destabilization

Chapter 4 revisits existing concepts of Brownian aggregation of unstable asphaltenes
by incorporating findings on the kinetics of destabilization. Investigations reconcile
the parameters adjustment in the coagulation modeling of asphaltenes with the ex-
tensive practice reported on colloidal solutions of polymers. A relation is proposed
between the initial rate of generation of unstable asphaltenes and the appearance
time of micron-sized unstable asphaltenes.

Chapter 5 is dedicated to a mechanistic investigation of asphaltenes deposition in-
duced by a continuous change of oil-heptane solutions at various conditions. A
deposition model is developed for interpreting the experimental results obtained by
using a new apparatus. The model combines findings of the precedent Chapters
with diffusive principles of asphaltenes deposition. A universal range of depositing
aggregates size is found under the studied conditions and significantly simplifies
the problem. Simplifications enable to study different effects: (i) the fluid superficial
velocity over the studied surface, (ii) the presence of large unstable aggregates of
asphaltenes and (iii) the rate of change of the liquid solution by varying the addition
rate of n-heptane.

Chapter 6 investigates the mechanisms of asphaltenes destabilization, aggregation
and deposition induced by the continuous and discontinuous addition of varying
n-alkanes in crude oil. Developed concepts of precedent Chapters on oil-heptane
mixtures are indirectly verified to apply to different n-alkanes. The validity of the so-
called ASIST method of extrapolation of laboratory to field conditions is discussed.
Chapter 7 discusses the major conclusions of this dissertation and implications on
the future research on this topic.

A list of references is provided at the end of each Chapter in Bibliography sections.
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Chapter 2

Introduction to quartz crystal
resonators (QCRs) and asphaltene
deposition measurement

2.1 Introduction

After spending millions of years in geological porous media, destabilizing a fraction
of asphaltenes will modify their molecular equilibrium such that dynamic exchange
of molecules between nanoaggregates will be less frequent, distances between as-
phaltene molecules within fractal structures will shrink '~ and associated molecules
will eventually reduce their contact with their surroundings~ by further aggregat-
ing or by depositing. After forming a "solid-like" phase, a new equilibrium will
be reached. Note that massive deposits found in wells are due to the continuous
accumulation of asphaltenes fractions (mass divided by the cumulative volume of
oil produced during a period of time) as opposed to sudden events with limited vol-
umes of oil. The process that drives asphaltenes to destabilize and to deposit must be
studied at the appropriate length scales within suitable scales of time. In laboratory
studies, limited quantities of samples can be used and the subsequent scale of mass
has to be adjusted to the problem. The use of macroscopic tools within short periods
of experimental time at extreme supersaturations of asphaltenes might neither pro-
vide relevant information of the transition state nor information of the deposition
process.

Piezoelectric techniques is one of the most appropriate techniques to study solid
surface interactions of nano-scale species in a fluid environment- either at ambient
conditions or under higher pressure than the atmospheric one. As the deposition
of asphaltenes can be caused by liquid anti-solvent addition or by light-ends expan-
sion upon depressurization, a portion of this Chapter will be devoted to describing
the sensing techniques applied to pressurized conditions. The use of the exact same
instrument was decided to liberate ourselves from potential experimental and in-
terpretation discrepancies when comparing destabilization induced by addition of
liquid alkanes at ambient pressure and volume increase of volatile dissolved com-
ponents at elevated pressure conditions. The detection is suitable to the mass scale
of interest and is monitored in live while the titrations or depressurizations are car-
ried out. With this tool, the intention is to study mass transport to the surface with
a much finer sensitivity than more commonly applied techniques (weight measure-
ment of deposits”’ or back-calculation of thickness from measured pressure gradi-
ents’~'”). Indeed, such sensitivity is advisable to study the asphaltene deposition
with regards to the major sub-micrometer particles contributions that will be dis-
cussed in the following Chapters.
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deposition measurement

The rest of this dissertation will densely rely on a piezoelectric resonator technique
to explore the destabilization and the deposition of asphaltenes. The purpose of
this Chapter is to provide a brief and general overview of the measuring technique
(immersed acoustic sensors) before carrying on. Researchers interested in a deeper
introductory reading on the subject are directed to The Quartz Crystal Microbalance
in Soft Matter Research by Johannsmann”” and readers more familiar with the basics
of piezoelectric materials are suggested to revert to Piezoelectric Sensors and Actuators
by Rupitsch”’.

2.2 Methods and definitions

In this work, unless stated otherwise, experimental investigations refer to a single
West African originated crude oil with characteristic properties summarized in Ta-
ble 2.1. In order to avoid interactions between asphaltenes and wax crystals, the
experimental work was performed on isotherms at 60 °C.

TABLE 2.1: Used stabilized (or "dead") crude oil properties at 60°C

Parameters Units | Values
Density kg.m=3 | 8723
Dynamic viscosity mPa.s 14.5
np - 1.4999
Average My, g.mol~1 | 232
M,, of C20+ fraction g.mol~1 | 500
Saturates wt % 35.7
Aromatics wt % 42.8
Resins wt % 11.1
n-Cs Asphaltenes wt % 10.3
ASCI classification - 11
Wax appearance temperature °C 41
Bottom hole static pressure bar 492
Bottomhole static temperature °C 79.2
Saturation pressure of live oil bar 174

where ASCI stands for Asphaltenes Stability Class Index, My, is the molar weight
and np is the refractive index.

2.3 Quartz Crystal Microbalance background

Everyone knows crystal oscillators for their excellent properties to keep the track
of time in our consumer devices such as wristwatches. The most common type of
piezoelectric material is the quartz crystal. The principle of the laboratory measure-
ment is based on distorting the crystal with electrical voltage applied on the crystal
through electrodes. When the electric field is temporarily removed, the quartz os-
cillates in a precise frequency and generates an electric signal while equilibrating
to its original shape. Laboratory measurements usually involve a quartz crystal in
the form of a disc contacted to the fluid of interest, usually termed as quartz crys-
tal microbalance with dissipation monitoring (QCM-D). The resolution of QCM-D
can be as low as 1 Hz due to the high ratio of frequency over the bandwidth. The
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narrow resonance peaks make the device accurate for sensing changes that are im-
perceptible by means of macroscopic mass scales. The theoretical sensitivity of a
quartz crystal will depend on the fundamental resonant frequency of the crystal,
usually perceptive of adsorbed monolayer of molecules to its surface'”. A 3 MHz
crystal, genuinely used in this work, will typically have responsive signals to tens of
nanograms. When crystals are grown, cut and mounted properly, it can be made to
mechanically distort in a thickness shear mode (see Figure 2.1).
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FIGURE 2.1: Schematic of a thickness shear mode resonator immersed
in a liquid

In this mode, the reflective acoustic wave at the surface of the crystal depends on
the impedance of the adjacent medium. The family of QCM sensors exploiting the
surface acoustic wave are also termed "resonators". Then resonators have the par-
ticularity of not having the sole microgravimetric functionality. Indeed, viscoelastic
properties of the surroundings are playing an essential role by damping the shear
wave~. In fact, the finite decay of the transverse waves, as opposed to longitudinal
ones, is an advantageous property that avoids reflection or transmission of wave
from the surrounding interfaces. For the exposed reasons, in the remainder of this
dissertation, we will refer to our measuring instrument as a quartz crystal resonator
or QCR instead.

The electromechanical coupling is ensured by means of electrodes onto both sides of
the sensing disc, in such way that the shear deformation is induced by an alternat-
ing current (AC) voltage. Gold electrodes are advocated to minimize the aging of the
sensors thanks their optimal adhesion to the crystal and to the absence of formation
of a metal oxides layer. An in-between layer of Titanium is used to improve the bind-
ing of the electrode to the crystal. Also part of the robustness of the method, surface
polishing of sensors reduces their surface imperfections and makes them compati-
ble with theoretical expressions for resonating behavior and shock-resistant. How-
ever minor fluctuations of the resonating frequencies f can still be caused by the
thermal noise, crystal lattice imperfections, edge effects or adsorption/desorption
of molecules on the surface of the crystal when exposed to a dynamic fluid environ-
ment.

Resonators can be excited at a number of odd harmonic overtones n that keep the
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condition of inducing opposite sign of electric charges on both sides of the crystal.
The number of harmonics that have a good agreement with the theory are limited
due to side effects. The fundamental frequency (overtone n = 1) usually does not
enable a good energy trapping effect (confinement of the acoustic wave in the center
of sensor by an increased thickness compared to the peripheral thickness to avoid
edge effects). Contrarily, the resonance of too large overtones usually results in an
interference with anharmonic side band signals (see Figure 2.2 (b)).

An impedance analysis consists of monitoring the electric conductance G as a func-
tion of the driving frequency as illustrated by Figure 2.2. The profiles can be obtained
by a network analyzer and the peaks of conductance correspond to the frequency of
resonance while the bandwidth of the curve indicates an estimation of the dissipa-
tion I" factor which quantifies the damping of the medium. As the viscous dissi-
pation and the loaded mass both affect the responsive resonance frequency of the
sensor, the analysis of the full peak signals becomes an essential factor to evaluate
the predominant influence. Liquids have varying shear acoustic impedance, which
more or less affects the propagation of the oscillation resulting in a shift in resonance
frequency:

Af = f _fvacuum (21)
and a change of the bandwidth:
AI'=T'— Iygeyum (2-2)
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FIGURE 2.2: (a)lmpedance analysis of the overtone n=3 for a 3 MHz

QCR in vacuum (dashed line) and immersed in a crude oil (solid line)

(b) Absence of interference showed for the overtone n=3 of a 3MHz
QCR immersed in crude oil

King ** used a QCM device for the first time, in 1964, to detect the sorption of
components in the gas phase. Since the mid-1980s, oscillating sensors have then been
thoroughly operated in liquid solutions to investigate interactions between flowing
molecules in a dense phase, such as proteins, and a functionalized stationary surface
(like specific bio-sites). Larger entities, like viruses or polymers present in a flowing
solvent are also studied with usually contacting only one face of the crystal disc'’.
Goual et al. '? used a QCM device to study the adsoprtion behavior of asphaltenes
for the first time.
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The interpretation of QCRs signal, when immersed in a dense phase, can be quite
complicated when accounting for all the phenomena. However, frequency shifts in-
duced by thin film of material rigidly coupled to the crystal (Af, j,,4) can be treated
as an extension of thickness of the quartz and are described by the Sauerbrey Equa-
tion”":

Afjoad ~ _chmAmdeposit (2.3)

where Cy, is the Sauerbrey constant defined by Equation 5.3, Amepsir is the cu-
mulative mass of deposit per unit area of the sensor surface and 7 is the overtone
investigated.

_ 2k (2.4)

- VPqlq
where fj is the fundamental resonance frequency of the quartz crystal, p; and y, are
the density and the shear modulus of the quartz material.

2.4 Experimental methods used for this research

Holder mounted 3 MHz AT-cut quartz crystal resonators with diameters of 1.36 cm
are used thorough the entire results of this dissertation. Each sensor was bought
with polished finish surfaces and 7 mm diameter electrodes on both sides made of
Gold-Titanium (respectively 100 and 1 nm thick). The effects of surfac roughness
and liquid-trapping within asperities are accordingly neglected. The acoustic wave
scans are generated at successive odd harmonics of the fundamental frequency of the
crystal (1, 3, 5 and 7) by means of a network analyzer (Agilent E5071C) connected
by coaxial cables to a monitor that has a LabVIEW internally automated program.
Note that volumetric extensions of alkanes are conducted concurrently to the mea-
surements, the full automated scanning is made within a relatively short time (< 60
s) by the network analyzer, which lets us average the composition of the solutions
with errors lesser than +0.3 vol%. Resonance frequency and dissipation shifts (Af
& AT) are both calculated by subtracting the monitored signal to a reference signal;
the reference is calibrated prior to each experiment in the air for consistency and to
account for the potential aging of the sensors. The record of quartz frequency and
dissipation signals is started after the first immersion in the liquid, as shown in Fig-
ure 2.3 the signal drifts for a few minutes during the equilibration of the liquid at
the temperature of work and then reaches a stable plateau comprised within a noise.
As expected, the fluctuations are more or less important depending on the nature of
the liquid. Variations of + 0.5 Hz in pure solvents might be solely caused by vis-
coelastic and liquid trapping effects while the complex composition and the larger
viscosity of crude oils imply larger fluctuations (4 25 Hz) probably due to additional
factors like the viscoelasticity, adsorption/desorption process of species, slippage of
the contact liquid film and others.
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FIGURE 2.3: Frequency shift of the 3" overtone over time after im-
mersion of the QCR in (a) crude oil (b) heptane.

Assuming a rigid deposit on the surface of the sensor, the dissipation can be

considered to be exclusively affected by the density p;;; and the viscosity y;;; of the
contacted liquid. With such assumption, Cassiede et al.” ® and Daridon et al.” estab-
lished that the frequency of resonance is sensitive to the pressure, to the loaded mass
on its surface (deposit of unstable asphaltenes) and to the contact liquid transport
properties within a certain penetration depth (typically hundreds of nanometers in
liquids) at each overtone of the nominal frequency.
They demonstrated a good interpretation of their model for the response in reso-
nance frequency and dissipation of a quartz crystal in contact with the same solvent
medium on both faces. The frequency behavior is then explained” by a combina-
tion of Sauerbrey”® and Kanazawa”’ equations resulting in Equations 2.5 and 2.6,
respectively the shift of dissipation and the shift of resonant frequency signals:

C
AFn,load = \/E?JT?O V4 Pliq,uliq(l + Rinterface) (2.5)
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where Riyterface is an empirical term that corrects for the viscous friction of the liquid
on rough surfaces of the sensor.

C
Afn,load = _2nCmAmdeposit - \/ﬁ\/TmT £/ Plighlig (2.6)
0

surface mass load bulk properties

During the volumetric increase of an alkane in crude oil, two competing effects on
the frequency shift were identified :

(1) the surface mass load

(2) the change of bulk properties of the surrounding media.
As both phenomena occur simultaneously during our experiments, both effects are
complicated to decouple on a single harmonic overtone. In the case of a rigid layer
of deposit, the damping effect of the surrounding fluid, quantified by dissipation
shifts A" divided by /1, is theoretically independent of the overtone number. The
shear wave promoted by the oscillator decays exponentially in the contacting media
and the penetration length is given by:

Hiig
=,/ ——— 2.7
"=\ wfoon (2.7)

The order of values of this characteristic length is provided in Table 2.2 for a 3MHz
resonator submerged in a typical petroleum liquid.

overtone (1) | penetration depth (1)
nm
364
210
163
137

N U1 QO =

TABLE 2.2: QCR sensitivity in a newtonian liquid with similar prop-
erties to mixtures of crude oil and alkanes p;;= 1 mPa.s~! and Plig=

800 kg.m 3

In the presence of a rigid deposited layer on the surface of the oscillator, the
wave is supposed to propagate without attenuation through the deposit (assumed
integrally part of the crystal itself) and starts to fall off after entering in the fluid. The
propagation of the wave becomes affected in presence of any bulk heterogeneity (e.g.
interfaces, particles) with similar characteristic sizes to the length scale of the pen-
etrated media, it will increase the damping of the response signal. However, in the
case of a complex viscoelastic deposited material containing many in-situ interfaces,
the decrease of the wave’s amplitude will happen within the mechanically absorb-
ing material. In such case, the damping of a shorter penetrating wave is expected
to be more remarkable than the attenuation of longer invading waves. Indeed, this
behavior might arise in our studies from the amorphous organization of unstable
asphaltenes with trapping liquid in the interstices of the fractal solid structures'”.
As illustrated in Figure 2.4, the dependence of the dissipation signal on the overtone
number in presence of unstable deposited asphaltenes typically follows the latter
configuration.

Figure 2.4 shows how dissipation responses of the QCR differ when immersed in
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a solution (a) of good asphaltene solvents compared to immersion in a mixture
of crude oil and a flocculating agent. However the unfavorable conditions to as-
phaltenes stability exhibit a strong dependence of bandwidths of the resonance peaks
per harmonic overtone number (Figure 2.4(b)).
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FIGURE 2.4: QCR resonance bandwidth shifts A—\/g as a function of the
overtone /1 when immersed in mixtures of crude oil and (a) toluene
or (b) heptane.

Consequently to the dependence of the response signal on the deposit proper-
ties, the validity of the simple model (Equation 2.6) to track the mass of asphaltenes
deposit on the surface is questionable. Accounting for the damping effects, many au-
thors“%"'%% applied the QCM-D technique to observe the successive formation of
layers (up to ~ 400 nm thick) on solid surfaces in liquid media. Their results showed
that despite the high hydration of sticking species, the rigid film approximation still
holds as a good estimation of the deposited quantity. This literature review reveals
that Sauerbrey’s relation may underestimate the loaded mass with errors below 25%
when compared to more complicated models'' that combine viscoelastic and mass
load repercussions. Although viscoelastic effects can be modeled for the interpre-
tation of deposition, the frequency shifts primarily reflect the mass changes at the
surface of the sensor.

For the sake of simplicity, in this research the estimation of the accumulated mass of
deposited asphaltenes will be quantified with Equation 2.6. Effects related to com-
pressional waves due to energy trapping, film slipping, viscoelasticity or to trapped
material in asperities are all purposely neglected. However, we will keep in mind,
for future perspectives, that accounting for the sensitivity to such effects may enable
to study the morphology of the deposit.

With such assumptions, Equation 2.8 shows that the measurement of the conduc-
tance spectra along a stretched range of overtones (3 to 7 in this work) allows us to
isolate the effect of mass load on surfaces of the sensor by dividing the measured
shift in frequency by the square root of the relevant overtone.

Afn,load/\/ﬁ & Amdeposit (2.8)
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Moreover Cassiede et al.” reported that this method was adequate to eliminate ef-
fects of finite crystal (on the fundamental overtone) and interference with inhar-
monic modes. Treatment of the recorded raw data were performed manually through
Microsoft Excel and coherency was guaranteed by analyzing data of each overtone
recorded as shown by Figure 2.5.

In this work, sensors are immersed in an oil which contains asphaltenes in a "stable"
state and the volume addition of a constituent is carried. During the first part of a
titration experiment (Figure 2.5(a)) the shift in frequency response is first dominated
by the modified viscosity and density of the fluid in the vicinity of the sensor. When
the volumetric addition of precipitants is carried further (Figure 2.5(b)), a drastic
(but continuously monitored) change in slope indicates accumulation of asphaltenes
deposit on the surface of the sensor as opposed to a monolayer adsorption. This ef-
fect becomes predominant compared to the change of transport properties of the
surrounding bulk (also termed dilution effects). Qualitatively, at fixed overtone an
increase of the theoretical mass deposited per unit of area Amg,p,si¢ decreases the
absolute value of the shift in frequency while the reduction of , /pj;;f1;; due to dilu-
tion by a lighter and less viscous n-alkane induces an increase of the absolute value
|Af|*%?®. The Figure 2.5(a) provides an example of the very limited progression of
the slopes dominated by a dilution effects while Figure 2.5(b) shows an enormous
change in slope linked to the ongoing deposition when the addition of flocculating
agents is carried further.
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FIGURE 2.5: Evolution of the slope Af, j054/+v/1 Vs v/ during titra-
tion of C; dominated by (a)dilution effects and (b) continuous depo-
sition effects

The smooth response of the signals during the alkane addition advises of the
continuous process of asphaltene destabilization and deposition. Indeed with this
observation, it seems unreasonable arbitrary to decide of a single condition that sep-
arates stability from instability of asphaltenes. However, the possibility of conditions
of instantaneous flocculation (according to the scale of time of interest: minutes) will
be studied in the remainder of this dissertation.
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2.4.1 Quartz crystal resonator immersed in a stirred tank reactor at atmo-
spheric pressure

The used experimental set-up permits the continuous addition of solvents in a fixed
volume of crude oil. In this experiment, the titration is carried out while record-
ing the signal of an immersed sensor at atmospheric pressure. The apparatus con-
sists of a custom-made vessel that is comparable to a continuous stirred tank reactor
(CSTR) with the difference of not having an outlet, the total volume of the studied
fluid becomes variable during the experiment. The following illustration provides a
schematic view of the set-up.

Peristaltic pump Network Analyzer

Glass vessel
in oven

Liguid mixture

Magnetic
stir plate

FIGURE 2.6: Schematic of the atmospheric pressure immersed QCR
experimental apparatus

The rate of addition of the solvent is chosen such that it enabled a good mixing
and a sufficient number of signal recording within acceptable change of composi-
tion. The agitation is provided by a rotating magnetic stir bar and the sealed glass
vessel has a lower-conical and upper-cylindrical geometry. Such geometry was de-
signed to reduce the consumption of oil samples and solvents. A constant volume
of crude oil is initially introduced in the reactor and a pre-calibrated resonator is im-
mersed in the oil in a centered position 1 cm above the top of the stir bar. The tem-
perature is controlled by an oven (&£ 0.5 °C) and continuously verified by an inserted
thermo-couple probe. The experimental time was set to zero and the chronometer is
started when the addition of solvent started. The promotion of solvents is achieved
with a peristaltic pump into the vessel at a specified flow rate while the stirring is
kept constant at minimum revolution speed enabling the visual presence of a vortex
(subjective of relatively short mixing times). Working on a mass record basis aug-
ments the accuracy, the cumulative injected mass are automatically saved over time
by measuring the weight of the solvent reservoir. However from a theoretical point
of view, it is preferable to work with volume fractions instead of mass fractions.
For that purpose, the volumetric concentrations are then calculated by converting
masses into volumes using measured densities of the fluids. Figure 2.7 shows an ex-
ample of raw signal data acquired for multiple overtones during additions of toluene
or heptane.
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FIGURE 2.7: Example of shifts of frequency and dissipation recorded
during experimental titrations of a crude oil as a function of the vol-
ume fraction of (a, b) toluene and (c, d) heptane

As the sole dilution effect related to changes in viscosity, the varying oscillat-
ing frequency caused by composition changes can be modeled using the Grunberg-
Nissan '* type of equation assuming a binary mixture composed of crude oil + sol-
vent. When combined to Equation 2.6, the modeled square root of the density-
viscosity product with a nullified surface mass load give rise to the following cor-
relation for each overtone. This relation was used by Daridon et al.” to model the
QCR responses in systems mainly composed of heptane and toluene. In our cases,
crude oil will be assumed to be a single pseudo-component.

Af i = eI atsens+(1=)n A foi+x(1-x)G) (2.9)

where x is the mass fraction of the solvent in the mixture of oil + solvent, Af; is
the shift of frequency of the overtone of interest when immersed in pure component
i, G is an adjusted parameter of the Grunberg-Nissan type of correlation. Figure
2.8 shows the good agreement of the correlated values compared to experimental
measurement for a system of crude oil titrated with a solvent that does not induce
destabilization of asphaltenes (toluene) at 20°C. As it can be seen in Figure 2.8, max-
imum deviations observed between the correlation and the experiment reaches 4%.
Such deviations are expected for huge changes of the frequency (5000 Hz), related
to relatively complex and viscous medium. Indeed, impacts of the non-ideal side
effects on quartz crystals resonance exposed in the previous section are neglected
but still exist.
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FIGURE 2.8: (a) Comparison between experimental and correlated
(eq-2.9) frequency shifts versus toluene volume fraction for the 37
overtone
(b) Absolute deviation percentage of the correlated dilution curve
compared to measured data

When addition of a bad solvent is carried out, the QCR detection of asphaltenes
instability during the time of the titration can be highlighted by superposing a fitted
dilution curve to the actual data. Figure 2.9 (a) presents the comparison between
the calculated dilution curves with Equation 2.9 and the measured frequency shifts.
Indeed, the curvature of the correlation can be adjusted with the parameter G to best
match with experimental points at low heptane fraction or to numerically minimize
the deviation within a larger range of composition. The two extreme possibilities are
used to evaluate the error bars when comparing the deviation of the experimental
data to dilution in Figure 2.9 (b). A geometrical construction by interpolated lin-
earizable regions of the graphic allows us to estimate the instantaneous point (cross-
ing point) of detection of unstable asphaltenes with the immersed probe. Unstable
asphaltenes necessarily exist in the form of aggregates larger than the sensitivity be-
yond this particular content of alkane (Figure 2.9). However, as described in the
introduction Chapter, asphaltenes belong to a continuum of molecules and defining
strict solution conditions of destabilization is not consistent with the nature of such
colloidal petroleum fractions.
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FIGURE 2.9: (a) Comparison between experimental and dilution cor-
related (eq.2.9) frequency shifts versus heptane volume fraction for
the 3" overtone at 20°C
(b) Percent deviation of the measured data from the calculated dilu-
tion curve.

The complicated interpretation and the large error bars are induced by the con-
sequent difference of the viscosity-density products at low temperature between
typical crude oils and solvents used throughout this research project. Therefore,
although the goal was not to study the effect of temperature, higher temperatures
were studied for practical reasons as illustrated by Figure 2.10. The limited curva-
ture of the function brings more accuracy of the Grunberg-Nissan approximation
(typical errors lesser than 1%). Additionally, this practice will approach typical tem-
peratures found in oil-producing wells, usually larger than 50°C. Note that such
temperatures also present the advantadge of avoiding the formation of solid paraf-
fins contained in crude oils (limit temperature usually termed as "wax appearance
temperature" or WAT). The pseudo-exponential increase of the deviation, showed in
Figure 2.10, is qualitatively in agreement with a continuous process of destabiliza-
tion as opposed to well-defined conditions of destabilization. Delimiting an "onset"
volume fraction of heptane for asphaltene destabilization with Figure 2.10 (b) is a
matter of interpretation and would be ambiguous.
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FIGURE 2.10: (a) Comparison between experimental and dilution cor-
related (eq.2.9) frequency shifts versus heptane volume fraction for
the 3" overtone at 60°C
(b) Percent deviation of the measured data from the calculated dilu-
tion curve.

After finding operational conditions for which experimental uncertainties re-
lated to changes of the bulk fluid properties are reduced, the surface mass load is
then studied within the defined range using Equation 2.6. The deposited mass per
unit of area is plotted (see Figure 2.11) and predominant physical parameters affect-
ing the cumulative deposited asphaltenes are identified and further investigated in
the following Chapters of this dissertation.
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FIGURE 2.11: Cumulative mass of asphaltenes deposit on surfaces of

the QCR interpreted with Equation 2.6 as a function of the heptane

content in crude oil and as a function of the elapsed time from the
begining of the titration.

Note that the utilization of the QCR apparatus not only enabled to extend nano-
scale investigations to a larger range of alkanes concentrations, it also has the advan-
tages of short experimental run-times (few hours) along with drastically shrinking
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the necessary volume of oil by one order of magnitude compared to other experi-
mental technique that seek similar goals.

Solubility parameter of liquid mixtures
During continuous addition of alkanes in crude oil, the quality of mixed solvents can
be expressed in terms of solubility parameter (mainly dispersion component). All
the following solubility parameters of liquid solutions were calculated by the linear
proportionality to the Lorentz-Lorenz refractive index function proposed by Wang
and Buckley *'. In the following sections, Equation 2.10 is applied to the temperature
of work: 60 °C ; we make the assumption that the predominant parameter affected
by the temperature is the refractive index of the liquid solutions. According to van
Laar-Lorenz definition of enthalpy, the other parameter affected by the temperature
is the size of molecules. Using Equation 2.10 at different temperatures, compared
to the temperature at which the expression was defined, makes the assumption that
the distance between molecules (captured by the refractive index) is predominantly
affecting the cohesive energy density and the internal variation in size of molecules
is neglected.
2
6= 52.042(”5’71) +2.904 (2.10)
(n p+ 2)

The refractive indices (np) of crude oils and mixtures were measured at the
wavelength of yellow Sodium-D line (589.3nm) using a bench-top refractometer ap-
paratus with a temperature control (Mettler Toledo RM40). The mentioned wave-
length is usually chosen because it corresponds to the peak of absorption of organic
matter and to a high enough frequency (~ 10'° Hz) to assume that the subsequent
total polarizability of the molecules is well represented by the electronic polarizabil-
ity” (see Equation 2.18 in the following section). The solubility parameter of liquid
mixtures containing i constituents is given by:

Omizx = D0 i @2.11)
1

where ¢; are the volume fractions of the constituents i in the mixture and J; is its
solubility parameter at the temperature T of interest. Graphics involving changes of
solution properties by addition of solvent components can now be plotted as a func-
tion of the solubility parameter of the solution (Figure 2.12) instead of the volume
fraction of the injected solvent (Figure 2.11). This form of representation of the solu-
tion mixture conveniently displays data when one wants to study various mixtures
made of different crude oils or different solvents, the graduated scale of the variable
is constant.
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FIGURE 2.12: Cumulative mass of asphaltenes deposit on surfaces of
the QCR interpreted with Equation 2.6 as a function of the solubility
parameter of the solution made of heptane and crude oil

2.4.2 Quartz crystal resonator immersed in pressurized systems

Applicability to the range of pressures found in wellbores or oil reservoirs is another
significant advantageous attribute of the QCR technique. Indeed, as explained in
the introduction Chapter of this thesis, asphaltenes instability and deposition is a
major concern when implied by the expansion of low molecular weight constituents,
such as short hydrocarbons or carbon dioxide, upon pressure decrease during the
oil extraction. The high pressure experimental set up is schemed on Figure 2.13. It
consists of a stainless steel custom jacketed and continuously stirred cylindrical PVT
cell (pressure, volume and temperature measurement cell) with an integrated QCR.
The equipment can undergo pressures measured through a transducer up to 1000
bar and temperatures measured by an inserted thermocouple probe from 0 to 120°C.
The total volume of the piston cylinder is about 50 cm®. A high pressure microscope
cell is optionally connected to visually observe the fluid through an infrared (IR)

camera mounted on a 50x microscope lens placed above a sapphire window and a
10x eyepiece.
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FIGURE 2.13: Schematic of the high pressure immersed QCR experi-
mental apparatus

Sample preparation

As opposed to the volume addition of alkanes at constant pressure””'”, experiments
with mixtures of light constituents and oil were based on the volume expansion of
a constant molar composition by isothermal depressurization of a liquid containing
volatile components. For such experiments, it is crucial to reduce experimental un-
certainties; one of them being the control of volumes and compositions. The parame-
ters were precisely fixed by keeping simple gas compositions with well documented
thermodynamic properties of the pure alkanes or the binary mixture of methane and
carbon dioxide. Calibrations are achieved by means of mass basis inserted solvents
(99%+ pure) prior to each experiment. The pressure and temperature measurement
devices are calibrated using externally controlled probes. The calibration of the total
volume of the cell is ensured by using the NIST chemical webbook database of pure
solvents to calculate the according volume at each set of mass, pressure and tem-
perature conditions. After calibration, a sensitivity analysis was made and resulted
in measured pressures within + 0.5% of error compared to the annually controlled
calibrating sensor, the measured temperature has an error of less than £ 0.5°C and
the volumes are accurate to & 0.1% compared to the NIST database.

Referring to previous work of Cassiede et al.© and Daridon et al.”, this calibration is
not only necessary to know the exact parameters of the piston cell body but also to
account for the hydrostatic pressure effect on the immersed quartz sensor Af):

Afflyig = Af — A
frivia = Af — Afp (2.12)
ALy = A
After calibration, the cylinder cell is heated and dried using a vacuum pump for
several hours. A controlled mass of crude oil is first transferred to the experimental
cell. Isothermal transfer of the desired volume of the gas used as a flocculating agent
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is then performed by means of a syringe pump, initially calculated using the NIST
data base for pure components and REFPROP software for binary blends. Gases
were supplied by Linde France SA, one bottle of pure methane and one containing
a blend of methane and carbon dioxide (80:20) molar composition.

Pressure scanning experiments

After preparing the blend, a constant mass compression is performed at a rate larger
than 500 bar.min~! and at non-mixing conditions in order to slowly dissolve the
light components during the pressure increase. This practice enables a bypass of the
instability zone, if any, during the pressurizing phase. The magnetic stirrer is then
turned on after the stabilizing pressure is reached. The live graphical monitoring of
pressure and volume enable to ensure the absence of any leakage or any remaining
gas bubble while frequency and dissipation shifts are providing certainty that a sta-
ble zone is reached with no observable changes of resonance behavior overtime. Af-
ter conditions are stabilized, the pressure is then isothermally decreased at specified
rates ranging between 1 and 20 bar.min ! (realistic depressurization rates compared
to typical ones found in 0il & gas production wells). Note that the temperature of the
experiments is chosen larger than the WAT. In order to portray the typical measure-
ment performed in this method, we are defining two example cases with no other
variable than the methane content in the prepared mixtures. The Figures 2.14 (a) and
(b) respectively show the hydrostatic pressure corrected frequency shift Af — Afp
and the half-band half-width Al for a crude oil combined with methane at 30 mol%.
Figures 2.14 (c) and (d) represent the evolution of the same response parameters for
a blend of crude oil and methane at 57 mol%. For both compositions, one observes
two regions separated by corner points upon depressurization. In the case of fewer
CHj dissolved, one notices the linear behavior of the upper pressure region while
higher content of methane trends the signal to slighlty bend.

Note that as expected, scattered data of the fundamental resonance frequency (over-
tone n = 1) are caused by the sensitivity of this overtone to side and imperfections
effects related to the finite crystal. Only higher odd numbers of the overtone are
therefore taken as references for interpretations.
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FIGURE 2.14: Frequency shift and dissipation signals evolution of
harmonic overtones 1 to 7 upon depressurization for:

(a) and (b) a combination of crude oil and methane with 30 mol%cp,

(c) and (d) a combination of crude oil and methane with 57 mol%cp,

Daridon and Carrier’; Cardoso et al. * proposed a phase transition detection pro-
tocol. These authors showed that the abrupt slope inversion is the signature of the
first gas bubble appearance or more commonly termed as the saturation pressure
(Psat) or the bubble point. At low molar content of methane, the comparison of nor-
malized QCR signals to the volume of the total fluid as a function of pressure illus-
trates the presence of a gas phase. In order to plot both signals of the sensor on the
same graph, they are respectively normalized onto 0 to 1 scale by dividing absolute
value by reference values denoted with a zero subscript (maximum observed).

(Af = Afy) [ (Af = Afp)q

(2.13)
AT/ AL

As shown in Figure 2.15), the significant increase of the isothermal compressibility
of the fluid (relative volume response upon pressure change [% (%) } ) is the signa-

ture of the gas phase appearance below the saturation pressure. A very good match
is observed between the change of slopes of the QCR signal and the measured vol-
ume as a functin of pressure. The saturation pressure of a system depends on the
composition of the mixture; larger molar contents of light constituents will cause
saturation at larger pressures.
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nals Af and Al of the 3" overtone as a function of pressure during

a constant mass expansion experiment of a blend crude oil-methane
(30 mol%)

In single phase conditions (i.e. P > Ps;), Daridon and Carrier” evidenced the
appearance of unstable asphaltenes and the growth of a deposit layer on the crys-
tal’s surface was well identified through an observed deviation from linearity of
the resonance frequency shift, (Af — Af,), during pressure depletion experiments.
Consequently, in a similar manner to the atmospheric pressure experiment, the fre-
quency shift is the first interpreted criterion to detect conditions at which instability
is observable at the acoustic waves length scale. Figure 2.16 exemplifies the case of
non-linear behavior of the acoustic wave sensor signals at pressures larger than Pi;.
Note that Al still interestingly exhibits a corner shape at the saturation pressure.
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FIGURE 2.16: Records of volume and normalized change in QCR sig-
nals Af and AI'of the 3™ overtone as a function of pressure during

a constant mass expansion experiment of a blend crude oil-methane
(57 mol%)
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As advised in the precedent section, definite conditions are hardly delineated for
asphaltenes stability as this class of compounds belong to a class of components as
opposed to a single structure or molecule. Discussions on the extensive practice of
defining an asphaltene "onset" pressure (AOP) will be extended in Chapter 6.
Figure 2.17 illustrates the more significant deviation of the frequency absolute signal
than at lower concentrations of methane showed in Figure 2.16 (60 vs 57 mol%). The
frequency deviation is in the order of thousands of Hertz and indicates that massive
deposition occurs at the investigated conditions.
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FIGURE 2.17: Measured shift of the frequency change as a function of
the pressure during a constant mass expansion (CME) experiment of
an oil-methane blend containing 60 mol% of methane

After identifying conditions at which large amounts of unstable asphaltenes are
detected, further data treatments are then computed by combining Equation 2.6 and

Equation 2.12 to calculate the deposited mass of asphaltenes per unit area (Figure
2.18).
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FIGURE 2.18: Calculated cumulative mass of deposit, using Equa-

tions 2.6 and 2.12, as a function of the pressure during a constant mass

expansion (CME) experiment of an oil-methane blend containing 60
mol% of methane

As shown in the results involving addition of liquids at atmospheric pressure
(precedent section), the appropriate track of solution properties can either directly
be the volume fraction of destabilizing solvent or the solubility parameter of the
solution. In Chapter 6, the goal of our research will be to understand the effect
of light-ends dissolved in the extracted petroleum, such as methane, compared to
more common liquid solvents used in laboratories to destabilize asphaltenes, such
as n-heptane. It then becomes essential to know the volume fraction of the methane
as a function of the pressure. Indeed, the pressure is a variable of secondary im-
portance to the asphaltenes stability, it is actually a mean of varying the volumetric
composition of the liquid solution when some of its components’ properties strongly
depend on the pressure, which in turn has direct implications on the asphaltenes sta-
bility. Additionally, industrial operations like blending of produced fluids, gas-lift
injections in wells to reduce the hydrostatic column pressure or like gas injections
to maintain reservoir pressures do not necessarily involve strong pressure gradients
but can significantly alter the solubility of asphaltenes by locally modifying volu-
metric compositions. As illustrated in Figure 6.6 the molar volumes of pure carbon
dioxide, methane, ethane and propane are expected to be the most predominant

components that contribute to the variation in volume composition of a live oil dur-
ing its transport.
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FIGURE 2.19: Comparison of molar volumes of pure fluids as a func-
tion of the pressure at constant temperature (100°C) (source: NIST
chemical web book)

Calculation of the apparent molar volume of light dissolved components (e.g.
methane)

Unlike heavy components present in the crude oil, vggg the apparent molar volume
of light compressible constituents can be significantly different when dissolved in
crude oil at elevated pressures compared to their pure molar volumes v;if;gT reported
in the literature. The presence of other components can enhance or reduce their
dissolution. Therefore experimental measurement can help us to calculate the actual
volume percent of methane into the oil-methane mixtures that are first prepared on a
molar basis. After recombining the crude oil with a well-known molar composition,
the molar volume of the light-ends dissolved at specific pressure and temperature
conditions is then given by:

Vgl;’s,T 3 Vsltj,lj;ttion o %

P,T _ oil (214)

U= =
8 N gas N, gas

where (VSZIZ tio n) is the measured volume of the recombined fluid, (N gus) is the num-

ber of moles of the injected light constituent and (m1,;;) is the injected mass of crude
oil. Note that the measurement of several parameters instead of simulating them

augments the accuracy of the experimental interpretation. Part of those parameters,
*P,T
oil

mined prior to adding other components like methane to compose the custom mix-
ture. Alternatively, and as showed by Figure 2.20, the isothermal Tait Equation of
state can be used to relate the liquid density to pressure with the following relation-

ship '*:

the density of the crude oil at the test conditions (p ) is experimentally deter-

*P,T _ Mol Moil
Poil = T = (2.15)

Vo Vo(1 = C)log <;§%§))
where Vj is a reference volume (the volume at the pressure of reference Py, usually
conveniently chosen to be the atmospheric pressure), B and C are temperature de-
pendent parameters specifically adjusted to the studied liquid with limited number
of experimental measurements. Figure 2.20 shows the good agreement between the
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calculation using Tait equation of state and the measured density of the pure crude
oil.
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FIGURE 2.20: Relation between the crude oil density and the pressure
at constant temperature (60°C)

The volumetric composition of the mixture is then calculated by converting the
molar composition through the apparent molar volumes as a function of the pres-
sure. The volume fraction of the dissolved gas is calculated using the following

Equation:
pT Myip

VP’T Vsolution T *PT
(P — 84s _ pazl (2 16)
8as = ,PT - PT :
solution solution

Deposition measurements can be plotted as a function of the volume fraction of
methane, as shown in Figure 2.21:

1.2

1.0 1  Pressure decrease

——
0.8 -

0.6

0.4 -

Deposited mass (g.m?2)

0.2

00 T T T T
0.23 0.24 0.25 0.26 0.27

Methane volume fraction

FIGURE 2.21: Calculated cumulative mass of deposit, using Equa-

tions 2.6 and 2.12, as a function of the methane volume fraction dur-

ing a constant mass expansion (CME) experiment of an oil-methane
blend containing 60 mol% of methane
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Calculation of the refractive index of gas recombined oils at elevated pressures
The refractive indices (np) at elevated pressures with light component dissolved
(single liquid phase) are calculated as proposed by Buckley et al.”, assuming a vol-
ume fraction ¢; averaged Lorenz-Lorentz function of 2 pseudo-components in the
mixture: the dead oil and its associated gas dissolved at the respective conditions of
study.

(nZD_1>P’T —4>-<n%’_1>P’T+¢ ("2D_1>P’T (2.17)
np +2 Mg 2/ T 42 '

solution gas

The use of Clausius-Mossotti and Lorenz-Lorentz Equations”’ lets us write Equa-
tion 2.18.

(n% n 1>P,T S (2.18)
nh+2). 3May,€0 '

Where p;kp Tis density of pure components i at the pressure and temperature of
interest, a; and M, are respectively the electronic polarizability and the molecular
weight of the component i, € is the permittivity of free space and N4 is the Avo-
gadro Number. By using a convenient reference condition of pressure and tempera-
ture, e. g. ambient conditions thereafter denoted by the exponent 0, Lorenz-Lorentz
Equation 2.17 combined to Equation 2.18 leads us to the following relation which
allows to calculate the refractive index function of the mixture at each pressure and
temperature.

2 pPT 0 2 0
TlD -1 _ Voil nD -1 + Ngas Rmo (2 19)
D solution solution D oil solution

Where VY and V;;ﬁtion are volumes of oil at reference conditions and volume
of the solution mixture at the pressure and temperature of test, Ng;s and ngas are
respectively the number of moles and the molar refractivity of the gas dissolved.
We should note that this relation assumes molecular polarizabilities of components
to be independent of pressure and temperature in the oil industry operational range
of conditions (~ 1 to 1000 bar and 0°C to 120°C). Indeed, the density of the mixture
is the only pressure and temperature dependent parameter in Equation 2.18.

Note that the density is a measured value for single liquid phase conditions, i. e.
at pressures greater than the saturation pressure. Volume measurements no longer
enables us to calculate the density of the liquid phase at under saturated pressures
due to the presence of both phases in the total volume. This reinforces the choice
of CME experiments instead of compression at pressures lower than the saturation
pressure or constant pressure experiments. This way, the destabilization and deposi-
tion of asphaltenes by means of presence of light constituent is studied at conditions
in which properties of the carrier liquid are measured and can help understanding
the effect of different destabilizing agents.

Combining Equations 2.19 and 2.10, the solubility parameter of the solution at high
pressure is calculated and the measured properties related to asphaltenes destabi-
lization and deposition can be plotted as a function of the solubility parameter of
the solution along the CME experiment as illustrated in Figure 2.22.
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FIGURE 2.22: Calculated cumulative mass of deposit, using equations

2.6 and 2.12, as a function of the solubility parameter of the liquid

solution during a constant mass expansion (CME) experiment of an
oil-methane blend containing 60 mol% of methane

This practice presents the advantage of reconciling data from different mixtures
of oil and anti-solvent on the same graphic representation. It will therefore be used
when studying the effect of the nature of the flocculating agent (alkane chain length
or molar volume of the agent) in Chapter 6.
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Chapter 3

On the controlling kinetics of
unstable asphaltenes

3.1 Introduction

Asphaltenes are defined as a class of relatively heavy, highly aromatic and polar
molecules present in native crude oils at concentrations naturally ranging from units
of g/L to hundreds of g/L depending on the oil origin“** and on the used proce-
dure for extraction """, Volumetric addition of bad solvents like n-alkanes, gener-
ally called precipitants or flocculating agent of asphaltene constituents, causes them
to move out of stable nanoaggregate or cluster states into a destabilized state of
insoluble agglomerated clusters. Previous authors have been describing this pro-
cess by several terminologies, such as precipitation*""%*?, destabilization”, ag-
gregation'?%* or flocculation *7'%??. In all cases "precipitation” might not be the
most suitable term for this process, since stable asphatenes are colloidal suspen-
sions of species in liquids and not actually dissolved in solutions. Previous research
on asphaltenes destabilization was for a long time focused on the determination of
the "onset" conditions during addition of a bad solvent””'%*%"’, defined as a well-
delineated concentration of bad solvent under which asphaltenes would all be in a
stable state and above which they would become unstable by fractions. This past
definition gave way to a better understanding of time-dependent onset point first
revealed by Angle et al.”.

Magbool et al.”” further showed how small fractions of unstable asphaltenes were
neglected by previous researchers who did not wait long enough for their growth
until unstable flocs would reach detectable size below the onset volume. Since then,
studies involving the aging time of prepared mixtures at fixed composition were
multiplied '%*”7*%, Precipitation, aggregation, destabilization and flocculation were
sometimes interchangeably used to describe the slow kinetics of a single reaction-
limited process’**” associated with detecting asphaltenes instability. In this research,
we will theorize two distinct mechanisms: (i) destabilization of stable units and (ii)
aggregation of unstable asphaltenes. The main objective is to reveal, if any, the dom-
inating kinetic effect between both processes.

3.1.1 Review of the destabilization and aggregation modeling approaches

For an unchanged mixture prepared at time = 0, destabilization of asphaltenes can
mathematically be modeled as a first-order reaction described by an elementary
step '’ where nanoaggregates or clusters of asphaltenes convert from a "stable" state
(Astaple) to an "unstable" state (A,stap0). After becoming incompatible with their
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surrounding fluid, the converted clusters of nanoaggregates are termed primary ag-
gregates (or particles) of unstable asphaltenes and have a characteristic size of 2 to
10 nm. Further aggregation of unstable asphaltenes occurs throughout another re-
action with other particles to form larger aggregates (Ayx) composed of k number of
primary units. Primary units can be considered to be the converted nanoaggregates
or clusters as mentioned above.

(taging) (tagg)
Aynsta
Kn [Aunstavrel kagg

[Astable] [Ak]

The mass basis reaction rate r; of destabilization is then described by:

rs = kNCAHoo (31)

where Cy4, ,, or later referred as C4,_, is the equilibrated total mass concentration of
unstable asphaltenes,ky is the nucleation rate constant and k¢, is the aggregation
rate constant usually represented by a Kernel *°.

Determining the dominant effect, if any, between aggregation and destabilization
kinetics is a fundamental concern that will have significant implications on the fol-
lowing Chapters of this dissertation. In one scenario, all the unstable asphaltene par-
ticles will have relatively long lifetimes at small sizes (slow aggregation) and their
number will be immediately fixed. In the opposite one, the lifetime of small parti-
cles will be short but their number will be dictated by their generation rate (slow

destabilization).

Literature review on aggregation kinetics

As summarized by Favero et al.'*, the phenomenon that is believed to take the
longest time is the aggregation process of destabilized nanoaggregates or clusters
(kage << kn). Consequently, previous authors”*/**%'® focused their efforts to un-
derstand the aggregation kinetics and built population balance mathematical mod-
els based on the population balance equation developed by Smoluchowski”. In
their modeling, Magbool et al.”® considered a fraction of asphaltenes that imme-
diately becomes unstable and form an initial number of unstable primary parti-
cles Ci(t = 0) after an alkane is added. The main assumption made by the au-
thors is that the initial mass concentration of primary particles is constant over time
(C1(0) = Ca(t — o0)). In other words, the total number of primary nanoparticles
across all agglomerates at any instant was assumed equal to the total primary units
immediately formed after addition of the flocculating agent. The initial concentra-
tion of larger than primary aggregates was assumed:

Cr(0)=0fork >1 (3.2)

According to their model, these nanoparticles undergo a Brownian aggregation pro-
cess and the rate of change of the number concentration of particles formed with k
primary units is given by the Smoluchowski coagulation Equation:

aCr 1
d—tk = 5 Z KijCiCj — Cx ZKikCi (3.3)
i+j=k i1

where Cy is the number concentration of k — th species, Kj; is the collision kernel
between i and j species, t is the aging time.
The collision kernel is a constant that describes the rate at which particles of size
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i aggregate with the particles of size j. Kj; is therefore related to the interaction
between colliding particles and is expressed as the product of the flocculation rate
constant between i-j species K’; and their collision efficiency f;; :
] ]
Kij = Kjjpij (3.4)
For the agglomeration of Brownian particles, the rate constant can be calculated as
follows according to the work of Smoluchowski *:

2kgT d; + d]')z

Kij = 2m(d; +d;)(D; + D) = g didj

(3.5
where d; and d; represent the hydrodynamic diameters of colliding particles i-j, D;
and D; are their respective diffusion coefficients in the medium, kg is the Boltzmann
constant, p;, the viscosity of the liquid medium, T is the absolute temperature.

The geometric population balance model proposed by Magbool et al.** was numer-
ically solved through ordinary differential equations (ODEs). They fixed the initial
conditions with the total concentration of primary particles (C1(0)) and the collision
efficiency § was adjusted to fit the experimental data. As shown in Figure 4.3(a), the
reorganization of nanoparticles reaches an equilibrium in particle size distribution
of agglomerates indicated by a plateau value of the separated mass after waiting an
appropriate time. Magbool et al.”® estimated C;(0) using the measured separated
concentration of asphaltenes per unit volume of the mixture C4_ by the centrifu-
gation technique of oil-heptane mixtures. Authors used the following Equation to
calculate the number of primary units (nanoaggregates) at time =0 :

Ny

Ci(0)=Cap
1( ) A Mwasthagg

(3.6)

where Ny is the Avogadro number, Mwasph is the molecular weight of the asphal-

tene molecules averaged at 750 g.mol ' and Nagg is the number of asphaltenes per
nanoaggregate (Nyge &~ 8 based on previous structural measurement ).

They reported adjusted values of the collision efficiency between 10~* and 10~ for
the investigated range of heptane content smaller than the instantaneous onset (see
Figure 4.3(b)).
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FIGURE 3.1: Reported by Magbool et al. **
(a) Experimental and simulated increasing evolution of the mass of
separated unstable asphaltenes (Equation 4.1
(b) Tuned collision efficiency as a function of heptane concentration
in blends of crude oil and heptane.

Multiple authors followed a similar modeling approach based on the adjustment
of a collision Kernel K;; to study the effect of external parameters such as shear” or
temperature”’. Moreover, other investigators ' derived a relation between the colli-
sion efficiency f;; and the widely accepted driving force of colloidal flocculation”*':
(Oasph — Osotution)- The postulated proportionality (Equation 5.3) published by Haji-
Akbari et al. ' collapsed many experimental data collected with several crude oils
and various anti-solvent n-alkanes in a single master curve by tuning the unknown

solubility parameter profile of asphaltenes.

1
asph — Osolution )2

ln(tdetection V Cl(o)/l’lliq) & (5 (37)

Literature review on destabilization kinetics

Despite the few publications found on destabilization kinetics, recent authors have
investigated the effect of incorporation of destabilization kinetics into a population
balance model'’. Motivated by experimental observations of non-zero slopes in the
plateau region, precedent attribution of time independent C;(0) values” was chal-
lenged by allowing a progressive appearance of destabilized asphaltenes. Indeed
Duran et al. '’ modified the population balance model described in the previous
paragraph by incorporating a mathematical term r; for the generation of primary
particles over time. In their approach, the rate of change of the number concentra-
tion of primary particles is expressed as follows.

dC] N-1
W = —Cl Z K1]C] + r (38)
j=i

Additionally, Duran et al. " made other modifications to represent the behavior of
agglomerates larger than the micrometer size for contents of heptane higher than the
instantaneous "onset" point. Authors'’ estimated Van Der Waals (VdW) forces with
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Hamaker constants to modify the collision frequency of non-Brownian particles with
an attractive term and their collision efficiency was made time-dependent (B;;(t).
The authors have also improved the predictability of the particle size distribution at
excessive heptane concentrations by introducing two input parameters:

- a micrometer scaled size of primary particles after 0.1s of solution aging

- a maximum fractal dimension.
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FIGURE 3.2: Reported by Duran et al. '
(a) Experimental and simulated evolution of the mass of separated
unstable asphaltenes.
(b) Experimental and simulated average size of unstable asphaltenes
as a function of flocculating agent concentration in blends of crude oil
and solvent.

Although their results (see Figure 3.2) are in good agreement with experimen-
tal values, the use of multiple fitting parameters can raise doubts in the validity of
some adjusted factors. In spite of the better agreement found between experiments
and their population balance model by considering generation of particles, the fac-
tual existence of destabilization kinetics has not been demonstrated yet.

3.1.2 Aim of this work

As a result of the present literature review, we distinguish two phenomena upon
volumetric addition of a bad solvent:

(i) destabilization is a generation of primary units with a characteristic radius of
a few nanometers

(ii) aggregation is the process of agglomeration of primary and larger units evolv-
ing into larger aggregates.
Although the slow process attributed to aggregation may be revisited, the funda-
mental kinetic modeling of this part is well understood thanks to extensive research
in the past decade’””"' while only first insights of destabilization kinetics (time de-
pendent generation of primary units) are drawn '’. Nevertheless, the concentration
of unstable constituents experiences a sharp increase upon addition of a flocculating
agent at a particular concentration usually called the "onset point" of flocculation.
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Bulk kinetics effects (including both destabilization and aggregation) cause a shift
of this particular point of interest to predict deposition risks. The differentiation of
destabilization and aggregation kinetics is accordingly an important point to clarify
as it directly has impacts on applications to evaluate severity of industrial problems
and could be implemented in remediation methods. As suggested by Duran et al. '"
in their aggregation modeling procedure, slow kinetics of destabilization would gen-
erate new unstable asphaltenes over time at fixed composition of oil and n-alkane
mixture. Their generation rate constant ky was set to ~ 107 — 10~%s~! as opposed
to previous studies where ky was assumed infinitely large 14 compared to kgg,, the
aggregation rate constant. In this work, we aimed to verify the above postulate
of competing time-dependent phenomena: aggregation and destabilization. Direct
experimental differentiation between the simultaneous destabilization and aggrega-
tion kinetics at the nanometer length scale is quite difficult, not to say impossible.
Nonetheless, it is now established that destabilization is a precursor to deposition
and that mass transport of unstable asphaltenes from a contact liquid toward a sur-
face can be modeled considering diffusion-limited equation*”"'***!”. Consequently
in this work, deposition was chosen to indirectly observe evidences of destabiliza-
tion kinetics. Two available experimental devices were used to respectively probe
asphaltene deposition at the macroscopic scale and at the sub-microscopic scale: 1)
a packed-bed apparatus*’, 2) an immersed quartz crystal resonator (QCR)“**. The
comparison of the concentration of unstable asphaltenes (obtained by centrifuga-
tions) with both deposition experiments, along with an analysis of the deposition
rates at several conditions provide answers to complete expectations with experi-
mental evidences supported by a mechanistic study:.

3.2 Methods

3.2.1 Sample preparation

Liquid solvents (e.g. n-alkanes) were 98+% purity supplied. The 3 dead crude oil
samples later referred as crude oil A, B and C provided by operators from 3 different
tields. All received samples were inspected by microscopy and by centrifugation to
make sure that they were free from contamination of water, solid particles, produc-
tion additives or drilling fluid. The preparation of crude oils and alkane mixtures
at specified concentrations was as follows for all experiments (unless stated other-
wise). Crude oil, n-alkane and vials were all incubated at the temperature of the
study until reaching a stable temperature. A known volume of oil was placed into
the vial. The solvent was added at 3 mL/min until the desired concentration was
obtained. During the addition a good agitation was ensured with a magnetic stirrer
to minimize localized high concentrations. The solution was then aged in a sealed
vial and kept agitating at the temperature of interest during the entire study. All the
liquid mixtures were prepared on a mass basis in order to increase the accuracy, final
volume fractions were calculated using the respectively measured densities with a
density meter (make Anton Paar model DMA 5000 M) at the temperature of work.

3.2.2 Measurement of microscopy detection-time

The microscopy detection-time corresponds to the tracking time of appearance of
particles larger than 500 nm in a prepared blend of crude oil with a flocculating
agent, measured by time-resolved optical microscopy”’. For specific concentrations
of heptane, Magbool et al.”” and Haji-Akbari et al. '’ found that the time for unstable
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asphaltenes to reach a microscopical size varies linearly with the volume concentra-
tion of alkanes on a semi-logarithmic graphic. Aliquots of the prepared mixture are
taken over time to observe them by shooting images with a CCD camera mounted
on a consistently configured optical microscope with a 50x objective lens and a 10x
eyepiece. The time it takes for solid opaque particles to be detected after heptane
addition with this method is called the microscopy detection-time. The procedure
is repeated at multiple concentrations of flocculating agent (heptane in this study)
in order to obtain a detection-time curve typically ranging from a few minutes to
1000h. The lowest concentrations of n-alkanes for which the detection-time is less
than 5 minutes is considered to be the instantaneous microscopy detection condition.

3.2.3 Measurement of the concentration of unstable asphaltenes

The content of unstable asphaltenes per unit volume of crude oil C,(t) is measured
by the time-resolved centrifugation method reported by Magbool et al.””. For the
sake of simplicity, the total mass of separable unstable asphaltenes (larger than the
cut-off size determined by the method described in Appendix) will be recalled as Cy4,
when referring to a specific aging time. Aliquots of 1.5mL are taken over time from
the prepared blend of crude oil and heptane. They are centrifuged for calculated pe-
riods of time at 24000x the relative centrifugal force (or g-force). The centrifugation
time is calculated in order to keep the separation efficiency constant, depending on
the density and the viscosity of the solution, and comply with a constant cut-off size
of 100 nm (more details of the calculation is described in Appendix). The shortest ag-
ing that can be measured for the separation of unstables asphaltenes equals the sum
of the time of preparation and the calculated centrifugation run-time that enables to
collect Stokes particles larger than the mentioned cut-off size (here ~ 100 nm). The
minimum aging time with our centrifuge equipment (Eppendorf brand model 5418)
is therefore between 20 minutes and 3h. Consequently, C,,, will be assumed as an
approaching value to C4, , for practical reasons in this study.

During centrifuge experiments, asphaltenes aggregates larger than the cut-off size
are projected to the bottom of the centrifuge tube and can be collected as a "wet"
cake (containing unstable asphaltenes and trapped liquid solution) by removing the
supernatant at the end of the experiment. Traces of solution mixtures sticking to the
inside walls of the centrifuge tubes are wiped with a cleaning tissue. The cake is
then washed with heptane several times, re-dispersed and re-centrifuged until the
supernatant remains transparent. The cakes are dried and their mass are recorded
to calculate the concentration of "dry" unstable asphaltenes larger than the cut-off
size per unit volume of crude oil. Indeed. one must note that the mass of collected
asphaltenes with this method reflects a portion of the mass of the total number of
created particles due to the washing out of the trapped solvent. This concentration
of pure or "dried" unstable asphaltenes C,4 increases with the aging time for a fixed
mixture and eventually tends to a plateau region. By definition, the distribution
size of unstable asphaltenes reaches an equilibrium and the variation of the separa-
ble matter over time is null when the plateau region is attained. The plateau value
named C,_ is then estimated when the slope of C4 as a function of time can be
lumped within experimental errors (usually few hours to hundreds of hours).

The goal of our study is to determine whether the evolution of C4 before reach-
ing the plateau region is predominantly caused by ongoing aggregation or by slow
destabilization. In the first eventuality, aggregation of a fixed number of initial par-
ticles makes existing small unstable particles grow larger than the cut-off size upon
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aging, resulting in an increase of the separable mass. In the second possibility, un-
stable asphaltenes are generated over time, once formed their fast aggregation im-
mediately brings them to stick to larger particles and will cause an increase of C4 .
In this research, all the solutions have been aged for 750h as estimations resulted in a
plateau region after 700h. For several oil-heptane compositions, only 3 aging points
are measured: the first is the shortest time (~ 1-3 hours), the second after waiting
700h and the last point after 750h confirmed that the plateau region was reached at
700h. The two extreme times will provide 2 yield curves of "dry" separable material
as a function of the heptane content. Any solution aged for a time comprised be-
tween those two extremes is expected to yield to an amount of unstable asphaltenes
in between the extreme aging times.

3.2.4 Asphaltene deposition

Packed-bed experiment

The experimental set-up consists of a 40 cm long jacketed glass column (10 mm in-
ner diameter). A total of 108 units of 3 mm-diameter and 440 units of 4mm-diameter
SS316 stainless steel beads were disposed in the column in square close-packing mo-
tifs with centered small beads. The mixture is connected to a peristaltic pump in
order to generate an upward flow in the packed-bed at a definitive flow rate. Iden-
tical mixtures are prepared to replace the previous one at frequencies ensuring the
absence of particles larger than 500 nm (conditions cautiously chosen according to
indications of the detection-time curve). Aliquots of the ongoing mixture are taken
over time for microscopy verification for the entire duration of the experiment. The
liquid is drained at a flow rate of 0.05g/min after the specified run-time has been
reached. Chloroform is then streamed through the bed to collect the retained mate-
rial composed of deposit (if any) and trapped liquid. The mass of deposit is obtained
by measuring it after complete evaporation of the chloroform and by subtracting the
collected mass of trapped liquid for a 1 min run-time experiment at the same condi-
tions. Note that in order to collect a measurable weight, it usually takes liters of oil
and days of experiment to access to results for one set of conditions. Figure 3.3 gives
a schematic view of the apparatus.
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FIGURE 3.3: Packed bed asphaltene deposition apparatus *’

Quartz crystal resonator immersed in a stirred tank reactor

The immersed QCR set-up that was used in this Chapter corresponds to the one
described in Chapter 2. Heptane was used to favour the destabilization and depo-
sition of asphaltenes. The continuous injection rate was set to 0.3 cm3.min~! in an
initial volume of 20 cm? of crude oil. 3 different overtones were monitored during
experiments in order to determine the mass of deposit in the post-treatment data
processing.

Deposition modeling

Principles of the surface deposition of asphaltenes comprehensively lean on a pro-
cess limited by the rate of diffusion of unstable asphaltenes in the mass-transfer
boundary layer that envelops the surface of deposition*’""**%!. The local deposition
rate is indeed physically materialized by a flux of unstable asphaltenes |4 toward the
solid interface:

Cad—Cags

C mass transfer

Ratedep X ]A = DA (39)

where D4 is the diffusion coefficient of the asphaltenes depositing particles, C4 4 is
the concentration of unstable asphltenes available to deposit, C4 s is the concentra-
tion of unstable asphltenes at the surface of deposition and {mags transfer is the thick-
ness of the mass-transfer boundary layer. A mathematical simplification arises in
Equation 3.9 from considering C4 s as a null value by rationally postulating that all
the transported unstable particles that reach the wall necessarily deposit by a reac-
tion process at a much larger rate than the mass transfer one in a diffusion-limited
mechanism. The simplification on Equation 3.9 lets us write:

Ratedep X CA,d (310)
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Itis important to note that C4 4 is somewhat related to C4(t) and the relation must
indirectly derive from a better understanding of kinetics. The presence of unstable
asphaltenes available to deposit (C4 4 > 0) necessarily implies a positive quantity of
unstable particles in the bulk (Y32, Cx > 0).

3.3 Results and discussions

Microscopy detection-time

Following the procedure introduced by Magbool et al.”’, the detection-time curve
of particles that are ~0.5ym in diameter, provided in Figure 3.4, is an indication of
the minimum range of composition at which the content of unstable asphaltenes
and their size come into a macroscopic scale. In this study, the detection-time in-
formation was mainly used as an indication for the mixture reservoir replacement
frequency during the packed-bed deposition runs.

1000 g E

S 3 ;
®
0]
£ 100 3 E
= £ [ ] ]
C - -
Re) I 1
4&)—5 -
B 10F . e
© F 1
> B ]
o L
@]
S L 4
7]
e 1 = =
O E 3
= i ]
01 T T T
0.40 0.45 0.50 0.55 0.60

Heptane volume fraction

FIGURE 3.4: Necessary aging time to detect particles by microscopy
visual observations as a function of the volume fraction of C7 in
heptane-oil blends

Separation of unstable asphaltenes

Content of unstable asphaltenes collected by centrifugation was studied as a func-
tion of the aging time for fixed compositions of crude oil and C; mixtures. Figure
3.5(a) reports the evolution of C4 for a mixture containing 51 vol% of C7 in crude oil
A, the plateau region is reached after aging the solution for more than 700h and C4_,
is effectively estimated by extrapolating a fitted exponential trend curve.
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FIGURE 3.5: Concentration of unstable asphaltenes larger than 100
nm separated by centrifugation as a function of the aging time of a
prepared blend of crude oil A and heptane (51 vol% C7). Solid line is
an exponential regression and markers are experimental data points.

Figure 3.6 reports the aging evolution of the concentration of separable particles
of various heptane contents ranging from 48 vol% to 91 vol%. The same data are
represented in two different ways (Figures (a) and (b)) respectively as a function of
each variable; the aging time and the heptane content in the mixtures. As expected,
for a given concentration of heptane in Figure 3.6(b), the total content of unstable
asphaltenes is significantly smaller if considering destabilization kinetics compared
to the values of C,4_ at equilibrium of destabilization when waiting for long time
enough after addition of the flocculating agent. In this particular example, the char-
acteristic minimum aging time that was practically achieved is of 3h for solutions of
oil and heptane.
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FIGURE 3.6: Concentration of unstable asphaltenes larger than 100
nm separated by centrifugation as a function of:
(a) the aging time of several blends of crude A and heptane at various
contents of heptane
(b) the volume fraction of heptane in the blends for extremes of aging
times: ~ 3h (Cy4,,) and ~700-750h (C»_,)
Solid line is an exponential regression and markers are experimental data points.

Any yield curve corresponding to an aging between 3h and infinite time is hy-
pothesized by the thin dashed curves in both Figures 3.6.

Packed-bed deposition results

Vilas Boas Favero et al.* extended the generic principles of the previous paragraph
with established correlations of the mass transfer coefficient to derive Equation 3.11
for asphaltenes deposition rate in the packed-bed geometry:

1/2db—3/2 1—0)°%2 _q3 ~1/6

2/3
Rateg,, = 6A. o Py Py DY*q'2LCy 4 (3.11)

where A, is the cross-sectional area of the bed, L is its length, dj, is the mean di-
ameter of the beads, 6 is the porosity of the bed, g is the mass flow rate of the liquid
mixture. The experimentally verified relation expressed by Equation 3.11 is coherent
with a theoretically linear increase of the deposition rate with C, 4. The dependence
on the superficial velocity was also experimentally retrieved, which fundamentally
confirmed a diffusion-limited regime. In their study, destabilization kinetics was
neglected by adhering to suggestions of previous studies’”'%, thus they assumed
the presently questioned equality between C4 4 and C4_, and found fair agreements
between experimental results and the conceptual behavior.

In this model, the diffusion coefficient of depositing asphaltenes was the only
adjusted parameter of the model. Equivalent size of diffusing asphaltenes aggre-
gates was then back-calculated from the tuned diffusivities using the Stokes-Einstein
Equation:

kgT

= — 3.12
67'(“lzlll'qRA ( )

Dy

where kg is the Boltzmann constant, T is the temperature and R, is the hydrody-
namic radius of diffusing aggregates of unstable asphaltenes. Authors*’ obtained
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radius ranging from 10 to 100 nm for 6 crude oils and for all the investigated con-
ditions. This result is in excellent agreement with the absence of particles under
microscopy observation during the experiment. Nevertheless, values obtained from
Equation 3.11 and plotted in Figure 3.7 (C4 4 = C4,,) are in conflict with the propor-
tionality behavior expected by Equation 3.10. Actually, it is expected from Equation
3.10 that an extrapolated line should cross the origin of the graphic but it was not
observed by considering fast destabilization kinetics.
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FIGURE 3.7: Experimental asphaltene deposition rate as a function of

the plateau concentration (C4 ) of unstable asphaltenes in crude oil

C and C; mixtures obtained from experimental set-up in Figure 3.3*’;

markers are experimental data and the solid line is a linear interpola-
tion

As a repercussion of the centrifugation trends summarized by Figure 3.5, one can
forecast that taking asphaltene destabilization kinetics into account would diminish
the C,4 4 value by equalizing it to C,(t), thus shifting the line of Figure 3.7 toward
values in better harmony with the theory. The aging time of the flowing mixtures
through the packed-bed ranges between 0 and the time between each reservoir re-
placement. For practical reasons, in order to evaluate effects of the destabilization ki-
netics, the aging time of centrifuged mixtures was chosen equal to the time between
each reservoir replacement during the packed-bed deposition experiments. Results
displayed in Figure 3.8 are in excellent agreement with expectations and indicate
that C4 4 = Ca(t) should be posited in order to comply with the theoretical behavior.
After the mixture was aged for a given time, results indicate that centrifuged-out
masses provide a good approximation of the total content of unstable asphaltenes at
the respective moment.
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FIGURE 3.8: Asphaltene deposition rate as a function of the concen-
tration of unstable asphaltenes in crude oil B and C; mixtures

We know from Figure 3.6 that C,_ value is necessarily larger than C4(t) for any
mixture of oil and a flocculating agent. Consequently, accounting for destabilization
kinetics must engender larger tuned diffusion coefficient of depositing particle ac-
cording to Equation 3.9. Therefore, revising the results of Vilas Boas Favero et al. "
with incorporating the destabilization kinetics would lead to even smaller-in-size
depositing particles for each studied case. Particle sizes would therefore still be in
agreement to the microscopy observations (absence of micron-sized particles). In
order to verify this trend, reciprocal results were obtained by strictly applying their
method *. Two mixtures of different oil-heptane compositions were specifically cho-
sen in the range of composition exhibiting large differences between C,(3/) and
Ca, (51 and 55 vol% of heptane as showed in Figure 3.6(b)). The diffusion-limited
model presented in Equation 3.11 was able to match experimental data with the set
of parameters summarized in table 3.1. In this experiment, the replacement of the
reservoir mixture was made every hour and every 3h, respectively for the 51 and 55
vol% of heptane contents. Results of both conditions are presented in the following
Figure:
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FIGURE 3.9: Deposited mass of asphaltenes as a function of the run-
time in the packed-bed experiment for volumetric concentrations of
heptane equal to 51 vol% (black) and 55 vol% (green)

TABLE 3.1: Particle diameters calculated by the Stokes-Einstein equa-
tion from the set of parameters used in Equation 3.11 to match the
deposition experimental data

e s . . Asphaltene
Destabilization Cy C Diffusion rticl
kinetics concentration Ad coefficient p.a icle
diameter
- v0l% kg.m=3 (m?.s~Hx10~12 nm
kny— o0 51 15 0.36 850
Caq=Ca, 55 20.5 0.25 1400
kny << 1 51 1.3 14.10 22
Cad=Ca,, 55 3.5 3.50 100

It is important to note the incoherence of the resulting particle sizes for the cases
of extremely fast destabilization (C4 4 = C4,), the calculated diameters are in con-
flict with the experimental observations by optical microscopy which certified the
absence of particles exceeding 500 nm in diameter. However, the calculated hydro-
dynamic diameters of depositing unstable asphaltenes by considering slow destabi-
lization kinetics reconcile to the microscopy observations. In addition, the compar-
ison of sizes between both conditions logically indicates larger aggregate diameters
at greater heptane concentration (100 nm compared to 22 nm).

Independently, one observes that the collected mass are very constrained (~ 10
- 100 mg) for an experimental duration situated within the order of days. Conse-
quently, it is more suitable to use a technique that is sensitive to the length and mass
scale of interest; i. e. the QCR experiment. The need for a sensitive technology is
augmented by the fact that the concentration of asphaltenes in a crude oil can be as
low as 0.1 wt%.
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addition of heptane in crude oil A up to 79 vol% within a duration of approximately
-2

2h. The final cumulative recorded mass on both surfaces of the sensor is ~ 2g.m
In this experiment, one can see that the important departure of the curve (so-called
"onset" point signaled by a red arrow) occurs after a titration time of approximately
1h. As the composition is continuously changed upon time, the titration time dif-
fers from the aging time concept presented in previous centrifugation results. As
for the packed-bed reference time of aging equal to the reservoir replacement time,
we can affirm that in the case of a continuous titration ; the corresponding average
aging time of the solution mixture is necessarily less than the total run-time of the
experiment. Actually the time of "onset" conditions of deposition corresponds to ~
59 vol% of heptane, the solution mixture was less than one hour old at this given

QCR results
Figure 3.10 reports the deposited mass (Equation 2.6) on the sensing electrodes upon

composition.
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FIGURE 3.10: Asphaltene deposited mass as a function of the volume
fraction of C7 and run-time of the QCR experiment

In other words, if the mass concentration of unstable asphaltenes is immediately
at equilibrium after addition of heptane, most of the unstable asphaltenes particle
would have to be smaller than 100 nm (cut-off size of centrifugation) as they could
not be observed in the centrifuged masses. As predicted by Equations 3.10 and 5.2,
if a large enough number of particles are smaller than 100 nm, they should likely
contribute to the diffusive deposition and engage a sharp increase of the detected
deposit by the nano-sensitive sensor. In accordance to the hypothesized increase of
deposited mass caused by the amplified concentration of unstable asphaltenes sus-
pending in the surrounding solution, it becomes interesting to compare the point
of departure of the centrifugation curves (at extreme aging times, i. e. short = 3h
and long = 700h) to the mass of deposit recorded. The firm growths of the time-
dependent separated unstable asphaltenes and of the deposit during the titration
appear at a nearly coincident volume fraction of heptane, as opposed to the sepa-

rated mass of particles from solutions aged for longer than 700h.
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FIGURE 3.11: Comparison of asphaltene deposited mass profile to
the centrifuged concentrations of unstable asphaltenes as a function
of the volume fraction of C;

The measured deposition on the QCR during the titration of heptane further
complements observations in the packed-bed apparatus. Indeed, the consistency of
results reinforces the notion of process controlled by the destabilization kinetics over
the kinetics of aggregation. In addition, the aging time of the mixture in which the
sensor was immersed being less than 1h at the particular composition (~59 vol%),
the departure of the curve is lightly shifted to larger C; fraction compared to the
centrifuged Cy,,.

3.4 Mathematical modeling of destabilization with kinetics

In previous paragraphs, we have examined bulk separation and surface deposition
data to experimentally examine the limiting process of the quantitative growth of
unstable asphaltenes upon time in fixed mixtures. The results suggest that the gen-
eration rate constant ky is less than the aggregation rate constant k¢, of unstable
asphaltenes. The increasing mass of separated material is then belonging to newly
generated particles rapidly becoming larger than the cut-off size of 100 nm. Other
terms, such as the dissociation by shear forces or the adhesion and inter-particles
attraction forces will likely affect the larger orders of particle sizes and can be ne-
glected to analyze our centrifugation data. In the present section, letting k,¢, be
significantly larger than ky implies the generation term to be the main mathematical
kinetic parameter.

Destabilization kinetics in mixtures of fixed composition over time

According to experimental observations, the rate of destabilization r; appears as
proportional to the rate of concentration increase observed in curves of C4 versus
time (Equation 5.16). The heptane content 51 vol% in heptane-crude oil (reported
in Figure 3.5 is taken as an example case with a large number of data. The rate
of primary units generation can be estimated by the local increments of separated
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concentration ACy4 over an increment of time At. As illustrated by Figure 3.12 for
this example; ky ranges from 107® s7, a few minutes after last addition of C7, to
10~7 s~ ! at aging times larger than 700h.
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FIGURE 3.12: Evolution of the constant of unstable asphaltenes gen-
eration ky for an aged mixture of C; and crude oil A with 51 vol% of
heptane

The range of generation constant found at conditions approaching the "onset"
agrees with reported values of ~ 107% s~! by Duran et al.'’. Besides, our results
indicate a strong time-dependence with a notable abrupt decay of ky shortly after
the addition of heptane was completed. In addition, the profile of kx must also
be a function of the solvent quality (volume fraction of the added alkane). With
extensively reported trends of centrifugation data similar to Figure 3.5, we observed
that ky has the following mathematical form:

ky = (1 _ L, > et (3.13)

where C, is the initial concentration of previously destabilized asphaltenes and 7 is
a coefficient representing the characteristic time of equilibration of a system with a
given composition. In other words, the value of T will determine the time at which
kxn will fall to insignificant values such that generation will become negligible and
the plateau region will be reached. The set of parameters T and C4_, will dictate the
initial slope of ky when aging a given solution. Both parameters depend on the ini-
tial thermodynamic driving force: the anti-solvent concentration.

In this way, by replacing ky in Equation 5.16, the mass balance of unstable as-
phaltenes in a prepared solution of crude oil and alkane is:

dCA 1 CA. _t
— (1= i T = .14
= Cau ( cA) e 7 =0 (3.14)

Integrating Equation 3.14 with the initial conditions C4(0) = C4, for an aged solution
with a fixed composition at the initial time ¢; until the final time, we get:

Cat) = (Ca, — Ca) (e—%" _ e—%> (3.15)
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Equation 3.15 is then applied to separated asphaltenes by centrifugation with the
following initial conditions:

t; =
Ca, =0
Ca. = Ca(700h)

With those bound conditions, Equation 3.13 reduces to:

Al

1
kv = e (3.16)

and Equation 3.15 becomes:

Al

Calt) = Ca (1 e ) (3.17)
The only unknown parameter, the constant 7, is adjusted for each composition of
oil-heptane such that the modeled concentration of unstable asphaltenes at early
times (aging less than 700h) fits the separated amount by centrifugation. As shown
in Figure 3.13, good agreements are found between the measured concentration of
unstable asphaltenes and the calculated curves.
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FIGURE 3.13: Concentration of unstable asphaltenes as a function of

the aging time for several concentrations of heptane in the blend of

crude oil-heptane; symbols are measured data by centrifugation and
solid lines are modeled with Equation 3.15.

Consequently, the yield of unstable asphaltenes is function of both variables; the
aging time and the composition of the solution. As explained, the dependence on the
aging time of the solution is incorporated through the parameter T whereas C 4, fixes
the plateau value. In order to reach a continuity through the entire range of concen-
trations of heptane, we must define continuous dependencies of both parameters
on solution compositions. Despite the limited range covered by the experimental
data (due to practical reasons) within the possible compositions, regression analyses
showed in Figure 3.14 produce the following power relationships as a function of
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the anti-solvent volume fraction ¢c,:
T= Tmax(l)CyC (318)

CAOO = CAmax(PC7h (319)

where T,y and Cy,,, are respectively the equilibration time and the total content
of separable material at infinite dilution of crude oil in the alkane, b and ¢ are oil-
dependent constants that must be determined by Equations 3.18 and 3.19 to match
the experimental data.
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FIGURE 3.14: (a) Plateau concentration of unstable asphaltenes C4_,

and (b) constant of destabilization kinetics T as functions of the vol-

ume fraction of heptane in the blend of crude oil-heptane; symbols are

measured data by centrifugation and solid lines are calculated with
Equations 3.18 and 3.19.

We note that the adjusted parameter 7 is significantly lower than 700h for the ex-

perimentally investigated conditions. This comparison confirms that experimental
consideration of a reached equilibrium for the acquired data after waiting for 700h
or longer is a fair approximation.
With the proposed scaling laws, the immense polydispersity of asphaltenes is de-
scribed as a compositional continuum. After adjusting functions of T and C4_ with
experimental data, the mass rate at which components will leave the solution can
be calculated by substituting parameters from Equations 3.18 and 3.19 into Equation
3.15. Calculations are plotted in Figure 3.15 which reports results of independent
mixtures (assuming each composition prepared individually at #;,=0) for several ag-
ing times.
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FIGURE 3.15: Concentration of unstable asphaltenes C4 versus the
heptane content for solutions aged for different times

A good agreement is observed between the 3h aged experimental data points
and the modeled curve. The pairs of composition and aging time conditions all
logically show calculated concentrations of unstable asphaltenes inferior or equal to
the assumed plateau values (t,gi,g >700h).

A sensitivity analysis (see Figure 3.16) of the generation constant ky is made by
independently varying the aging time and the heptane fraction of the solution.
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FIGURE 3.16: Sensitivity analysis of the unstable asphaltenes genera-
tion coefficient kp as a function of:
(a) the aging time for solutions containing various contents of heptane
(b) the heptane content for solutions aged for different times

The plotted results indicate 4 important tendencies:

¢ the maximum generation rate of primary particles monotonously decreases
with the aging time of a fixed solution and takes its maximum value immedi-
ately after the addition of heptane
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¢ the generation rate remains relatively constant during a certain period of time
for fixed solution mixtures

¢ the equilibrium is reached after waiting shorter periods as the heptane content
gets larger

¢ the initial generation rate is increased for larger heptane volumetric contents.

Destabilization kinetics during continuous variation of the volumetric mixture
composition

In the following analysis, we will be interested in destabilization when caused along
a continuous addition of heptane, in reference to the industrial case where destabi-
lization is caused by expansion of light constituents. The change of stability must
then be encouraged by the steady change in solubility parameter of the solution
(Absolution) during the flow. As previously said for the titration experiment, it is
complicated to isolate the aging time in such a cases. In this situation, the whole un-
stable fraction of asphaltenes becomes partially composed of older and fresher units.
According to the sensitivity analysis of ky in the previous paragraph, the unceasing
volume expansion of bad solvent must promote the particles generation at a faster
rate than the aging effects by recreating a non-aged fraction of unstable asphaltenes.
Destabilization kinetics and aging functions should then be interdependent with the
rate of change of solvent properties. In order to decouple the various scales of time,
the process can be discretized in series of durations upon which only aging occurs
without any change of composition. At each change of time step, new initial and fi-
nal conditions (¢;, ¢ 71 Can T and C4_) must be defined to solve Equation 3.15 during
the actual aging.

As illustrated by the example on Figure 3.17, punctual additions of heptane can be
modeled by finding the appropriate initial and final times. Finding the correspond-
ing aging time of the new composition that equalizes the actual C, as if it was pre-
pared at initial time zero will let us solve the integration through corrected limits ¢;
and ¢ rat each step. Rearranging Equation 3.15, we then find:

_ CA(t)>
Ca.,

ti(t + At) = —7ln (1

Cald (3.20)

Ac

bt + Af) = ti(t + A + At = —tin <1 - > + At

Substituting the found limits of Equation 3.20 into Equation 3.15, it then becomes:

Cat + At) = (Ca — Ca(t)) [(1 - CCA(t)> <1 - eét)] (3.21)

)

In this way, the adjusted parameters are kept with the same dependence on both the
aging time and the heptane fraction for the appropriate time interval corresponding
to fixed solutions in composition. T and C,4_, are re-calculated at each step of time
with the set of Equations 3.18 and 3.19 for successive compositions of oil-heptane in
order to solve the problem numerically.
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FIGURE 3.17: Comparison of the modeled evolution of the total con-
centration of unstable asphaltenes C4 as a function of time for:
(a) independent solutions prepared at time = 0
(b) a tracked solution with series of step additions of heptane

Assuming that the composition does not change during the incremental time, an
average Cj, is attributed to the ongoing composition. One observes that for non-
linearizable C4 profiles at successive conditions, the choice of too large At in Equa-
tion 3.21 can significantly underestimate the amount of unstable asphaltenes. How-
ever, when choosing an adapted temporal discretization (short enough) to the rate
of change of solution, the errors become lesser as At is decreased and the profile is
fairly represented through series of linearizable regions as showed by Figure 3.18.
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FIGURE 3.18: Modeled evolution of the total concentration of unsta-
ble asphaltenes C4 as a function of time during the continuous addi-
tion of heptane at a flow rate gc, = 0.3 cm®.min ™!

The applicability of this estimation is appraised by simulating an incremental
time equal to the typical order of elapsed-time between the records of the immersed
QCR data (~ 0.02h to 0.2h). The obtained average values are then plotted in Fig-
ure 3.19 to compare to simulations with much shorter time steps. We find that this
practice enables to estimate the evolution of the unstable asphaltenes concentration
without error propagation.
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FIGURE 3.19: Modeled evolution of the total concentration of unsta-
ble asphaltenes C4 as a function of the heptane fraction during the
continuous addition of heptane at a flow rate g¢, = 0.3 cm®.min~!

The calculated profile shows a good match when compared to experimental data
obtained by centrifugation after addition of heptane was steadily ensured at a rate
of 0.2 g.cm™3. Starting with a given mass of crude oil (18 g), the experiment was
repeated to reach different compositions. We should note that due to the additional
handling and centrifuging times, the aging of samples are 20 minutes longer than if
we were to instantaneously separate asphaltenes while the titration is running. An
excellent agreement between the model calculation and the centrifugation data is
depicted in Figure 3.20.
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FIGURE 3.20: Comparison between experimental and modeled evo-

lution of the total concentration of unstable asphaltenes C 4 as a func-

tion of the heptane fraction during the continuous change of compo-
sition at a flow rate ¢, = 0.2 cm3.min~!
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The aging time of the liquid solution is naturally linked to the rate of composi-

tion variation and to the residence time of the fluid in the system for an open loop
flowing mixture. In a closed system with volume expansion, three competing effects
should be captured in modeling the expansion of an alkane: (i) elevated addition
rates will promote larger generation rates of unstable asphaltenes, (ii) larger addi-
tion rates will shorten the aging time of the solution through the experiment and
should result in lower cumulative C4 during the experiments, (iii) the dilution ef-
fect during the alkane extension reduces the generation rate by cutting down the
number of asphaltenes per unit volume of solution. The generation constant ky is
incrementally assessed by using Equation 3.13 with setting C4 ;) = Ca(t — At).
The expected behavior is verified in Figure 3.21. Indeed, cumulative effects due to
increased aging put the concentration curve with the slowest addition rate above the
two others, however the greater generation rates are found when the bad solvent is
added at the fastest pace. We also note that due to the mentioned competing effects,
the generation rate goes through a maximum value at different heptane volume con-
tents depending on the speed of heptane inclusion.
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FIGURE 3.21: (a) Calculated profiles of C 4 with Equation 3.21 for sev-
eral rates of addition of heptane
(b) Calculated constant of unstable asphaltenes generation ky upon
continuous volumetric addition of heptane at several rates

During the titration, the rate of particle generation increases until reaching its
maximum value. This first part, combined to the augmenting equilibrium concen-
tration C4_,, provokes the amount of unstable asphaltenes to sharply engage into a
large slope versus the heptane fraction. Logically, when ky decreases, less primary
particles are generated per unit of time and the slope of C4 becomes less important.
Subsequent values reported in Figure 3.21(b) support that the simultaneous promo-
tion of heptane results in larger generation of primary units of unstable asphaltenes
over time than the sole aging effect.

Finally and as expected, the results indicate that the rate of asphaltenes destabiliza-
tion is controlled by the rate of volume expansion of flocculating agents.

Relation between destabilization kinetics and deposition
As the aggregation rate is suggested extremely fast compared to the generation rate
of unstable asphaltenes; the diffusive deposition rate of asphaltenes should evolve
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into a dependence on the rate of generation of unstable asphaltenes. The generated
entities might constitute the fraction of few remaining small particles which have
large diffusion coefficients. The recorded mass of deposited material on the quartz
sensor during the continuous addition of heptane gives us access to local deposition

rates along the titration:
Amde osit
ratedeposition = A: (3.22)

As time elapses during the experiment the cumulative deposit grows, however the
deposition rate interestingly passes through a maximum value. As graphically an-
alyzed in Figure 3.22 (a), the composition at which the maximum deposition rate
is measured nearly coincides with the maximum calculated generation constant ky
using Equation 3.13 from centrifugation data. We note that those conditions also cor-
respond to the significant increase of concentration of unstable asphaltenes (Figure
3.22(b))
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FIGURE 3.22: (a) Comparison of the calculated generation constant
of unstable asphaltenes generation ky upon continuous volumetric
addition of heptane to the deposition rate of unstable asphaltenes
(b) Calculated profiles of C4 with Equation 3.21 using the generation
constant rate of unstable asphaltenes ky during addition of heptane

The generation of unstable asphaltenes promises to play an important role in the
deposition process and necessitate further investigations in order to jointly elucidate
the mechanisms of destabilization, aggregation and deposition.

3.5 Conclusions

Deposition measurements by two different techniques combined to time-resolved
centrifugation results recommend that the evolution of separable mass of unstable
asphaltenes over time is mainly driven by the destabilization kinetics (and secondar-
ily by the aggregation kinetics). According to this study, the Brownian collision of
unstable particles thereupon is suggested to have a larger efficiency than values re-
ported in the literature 8 perhaps approaching 100% at conditions of instantaneous
flocculation.

Consequently the total mass concentration of unstable asphaltenes is not constant
over time for a fixed mixture and should not be termed as the initial concentration



3.5. Conclusions 85

of primary units C;(0). The existing models that are developed based on the assump-
tion that destabilization attains immediate equilibration while aggregation is a slow
process can provide misleading and overestimating predictions about the amount
of unstable asphaltenes. In support to those conclusions, excellent proportional re-
lation between the deposition rate in the packed-bed apparatus and the time depen-
dent concentration of "dry" unstable asphaltenes is observed with an experimentally
estimated C4(t), for sets of conditions at given times, with single centrifugation runs
per condition (calculated cut-off size of ~ 100 nm).

With this observation, a mathematical model was proposed to calculate the con-
stant of generation ky with two adjusted parameters on regression power laws; (i)
the equilibrium concentration C4, and (ii) the characteristic time of equilibration
7. Both parameters are dependent on the oil-heptane mixture composition. The
applicability of the analytical calculations was first appraised by comparison with
experimental data of fixed mixtures of crude oil and heptane prepared at time = 0
and evolving over aging times up to 700h.

Additionally, an iterative method was proposed to calculate the mass concentration
of "dry" unstable asphaltenes during the continuous change of composition together
with the effect of destabilization kinetics. Based on an interative integration with
corrected initial and final conditions at each time interval, the calculations showed
fair agreements with centrifuge laboratory data. The sensitivity analysis of the par-
ticle generation rate provided expected trends with larger constants as the heptane
fraction is increased and as the aging time is shortened. With this logic, for systems
varying in composition, the generation of primary unstable asphaltenes is shown
to have a strong dependence on the rate of heptane volumetric additin, making the
consequent generation constant orders of magnitude larger than during the aging of
a fixed mixture. This result has direct applications on the understanding of indus-
trial problems, the volumetric rate of heptane content should be compared to the
expansion rate of light constituents in the field (which has a direct relation to the
pressure profile along the production network).

The indications of such results are beyond the concepts of destabilization and aggre-
gation modeling, it has implications on the simulation approach of the deposition of
asphaltenes in tubulars. It advises that comparing the sole concentration profiles of
unstable asphaltenes at equilibrium as a function of the composition is not sufficient
to evaluate the severity of diffusive deposition. The generation rate of primary un-
stable asphaltenes showed to have a strong similarity to the deposition rate against
the heptane content. Such similarity was expected in a diffusion-limited deposition
process as ky parameter controls the number of small unstable asphaltenes available
to deposit.

In the following Chapters, those concepts will be further evaluated with incorporat-
ing them into a coagulation model and a conventional deposition model will be de-
signed. Indeed, the two following simplifications are valuable by cutting down the
number of adjustable parameters in the modeling approaches. In the case of steady
volume addition of a bad solvent, asphaltenes destabilization is promoted at an el-
evated pace all along the expansion as fresh promoting conditions are constantly
being produced. A single yield centrifugation curve of the unstable asphaltenes can
be used with accounting for the aging time of the fluid during its flow over a sur-
face of interest. Both simplifications provide room to understand the major unclear
points related to the deposition of asphaltenes:

* how to reduce the number of adjusted coefficients to quantitatively predict the
deposition rate ?
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* how to fundamentally relate destabilization caused by the addition of liquid
alkanes to the expansion of light constituents dissolved caused by the pressure
decrease ?

Finally, the immersed quartz crystal vessel showed promising results to study as-
phaltene deposition, it was able to quantify the deposit. Its sensitivity, in the order
of micrograms, enables to study a continuous process of solvent addition that is anal-
ogous to the mechanism driven by depressurization in the industrial conditions. In
such dispositions, the rate of change of solution properties (Adso1ution)is theoretically
identified as a key parameter to the deposition of asphaltenes and will be further
investigated in Chapter 5 and 6.
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Chapter 4

Revisiting the aggregation
modeling of unstable asphaltenes
with incorporation of
destabilization kinetics

4.1 Introduction

The destabilization of asphaltenes exhibits a complex behavior, however the occur-
ring process leading to the growth of particles physically remains a flocculation or
aggregation. The aggregation can take significant time depending on the oil sample
(mainly viscosity) and on the conditions. Indeed, previous authors have identified
key parameters to the flocculation process which are summarized by Favero et al.”.
Some of these parameters, such as the number concentration of initially available
particles, are cross-linked with destabilization kinetics discussed in the previous
Chapter. Some of other parameters can be assumed independent from the desta-
bilization, such as the initial population size or the aggregation rate constant that
will be further discussed in this investigation. However, most of the previous re-
searchers did not account for the kinetics of destabilization in their estimated rates
of aggregation. The number of available particles was fixed to an equilibrium at ini-
tial time when the mixtures of oil-alkane are first prepared. Over-estimations of the
number of available particles might arise from such assumptions.

Duran et al.” incorporated the time generation of unstable asphaltenes along with
multiple other phenomena (e. g. dissociation by shear effect or interaction forces
between large particles) into their numerical population balance model. Despite the
good agreements found between their model and their experimental data, the use of
various adjustable parameters does not let us conclude on the mechanism with the
possibility that effects can cancel each other. The adjustment of too many parameters
at the same time can lead to unreasonable choices and goes against our willingness
to simplify the modeling of asphaltenes behavior. For example, the mentioned au-
thors™ tuned the size of primary units to values exceeding 1ym in some of their
simulations. This order of initial particle size is in contradiction with the immense
number of measurements on the primary size of unstable asphaltenes during the
past decade ' ~~°"

Literature review on the coagulation modeling of Brownian particles
Referring back to the general form of the Smoluchowski coagulation Equation
with neglecting the generation of primary particles over time, the concentration of
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particles formed with k primary units of unstable asphaltenes is given by:

ac 1
Ttk =5 X KijGiCj— Ce ) KaG; (4.1)
i+j=k i>1

where Cy is the number concentration of k'’ species, t is the aging time and Kij is the
aggregation rate constant between i-j Brownian spherical species, sometimes termed
the aggregation kernel. This aggregation kernel is usually reported to be dependent
on the size of aggregating particles and is given by:

2kpT (di +d))?
3,uliq dld]

Kij ~ Kj; = 4.2)

where Kj; is the theoretical aggregation rate constant in a diffusion-limited clusters
aggregation process (DLCA), d; and d; are the hydrodynamic diameters of collid-
ing aggregates i and j, kp is the Boltzmann constant, y;;; the viscosity of the liquid
medium and T is the absolute temperature. For Browninan particles of nearly equal
size, the aggregation kernel reduces to a size independent form:

' 83"BT 4.3)
Hiig

This behavior is explained by Elimelech” to be the result of compensating effects
of smaller diffusion coefficients with larger collision radius for grown particles that
have the same size. More importantly, Equations 5.5 and 4.3 highlight a major aspect
in the case the collisions of polydisperse asphaltenes aggregates. Indeed, the aggre-
gation rate constant Kj; for Brownian particles of different sizes is necessarily larger
than for particles having equivalent sizes regardless of their absolute size. Kj; gets
larger as the size difference between colliding i-j particles increases. This feature
is specially important in the circumstances of nanoparticles aggregating with much
larger existing particles in suspension.

A coefficient of collision efficiency B;; has been introduced by Magbool et al. '* when
applying Equation 5.5 to the flocculation of unstable asphaltenes. The factor B;; of
the Brownian coagulation kernel was defined by the following ratio:

_ Number of successful collisions
p= Total number of collisions

(4.4)

With such collision efficiency, the aggregation rate constant presented in Equation
5.5 becomes:
Kij = KijBij
2R, T (di + d]-)2ﬁ (4.5)
3Vliq dld] g

i

In practice the coefficient ;; is tuned to reduce the difference between measured
physical quantities and modeled ones. Therefore B;; might be the result of addi-
tional effects to the sole collision efficicency for asphaltenes during their flocculation
process.

The stability of colloidal suspensions has been extensively studied in electrolyte so-
lutions, usually analyzed by the Derjaguin-Landau—Verwey—Overbeek (DLVO) the-
ory of colloid stability **° that describes the energy from summation of interaction
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potentials. Modeling have arisen from many studies in the past century, mainly
based on the general differential equation first proposed by Smoluchowski**'%7%27,
Assuming that the coagulation involves spherical particles, the "collision efficiency"
Bij corresponds to the inverse of the more commonly used Fuchs stability ratio W.
The stability ratio of two colliding particles of equal size a, can fundamentally be
related to their total interaction potential U as a function of their separation distance

r by:
1 o u\ dr
Z—W=2 — | = 4.
B W a./za exp <k3T> 2 (4.6)
An approximation of W is given by Elimelech *:
_ 1 Upnax
W = 2KaEXP ( ksT ) 4.7)

where 1/« is the thickness of the diffusive layer and U, is the maximum positive
value of the particle-particle interaction energy. Typical curves of interaction ener-
gies are plotted in Figure 4.1 for illustration.

— Attractive interactions
-------- Repulsive interactions
Total interaction U

Umax

<>
a

Interaction potential

N

r

Separation distance r

FIGURE 4.1: Example of potential curves for repulsive, attractive and
the total interaction energies of two particles approaching each other

Fuchs® described the unfavorable or "slow" aggregation when repulsive inter-
actions dominate and U, is large. The presence of a repulsive energy barrier be-
tween particles (e. g. due to steric repulsions) makes the aggregation process to be
controlled by the interparticle potential’. In such conditions, W>1 and this is often
referred to as a reaction-limited clusters aggregation (RLCA). We note that W>1 can
also be interpreted by a reduced concentration gradient where despite the Brown-
ian motion, the number of particles is so small that concentration gradients cannot
produce a sufficient Brownian flux to compensate for the large distances between
particles.

Wang et al.” have experimentally measured the interaction energy between as-
phaltenes in various solvents using an atomic force microscope (AFM). The repul-
sion force between asphaltenes was found to be dependent on the solvent in which
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the measurement was performed, as shown in Figure 4.2.
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FIGURE 4.2: Measured repulsive interactions between asphaltenes
particles using an AFM and interpreted length of steric brushes %/

The steric repulsion between asphaltenes was found to have a decreasing trend
with the heptane concentration and eventually becomes null at some composition of
the mixture.

In this particular situation, the aggregation becomes entirely controlled by the Brow-
nian motion, the "fast" or favorable process is qualified as a diffusion-limited clusters
aggregation (DLCA) and W = 1. In the colloidal science literature, this "onset" con-
dition is often reached by varying the concentration of electrolytes that play the role
of a double-layer in aqueous environments. At this point, the electrolyte concen-
tration defines the critical coagulation concentration (CCC). The tempting analogy
with the so-called onset concentration of alkanes for the flocculation of asphaltenes
in oil-alkane mixtures will later animate the results discussions of this Chapter.
Fuchs® had considered two possible mechanisms of aggregation where (i) in RLCA
only fractions of the Brownian motion driven collisions would result in aggregation
and (ii) in DLCA all the Brownian motion driven collisions are successful. Most
of the studies on the aggregation of asphaltenes are based on a method developed
around the maximum value of the interaction potential U, that symbolizes the
energy barrier. The validity of such applications holds at conditions when U4y is
greater than the thermal energy kzT. McGown and Parfitt ' extended Fuchs’s re-
search and considered the total interaction energies given by the sum of repulsive
and attractive forces between particles. The effect of Van der Waals (VdAW) forces,
neglected in Fuch’s formula, could now explain the rapid coagulation in certain sit-
uations. Although further improvement were later proposed to account for viscous
interactions between particles % the inclusion of an attractive VAW term is a major
change for a process mainly controlled by London dispersion forces like asphaltenes
in crude oil .

Indeed at augmented favorable conditions of coagulation, the effective stability ra-
tio W can then take values artificially lower than the unity due to the predominant
contribution of attractive forces (U<0) as particles get close to each other””””. This
behavior is also indirectly related to the stronger increase of attractive than repul-
sive forces for enlarged particles. The direct observation of such behavior is well de-
scribed when computing the VAW interaction forces of approaching particles with
Hamaker constants with varying their size '*/'".

We have seen that W is defined as the ratio of the "fast" flocculation rate constant
to the "slow" one within the timescales of interest (minutes to hours). In the case
of primary colliding particles under RLCA and substituting the "collision efficiceny"
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parameter by a stability ratio; we retrieve the expression of the kernel used by Mag-
bool et al. ' (Equation 4.5) given by:

*
Kl.].

KZ]ZW

(4.8)
with Kj; representing the aggregation rate constant for DLCA and above defined by
Equation 5.5. The expression of K;; becomes more complicated if we adjoin factors
to account for the role of clusters morphology and their associated mass-to-size re-
lation. Therefore for simplicity in our work, we will consider that morphological
effects can be lumped into the adjusted values of the stability ratio W and are minor
compared to the particles interaction.

Previous work on the asphaltenes aggregation modeling

As seen in the below reprinted Figure from Magbool et al. ' (Figure 4.3), their data
suggested that the aggregation process of unstable asphaltene particles is reaction-
limited within the investigated range of heptane concentrations (8 <<1=W >>1).

5.0% 1.E-04
50.0 % heptane

4.0%

3.0%
1.E-05
2.0% -

1.0% - O Experiment

Collision Efficiency, B

= Model
0.0% ¢ i i 1.E-06

0 20 40 60 80 100 120 44 46 48 50 52
Time (hr)

m,, g of asphaltene ppt./g of
crude oil) %

Vol% heptane

(a) (b)

FIGURE 4.3: Reported by Magbool et al. '
(a) Experimental and simulated increasing evolution of the mass of
separated unstable asphaltenes.
(b) Tuned collision efficiency as a function of heptane concentration
in blends of crude oil and heptane.

A theoretical calculation of W with Equation 4.6would require too many com-

positional details that are not available on asphaltene fractions. Therefore W needs
to be experimentally determined due to the unknown chemical composition of as-
phaltenes molecules in the studied crude oil. In practice, the stability ratio is usually
adjusted to experimental observations rather than directly measured in most cases
of application to colloidal systems.
For a given oil-heptane mixture, the necessary time of appearance of micro-sized ag-
gregates in the bulk is indicative of the aggregation kinetics and can be measured by
time-resolved microscopy. Magbool et al. '° were able to calculate the change in par-
ticle size distribution (PSD) across the aging time and found excellent agreements
between simulation and experimental results with tuning B (see reprinted Figure
4.4).
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FIGURE 4.4: Results of experimental and simulated microscopy

detection-times of unstable asphaltenes reported by Magbool et al. 1

using adjusted values of B showed in Figure 4.3 in the population
balance model of Equation 4.1

According to Haji-Akbari et al. ', the value of the maximum repulsive interac-
tion between aggregates of asphaltenes U,y is proportionally related to the differ-
ence in solubility parameters between the solution and the least stable asphaltenes
(Osotution — Gaspn)- The solubility parameter of the solution is linked to the volume
fraction of its components ¢; and is given by:

Osolution = Z¢i5i 4.9)

Combining Equations 4.7 and 4.9 for a fixed J,5p1,, we get:

W exp(‘ssolution - (5asph) & exp(¢n—C7) (4-10)

where ¢,,_c, is the volume fraction of n-heptane in oil-heptane mixtures. We note
that the adjusted coefficient accordingly exhibited an exponential trend in the work
of Magbool et al. ' (see Figure 4.3(b)). The extrapolation of the reported collision
efficiencies with an exponential regression can give us an indication of conditions
at which "fast" flocculation should occur (W = 1) according to the colloidal science
practice. As shown by the red circle in Figure 4.5 (a), favorable aggregation is pre-
dicted at heptane concentration ~ 70%vol. However, the experimental measure-
ment obtained by microscopy indicated an instantaneous detection (less than a few
minutes) of particles larger than 1 ym at concentrations of heptane between 50 and
55%vol (Figure 4.5 (b)).
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FIGURE 4.5: Regression analysis of data from Maqgbool et al. '* as a
function of the heptane fraction in oil-heptane mixtures for the:
(a) adjusted stability ratio W
(b) experimentally measured detection-time of unstable asphaltenes
having sizes larger than 500 nm

When exploring the limits of the tuned coefficient § or W, the regression analysis
reveals a discrepancy between the immediate appearance of flocs under microscope
observations and the adjusted W as a function of the heptane content. This exami-
nation suggests that W was overestimated compared to the experimental values. A
lower stability ratio could be obtained if the aggregation is relatively faster than the
proposed solutions by Magbool et al. '°. This parameter is intrinsic to the aggrega-
tion for a fixed number of particles. However if the number of particles is reduced,
the aggregation rate will have to be faster in order to find a constant result. On the
other hand, the authors'® neglected generation kinetics of primary particle into their
computations and assumed immediate availability of all particles found at equilib-
rium (plateau value of a centrifugation experiment against time). One can therefore
suspect that overestimates of the number of particles in the system certainly emerged
into their work and lead to underestimations of the aggregation rate constant K;;.
Incorporating the time dependent generation of primary particles, r; becomes the
time dependent source term into the differential Equation 4.1, we get:

dC 1
T: =3 Y KiiCiCj— Ce Y_KuCi| +11 (4.11)
i+j=k i1

and according to our pevious work (Chapter 3), in absence of initial particles, the
generation rate 7 is described by:

dCl 1 t
rn=-——=-e7) kC 412
1= = Y kCy, (4.12)
where 7 is the characteristic thermodynamic equilibration time of the system, ) kCj. |
is the total number concentration of primary units across all the aggregated entities
at equilibrium.



Chapter 4. Revisiting the aggregation modeling of unstable asphaltenes with

98 . ) e o
incorporation of destabilization kinetics

The integration of Equation 4.12, with an initial time equal to zero, gives the follow-
ing analytical solution:

Y kCi(t) = (1 _ e*%) Y kCi. (4.13)

The latter parameter is estimated with the measured "dry" mass concentration of
unstable asphaltenes at equilibrium C,4,, by centrifuge and converted to a number
concentration as follows:

Ny
kCp . =Cy,—— 4.14
Z k°° A°° Mwasph Nagg ( )

where the Avogadro number N4, the molecular weight of asphaltenes My,,, and
the number of asphaltene molecules per primary particle N,g¢ lets us evaluate the
mass of "dry" primary particles with the following generally accepted '""* average

values:

M =750 g/mol

Nagg = 80 = [(8 molecules/nanoaggregates) x 10 (nanoaggregates/ cluster)]

Wasph

As primary clusters of unstable asphaltenes are generated along the aging time for
a fixed solvent as opposed to instantaneously at initial time in the work of Magbool
et al. ', one should expect the aggregation rate constant to be adjusted with larger
values in order to match the experimental data. With the described mechanism, the
adjusted stability ratio W is expected to shift down in Figure 4.5 (a).

In the following sections, a simple numerical method will be applied to a similar sys-
tem with a different crude oil compared to Magbool et al. '®. The expected behavior
of combined asphaltenes kinetics of destabilization (primary particles generation)
and aggregation will be verified by comparison to microscope observations. Results
will be presented for mixtures of one crude oil with various concentrations of hep-
tane, all other parameters being left constant during the study.

4.2 Materials and methods

421 Sample preparation

Liquid solvents (e.g. n-alkanes) were 98+% purity supplied. One dead crude oil
sample was used throughout this study, it was inspected by microscopy and by cen-
trifugation to make sure that the samples were free from contamination of water,
solid particles, production additives or drilling fluid. The preparation of crude oil
and alkane mixtures at specified concentrations was as follows for all experiments
(unless stated otherwise). The crude oil, the alkane and vials were all incubated at
the temperature of the study until reaching a stable temperature. A known volume
of oil was placed into the vial. The solvent was added by means of a peristaltic pump
at an addition rate of 3 cm®/min until the desired concentration was obtained. Dut-
ing the addition, a good agitation was ensured with a magnetic stirrer to minimize
localized high concentrations. The solution was then aged in a sealed vial and kept
agitating at the temperature of interest during the entire study. All the liquid mix-
tures were prepared on a mass basis in order to increase the accuracy, final volume
fractions were calculated using the respectively measured densities with a density
meter (make Anton Paar model DMA 5000 M) at the temperature of work.
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4.2.2 Microscopy detection-time measurement of unstable asphaltenes

The microscopy detection-time was chosen to track the appearance of particles larger
than 500 nm in a prepared blend of crude oil with a flocculating agent, measured by
time-resolved optical microscopy '”. For specific concentrations of heptane, Mag-
bool et al.'” and Haji-Akbari et al.!' found that the time for unstable asphaltenes
to reach a microscopical size varies linearly with the volume concentration of alka-
nes on a semi-logarithmic graphic. Aliquots of the prepared mixture are taken over
time to observe them by shooting images with a CCD camera mounted on a consis-
tently configured optical microscope with a 50x objective lens and a 10x eyepiece.
The time it takes for solid opaque particles to be detected after heptane addition
with this method is called the microscopy detection-time. The procedure is repeated
at multiple concentrations of flocculating agent (heptane in this study) in order to
obtain a detection-time curve typically ranging from a few minutes to 1000h. The
lowest concentrations of n-alkanes for which the detection-time is less than 5 min-
utes is considered to be the instantaneous microscopy detection condition.

4.2.3 Quartz crystal resonator immersed in a stirred tank reactor

The immersed QCR set-up that was used in this Chapter is described in Chapter 2.
Heptane was used to favour the destabilization and deposition of asphaltenes. The
continuous injection rate was set to 0.3 cm®/min.

4.2.4 Simultaneous modeling of primary particles generation and aggre-
gation

Numerical methods need to be employed to resolve coagulation differential equa-
tions (Equation 4.11 when choosing physically realistic coagulation kernels (parti-
cle size and morphology dependent). Otto and Fissan”' summarized the modeling
approaches to describe the time change of the number concentrations of submicron
suspending entities in aerosols. In this work, the mathematical form of the equations
is supposed to remain the same for colloidal systems of nanoparticles in a liquid me-
dia. The built models enable to evaluate the size distribution of aggregated liquid
or solid particles as a function of time to a certain level of details on the particle size
distribution.

If the size distribution is fixed in shape, analytical solutions can be obtained with
relatively simple equations. Among the analytical solutions; self-preserving and
log-normal PSDs can provide the most realistic results’'. In our case, the purpose of
calculations is to compare the computed kinetic of destabilization and aggregation
of unstable asphaltenes to the experimental microscopy detection-time that might
itself include some associated uncertainties. For that purpose a mono-disperse size
distribution was considered to correspond to the mean size of particles resulting
from the aggregation process. This is the simplest assumption that shrinks the dis-
tribution to a single value of particle size that contains k number of primary units.
For the specific case of an initialized instantaneous generation, the time dependent
concentration of primary particles is expressed as:

Cil) = —— o

= (4.15)
1+ QKi]'Cl(O)t
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where the dependence of the aggregation rate constant K;; on the size of coagulating
particles can be relaxed with assuming equal size of colliding particles along the
experiment.

Equation 4.15 lets us analytically compute the decay in number concentration of the
initial clusters of unstable asphaltenes (primary particles). With this Equation, Otto
and Fissan”! reported the time evolution of the average diameter of particles from a
mass conservation perspective and was given by:

, 1/3
14,0 = 2,0 (1+ 3K,C01) (@.16)

where d 4, (t) is the mean diameter of particles in the system as a function of time.
According to Chapter 3, the generation of new unstable asphaltenes primary parti-
cles takes a significant time depending on the conditions of work. The equilibrium is
sometimes slowly reached after waiting hours to hundreds of hours for low enough
concentrations of n-heptane. As discussed in the introduction, the Brownian nature
of newly born nanoparticles will likely make them contribute to enlarge already
existing aggregates rather than start to form new aggregates of intermediate sizes.
Therefore the generation of primary particles must have an important impact on co-
agulation. Unfortunately, the simultaneous calculations of nanoparticles generation
and growth of aggregates restrict the possibility of finding analytical solutions. This
forces us to discretize the problem in time in order to numerically account for the
concurrently happening processes. We will therefore use a simple numerical method
derived from the respective analytical solutions to solve both processes. Only the
aggregation will be impacted by the number of generated particles, we assume that
the generation of particles is not cross-linked to the aggregation and is controlled by
other forces. The model has to account for lastly generated particles into the aggre-
gation calculation at each iteration step. To do so, the time counter is cleared down
between each interval of time used to solve the coagulation process. At the end of
each step, Equation 4.15 is modified by re-injecting results into the initial conditions
of the following time step. The Equation is resolved with appropriate time intervals
At to satisfy a good convergence:

{0
Ci(t+ Aty = — 12
1+ 1K AC) (At (4.17)

with: C1(t) = C(t) + Y _kCi(t + At) — Y _kCi(t)

The preferential aggregation between primary particles and larger existing entities
justifies the use of Kj 4 in this Equation, the aggregation rate constant between gener-
ated nanoparticles and particles having the average size (larger than primary ones)
obtained at the previous time step. Equation 4.8 then develops into:

2R, T (dy +da(1)* 1
Buiig  didat) W

Kya(t+ Af) = (4.18)
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Discrete time intervals are implemented in Equation 4.16 along with results of the
previous time step to account for both processes; the destabilization and the aggre-
gation kinetics of unstable asphaltenes. We therefore obtained the numerical expres-
sion for the average size of aggregated particles:

1/3
da(t + At) = da(f) (1 + %Kl Acgaw) (4.19)

In this way, the results from the precedent step of remaining number of primary
particles Cq(t) and the average size of particles d (t) are passed on to the following
time steps. The following initial conditions are considered when the last drop of
heptane is added to crude oil:

to =0

Y kC(0)=0
d4(0) =d; =10 nm

For a given oil-heptane solution mixture, the computed mean diameter of agglom-
erated particles d,4 is then plotted as a function of time and the time at which d 4
exceeds 500 nm is recorded. This process is repeated for several compositions of
oil-heptane in the range of heptane contents that compare to observable detection-
times under microscopy. The plot of simulated times at which the particles have an
average size of 500 nm as a function of the heptane volume fraction in oil-heptane
preparations is compared to the experimental observations. The profile of the sta-
bility ratio W is then adjusted in order to fit computed results to the experimental
microscope observations.

Note that for consistency, the total number of primary units across all species is ver-
ified to be significantly larger than the minimum necessary concentration to form
observable particles in the experiments. This number concentration Cy, is evaluated
in the next paragraph.

Minimum concentration of primary particles C,

The sensitivity analysis provided by Haji-Akbari et al. '’ evaluated a minimum con-
centration equal to ~ 30 particles with sizes larger than 500 nm within the field view
of the microscope images. Authors'’ had used rough calculations to evaluate the
minimum number concentration of primary particles. The number kg of primary
units p into a fractal aggregate A is given by:

D
ko = <II§A> ! (4.20)
p

where Dy is the fractal dimension of the aggregates. According to non-invasive mea-
surements on the structural morphologies of unstable asphaltenes®'?, flocculated
unstable asphaltenes have fractal dimensions ranging within Dy ~ 2.1 -2.6. R, is
assumed equivalent to the average size of clusters in good solvent, reported ~ 5
nm”’°. With this expression, the minimum number of primary particles in observ-
able flocs of radius R4 = 500 nm is kg ~ 15000 to 150000 depending on the assumed
fractal dimension.

The monitored volume Vponitored Of fluid between microscope slides can be esti-
mated by multiplying the spanned area through the microscope lenses (~ 3.10* ym?)
to the thickness of the layer of liquid solution. Assuming that the droplets of 0.05
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cm?® evenly spread between the microscope slides with negligible losses, the thick-

ness is estimated to ~ 0.1 mm and results in:
—12._3
Vmonitored ~ 3.10 m

With the above mentioned sensitivity analysis made by Haji-Akbari et al.'’, the
minimum concentration of primary particles for the microscope observation of as-
phaltenes instability is:

Cy, ~ 2.10"7 —2.10" m

or in mass concentration:
Ck, ~ 0.02—-02gm >

If the births of generated particles hypothetically occur inside or over existing
structures, the aggregation process could be instantaneous (not limited). In this fic-
tional scenario, the microscopy detection-time would then equal the time at which
the cumulative number of generated primary particles exceeds C, . This mechanism
is not realistic because considering that primary particles can only contribute to a
fixed number of growing particles (equal to the one that we are supposing) with-
out any degree of freedom to form new flocs. However it is interesting to plot such
results in order to quantify the additional time that aggregation takes compared to
the destabilization. Note that verification of extremely fast aggregation (past "onset"
conditions) will be conducted to confirm the realistic assumptions made to develop
our model on the destabilization kinetics.

In the following section, results considering the sole destabilization kinetics or desta-
bilization along with aggregation kinetics are compared.

4.3 Results and discussions

4.3.1 Microscopy detection-time of unstable asphaltenes

In this study, the detection-time information provides a quantitative indication of
the aggregation rate and will let us adjust the only tuning parameter W.

The time-resolved microscope experimental observations are same as Chapter 3.
As expected, the experimental points show a linear trend in the semi-logarithmic
graphic. The intersection of the linear trend with the x-axis at 0.1h (6 min) corre-
sponds to the instantaneous microscopy detection of unstable asphaltenes (marked
by a red circle).
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FIGURE 4.6: Necessary aging time to detect particles by visual mi-
croscopy observations as a function of the volume fraction of Cy in
heptane-oil blends

4.3.2 Destabilization and aggregation models application

Destabilization only

The generation rate of unstable asphaltenes is computed using Equation 4.13. Figure
4.7 illustrates how the micro-level detection-time of unstable entities is read when
considering instantaneous aggregation by direct inclusion of generated particles in-
side a fixed number of suspending flocs. As presented above the considered fractal
dimension has an effect on Cj,, the minimum concentration of particles for obser-
vations logically grows as Dy increases. Indeed, if one wants to create objects of
equal hydrodynamic size but different fractal characteristics, the object will have to
be filled with more primary units as the fractal dimension gets large. The maximum
Dy is 3 and corresponds to hard spheres.
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FIGURE 4.7: Comparison between the total number of primary par-

ticles across all entities and the minimum concentration of particles

Cy, to enable microscope observations for the case of heptane content
=47 vol%

The aging time at which the calculated particle concentrations exceed the es-

timated minimum concentrations is read as illustrated by Figure 4.7 by assuming
instantaneous aggregation. The reading process is repeated for several contents of
heptane. Figure 4.8 shows the results when considering this "unrealistic" mechanism
that assumes generated particles to only contribute to the flocs that we see under mi-

croscope experiments.
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FIGURE 4.8: Comparison between experimental observations by mi-

croscopy and the calculated curves for a mechanism considering only

kinetics of destabilization and instantaneous aggregation as a func-
tion of the heptane volume fraction in mixtures

As it can be seen, an offset of one to two orders of magnitude separates the mod-
eled curves from the experimental observations. The calculated curves envisage an
extremely fast aggregation and provide underestimations of the time we have to
wait after preparing the mixture to observe micro-particles. The modeled detection-
time was naturally expected to under-estimate the observations and confirms that
the aggregation plays a role within the investigated range of conditions. However, it
is also important to note that this plot confirms our precedent results that suggested
kinetics to be dominated by the destabilization. Indeed, the results remain fairly
comparable to the experiments (same order of magnitude) for fractal dimensions
approaching hard spheres and for relatively large n-heptane contents.

Simultaneous destabilization and aggregation kinetics

In the case of simultaneous resolution of Equations 4.12 and 4.17, the detection-time
of micro-particles is directly read on the plot of the computed average diameter of
aggregates d 4 as a function of the aging time for a given solution remaining fix in
composition with time. Figure 4.9 shows the reading process for a chosen exam-
ple, the detection-time is defined when d 4 exceeds the resolution limit of the used
microscope, i. e. 0.5um.
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FIGURE 4.9: Computed mean diameter of aggregated structures as a
function of time for a given solution (47°vol% of C7) compared to the
minimum detected size of distinct objects by microscopy

As expected, the obtained profile illustrates well the self-amplification process of

nanoparticles generation into an environment containing increased number of large
entities, which itself favors hetero-aggregation. As advertised by Equation 5.5, this
leads to the preferential growth of the largest solid bodies. It is also important to
remark that the initial size of unstable asphaltenes is an input value that was set to
10 nm at time zero (~ size of stable clusters of asphaltenes), when the mixture had
just been prepared.
Along with the adjustment of appropriate stability ratios W, the reiteration of this
process for several composition of oil-heptane mixtures lets us complete Figure 4.8
with the modeled detection-time curve that physically accounts for the aggregation
of primary generated particles over time.
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FIGURE 4.10: Comparison between experimental observations by mi-
croscopy and the calculated curves as a function of the heptane vol-
ume fraction in oil-heptane mixtures

An excellent agreement is obtained in Figure 4.10 between the simulated destabi-
lization + aggregation and the experiments with the appropriate profile of W plotted
as a function of the n-heptane fraction in Figure 4.11. The results confirm that the ad-
ditional time that the system takes to acquire large enough particles for microscope
observation can be captured by coagulation equations.
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FIGURE 4.11: Tuned profile of the stability ratio W as a function of
the heptane content in oil-heptane mixtures that satisfies the observed
detection-time curve showed in Figure 4.10
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4.3.3 Interpretation of the destabilization and flocculation modeling

The outcomes indicate that, for our oil-heptane system the aggregation process be-
longs to a RLCA regime at low enough heptane content in the mixtures and moves
to more favorable coagulation conditions as the heptane fraction gets large. The be-
havior observed for n-heptane contents lower than 55 vol% can be interpreted as an
increasing collision efficiency with the n-heptane concentration'®”.

According to the colloidal definition of the stability ratio, the physical meaning of
artificially transitioning values to W < 1 suggests an extremely fast aggregation
process encouraged by a strong attractive potential when the n-heptane content be-
comes significant enough. In the aforementioned conditions, the conventional inter-
pretations of the stability ratio as equal to the inverse of a collision efficiency does
not hold anymore.

Besides the fact that more collisions than the sole Brownian driven ones are caused
by the attractive forces between existing particles, other mechanisms might be at the
origin of W divergence from the Brownian coagulation theory. This can be explained
by the occurrence of multiple coinciding incidents at those conditions, that are first
triggered by the escalation of the generation rate of primary particles. This is illus-
trated, in Figure 4.12, by the trends of the computed generation rate constant ky
and the characteristic time of thermodynamic equilibration 7. Indeed, Figure 4.12
(a) shows that the characteristic thermodynamic equilibrium time sharply decreases
and reaches time scales of a few hours(or less) at heptane concentrations between 50
and 60 vol%.
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FIGURE 4.12: Plots of (a) the characteristic time of thermodynamic
equilibrium 7 and (b) the generation rate constant ky at several times
for various compositions of oil-heptane mixtures

Following intense particle generation events, the number of existing aggregates
gets quickly big and the probability that a generated particle of unstable asphaltenes
emerge nearby or inside an existing flocculated entity is extended.

For produced primary particles which are already contacting or approaching larger
entities, the time for their aggregation is reduced to zero. The multiplication of such
happening events can engender the tuned stability ratio to take abnormal values
(W << 1). Actually, conforming to our introductory hypothesis, the immediate co-
agulation should be observed when the system transitions from dominating repul-
sive particle interaction to attractive interactions (i. e. W = 1). The experimentally
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observed instantaneous flocculation is compared, in Figure 4.13, to the obtained sta-
bility ratio in our simultaneous primary particle generation and aggregation com-
putation process.
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FIGURE 4.13: Plots of (a) the detection-time of experimentally ob-
served micro-particles of unstable asphaltenes and (b) fitted stability
ratio W for various compositions of oil-heptane mixtures

A relatively good agreement is observed. Experimental errors, chosen initial con-

ditions and number of approximations made in our simple model (mono-disperse
size of hard spheres without morphological influence of aggregates) may explain the
slight difference between the experimental instantaneous observation (heptane con-
tent ~ 60 vol%) and the theoretical transition predicted by the stability ratio (heptane
content ~ 55 vol%).
For the sake of consistency, we might want to verify the total number of primary
particles across all entities when the micro-detection of unstable asphaltenes is sim-
ulated. Not surprisingly, Figure 4.14 confirms that the cumulative number of gener-
ated primary clusters of asphaltenes is larger than the minimum estimated concen-
trations Cj, for microscope observation. This is naturally due to the larger number
of aggregating seeds compared to the fictive case where all primary particles were
assumed to grow the exact needed number of aggregates for our microscope obser-
vations.
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FIGURE 4.14: Calculated cumulative number of primary clusters
across all the aggregates at the time of microscope detection

The total number concentration of primary units at micro-detection adopts a de-
creasing trend against an increasing heptane content, this behavior is related to the
enlarged aggregation rate constant when larger volumetric percents of the alkane
are mixed with oil. The observed effect reflects the different evolution of the aggre-
gation and destabilization kinetics as a function of the n-heptane content. Indeed,
simulation results indicate that the increase of the aggregation rate of unstable as-
phaltenes with the content of n-heptane is more significant than the evolution of the
rate of destabilization. The preferential aggregation between aggregates of different
sizes is an indirect associated effect that tends to promote the growth of the largest
particles and reduce the number of aggregates with intermediate sizes.

4.3.4 Relation between the generation of primary units and the growth of
asphaltenes aggregates

As already showed, the generation of new clusters of unstable asphaltenes (r; =
%) is without doubt connected to the detection-time of micro-particles since the
aggregation process needs to be supplied with Brownian entities. It is important

to note that for each mixture composition, the generation rate of primary particles
(%) remains relatively constant during longer periods of time than the microscopy

detection-times (see example in Figure 4.15).
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In fact, for aging times shorter than the micro-detection one, the rate of gener-
ation of primary units can be considered roughly equal to the initial one when the
solution is prepared. As shown by the logarithmic plot of simulations in Figure 4.16,

the mandatory time for the colloidal suspensions to reach micro-sizes is undeniably
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FIGURE 4.16: Computed initial generation rate against microscopy
detection-time of unstable asphaltenes
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Logically, the microscope detection-time increases with slower generation of par-
ticles. More importantly, a relationship can be derived between both output pa-
rameters when combining the issues of the two precedent plots resulting from the
simultaneously computed destabilization and aggregation processes. The scaling
relation between the detection-time of particles under microscope visualization and
the generation rate of primary units is given, within a domain of time shorter than
the detection-time, by:

(4.21)

dCq.
log ( dtll> o< 10g (tgetection)

4.3.5 Insights of simultaneous destabilization, aggregation and deposi-
tion

Previous results suggest that the generation rate of unstable particles has directly
an impact on the deposition process, however the aggregation may also have an in-
direct consequences. Indeed, we have seen that smaller particles will travel faster
toward a surface a deposition in the presupposed regime controlled by diffusion.
Therefore at fixed primary particles generation; if the aggregation is much faster
than the diffusive deposition: the available particles for deposition can be assumed
equal to generated ones at the considered instant, other being to large to be consid-
ered in the deposition process. Reversely if the aggregation is much slower than the
deposition: the system may accumulate large number of unstable units available to
deposit. The stability ratio, indicative of the flocculation kinetics, is compared in Fig-
ure 4.17 to the deposition rate measured with an immersed resonating sensor during
the addition of heptane in crude oil.
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FIGURE 4.17: Stability ratio compared to the QCR measured deposi-
tion rate as a function of the heptane content

The results gives the indication that considerable deposition occurs only at con-
ditions of oil-heptane mixtures when the aggregation is extremely fast (W <1). The
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mesured deposition rate is null at extremely low heptane concentrations and be-
comes slightly positive in the range of heptane concentrations corresponding to
the detection-time curve (40 to 55 vol%). The deposition rate then reaches tens of
g.m?.day ! at larger heptane contents.

Consequently to this observation, the aggregation rate can be assumed immediate
and reduces our number of adjusting coefficients in asphaltenes deposition model-

ing.

4.4 Conclusions

In this work, the Smoluchowski’s coagulation model has been combined to a math-
ematical expression for the time-dependent generation of unstable asphaltenes. An
existing analytical solution for the aggregation part is computed with considering a
mono-disperse size of aggregates. However the simultaneous generation of unstable
clusters, also analytically resolved using described functions in our previous work,
brings the problem into a numerical dimension along the aging time. A numerical
approach has been proposed by simply adding the generated number of primary
particles to the existing ones after solving the aggregation during a given time inter-
val. The aggregation rate constant Kj; is calculated for the preferential aggregation of
particles with extreme sizes (primary ones and largest ones) and is adjusted with a
colloidal stability ratio W. An excellent agreement is found between the experimen-
tal observations and the simulation of the time of aggregates growth to a micro-size
as a function of the heptane content. Despite a minor offset, the model fairly cor-
relates the immediate appearance of large flocs to the change of regime predicted
by the tuned stability ratio. The found "onset" conditions at which fast flocculation
occurs compare to the concepts of the extensively reported critical coagulation con-
centration of dissolved salt in aqueous colloidal systems. Those conditions basically
correspond to the transition from stabilized suspensions by predominant repulsive
interactions (likely steric for asphaltenes”” or more commonly electrostatic for aque-
ous systems) to favorable conditions for the coagulation when attractive interactions
dominate (most likely VAW dispersion forces for asphaltenes). A critical concentra-
tion of alkanes can indirectly be defined as the corresponding unity of the stability
ration for the aggregation of asphaltenes.

It is important to note that in this work, "onset" conditions refer to the alkane volume
concentrations at which the aggregation of asphaltenes transitions from a regime
where repulsive interactions dominate to a process controlled by attractive inter-
actions. This interpretation is the result of a comprehensive data processing that
incorporate both time-dependent phenomenon; the destabilization and the aggre-
gation of asphaltenes after addition of n-heptane to crude oil. The attention of the
reader is brought to this particular point as many studies use a different definition
of the "onset", usually referred to as the point at which instantaneous detection of
unstable asphaltenes is observed. Depending on the sensitivity of the used protocol
in laboratory measurements, some results can logically diverge. With the proposed
definition, the "onset" conditions become independent of the experimental appara-
tus but are rather obtained through the determination of the colloidal stability ratio
profile, W versus the alkanes content in oil.

The aggregation is experimentally showed to contribute to the slow process within a
low enough range of heptane contents, however results indicate that the aggregation
takes infinitely short times at concentrations of heptane larger than the so-called "on-
set" conditions. This study suggests that the driving force of unstable asphaltenes
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aggregation is their interaction potential. Consequently, the number of aggregation
mechanisms can be reduced to two depending on the surrounding solvent. As par-
ticles of unstable asphaltenes approach each other due to the Brownian motion;

- (i) if the concentration of alkanes is sufficiently low in the liquid solvent, repulsive
interactions will dominate and the aggregation will follow a typical RLCA slow be-
havior behavior with stability ratios larger than 1

- (ii) if the concentration of alkanes is sufficiently large in the solvent (larger than the
"onset"), attractive interactions will dictate the extremely fast aggregation, character-
ized by a stability ratio smaller than 1.

Therefore, the importance of accounting for both destabilization and aggregation ki-
netics of asphaltenes upon addition of a flocculating agent (heptane in this work) is
restricted to only certain compositions of oil-alkane mixtures.

As showed in this work, this practice seems compatible with the description of as-
phaltene constituents as a continuum of molecules with a coupled model for desta-
bilization kinetics. Therefore the combination of the present work with the extensive
reported research on the regular solution theory (or more commonly referred as the
Flory-Huggins ' theory) might enhance the quantitative accuracy of predictive tools
on the flocculation of asphaltenes.

After consistent verification of the modeling techniques, a scaling relationship is
found between the initial generation rate of primary units r; and the particle detection-
time of micro-aggregates. Finally, the deposition of unstable asphaltenes is found to
happen in the region where the aggregation is extremely fast and suggests that the
aggregation can be assumed instantaneous in asphaltene deposition models.
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Chapter 5

A simplified model for the
deposition of asphaltenes

5.1 Introduction

Asphaltenes destabilization corroborates to various reported industrial problems '
The deposition of asphaltenes in conduits can constrain the transport of crude oils
from geologic reservoirs to surface facilities by locally reducing inner tubular cross-
sections**7*//1*. Experimental deposition has been observed by flowing mixtures
of oil and n-alkanes through various geometries /%2511,

The lack of mechanistic understanding lead researchers to investigate the trans-
port mechanisms of destabilized asphaltenes from the bulk to the surface. Kurup
etal.”® first attempted to solve mass conservation equations coupled to a thermody-
namic module of asphaltenes destabilization with equilibrium assumptions. Simi-
larly, Guan et al.'” developed an integrated tool solving conservation equations in-
cluding mass transport, aggregation and dissociation of particles while still assum-
ing thermodynamic equilibrium with cubic equations of state (EoS). As opposed to
a phenomenon limited by suface reaction, successive authors””' revealed the dif-
fusive behavior of the asphaltene deposition process happening at the liquid/solid
interface. Indeed, the deposition process can be modeled as a chemical reaction
controlled by a deposition coefficient k4., in which destabilized asphaltenes are ide-
alized by spherical particles. As per the schematic on Figure 5.1, the deposition reac-
tion is separated into two actions: the convective mass transfer that has a coefficient
k. and the sticking reaction of unstable particles to the solid interface characterized
by a coefficient k;.

Ca, d, bulk

CA, surface

FIGURE 5.1: Schematic of unstable asphaltene particles travelling at a
velocity Uy(x, y) in the momentum boundary layer (blue dashed line)
over a parallel solid surface and depositing through a mass transfer
boundary layer (red dashed line) at a rate controlled by the constant

kdep

41,3;9
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Assuming a diffusion controlled surface reaction, a gradient of concentration of

asphaltenes available to deposit (ACa 4 = Cadpuik — Casurface) Will reside through
a mass transfer boundary layer as shown in the schematic of figure 5.1. Cy4 4 is the
mass concentration of unstable asphaltenes available to deposit and needs to be de-
fined.
The presupposed mass transfer limited process adverts that k, >> k.. Hence the
deposition rate of asphaltenes might be directly function of the square rooted pace
at which fluid material is delivered in the vicinity of the solid surface'” (see Figure
5.2).

Mass transport- Reaction-
controlled controlled
Mechanism mechanism

[¢]
)
o > k.. k, <k,
c
o
L=
(%]
(@]
o
()
()
1/2
UO

FIGURE 5.2: Surface deposition rate as a function of the square root
of fluid superficial velocity Uy

Qualitatively, the ability of a diffusing asphaltenes particle to adhere to another
existing solid entity can be compared to its Brownian collision efficiency () when
aggregating to another particle. By analogy, the results of the precedent Chapters
suggested slow destabilization kinetics and fast aggregation in range of conditions
showing large deposition rates, a relatively large surface reaction coefficient k, seems
therefore rational with large collision efficiencies. As the deposition rate evolves
into a dependence on the superficial velocity Uy over the solid wall, the Sherwood
dimensionless number will let us analyze the ratio of the rate of convective mass
transfer, represented by the coefficient k., over the diffusion rate of particles toward
the solid wall. The diffusion rate of unstable asphaltenes is calculated through the
coefficient D4 (where A stands for depositing unstable asphaltenes) for a geome-
try that have a characteristic length L. As showed in precedent Chapters, unstable
asphaltenes can have various sizes and this work will further investigate the main
contributing aggregates to the deposition process.

Sh = coTlvec'tive mass transfer _ kciL 5.1)
diffusive mass transfer Dy

5.1.1 Properties of depositing unstable asphaltenes

With the abundantly reported diffusion-limited mechanism of asphaltene deposi-
tion, the size of depositing particles will play an important role™. According to
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Stokes-Einstein, the diffusion coefficient of a low Reynolds particles scales inversely
proportionally to the hydrodynamic radius R4 of depositing particles when im-
mersed in a liquid medium with a dynamic viscosity p;,:

kT

=— 5.2
67T;l/lliqRA ( )

Da

where kp is the Boltzmann constant and T is the temperature.

Eskin et al.'! measured masses of asphaltene deposits formed by a turbulent flow of
a live-oil in a couette-like device at constant pressure. They reached fair agreements
between the measurements and their model that combined aggregation, deposition
and shear removal. Those results first introduced the concept of a critical asphaltene
particle size (tens of nanometers) by hypothesizing that larger particles motion is
controlled by fluid mechanics. Indeed, re-suspension of particles in the flow stream
is a well known phenomenon that mainly affect particles larger than few microm-
eters. The mass transfer boundary layer is typically tens of micrometers thick for
parallel viscous flow regimes®’. It then becomes evident that particles of the same
order of sizes than the boundary layer will unlikely contribute to the diffusive pro-
cess and will rather be subject to hydrodynamic forces, such as the inertial-lift ones .
On the other hand, intermittently striking large particles with an oblique trajectory
may stick or bounce-off to more or less long distances from the solid surface. The
particles can eventually be re-entrained ** depending on the viscous sub-layer thick-
ness. For example Chamberlain and Little reported low deposition efficiencies of
dry particles hydrodynamically travelling at velocities exceeding 0.5 m/s toward
the solid surface.

Accordingly to the above exposed concepts, non-invasive measurements of the size
and morphology of destabilized structures have been applied to solutions contain-
ing growing asphaltenes. Hoepfner et al.”* have reported extremely slow growth
of unstable asphaltenes before reaching the micro-scale at sufficiently low n-alkane
contents. The extremely long lifetimes of particles at the nano-scale measured by
scattering techniques” tended to suggest that unstable asphaltenes are subject to
fast diffusive deposition fluxes during their entire residence in transport systems
like pipelines. However when placed into their context, we note that the testing
conditions were cautiously chosen in a range of low enough heptane concentrations
permitting their visualization by microscopy after waiting hundreds of hours™. We
must acknowledge from an equilibrium perspective '"'%'? that for a given liquid vis-
cosity, Equation 5.3 developed by Haji-Akbari et al. 1% indicates that conditions im-
plying long microscopy detection-times of particles necessarily contain a relatively
poor quantity of unstable asphaltenes and vice versa.

1

(5.3)
asph — Osolution )2

In(tgetection v/ CAm/Vliq) & ©

where J; is the solubility parameter of the component i, fjosoction is the necessary ag-
ing time of a given solution before observing particles by microscopy and C,4_, is
the concentration of unstable asphaltenes at equilibrium. When taking the desta-
bilization kinetics into account, the concentration of unstable asphaltenes is further
reduced compared to the amount at equilibrium. For example, the comparison of
separated asphaltenes by centrifugation to their detection-time by microscopy in
Figure 5.3, shows that larger equilibrium concentration (C4_, of unstable asphaltenes
correspond to lower microscopy observation times.
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FIGURE 5.3: Comparison between the detection-time of unstable as-
phaltenes by microscopy and the separated unstable asphaltenes by
centrifugation

Consider constant sizes of unstable asphaltenes, according to Equation 5.4, larger
content of asphaltenes available to deposit will make the deposition rate to increase.
Consequently, severe diffusive deposition might not arise from conditions chosen to
study extremely slow appearance of micro particles of unstable asphaltenes %47

Ratedep [e8 CA,d (54)

In the range of heptane contents beyond the microscopy detection-time region, re-
ported results of dynamic light scattering (DLS) and centrifugations coupled to UV-
visible spectroscopy have demonstrated that the particle size distributions reach mi-
crometer sizes within seconds”’””. Other authors reported even larger particle sizes
at more aggressive conditions or for solutions aged for longer duration®. At those
conditions, the fast aggregation kinetics necessarily involves a short residence time
of small unstable particles. Therefore the majority of asphaltenes available to deposit
might be limited to destabilized structures aged for lesser time than the characteristic
time that lets the aggregation to happen. As explained in Chapter ??, this phenom-
ena is described by the collision kernel K;; between colliding particles i and j. For
agglomeration of Brownian particles immersed in a fluid of much smaller particles
(atoms or small molecules), the collision frequency is given by:

o 2RgT(di+dj)2i
v 3Vliq dld] W

(5.5)

where d; and d; represent the hydrodynamic diameters of colliding aggregates i and
J, Rg is universal gas constant, ji;;, the dynamic viscosity of the liquid medium, T is



5.1. Introduction 123

the absolute temperature and W is the colloidal stability ratio of the solution. The
diameter of Brownian particles in a liquid usually varies between 1 nm and 1 ym.
Considering that typical dynamic viscosities of petroleum mixtures is 103 to 1 Pa.s,
the aggregation rate constant Kj; of newly generated unstable clusters to nearby
particles will be larger than 10* s~1. New unstable asphaltenes are asphaltenes that
pass from the state of dispersed clusters of nanoaggregates that have a constant size
of ~ 10 nm to growing particles. According to the previous results of this disserta-
tion, the colloidal stability ratio of unstable asphaltenes in solutions approaches the
unity. Those estimations let us reasonably assume that the prevailing generated un-
stable asphaltenes are existing only during the ongoing simulated time step (At >>
1s). Indeed, with the preferential coagulation of particles that have different sizes
(large values of kernels Kj;), newly generated unstable asphaltenes at the time ¢ can
be considered as aggregated to larger entities at next simulated time (t + At).

As reported in the introductory Chapter, stable or dispersed colloidally stable as-
phaltenes behave like loose, meta-stable and highly porous solid suspending struc-
tures characterized by fractal dimensions Dy between 1.3 and 2. When escaping
from the meta-stability state upon volumetric addition of alkanes, clusters will shrink
and asphaltene nanoaaggregates will force the solvent molecules out of the suspend-
ing structures. This behavior has been experimentally evidenced by measurements
of larger fractal dimensions (D ~ 2.1 to 2.8) using nano ’* and micro-scale’” experi-
mental methods. Their contact with the surrounding solvent molecules will then be
further reduced by aggregating to other particles and grow in size while trapping
solvent. It then seems rational to approximate primary destabilized asphaltenes as
hard and porous spheres of sizes in the same order of clusters described by the Yen-
Mullins * hierarchical representation (R4 ~ 5 to 10 nm).

On the other hand, diffusing clusters can contain significant amounts of trapped sol-
vent depending on their internal packing. It involves that the effective density p.fr
of the depositing fractal structures will be less than the one of "dry" asphaltenes s,
(broadly accepted as p s, ~ 1200 kg.m~3), peff needs to be calculated. An expres-
sion of the effective density of clusters arises from the work of Barré et al.”. The
effective density of the aggregates is designated by p, s is expressed as a function of
the density of the mixture components and is given by:

B -1
Peff = <‘Pasph + (1 ‘Pasph)) (5.6)

Pasph Plig

where pj;; is the density of the trapped liquid solvent. Equation 5.7 relates the vol-
ume of "swollen” structures (termed as the effective volume v,s() to the "dry" vol-
ume of asphaltenes v, with the fractal dimension of asphaltene clusters in good
solvents. For a dilute system of solvated aggregates, the actual volume fraction of
asphaltene components within a cluster is the ratio of these quantities defined by

Barré et al.” as: b3
Uasph Ry -
= = (=2 5.7
¢usph Ve ( Rp ) (5.7)
where R, is the hydrodynamic radius of units composing the considered particle
of a radius R 4; nanoaggregates of asphaltenes with an average hydrodynamic ra-
dius of 1.3 nm have frequently been reported to be the primary units of asphaltenes
aggregates”%'1/1%  this value of R,, is therefore fixed in our calculations. The mass




124 Chapter 5. A simplitied model for the deposition of asphaltenes

fraction of asphaltene molecules within the fractal structure x,; is then given by:

h
Xusph = F;)ﬂ:fpf (Pusph (58)

Combining the three precedent equations, we obtain the mass fraction of "dry" un-
stable asphaltenes in diffusing particles toward the solid surface:

1
Ds-3
Plig + Pasph <<II§?) - 1)

5.1.2 Previous deposition modeling investigations

(5.9)

Xasph =

Gradual understanding of asphaltene destabilization and deposition over years mo-
tivated researchers to complicate deposition modeling with multiple coefficients
and account for all the simultaneously occurring phenomena during the oil flow:
destabilization, aggregation, dissociation, mass transport, adhesion and shear re-
moval”'!.  Authors were able to numerically compute predictions and compare
results to experimental data and to few reported field observations. With one ex-
ception”’, deposition modeling approaches found in the literature hence adopted
the tuning of adjustable parameters and respective coefficients to each considered
phenomena that are enumerated above (at least 3). Excellent agreements were ac-
cordingly observed, but such multi parameter tuning make a fully predictive appli-
cation of models unreasonable. Indeed the possibility of compensating errors from
incorrectly (though realistic) estimated parameters arises from the implementation
of numerous adjusted restrictions.

As discussed in the previous Chapter, Vilas Boas Favero et al.”” further reinforced
previous discoveries by modeling asphaltene deposition in a packed-bed geometry
at various conditions (crude oils, n-alkane contents, flow rates, packed-bed lengths).
For the first time, asphaltene deposition modeling was limited to only one tuning pa-
rameter: the diffusion coefficient of depositing asphaltenes, all other parameters be-
ing measured. They have found very good agreements to their experimental results,
in line with the mentioned critical size of ~ 100 nm''. Results of Vilas Bdas Favero
et al.”” can be revisited with accounting for results of precedent Chapters relating
the destabilization kinetic and faster aggregation process. In this case, the concen-
tration of asphaltenes available to deposit C4 4 will take time-dependent values that
are necessarily smaller than the equilibrium values C,_. With this and according to
Equation 5.10, the adjustment of depositing particles diffusion coefficient will take
larger values.

2/3
Ratege, & Cp gD (5.10)

According to the combined equations 5.2 and 5.10 used to model the deposition in
a packed-bed geometry, such amendment will lead to even smaller back-calculated
particle sizes than the ones found by the authors. This important result suggests
that the average size of diffusing particles approaches the size of primary unstable
particles or the size of stable clusters.

On the other hand, findings on the destabilization kinetic (Chapter3) suggest that the
generation of primary particles decays exponentially over time for a given solution
of oil-alkane. Combining the observations on destabilization kinetics to the small
size indication of depositing entities”*”’!!, one would expect lighter deposition
rates with flowing a beforehand prepared and aged mixture than the flow of fresh
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solutions. The most severe conditions of deposition might therefore exist immedi-
ately after the solution was changed by adding anti-solvents, when the generation
of primary particles equals its maximum composition. As expected from this rough
analysis, Campen et al.” experimentally observed significantly increasing deposi-
tion rates on a one-face contacted quartz crystal when the aging time of the solution
was decreased (by shortening the tube length between their mixing-tee and their
measurement device).

5.1.3 Objectives and assumptions of this work

The principal purpose of the present investigation is to improve the understanding
of deposition with restrained number of adjustable parameters. The incorporation
of the destabilization kinetics to the deposition models found in the literature sug-
gests that the generation of primary particles might play a predominant role linked
to the parameter Cjp 4.

In this Chapter, an analytical deposition model was developed for a immersed disc
in a stirred tank reactor at atmospheric pressure with parallel viscous flow of a solu-
tion that contains unstable asphaltenes. The diffusion-limited regime is verified and
simplifications on the particle size distribution are drawn. Indeed, the intention of
the study is to verify the applicability of simplifications arising from conclusions of
Chapters 3 and 4. The following adaptations are proposed:

(i) the rate of destabilization of asphaltenes is exclusively controlled by the continu-
ous volumetric expansion rate of the flocculating agent due to the large decay of the
generation constant ky by multiple orders of magnitude upon the aging of solutions
(ii) the aggregation of generated particles to larger entities is immediate at condi-
tions of alkane contents larger than the "onset" due to the observed behavior of the
colloidal stability ratio W

(iii) the size distribution of unstable asphaltenes can be considered bi-modal with at
alkane contents larger than the "onset" (see schematic in figure 5.4).
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Alkane addition
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FIGURE 5.4: (a) Usual total concentration profile of unstable as-
phaltenes C4 during a volumetric alkane addition
(b) Schematic depiction of the hypothetical evolution of the particle
size distribution upon expansion of an alkane with respective zones
to Cy4 profile.

As explained, under those circumstances the large collision efficiencies of gen-

erated unstable asphaltenes force them to immediately associate with their nearest
neighbor particles. New primary particles will likely belong to the already exist-
ing particles distribution at the next time step when discretizing the problem. At
large concentrations of unstable asphaltenes the size distribution of most particles
typically ranges within hundreds to thousands of nanometers”’””. Although their
respective residence time is short at large alkane contents, significant quantities of
primary particles are continuously generated as long as the alkane expansion con-
tinues over time. In this way, very few particles of intermediate size might reside
while two distinct distributions will coexist: the first one around the size order of
clusters of nanoaggregates and the second one in the order of the oldest aggregates.
When the concentration of unstable asphaltenes becomes significant, the average
size of particles exceeds 1ym. For this reason, the member objects of the largest size
distribution (colored in blue in figure 5.4 (b)) are neglected in the solved transport
equations of this work.
The signal of the immersed QCR gives us access to a large number of deposition
measurements in order to verify this assumption. The mass transfer of unstable
asphaltenes toward a solid surface is studied for the specific case of continuous ad-
dition of heptane to crude oil. Relevant parameters to the deposition process in our
apparatus are accordingly identified and varied; the superficial fluid velocity, the
addition rate of C; and the initial presence of particles larger than 200 nm. Their
respective implications on the deposition implied by continuous change of compo-
sition of the solvent are observed.

5.2 Materials and methods

The experimental apparatus and the data processing to calculate the deposited mass
on the quartz surfaces are described in Chapter 2 of the dissertation. In order to
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avoid any redundancy, the present section is dedicated to the description of com-
plementing details and assumes that the reader has earlier referred to the section
Experimental methods used for this research in Chapter 2. The temperature of work was
set to 60°C within the present investigations. A single crude oil was used through-
out the study and some properties of the crude oil at the temperature of interest are
provided in the following table. Considered as a relevant variable to verify the con-
tribution of primary unstable particles to the deposit, the promotion rate of heptane

ranges between 0.1 and 5 cm®.min 1.

TABLE 5.1: Crude oil properties at 60°C and atmospheric pressure

Refractive Average C7
Density  Viscosity Index molecular Asphaltenes
weight content
kg.m=3 mPa.s - g.mol ™! wt%
876 12.0 1.4938 232 10.3

5.2.1 Superficial velocity surrounding the sensor

The effect of the superficial velocity Uy is deterministic of diffusion-limited regimes.
Halész et al.”’ studied the vertical, radial and tangential velocity components of a
vortex flow induced by a magnetic stirrer in a beaker using particle image velocime-
try (PIV). Dye tracing and particle tracking both indicated a dominant downwelling
behavior in the central region below the visual liquid-air interface funnel. By anal-
ogy, hypothesized vertical component streamlines are drawn for our geometry in
Figure 5.5.

Electrodes

Immersed QCR

s

Rotating stir bar

Stir plate @ Stirplate @

FIGURE 5.5: Qualitative schematic of the streamlines in the vessel
used in this research

The sensor being centered above the stir bar at a very near distance (~1 cm), the
vertical flow is the only considered component. A dye tracing visual method was
employed to measure the velocity of the liquid nearby the piezoelectric resonator as
a function of the revolution speed of the magnetic stirrer. Note that water was chosen
for practical reasons (transparent and suitable refractive index to enable image treat-
ment), different density and viscosity of the liquid might have minor impacts on the
velocity, those effects are neglected. The reactor was filled with water and equipped
with a vertically placed 100 uL syringe that contained a 3 wt% aqueous solution of
fluorescein. The concentration of the solution was adjusted to ensure a good track
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of the encouraged flow by the stirring of the mixture. The difference in density be-
tween the initial water and the injected solution was verified to be sufficiently low
such that it had a minor impact on measurements within the investigated scale of
time, the sedimentation of the injected solution could not not observed. A 180° bent
injection needle promoted the tracer in the upward vertical direction to guarantee a
null downward initial velocity. A fixed 240 frame per second camera was activated
in front of the glass reactor to record each pulse of tracer at various stirring speed.
Video editing enabled to increase the contrast of the emission color (yellow/orange
in the case of our tracer). The vertical movement of the darkened area could then
be carefully tracked for individual frames taken every ~4 ms. The injection point
was first positioned in a central position (with and without sensor: Figures 5.6 and
5.7) below the visible funnel during the first part of the measurements to verify the
predominance of vertical flow.

Increasing time

FIGURE 5.6: Snapshot pictures of the dye average velocity measure-
ments below in the central region in absence of the sensor
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FIGURE 5.7: Snapshot pictures of the dye average velocity measure-
ments below in the central region in presence of the sensor

The width of the funnel and the measured average velocity significantly differed
in presence of the sensor and the electrodes, a dependence of the velocity on the
vertical position was also observed. Therefore, the injection point was placed next
to the sensor and the video was focused on the specific area of interest to improve
the local accuracy of this estimation. Figure 5.8 shows the physical location of the
needle for dye injection next to the sensor.

A tracker video tool (from Open Source Physics Java framework) facilitated the
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data analysis by pointing a 2D-located marker on the extreme lowest threshold
(black/yellow interface) of the focused area over time.

Uredjedped)

FIGURE 5.8: Zoomed snapshot pictures of the dye velocity measure-
ment next to the sensor

Increasing time

The analysis of the tracked data points then provided estimations of the down-
ward velocity with results exposed in a later section.

5.2.2 Concentration of unstable asphaltenes available to deposit C,4 4

The concentration profile of unstable asphaltenes along titrations is an input param-
eter of our deposition model, it can be measured or modeled as shown in Chapter
3. In this study, an experimentally determined C,4 profile is preferable in order to
reduce uncertainties on the entered deposition modeling parameters. For that, the
mixtures of oil-heptane are first prepared with adding heptane at a rate of 0.2 cm? in
a constant mass of crude oil (18 g) until the desired composition is reached. The mass
of unstable asphaltenes is then measured with centrifuging 1.5mL aliquots during
10 to 15 minutes at an acceleration of 24000x the g-force. The centrifugation time
is adjusted to establish a constant cut-off size of separated particles to 150 nm (see
Appendix). Table 5.2 is reported from centrifugation data to input the time-resolved
concentration of unstable asphaltenes to the model as a function of the volume frac-
tion of heptane in the mixture ¢.,:

VC7

= —— 5.11
¢C7 ‘/Oll + VC7 ( )

where V; is the volume of the component i calculated from its measured mass and
density.
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TABLE 5.2: Concentration of unstable asphaltenes separated by time-
resolved centrifugation along the titration

¢c,  Ca>150nm

- kg.m=3
0 0
0.416 0
0.46 0.0774
0.538  0.0387
0.543 0
0.576  2.989
0.638  10.778
0.656  15.381
0.726  24.748
0.91 59.904

A linear regression interpolates the C4 measured data points by centrifugation
with a slope later termed a;. The trend is thereafter used to calculate C4 for larger
volume fractions than the x-axis intercepting point ¢, in = 0.5696. At volume frac-
tions inferior to ¢, in, the concentration of unstable asphaltenes is assumed null.
For comparison, computed results with expressions of the C4 profile from the pro-
posed model of destabilization kinetics (defined in the precedent Chapter) along the
titration are also showed throughout this study. The obtained curves fairly compare
to each other as observed in the following Figure:
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FIGURE 5.9: Concentration of unstable asphaltenes as a function of
the volume fraction of heptane during continuous addition

During the continuous addition of the anti-solvent, estimates of the mass quan-
tity of generated unstable particles per unit volume of solution is an information
contained in the slope of the concentration profile C4 multiplied by the volume frac-
tion of oil in the mixture to account for the dilution effect. Discretization of the time
will be used to resolve the quantity of available primary particles at a particular
times t; during the titration. With respect to extremely short characteristic times of
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aggregation suggested by previous results, generated particles are assumed to no
longer exist in the form of primary units at the following time step t;;; and are
rather already considered larger entities. Note that with such an approach, the de-
pletion of asphaltenes due to the deposition (on all solid surfaces) does not require
to be accounted for in the model. Indeed the concentration profile of primary parti-
cles is independent from the total concentration of unstable asphaltenes itself but is
rather dependent on the evolution of C4 with time. The estimated profile of primary
particles concentration in the solution along the experiment is given by:

O

OCy O
2 %) (1 — ¢c,)1, At = €10a1 gt” (1= ¢c,)p, At (5.12)
ty

O, OF

Cl(t) ~ ACAk = €10 (

where €1 takes the value of 1 when ¢, > ¢ min and equals 0 when ¢, < ¢ min. In
order to minimize discretization errors, the grid size of time was refined until con-
verging to relative errors of less than 1% when back-calculating C4 in the following
manner:

k
Ca(ty) = )_ ACy, (5.13)
k=0

Expressing the volume fraction of heptane in the mixture as a function of time t and
its volumetric addition rate q.,, we get:

Gt
== 5.14
4)07 Voil +qc7t ( )

Replacing the time derivative of Equation 5.14 into Equation 5.12, the concentration
of primary unstable particles during the period of time At becomes:

Voirqe ( Voir )
Ci(t) ~ AC = eg9n 2117 y At >
1(fx) A= €10 1(Voﬂ + G, t0)? \ Vioir + ge, tx o)

We note that the time t elapses normally starting from zero when the addition of
heptane is first engaged. As observable in Figure 5.10, results from computations of
the destabilization kinetics with Equation 5.16 provide comparable orders of values
of the evaluation of the generation rate employed from linear regression of C4.

r = dciA = kNCA (516)
dt °

where C,_ is the mass concentration of unstable asphaltenes at equilibrium. This
equation represents the kinetics of destabilization and gives access to the incremen-
tal concentration of unstable asphaltenes in the solution mixture AC,4 upon an in-
crement of time At while the addition of heptane is carried. With choosing an ap-
propriate At, AC4 approaches the concentration of generated unstable asphaltenes
C; at an instant £.
The sharp increase in dd%f‘ showed in the linear interpolated regression in Figure 5.10
is related to a; in Equation 5.15.
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FIGURE 5.10: Generation rate of unstable asphaltenes % as a func-
tion of the heptane-oil composition during the addition of heptane in
oil

The sensitivity analysis of the Equations 5.15 and 5.16 show the response of the
calculated generation rate dg—tf‘ at several heptane addition rates within the range of
investigation in Figure 5.11.
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FIGURE 5.11: Calculated generation rates dE—tA of unstable asphaltenes

from (a) a linear C4 profile and (b) with destabilization kinetics as a

function of the heptane-oil composition for several addition rates of
heptane in oil

Besides indicating larger quantities of small unstable asphaltenes available to de-
posit per unit of time as the addition rate of heptane gets large, we should note that
the cumulative mass of deposit at a given run-time will depend on the residence
time at favorable deposition conditions (qualitatively expected by the greyed area).
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flow

Indeed, it is important to highlight the expected effect of residence time; faster pro-
motion of heptane will induce larger generation rates of unstable asphaltenes and
larger associated deposition rates. However the mixture will also last for less time
than for cases of relatively slower heptane addition as showed in Figure 5.12.
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FIGURE 5.12: Heptane volume fraction as a function of time at vari-
ous addition rates of heptane

5.3 Modeling deposition on the immersed disc-like sensor
with parallel viscous flow

Assuming an infinite volume surrounding the sensor and an exclusive downward
flow parallel to the disc sensor, the geometry is similar to the broadly used flat plate
to study mass transport over a solid surface*’. The surface phenomena can be math-
ematically modeled as a first-order reaction with the mass transfer coefficient k..
Therefore, the diffusive deposition mass rate of unstable asphaltenes (Ratey,,) flow-
ing over both sides of the sensor follow the relation:

Ratedep = a5k, (CA,d - CA,surface) (5.17)

where a5 is the total surface area of the sensor accounting for both sides of the disc.
In this way, the process is driven by the concentration gradient of "dry" unstable as-
phaltenes denoted AC,4 as previously defined. Considering that particles reaching
the liquid /solid interface necessarily deposit; Equation 5.17 is subject to the follow-
ing simplification: Cy surface = 0. Mass-transfer experimental studies between flow-
ing fluids and solid surfaces have lead to empirical correlations of the mass transfer
coefficient k. moving over certain shapes like flat plates, spheres or cylinders*’. In
the case of a laminar (Re<2.10°) parallel stream with a superficial velocity Uy, Welty
etal. "’ reports the following mass transfer coefficient correlation as a function of the
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average Sherwood number, the Reynolds and Schmidt dimensionless numbers:

ke = %ﬁ = 0.664%Re1/25c1/3 (5.18)

Expressing the dimensionless numbers with measurable parameters, we get:

U, L ; 1/2 . 1/3
kC=0.664DA< 0 plq) < Hiig ) (5.19)
L Hiig P1igDa

Substituting the obtained mass transfer coefficient from the last equation into Equa-
tion 5.17, the deposition rate of available "dry" asphaltenes takes the form:

UN\Y2 / o\ 1/6
Ratege, = 0.66461le24/ 3 <LO> (f{l;q> Ca,a (5.20)
q

The mathematical description of the deposition process requires to account for the
captured mass of solvent that travels inside the contributing aggregates. Since the
obtained C4 profile by centrifugation is based on the dried mass of asphaltenes, we
then introduce the dimensionless factor i to correct for the swollen diffusing mass
with respect to the solvent components of clusters:

Piig
asph

Y= Xasph +(1 - xasph) (5.21)

where x,,;, is given by Equation 5.9. If we postulate an equality between the con-
centration of asphaltenes available to deposit C,4 4 and the transient concentration
of generated unstable particles C;. In addition to the incorporation of the factor 1,
combination of Equations 5.15 and 5.20 lets us develop the deposition rate into the
following expression:

1/2 \N1/6
Ratege,(t) = 0.664a,D7° (L?) (ff) e (5.22)
1q

where C; is a mass concentration of "dry" generated unstable asphaltenes provided
by Equation 5.15 or alternatively by the modeled mass balance of destabilization
with kinetics (refer to Equation 3.14). The only unknown parameter of Equation
5.22 becomes the average diffusion coefficient D4 of depositing aggregates. The
cumulative deposited mass g, after running the titration experiment for a given
time is: ,

Mgep(t) = /0 Rategq,tdt (5.23)

As multiple parameters of Equation 5.22 will vary with the composition of the solu-
tion (and implicitly with time), the integral of the rate of deposition is approximated
within the interval of experimental run-time by a finite sum using a Riemann sum-
mation method with N; partitions of time (At) equal to the one used in computing
Equation 5.15. The mass of deposit is then given by:

N;
Maep(t) = Y Ratege,(t) At (5.24)
k=0
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where k is described by N; = j and t; is the midpoint of the current interval t; =
(tx + tx-1)/2.

5.4 Results & discussions

5.4.1 Measurement of the superficial velocity

The vertical tracking of the moving colored fluid lets us plot the vertical coordinate
as a function of time for different revolution speeds of the stir bar as showed in Fig-
ure 5.13 (a). In any case, the behavior appears linear and the slope of regressions
contain the average superficial velocity information of the fluid. As expected, ac-
cording to the vertical movement of the dye tracer, Uy depends on the revolution
per minute (rpm) of the stir bar placed 1 cm under the disc-sensor. Plotted veloci-
ties as a function of the stir bar revolution speed show a linear behavior within the
investigated range (Figure 5.13(b)).
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FIGURE 5.13: (a) Position of the tracer as a function of time for various
stirring speed and (b) average superficial velocities Uy as a function
the stirring speed

The following sections will involve the analysis of multiple parameters of Equa-
tion 5.22. When studying the effect of other parameters, Uy is therefore fixed with
the values determined from Figure 5.13 (b).

5.4.2 Asphaltene deposition

Before proceeding to the analysis of the effect of the suspected important variables,
it is interesting to note that the deposition of unstable asphaltenes on the sensor’s
surface during the continuous heptane addition significantly accumulates at condi-
tions of heptane contents larger than the "onset" of immediate microscopy detection
for individually prepared mixtures. Figure 6.15 shows that the conditions of the im-
mediate detection of flocs by visual inspection and the departure of the deposition
rate roughly coincide.
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¢ Exp. deposited mass w/ continuous heptane addition
¢ Exp. Microscopy detection time
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FIGURE 5.14: Comparison of the microscopy detection-time results
of individual solutions to the cumulative mass of deposit during the
heptane addition as a function of the mixture composition

This first result reinforces the assumptions of this study listed in the introduc-

tion section of this Chapter. This similarity in mixture composition observed for
both events is interpreted by the consequence of larger amounts of destabilized as-
phaltenes at those conditions. Indeed, it is predicted from the aggregation theory
that larger amounts of unstable particles will increase the collision frequency and
will decrease the stability ratio of the colloidal mixture. It is also expected, using
first principles of diffusive deposition processes, that larger numbers of generated
particles will aggravate the deposition rate.
In the next paragraphs, although some example cases of titration experiments are
chosen in order to illustrate the results, this section involves 3 experimental vari-
ables: the rate of heptane addition, the superficial velocity of the fluid and the initial
presence or absence of large particles. Each of the respective effects were individu-
ally studied. It is important to recall that the concentration profile of primary unsta-
ble asphaltenes C; is entered as an input in Equation 5.22 and can be described with
two possible options; (i) a linear regression from centrifugation data or (ii) modeled
destabilization kinetics using Equation 3.21.

Size identification of depositing asphaltenes

This investigation has the purpose of identifying the contributing particles of un-
stable asphaltenes to the deposition process by analyzing their average size. The
following example showed in Figure 5.15 was obtained with a fixed addition rate
of 0.5 cm3®.min~! and a measured superficial velocity of 1.62 cm.s~!. In a first step,
the diffusivity of depositing aggregates D 4 is adjusted using Equation 5.22. The fit-
ted diffusion coefficients are entered in Equation 5.2 calculate the average radius of
depositing particles along the experiment. For this example, the best fit is found to
correspond to particles with an average radius R4 = 7 nm. This value is more com-
patible with the size of clusters than with nanoaggregates, meaning that primary
particles able to deposit in the investigated conditions correspond to clusters.
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FIGURE 5.15: Comparison of experimental measurement to the com-

puted values of (a) the deposition rate using Equation 5.22 and (b) the

cumulative mass of deposit using Equation 5.24 as a function of time
during the heptane addition

As it can be seen in Figure 5.15, the deposition model given by Equation 5.22 pro-
vides good estimates of the measured data when adjusting the diffusion coefficient
with appropriate values. According to the Stokes-Einstein relation for the diffusiv-
ity of spherical particles (Equation 5.2), those values are in excellent agreement with
reported sizes of clusters of nanoaggregates " in good solvents (R4 ~ 5 to 10 nm).
More importantly, the back-calculated size of 7 nm supports the first assumption of
our model that considers only freshly generated aggregates to contribute to the de-
posit in the concentration term of Equation 5.20 (C4 4 = Cy).

Although very good estimations are obtained from the fully predictive modeled
curves, the analysis of the data is important in order to explain inconsistencies. We
note that the smooth increase of the deposition rate between 0.5h and 1h in Figure
5.15 (a) is better captured by the model when considering a profile of C4 with desta-
bilization kinetics. The discrepancy of the model when considering a linear profile
is in line with the unrealistic "onset" considerations.

We can also notice a larger disparity between the curve considering the destabi-
lization kinetics and the experimental data. This observation may indicate that
the equilibration time parameter ky of Equation 3.21 could be represented with a
sharper profile near the departure of the curve. However, adjusting the profile of
the generation constant ky might induce inconsistencies with the measured unsta-
ble asphaltenes content separated by centrifugation. Consequently, this parameter
is purposely left as previously found using centrifugation data and adjustement are
focused on the size of depositing aggregates. In the next paragraph, the assumption
of a single particle size along the experiment is reconsidered and the possibility of a
progressing average particle size is introduced using a statistical observation.

Size investigation of depositing particles
With the C4 profile accounting for slow destabilization, the deviation of our com-
puted results can individually be reduced by fitting a diffusion coefficient to each
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data point of measured deposition rates. As expected, the trial and error process
leads to an excellent match between the experimental data and the fluctuating mod-
eled curve in Figure 5.16.
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FIGURE 5.16: Comparison of experimental measurement to the com-

puted values of (a) the deposition rate using Equations 5.22 and (b)

the cumulative mass of deposit using Equations 5.24 as a function of
time during the heptane addition

This process was repeated with all the experimental records and a statistical anal-
ysis was performed with more than 800 data points of deposition rates correspond-
ing to 30 titration experiments performed on a single oil at various injection speeds.
The covered area of parameters in this analysis is summarized in the following table:

TABLE 5.3: Investigated ranges of experimental parameters

Uy Cy addition rate Ca
cm.s1 cm3.min—1 kg.m;o?u o
minimum 1 0.1 0
maximum 12 5 9

The calculated sizes of depositing asphaltenes with Equation 5.2 are then mapped
as a function of the deposition rate and versus the concentration of initial particles
in suspension at the respective conditions C,4, obtained from centrifuge experiments
of sample aliquots. The results are showed in Figure 5.17. The experimental data in-
terestingly spread within an upper and a lower bound. The results indicate that the
average hydrodynamic radius of depositing particles is 7.2 nm, most of the data are
comprised between 2 nm and 10 nm, more particularly when no initial particles are
present in the bulk. Again, the results of this analysis further support the postulated
mechanism in this Chapter.
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FIGURE 5.17: Depositing asphaltene particle radius R4 calculated

from Stokes-Einstein Equation as a function of (a) the measured de-

position rates and (b) the initial concentration of unstable particles
C4, in the solution mixture

Although other unstable asphaltenes form observable suspending macro-solids
in the bulk, the order of particle sizes contributing to the deposition process obtained
in this study remains between 1 nm and 30 nm. The obtained statistics seem to indi-
cate an increasing trend of the average size of contributing entities to the deposition
as the initial concentration of bulk particles increases. We therefore can suspect from
the trends that the presence of other solids might affect the diffusion properties of
freshly generated aggregates toward the surface of interest. The presence of other
particles will likely increase the coarsening probability before reaching the solid sur-
face. Logically, larger depositing particles will provoke a slower diffusive process.
Therefore, in those specific conditions, the results suggest that reduced deposition
rates are caused by a larger average size of depositing particles at extended bulk
concentrations of other particles as shown in Figure 5.17.
In consequence of the results presented in this paragraph, the effect of the presence
of larger flocs in the bulk is specifically studied and results are reported in the fol-

lowing paragraph.

Effect of the presence of flocs of asphaltenes in the bulk
Those investigations involve the combination of successive heptane titrations and
centrifugations as presented by the schematic of the procedure in Figure 5.18. The
centrifugation time was adjusted between 10 and 30 minutes in order to satisfy a
constant cut-off size of separated particles equal to 200 nm as well as a short enough
centrifuge run-time that lets us neglect the aging effects.
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FIGURE 5.18: Schematic of the successively combined heptane titra-
tion and centrifugation processes

The procedure was specifically designed to observe the influence of the pres-
ence of large unstable asphaltenes flocs. Therefore the heptane adition rate (g.,=0.5
cm®.min~!) and the stirring velocity (500 rpm) are kept constant during all the ex-
periments of this paragraph. Note that the starting mass of each titration is also kept
identical and implies discontinuities in the rate of variation of the heptane fraction
when starting from a new mixture (see Figure 5.19).
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FIGURE 5.19: (a) Variation of the heptane volume fraction in the mix-
ture as a function of cumulative time during the experiment

(b) Rate of variation of the heptane volume fraction as a function of

the heptane volume fraction

After splitting the solutions, the following start of heptane addition behaves as
if we had pushed up the flow rate at these particular times during a continuous ex-
periment. Consequently, one expects the rate of generation of unstable asphaltenes
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to follow the same trend. This should stimulate jump-starts of the deposition rate
when initiating a new titration. The obtained results from the exposed process are
communicated in the form of measured deposition rates in Figure 5.20.
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FIGURE 5.20: Results in deposition rates from successively combined

heptane titrations and centrifugations; filled symbols contain initial

particles and empty ones were centrifuged prior to starting the depo-
sition experiments

As anticipated, the boosted rate of generation of unstable asphaltenes at the
restart of experiments heightens the deposition rate at the exception of the exper-
iments 1.1.1 and 1.2.1 that will be individually discussed later.

The graphic indicates that the presence of more unstable asphaltenes in the form of
large aged particles does not increase the deposition rate. In fact, their presence ap-
pears to slow down the deposition in certain cases. Between 68 vol% to 70 vol% of
heptane in oil, the presence of micrometer-sized particles (titration 1.1) temporary
reduces the deposition rate compared its analogous case (titration 1.2). However
when carrying on the heptane addition of the same experiments, both curves fol-
low the same behavior. This can first be explained by the initial absence of solids
in suspension, which gives a free path for generated particles toward the deposition
surface. In parallel, the number of flocs grows after a few additional percents of hep-
tane and their presence will disturb the transport of newly formed particles, making
their diffusivity to decrease.

In the final studied region of composition during this process (87 to 95 vol% of C7), a
stronger effect prevents the generated particles from depositing when huge flocs are
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kept in suspension before starting the heptane additions (1.1.1 and 1.2.1). Indeed,
those cases repeatably show that the deposition rate is ~4 times superior in cases
when suspending flocs are limited in number by pre-centrifuging the sample.
Those results qualitatively show that the existence of other solids in the bulk seem
to play a preventive role and lessens the mass transfer of generated unstable as-
phaltenes toward the surface of interest. The declining effect seems to be more pro-
nounced as the quantity of suspending flocs is larger. As presented in the previous
paragraph, the average radius of depositing particles R4 can be estimated from the
experimental data with appropriately adjusting diffusivities D 4. Table 5.4 reports
the back-calculated hydrodynamic radius of particles with the presented method
and Figure 5.21 plots the data of this part comparing it to the regression limits pre-
viously found in Figure 5.17. The resulting particle sizes as a function of the average
mass concentration of unstable asphaltenes in suspension are in good agreement
with the precedent statistics.

TABLE 5.4: Concentration of unstable asphaltenes separated by cen-
trifugation along the titration

Titration # Ca~o00nm at start Ca~o0onm avg Ra

kg'm;)?thian kg'm;)?ution nm

1 0 4 4.5
1.1 2.56 6.64 10
1.1.1 8.06 8.32 60
1.1.2 0 0.26 9
1.2 0 4.08 3
1.2.1 7.02 7.28 25
1.2.2 0 0.26 3

« fitted Rp database

——— Exponential regression thresholds
® Combined titration centrifuge
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FIGURE 5.21: Fitted radius R4 of depositing asphaltenes to the mea-
sured deposition rates (figure 5.20) as a function of the mass concen-
tration of initially suspending solids
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Since minor deposition occurs if the addition of heptane is stopped, the process
is still controlled by the influx of young generated particles. However the results
show that their average size can be larger with greater initial concentrations of un-
stable asphaltenes. The observed trend can be explained by the increased collision
probabilities of generated particles to some suspending solid entities before reach-
ing the deposition surface, which diminishes their diffusing speed. On average, the
calculated radius of generated particles increases by less than an order of magni-
tude in the extent of investigated conditions. Actually, the sizes remain relatively
small compared to the majority of other agglomerates (larger than 1 ym observed
by microscopy). For this reason, the range of depositing asphaltenes radius is still in
excellent agreement with already reported dimensions®”!".

The showed computation in Figure 5.15 is then revisited by defining a profile of
depositing particle radius as a function of C,4,. As empirically suggested by the sta-
tistical study, R4 profiles correlate to C,, using a regression function of the form:

Ry = Rnanoaggrexp (éCAI') (5.25)

where Rygnosger i the minimum radius of depositing unstable asphaltenes particles
corresponding to the radius of nanoaggregates and ( is a fitting parameter.

The quality of the model is verified by comparing to the results to experimental data.
The matching curvatures indicate that the model captures the underlying physics
of the surface deposition. After optimizing the radius of particles R,, the slight
remaining disparities can be attributed to the errors related to the representations of
Ca profiles.

Experimental data
This model - R, =f(C,) - C, =linear regression
— — — Thismodel- R, =f(C,) - C, = destabilization kinetics
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FIGURE 5.22: Comparison of experimental measurement to the com-

puted values of (a) the deposition rate using Equation 5.22 and (b)

the cumulative mass of deposit using Equation 5.24 as a function of

time during the heptane addition with a size profile of depositing as-
phaltenes

The matching radius profiles appear in Figure 5.23 to lay between the previously
empirically observed thresholds, which is consistent with antecedent results.
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------ Empirical regression thresholds
Adjusted Ra with Ca=linear regression

— — — Adjusted Ra with C, = destabilization kinetics

R, (nm)

C,(kg.m*

solution)

FIGURE 5.23: Comparison of the adjusted radius R4 profile with
Equation 5.25 for a continuous titration to the extreme thresholds pre-
viously defined

The results confirm that the average size of depositing asphaltenes (radius be-

tween 2 and 20 nm) corresponds to the order of size of "stable" clusters of nanoag-
gregates” 77710,
In the following paragraphs; diffusivities are computed using Equation 5.2 with ra-
dius profiles laying between the empirical bounds presented in the Figures of this
study, the other parameters of the equation are measured. According to results
showed in this part, the deposition model provides reasonable estimates using a
single average radius of depositing aggregates of 7 nm. Typical error bars related
to the evaluation of the diffusion coefficients can be represented by fluctuating the
hydrodynamic radius of primary aggregates by +/- 50% (3.5 nm to 10.5 nm).

Effect of the heptane addition rate

In this part, the anti-solvent injection rate is varied with the objective to again check
for the self-consistency of the proposed idea of diffusing generated units of unstable
asphaltenes. This part involves several destabilization rates by varying the addition
rate of heptane at fixed superficial velocity (~ 7 cm.s ! according to Figure 5.13 (b)).

The investigated conditions correspond to values of the generation constant ky
ranging from infinitely slow kinetics to 1073s~1. We recall that the destabilization
constant is directly controlling the rate of unstable particles generation according
to Equation 5.16. On the other hand, rearrangement of Equation 5.22 in order to
express C4 4 gives us5.26:

Ratege)

0.664a,D%> (%)1/2 (%)

75 = Cad (5.26)
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where D 4 is calculated following the description of a particle size profile using Equa-
tion 5.25 entered in Stokes-Einstein equation, parameters of the left part of this Equa-
tion are measured. Our deposition model suggests that the plot of the experimen-
tally obtained C, 4 vs ACy, centrif from Equation 5.15 should fall onto an equality
line. Figure 5.24 compares all the experimentally obtained C4 4 as a function of AC4
that estimates C; from the linear regression of centrifuged masses exposed in Table
5.2.

* Experimental vs theory
X=y
———- +/-20%
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FIGURE 5.24: Scaling analysis of the asphaltene deposition rate as
a function of the estimated concentration of generated unstable as-
phaltenes AC4 .t at several recorded instants using Equation 5.26

As it can be seen in Figure 5.24, at the exception of a few data points, the com-

parison between the deposition experimental data and the estimated concentration
of primary unstable units provide the expected collapse on an equality line. De-
spite the many approximations on the experimental measurements as well as the
simplistic definition of diffusion coefficient, the present analysis leads to excellent
agreements. In this way, the identification of the contributing fraction to the deposi-
tion process is supported with statistical experimental evidences and the remainder
of our research can assume that the asphaltene deposition is mainly caused by pri-
mary unstable units with an average hydrodynamic radius R4 ~ 7 nm.
In practice, the limited number of recorded points when increasing the addition rate
can perturb the interpretation of experimental data. Therefore, it is usually prefer-
able to add the alkane at a moderated rate in such manner that trends can be ex-
ploited from large enough number of data points. However injection of n-heptane
at significantly larger addition rates can further help to test the limits of our model.
A compromise between increasing the rate of addition of the destabilizing agent and
letting enough time for relevant measurements is found for the addition rate equal
to 3.5 gmin~!. In this condition, Figure 5.25 shows the evolution of the heptane
volume fraction as a function of time.
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FIGURE 5.25: Volume fraction of n-heptane in the oil-heptane mixture
against time for the addition rate of 3.5 g.min™1 of n-C7 in 15 g of oil

Comparison of the acquired deposition data with our model is provided in Fig-
ure 5.26. The model performs reasonably well with tuned radius of particles in
the range of size of asphaltenes nano-aggregates. Note that a peak of deposition
seems to occur, which provokes a large instantaneous increase of the deposited mass
around 0.22 h. This peak is not captured by our model, it is suspected that this dis-
crepancy might be induced by the model of destabilization kinetics that may not
be adjusted with enough experimental measurements at the corresponding mixture
composition.
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FIGURE 5.26: Volume fraction of n-heptane in the oil-heptane mixture
against time for the addition rate of 3.5 g.min~1 of n-Cy in 15 g of oil

Assuming that the deposition mechanism is identical for asphaltenes destabi-
lized by different alkanes, the exposed findings of this part upgrade our method to
an indirect method of measuring the concentration profile of unstable asphaltenes
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Ca as a function of the volume fraction of the added alkane. The proposed assump-
tion is experimentally investigated in the following Chapter of this document.

Effect of superficial fluid velocity

As showed in Figure 5.2 of the introductory part of this Chapter, the theory predicts
that for a diffusion-limited surface deposition, the deposition rate Rate;,, should
scale with the square root of the fluid superficial velocity Up. Indeed, as the super-
ficial velocity grows, the boundary layer thickness will shorten and aggravate the
concentration gradient. The scaled deposition rate | is defined by reorganizing the
deposition Equation as follows:

[= Ratege) - _ Di/3ué/2 (5.27)

0.664a,L~1/2 (Z]TZ) Cag

Thus our deposition model given by Equation 5.22 points that a graphic represen-

Ve

on a single lfi\ne. For the graphical representation, deposition rates from multiple
experiments at constant stirring speed (or Up) were averaged to a single point. The
error bars were obtained by taking extreme values of diffusivities with hydrody-
namic radius of particles of 8 nm +/-50%. The plot of results in Figure 5.27 serves as
a self-consistency verification of the deposition model. First, it verifies the diffusive
character of the surface process when the deposition rate is a function of the fluid
flow velocity in viscous flow regime. Second, it shows that the proposed simpli-
fied approach of the asphaltene deposition mechanism apprehends the physics by
considering limited number of tuned parameters.
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FIGURE 5.27: Scaling analysis of the asphaltene deposition rate as a
function of the superficial velocity
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5.5 Conclusions

A new laboratory technique was presented to measure the deposition rate of un-
stable asphaltenes during the continuous titration of n-heptane. It consists of a flat
resonator disc with an observable parallel flow of the surrounding fluid to the sur-
faces of the sensor. The deposited mass of asphaltenes is measured as a function of
time while heptane is added along the experiments. Deposition rates are then ana-
lyzed as a function of the identified relevant variables: the fluid superficial velocity,
the generation rate of unstable asphaltenes and the initial presence of large aggre-
gates.

A diffusive deposition model was specifically designed for the geometry of the mea-
suring device. Based on preliminary observations, the proposed model postulates
an exclusive deposition of the transforming "stable" clusters into "unstable" units,
termed as primary unstable particles. With regards to the size scale of interest, the
effects related to the dissociation of aggregates, to the depletion of asphaltenes and
to the shear forces at the surface are neglected while the aggregation is assumed
instantaneous. Experimental results show the following findings:

¢ the asphaltene deposition process can be explained by a diffusion-limited de-
position of freshly generated particles

e the asphaltene deposition rate scales linearly with the generation rate of unsta-
ble asphaltenes (rateg, o« Cy o 1)

¢ the average hydrodynamic radius of depositing particles is generally limited
to a narrow range varying between 4 and 12 nm

¢ the initial presence of bulk suspending particles slows down the deposition
rate of asphaltenes on the studied surface

¢ the presupposed fast kinetics of aggregation compared to the destabilization
enables an accurate interpretation of the deposition.

This research not only strengthens previous works on the asphaltene diffusion-limited
deposition of nanoparticles, it also provides a robust simplified approach to predict
the deposition behavior of unstable asphaltenes in continuously changing solutions
with limited number of tuning parameters. The proposed method enables to extend
our studies to the effect of the nature of the used flocculating agent, i. e. vary the
alkane chain length.

Besides, the model can conveniently be extended to multiple geometries, like pipelines,
using correlations of the Sherwood number.

Presented principles showed to provide excellent estimations of the deposited mass
with incorporating a fraction of trapped solvent. However, although the amounts
of trapped liquid are calculated from the typical fractal dimension of unstable as-
phatenes found in the literature, the morphology of the deposit was not experimen-
tally investigated in our research. Campen et al.” first provided insights of the mor-
phological change of the deposit depending on the conditions of asphaltenes desta-
bilization, they suggested that the particles organize in a different way depending on
the generation rate of particles. This aspect remains insufficiently documented and
requires further investigations that will be of great interest to optimize the cleaning
industrial operations.
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Chapter 6

Effect of the nature of n-alkanes on
asphaltenes

6.1 Introduction

Although asphaltenes are usually named after the n-alkane that served to extract
them from their native oils, most commonly n-pentane or n-heptane (e.g. n-Cy7 as-
phaltenes) ”?, the effect of the nature of the destabilizing agent on the asphaltenes
agglomeration is still a matter of debate. Asphaltenes are a class of polydisperse
molecules in petroleum that is composed of hundreds of different molecules with
various motifs®. The beginning of the 21% century has been marked by a large num-
ber of research studies involving the fragmentation and characterization of asphal-
tene fractions with various techniques***%!%"). Recent analytical methods enabled
to reveal more details on the abundance of specific structures’. The immense di-
versity of asphaltene molecules in crude oils therefore confers to them a strong de-
pendence to the surrounding solvent quality and more specifically to the nature of
the destabilizing agent (anti-solvent). Studying the effect of the nature of the anti-
solvent on the destabilization, the aggregation and the deposition can help us to
better understand the behavior of asphaltenes when volumes of light components
expand in the liquid phase during production and transport of crude oils or when
relatively light oils are blended to heavier crudes that have larger contents of as-
phaltenes.

In order to compare asphaltene destabilization results from various type of flocculat-
ing agents, many authors have been using a rallying graduated system that applies
to all the studied mixtures; the solubility parameter of solutions (Jsolution). This scale
is equivalent to the degree of interaction between molecules” in liquid mixtures.
The calculation of these parameters conveniently requires users to know the volume
fractions, which can be measured or calculated from equations of state, and the sol-
ubility parameters of each constituent that can be derived from other measurable
characteristics. The concept of solubility parameters is also interestingly applicable
to pressurized conditions with dissolved light molecules in the liquid phase, such as
methane or carbon dioxide. dsojution Captures both effects of changes in the solvent;
i.e. the density and the interaction attributes of the solution constituents (particu-
larly London dispersion forces). Previous investigations involved mapping of two-
dimensional solubility parameters of model oil and crude oil systems*’. Based on
results of a large number of crude oils, authors stated that asphaltenes stability was
predominantly governed by Van Der Waals (VdAW) interactions. Crude oil systems
contain very few permanent dipoles, for this reason generalizing VAW interactions
to solely London dispersion interactions is a fair approximation.

In theory, materials with similar solubility parameters will likely dissolve each other,
while at the opposite a significant difference in solubility parameters leads solutes
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to coagulate out of the solution.

Consequently, one can state as a rule of thumb that asphaltenes that have the largest
solubility parameter are expected to be the most subject to agglomeration upon the
expansion of light components in crude, which decreases the overall solubility pa-
rameter of the carrier oil.

6.1.1 Literature review on the effect of the nature of the anti-solvent

Reported trends

The kinetic behavior related to the appearance of observable flocs of unstable as-
phaltenes "' and their yield at equilibrium ***"*° have usually been studied sep-
arately. Haji-Akbari et al. ' related both aspects within a defined range of conditions
where the flocculation is not instantaneous. Authors'® found a linear law between
the inverse of the difference in solubility parameters and the logarithm function of
the equilibrium concentration of unstable asphaltenes named C;(0) (recalled C4,_, in
this dissertation due to the definition of destabilization kinetics in Chapter 3), the
microscopy detection-time of particles tgetection and the viscosity p of the media.

1
1n(tdetection @/V) X S (61)

asph — Jsolution

where J,5p1 s the solubility parameter of asphaltenes and dgolution is the solubility pa-
rameter of the mixture solution. This so-called unified model described by equation
6.1 relates the time that unstable asphaltenes take to reach micro-sizes, the number
concentration of unstable asphaltenes at equilibrium and the solution properties in a
single expression. As showed in Figure 6.1, the proposed model was able to collapse
experimental data from various oils and various alkanes into a single master curve.
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FIGURE 6.1: Reported by Haji-Akbari et al. '*:

(a) Microscopy detection-time of unstable asphaltenes versus differ-
ent prepcipitant vol% for several alkanes in model systems made of
1wt% dissolved asphaltenes in toluene
(b) Plots of the unified model results for 6 different alkanes mixed
with 2 different oils (crude oil and model system ade of 1 wt% as-
phaltenes in toluene)
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In their data processing, the solubility parameter of asphaltenes was adjusted for
each alkane in order to bring data points together on the master curve. Obtained pro-
files of solubility parameters of the destabilized asphaltenes are replicated in Figure
6.2.
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FIGURE 6.2: Reported by Haji-Akbari et al. '*: Adjusted solubility pa-
rameters of unstable asphaltenes as a function of the carbon number
of the used non-aromatic solvents

According to the results of Haji-Akbari et al. ', extracted asphaltenes have lower
solubility parameters when destabilized by the addition of relatively shorter n-alkanes.
This profile is in agreement with other trends that can be found in the literature
showing the increased destabilizing power of shorter alkanes, however this trend
has not been experimentally verified with measurements on the properties of ex-
tracted fractions. Indeed, this model assumes a critical difference in solubility pa-
rameters between the colloidal material and the solution, 6,1 is therefore adjusted
to keep the difference (Sasph — Jsolution) cOnstant.

Mitchell and Speight”® showed that larger amounts of unstable asphaltenes are
collected at high dilution of oil in alkanes (> 90 vol%ajkane) as the n-alkane chain is
decreased. Complementary to the research of Haji-Akbari et al. '%, the results found
by Mitchell and Speight”® investigate a domain where the flocculation kinetics of as-
phaltenes are extremely fast upon addition of the bad solvent. The results reprinted
from Mitchell and Speight”® in Figure 6.3 suggests, in agreement with the work of
Haji-Akbari et al. 1%, that longer chain lengths of n-alkanes are better solvent for as-
phaltenes compared to shorter ones.
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FIGURE 6.3: Reported by Mitchell and Speight “°: Relation of amount
of precipitated asphaltenes to the number of carbon atoms in non-
aromatic solvents

Most of the reported investigations on the effect of n-alkane carbon numbers
added at various concentrations in oils have had the objective to identify the "onset"
point of flocculation (or instantaneous detection of unstable asphaltenes). In con-
trast with the precedent discussed trend, Figure 6.4 shows that volume fractions of
alkanes pass through a maximum when varying the alkane’s chain for the observa-
tion of instantaneous flocculation. This behavior has been referred to as a "paradox”
of asphaltenes flocculation by Wiehe et al. .
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FIGURE 6.4: Reported by Wiehe et al.’: "Onset" volume fraction of
n-alkanes in oil-alkane mixtures versus the n-alkane carbon number
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Due to the experimental difficulty of studying the effect of volatile components,
the addition of various chains of liquid alkanes at atmospheric conditions are the
only ones reported (pentane to hexadecane). Studies involving an associated gas-
dissolved at elevated pressures usually intended to predict the point of appearance
of unstable asphaltenes or more commonly referred to as the asphaltenes "onset"
pressure (AOP) or as the asphaltenes instability threshold 1231, Figure 6.5 reprints
results of experimental observations using a near-infrared solid detection system
and modeling curves with a perturbed chain statistical associating fluid theory (PC-
SAFT) equation of state.
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FIGURE 6.5: Reported by Ting et al. *': The temperature dependence
of the asphaltene instability curve and bubble curve predicted by PC-
SAFT and experimental measurements for the reservoir fluid

In this type of pressure vs temperature plot, stable and unstable regions of as-
phaltenes are commonly defined by authors based on the experimental observa-
tions of instantaneous flocculation during depressurization experiments. However,
we have seen in previous Chapters that the destabilization and the flocculation pro-
cesses can be slow with liquid alkanes (n-heptane), therefore it is expected that the
detection threshold of unstable asphaltenes should also be dependent on the aging
time in the case of light dissolved constituents. In the present Chapter, an experi-
mentation investigating this particular point is presented in order to verify that the
destabilization and aggregation concepts defined for n-heptane still hold for gas-
dissolved conditions.

Models and simulation tools

Again because of the cost and the experimental difficulty to perform gas-dissolved
tests, efforts have been administered to find predictive techniques of asphaltenes
instability curves using simpler laboratory measurements of liquid solvent addi-
tions. Under ambient conditions, parameters affecting dispersive forces such as
densities , molar volumes***%?, volume ratios’ or refractive indices **>#0:%%>
have been subjects of extensive research. For example, Vargas and Chapman*’ re-
lated solubility parameters to the density and to the refractive indices of crude oils
in order to predict solubility parameters of live-oils.

7n.272.51.7
32;33;51,3
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Volumetric properties of oil-associated light constituents are strongly dependent on
the pressure and temperature conditions as showed in Figure 6.6.
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FIGURE 6.6: Comparison of molar volumes of pure fluids as a func-
tion of the pressure at constant temperature (100°C) (source: NIST
chemical web book)

In other terms, the solubility parameter of light constituents have a strong de-
pendence on pressure and temperature conditions. Consequently, the number of
carbons in the alkane chains does not suit as a proper variable to study their effect
on the asphaltenes destabilization.

Instead, the molar volume of the expanding components seems to be a more appro-
priate variable as the ASIST graphic suggests in Figure 6.7. Among the above cited
available prediction models, the Asphaltene Instability Trend (ASIST) was devel-
oped from concepts mentioned above by New Mexico Institute of Mining and Tech-
nology in the frame of DeepStar consortium**°. Thanks to its simple application,
the ASIST method is extensively used in the oil & gas industry in order to conduct
quick risks evaluations. The experimental approach of ASIST uses instantaneous
microscopical detection of unstable asphaltenes with various liquid n-alkanes addi-
tions, refractive indices (np) measured for the dead oil at a reference condition and
routine thermodynamic data. As showed in Figure 6.7, a linear threshold of stability
is defined in the diagram of the solubility parameter of solutions Jg,,ti0,, Versus the

square root of the molar volume of the precipitant agent U}/ %, The line corresponds
to solution compositions at the detection of asphaltenes instability after waiting for
a certain time and at a given temperature. The trend is extrapolated to predict the
appearance of the least stable asphaltene due to light components expansion during
live crude oil transport in wells and pipelines.
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FIGURE 6.7: Reported by Creek et al.“: Example of determination of

ASIST threshold lines in the diagram of d5o7yti0,, VS v;,/ 2

Authors “%"7*% empirically found the linear relationship, within the range of in-
vestigated measurements, between the square rooted partial molar volume of alka-
nes v}/ ? and the solubility parameter of the solution at "onset" conditions.

The extrapolation of the linear regressions for alkanes ranging between pentane and
pentadecane to the entire domain of molar volumes remains questionable. Exper-
imental verification of ASIST predictions conducted by Creek et al.” and Dolati
et al. '’ showed good agreements when choosing an appropriate aging time of solu-
tions (between 1 and 24h). However trends of ASIST ambiguously go against previ-
ous tendencies that reported a larger destabilizing power of light alkanes compared
to longer n-paraffins. Lines of ASIST counter-intuitively predict that solutions at
the detection of unstable asphaltenes, have lower solubility parameters when desta-
bilization is induced by relatively lighter alkanes. To paraphrase what that says;
methane is, according to ASIST principles, a better solvent than n-heptane to the
most unstable fraction of asphaltenes (the ones that first flocculate).

The choice of using different instruments with similar sensitivities can seem reason-
able to detect unstable asphaltenes under pressurized conditions of the recombined
crude oil compared to the microscope detection at atmospheric pressure. How-
ever, solid detection systems (SDS) generally use near-infrared transmittance signals
through the oil to indicate if objects of comparable size or larger than the wavelength
(~ 800 nm) are present. Before transcription of experimental results to a single point
of "onset" pressure, similarly to piezo-sensors, the recorded signals are first subject
to a graphic interpretation as a function of the pressure during constant mass expan-
sion (CME) experiments. The onset is defined as the pressure at which a significant
divergence of the signal is observed against the initial slope of the signal at higher
pressures. However, as seen in Figure 6.8, the word "significant" in the previous
sentence can take various definitions depending on our respective interpretation.
The plot of the light transmittance against the pressure shows how difficult it can
be to decide of a single diverging point on rounded-shaped curves. We can note the
persistence of researchers to define a single point of asphaltenes instability when in-
terpreting the continuous process of destabilization with a smooth record of signals
during the continuous change of solution composition. This might lead to unrea-
sonable practice and incorrect conclusions that have implications on the design of
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models.
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FIGURE 6.8: Reported by Montesi et al.”’: Various exemples of

records of solid detection systems (SDS) signals during CME exper-

iments that are used to determine the asphaltene "onset" pressure
(AOP)

Besides ASIST method “*® that seeks to predict a threshold of the stability of as-
phaltenes, other models based on thermodynamic®*#*"**” and colloidal '*****"*! con-
cepts have successfully been applied to calculate the yield of unstable asphaltenes.
For example, Figure 6.9 shows modeling results of Akbarzadeh et al. ' who applied a
regular solution based model that fairly compares to the experimental measurement
of the unstable asphaltenes yield.
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FIGURE 6.9: Reported by Akbarzadeh et al.': Modeled yield of un-
stable asphaltenes from a bitumen diluted with variable amount and
nature of n-alkanes at ambient conditions

Although general correlations on the asphaltene properties have been reported **,
the use of modeling concepts requires to adjust a certain number of parameters in
order to fit curves to the experimental data. Tharanivasan et al.”’ have applied a
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similar approach to calculate the yield of unstable asphaltenes as a function of the
pressure during a live-oil depressurization. They highlighted the large sensitivity
of calculations to adjusting parameters such as the average molecular weight of as-
phaltenes. Despite the good agreements showed in Figure 6.10; this remark a priori
prescribes limitations in the predictive capability of the regular solution approach to
asphaltenes destabilization from depressurization of live oils.
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FIGURE 6.10: Reported by Tharanivasan et al.”’: Modeled yield of
unstable asphaltenes from a depressurized live-oil

More detailed summaries of existing modeling tools of asphaltenes destabiliza-
tion were reported by Wiehe* (2012) and Subramanian *° (2015).

Figure 6.11 shows the comparison between PC-SAFT modeled curves of unsta-
ble asphaltenes quantity at equilibrium and experimentally separated asphaltenes
after one day of aging. Authors justified the observable difference by the fact that
measured data did not reach equilibrium after one day. This result highlights the im-

portance of combining results of our research (Chapter 3) to existing thermodynamic
tools.
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FIGURE 6.11: Reported by Tavakkoli et al. **: Modeled yield of unsta-
ble asphaltenes by PC-SAFT from a modified oil diluted with variable
amount and nature of n-alkanes at ambient conditions

Authors™ then incorporated destabilization kinetics into their model through
time-resolved absorbance measurements obtained with additions of several n-alkanes.
Their method enabled to calculate phase envelopes as a function of the aging time
on a pressure versus temperature diagram (Figure 6.12.
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FIGURE 6.12: Reported by Tavakkoli et al.”*: PC-SAFT modeled

phase envelope of unstable asphaltenes as a function of time on a

pressure vs temperature diagram for a recombined modified oil with
light n-alkanes

As seen in the reported figure, authors™ have reported a theoretical time de-
pendence of such asphaltenes stability diagram, which agrees with our research
presented in Chapter 3. However, experimental evidences of such behavior under
depressurization of live oils are not showed, indeed only instantaneous "onset" of
flocculation was measured in their work.

Available quantitative experimentation to study asphaltenes under gas-dissolved
conditions
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The concentration of unstable asphaltenes (C4) is an important input for the devel-
oped deposition model in Chapter 5. After additions of liquid solvents at atmo-
spheric pressure C,4 is measured by using relatively simple separation techniques
(usually filtration or centrifugation). However the experimental measurement of
unstable asphaltenes yield, induced by the depressurization of light components in
a live-oil, is limited to the sole high pressure filtration method. We should note that
large source of uncertainties arise from applying this technique. The deterioration of
the amount of unstable asphaltenes is a significant risk during the final depressur-
ization of the system. Even if properly filtrated, nucleation of bubbles in the trapped
liquid solution of the cake can break the accumulated solid layer and will promote
re-suspension of fractions of asphaltenes in the solution. When the oil is brought
back to atmospheric pressure for collection and weighting of the filter, some of the
re-dispersed aggregates have eventually stabilized again in the form of nano-scale
objects and are not accounted into the mass of unstable material recovered on the
filter.

High pressure filtration experiments do not only present the inconvenience of local
pressure gradients through the filters, it is also usually complicated to account for
asphaltene components that deposited on the inner-walls of the equipment. Collect-
ing the deposits requires to flush the apparatus with a good solvent, like toluene,
but the collected amount of wetting and trapped oil during this operation is then
difficult to evaluate in the mass balance of the "dry" mass unstable asphaltenes. In
addition, such experiments on live-oils are invasive and destructive of the samples
after each measurement.

Therefore, according to our knowledge, this is a statement of lacking reliable and
non-destructive quantitative measurements of unstable asphaltenes for pressurized
systems.

Additionally, the relevance of small unstable aggregates to the deposition was re-
vealed by Hoepfner and Fogler 2021 and Vilas Boas Féavero et al. **. Indeed, signifi-
cant accumulations of deposit were experimentally observe while flowing mixtures
of n-heptane and crude oil for which unstable flocs had not reached a microscope
detectable size (~ 0.5-2um). In the precedent Chapter, the size of depositing parti-
cles was back-calculated from their fitted diffusion coefficients, an average hydro-
dynamic radius of 7 nm was found to describe depositing particles of unstable as-
phaltenes. These findings suggest that the size of unstable asphaltenes matters to the
main deposition mechanism, smaller aggregates will cause a faster deposition rate
under diffusion-limited regime. One should note that the concentration of unstable
particles is another significant parameter to such a deposition mechanism.
Consequently a better resolution of the detection of unstable asphaltenes is neces-
sary and methods referred as direct detection ones were judged not sensitive enough
according to Tavakkoli et al.””. An indirect method of detection was developed by
these authors ™ for ambient pressure experiments. The methodology was tested and
validated using a model oil, which conveniently has a low viscosity and enables
centrifuging out relatively small particles thanks to the good separation efficiency.
However, higher viscosities or high pressure recombined oil fluids would still re-
quire large flocs of asphaltenes for their separation using the latter technique. At
elevated pressures, the wide-spread SDS using NIR light transmittance, the earlier
mentioned high pressure filtration or even high pressure microscopy are commonly
used ”! but their sensitivity is two orders of magnitude larger than the calculated
diameters of diffusing particles. The use of those experimental set-ups can lead to
risky results that neglect undetectable particles.
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In contrary, it can also lead users to push the mixtures to unreasonably severe condi-
tions until flocculated asphaltenes can be seen. For example, a common practice of
the o0il & gas industry is to inject chemicals downhole to prevent asphaltenes from
depositing. Chemical selections are made by comparing their influence on labora-
tory tests prior to field injections. Therefore, a reference condition of test is usually
chosen in such way that asphaltenes are clearly detected without added chemicals.
However experimental set-ups that are sensitive to microscopic or macroscopic phe-
nomena will only provide indications on the effect of chemicals on the same length
scale.

The sensitivity of immersed quartz resonators has been advantageous to quantita-
tively study asphaltene destabilization'”'" and deposition in flow cells under atmo-
spheric pressure as showed in Chapter 5. It has been shown that the fully immersed
sensor can probe both liquid /vapor phase transitions and asphaltene destabilization
in live crude oils throughout a single experiment”''.

This study investigates means of enhancing the analysis of the extracted information
from the immersed QCR during the depressurization of live or recombined oils.

6.1.2 Aim of this work

The subordinate objective of precedent Chapters was to relate bulk phenomena to
the deposition of asphaltenes on surfaces. Measurements of bulk properties and
deposited masses were carried out with a non-destructive device to study the as-
phaltene deposition at the appropriate length scale (nanometers to micrometers).
At this point of our research, investigations of this dissertation have comprehended
the simultaneous kinetics of destabilization, aggregation and deposition of a portion
of asphaltenes induced by the (continuous and discontinuous) addition of n-heptane
in crude oil. Mathematical relationships were derived to link the liquid composi-
tion to the concentration of unstable asphaltenes, their aggregation, their deposition
and their detection-time by microscopy. Simulated mechanisms showed good agree-
ments against experimental data after additions of n-heptane.

Extending the mentioned concepts, that were developed at atmospheric pressure
with liquid mixtures of oil and heptane, to pressurized mixtures of oil and light con-
stituents, first requires to verify if the mechanisms in such conditions are identical to
those observed at ambient pressure. Therefore the presented results of experimen-
tation will involve high pressure microscopy detection-time of unstable asphaltenes
along with deposition measurement with an immersed QCR sensor.

A high pressure compatible vessel is used to study the effect of the molar volume of
constituents. Note that due to the difference of geometry between our glass atmo-
spheric pressure vessel (used in Chapter 5 and the high pressure apparatus forces us
to repeat tests at atmospheric pressures with liquid anti-solvents in the aparatus that
is compatible to high pressures. Indeed, the comparison of obtained data from using
various alkanes (including methane) will only hold if using the same conditions of
experiments (geometry and fluid superficial velocity).

First, the suggested relation (combining Chapters 4 and 5) between the detection of
micron-sized aggregates and the deposition rate of unstable asphaltenes is verified
with n-heptane (1-Cy7) and n-undecane (1n-Cyq1) at atmospheric pressure in the PVT
cell. Second, the relation that was derived from both liquid alkanes at ambient pres-
sure is used to check its applicability to methane dissolved conditions.
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The two different regions of aggregation (slow and immediate) are in turn investi-
gated with methane addition, the initial quantity of injected methane and the pres-
sure variations enable to vary volume fractions as explained in Chapter 2. The pre-
sentation of results is divided into two subsections that refer to (i) the region of slow
flocculation at which a detection-time curve is constructed and (ii) the region of ele-
vated deposition rates and instantaneous flocculations.

This Chapter implicitly presents an attempt to clarify the above reported and con-
flicting trends with analyzing experimental data on a single crude oil and various
alkanes.

The goal of this research is not to evaluate the accuracy of the existing modeling
tools. However thanks to the simplicity of use of the ASIST method, we will take
the opportunity to compare its predictions on the detection of unstable asphaltenes
to the experimental measurements.

In addition to the verification of theoretical concepts, this work evaluates the capa-
bility of our experimental set-up to provide quantitative measurements related to
the destabilization and to the deposition of asphaltenes under live-oil conditions.

6.2 Materials and methods

6.2.1 Sample preparation

Liquid solvents (e.g. n-alkanes) and bottles of methane were 99+% purity supplied.
For measurements involving addition of n-heptane or n-undecane, the crude oil was
first mixed with an appropriate amount of liquid n-alkane. Indeed the volume re-
strictions of the high pressure vessel would not enable to reach relevant mixture
concentrations if not starting with a pre-mixed solution.

The crude oil, the alkanes and vials were all incubated at the temperature of the
study until reaching a stable temperature. A known volume of oil was placed into a
vial. The pure solvent was added by means of a peristaltic pump at an addition rate
of 3 cm® /min until the desired concentration was obtained (on a mass basis). During
the addition, a good agitation was ensured with a magnetic stirrer to minimize lo-
calized high concentrations. The solution was then injected in the pressure volume
and temperature (PVT) controlled cell. Additional liquid solvent was pumped-in
by moving the piston and increasing the total volume of the cell. All the injected
alkanes while recording the QCR signal were prepared on a volume measurement
basis thanks to the pre-calibrated PVT cell. A schematic of the experimental set-up
is showed in Figure 6.13.
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FIGURE 6.13: Schematic of the high pressure compatible apparatus
with an immersed QCR

For cases of recombination of the oil with methane, the sample preparation is
described in Chapter 2.
6.2.2 Measurements of an immersed QCR in a pressure compatible vessel

We have seen in Chapter 4 that the microscopy detection-time (ftection) follows the
proportionality:

dCq.
10g < dtlz ) X 108 (tdetection) (6-2)

dcy\ . c s . . .
where (Ttll> is the initial generation rate of primary particles of unstable asphaltenes

defined by r1(0) in Chapter 3. In turn, Chapter 5 advises the relation:

Am
At = rutedeposition o Cy(t) (6.3)

During a given interval of time At, a constant deposition rate (linear increase of
the deposited mass as a function of time) equates to a constant concentration of
primary units over time. The generation rate (showed to be roughly constant within
periods of time equivalent to the detection-time) then equals the rate of consumption
(aggregation or deposition) of the primary particles. In those circumstances, the
concentration of primary particles only depends on the initial conditions and the
following implication can be written:

dC1 _ dcl,-
(dt> =0 = Ci(t) ( = > (6.4)

Combining equations 6.2, 6.3 and 6.4, one can establish the relation between the
microscopy detection-time of particles and the measured deposition rate of unstable
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asphaltenes as follows:

10g (ratedeposition> X 10g (tdetection) (6.5)

Scanning of a n-alkane expansion can be carried out either continuously or by steps
of volume additions. Although the generation rates of unstable asphaltenes are low
in the range of compositions corresponding to the detection-time curves, the nano-
sensitivity of the immersed QCR lets us measure significant enough deposition rates
during successive addition of alkanes in the conditions of interest. The method
is first applied with step additions of n-C7 and n-Cq; at equivalent concentrations
at which the microscopy detection-time curve of asphaltene particles had been ob-
served. In this way, the above proposed relation is verified and the data points will
serve as a calibration curve to the interpretation of data with dissolved methane in
the same oil, for which the detection-time curve is experimentally more complicated
to determine. Figure 6.14 shows the track of the composition of the mixtures over
time.
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FIGURE 6.14: Tracking records of the mixture composition versus
time during step additions of n-heptane and n-undecane

The second part of our work consists of using the QCR records to construct the
detection-time curve of flocculated asphaltenes induced by the presence of methane.
A pressure scanning, starting from the highest to the lowest pressure, is ran in order
to identify conditions at which the deposits significantly accumulate. As observed in
the case of n-heptane addition, Figure 6.15 shows that the conditions of the immedi-
ate detection of micro-flocs by visual inspection and the departure of the deposition
curve roughly coincide.
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FIGURE 6.15: Comparison of the microscopy detection-time results

of individual solutions to the cumulative mass of deposit during the
heptane addition as a function of the mixture composition

The first experiment of continuous depressurization is therefore an identification
of the conditions at which deposition significantly increase which roughly estimates
conditions at which the microscopy detection-time curve should pertain. The exper-
iment is then repeated with making steps of depressurization while taking records
of the deposited mass of asphaltenes in the pre-identified region. Figure 6.16 shows
the evolution of the composition mixture during this operation.
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FIGURE 6.16: Tracking records of the mixture composition versus

time during steps of depressurization of an oil-methane blend (from
P =950 to 500 bars)

The minor fluctuations occur during each stage due to the pressure adjustments
of the apparatus. Indeed, the tracking curve of pressure as a function of time also
shows similar fluctuations as seen in Figure 6.17.
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FIGURE 6.17: Tracking records of the pressure versus time during
steps of depressurization of an oil-methane blend

The deposition data are then treated through the calibration curve previously

arisen from Equation 6.5, in order to estimate the microscopy detection-time curve
of unstable asphaltenes from the measured deposition upon stages of methane ex-
pansion.
The last part of the pressurized experiments consisted in continuous depressurisa-
tion of methane-oil mixtures starting from 900 bar to 100 bar at various depressur-
ization rates (2, 4 and 12 bar.min!). According to the plot of the volume fraction of
methane as a function of pressure, showed in Figure 6.18, a larger volume addition
rate of methane is expected as the depressurization rate is increased.
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FIGURE 6.18: Composition of the prepared oil-methane mixture as a
function of pressure

As shown in Chapter 5, the deposition rate scales with the concentration of pri-
mary unstable asphaltenes in the case of n-heptane continuous addition. Investi-
gated conditions of deposition are beyond the onset of instantaneous flocculation,
therefore the concentration C; of primary unstable asphaltenes exclusively depend
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on the generation rate of unstable asphaltenes and according to Figure 6.18, the fol-
lowing equation should hold in such conditions:

dCy dP

Croc o < f

(6.6)
Indeed Chapter 3 advised that during a continuous addition of alkanes in crude oil,
the generation rate is controlled by the addition rate of the liquid alkanes. In the
studied case, and as illustrated by Figure 6.18, the addition rate of methane is equiv-
alent to the depressurization rate of the recombined oil. The rate of depressurization
is expected to be one of the main variable affecting the deposition rate of the studied
system. Combining equations 6.3 and 6.6, we get:

apP

ratedeposition it

t (6.7)

6.2.3 Microscopy detection of unstable asphaltenes

High pressure microscopy

As discussed in the previous paragraph, predictions of the detection-time curve of
unstable asphaltenes is indirectly calculated as function of the methane content us-
ing deposition measurements and concepts developed when using n-heptane. The
applicability of those concepts to different alkanes is uncertain and needs direct ex-
perimental verification. Aliquots of pressurized samples cannot be taken, instead
the observed fluid has to directly be transferred into a transparent device without
altering the pressurized fluid. For this purpose, a custom-made jacketed cell with
sapphire windows on both sides of a channel was connected. The distance between
both windows is large enough to let micro-objects to flow through (~ 0.3mm) and
narrow enough to enable infrared light to span through a dark sample such that mi-
croscope observation are made from the other side. The high pressure experimental
set-up presented in Chapter 2 is equipped with the high pressure microscope cell be-
tween two different PVT cell (one of them containing the QCR). In this way, pistons
on both sides can simultaneously be used to homogenize the fluid without altering
the pressure of the sample. This set-up enables to observe an isothermal and iso-
baric transferred fluid by time-resolved microscopy. Figure 6.19 shows a schematic
representation of the high pressure microscope set-up for better visualization of the
reader.
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FIGURE 6.19: Schematic of the high pressure microscope set-up

Due to the complexity and the destructive character of experiments performed at
different molar compositions, only two data points were collected. Before running
each experiment, the mixture is first brought to the highest practical pressure in or-
der to minimize the methane volume fraction and risks of flocculation. After making
sure that the signal of the immersed QCR is constant over time (synonym of absence
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of detection of unstable asphaltenes), the identifying condition of interest (methane
volume fraction or pressure) is reached at a depressurization rate of 20 bar.min !
to minimize the time of this operation. The agitated solution mixture is then left at
the pressure of interest and shooting images are taken through the microscope, after
manually homogenizing the system in both PVT cells prior to taking a picture.

6.3 Results discussions

6.3.1 Effect of the n-alkane chain length on the slow destabilization and
aggregation of unstable asphaltenes

detection-time of micro-aggregates in liquid mixtures at atmospheric pressure
The polydisperse distribution of asphaltene molecules that are naturally present
in petroleum fluids confers to them a dependence of their dispersion (in forms of
nanoaggregates or clusters’”) on properties of the liquid solution. The concentration
and the aggregation rate of destabilized units quantitatively give full account of the
effect of solution properties (solubility parameter and viscosity) on the asphaltenes
behavior. Their microscopy detection-time represents a combined effect of destabi-
lization and aggregation rates (Chapter 4). Figure 6.20 shows the microscopy mea-
surement for five different liquid n-alkanes (n-C7, n-Cg, n-Cy9, n-Cy1, n-Cy5) mixed
to the crude oil at a temperature of 60°C and at atmospherci pressure. The detection-
time of asphaltenes micro-aggregates shown by the studied crude oil system gives
similar trends to the results reported by Haji-Akbari et al. ' showed in Figure 6.1.
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FIGURE 6.20: Microscopy detection-time of unstable asphaltenes as
a function of the volume fraction of n-alkanes in oil-alkane solutions
for five different n-alkanes

Despite the higher viscosity and larger solubility parameter of n-pentadecane,
the destabilizing power of increased carbon numbers of n-alkanes compared to n-
heptane is in agreement with previous observations '“"". This unexpected behavior
has been attributed to the polydispersity of asphaltenes according to the so-called
unified model of Haji-Akbari et al.'”. They reported that different n-alkanes are
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expected to destabilize different fractions of asphaltenes solubility class. The fit-
ted trend of J5p, to their model adverts that longer n-alkanes will destabilize as-
phaltenes that have larger solubility parameters on average, and vice versa (see Fig-
ure 6.2). For that, the solubility parameter of mixture solution was introduced as a
variable instead of the volume fraction of each alkane. Figure 6.21 reports the mea-
sured data plotted in a different manner, i.e. as a function of the solubility param-
eter of respective solutions with extrapolated regression trends to a range of time
between 0.1h ad 1000h.
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FIGURE 6.21: Microscopy detection-time of unstable asphaltenes as
a function of the solubility parameter of oil-alkane solutions for five
different n-alkanes at various concentrations

The plot of unstable asphaltenes measurements against of the solubility param-
eter of solution highlights the strong effect of the nature of the destabilizing solvent.
Indeed, equal solubility parameters of solutions (synonym of similar dispersive in-
teraction forces) obtained from adding different alkanes is not able to collapse the
microscopy observations in a single line. Trends are rather moved apart when stud-
ied with the solubility parameters of mixtures.

We bring the attention of the reader on the fact that no detection-time curves could
be simply measured with the same atmospheric pressure set-up for n-alkanes lighter
than n-pentane due to their volatility. As predicted by ASIST lines and if the ob-
served trend in Figure 6.21 remains unchanged for lighter solvents; microscopy
detection-time curves of asphaltenes destabilized upon addition of light alkanes is
expected at a lower solubility parameter than n-Cy.

Figure ?? is the construction of the ASIST plot using Figure 6.21 by reporting each
intersection of the regression lines with five chosen aging times represented by grad-
uated dotted lines (0.1h, 1h, 10h, 100h and 1000h). Note that previous verification of
ASIST predictions involved the tuning of mixtures aging time up to tens of hours®.
Consequently, results for multiple ASIST lines corresponding to aging times be-
tween 0.1h and 1000h are purposely showed in order to compensate for potential
experimental errors. The composed graphic illustrates the above statement of trends
mentioned for lighter alkanes.
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FIGURE 6.22: Solubility parameter of solutions corresponding to the
microscope detection of unstable asphaltenes for several aging times

and several n-alkanes versus the square-root of the partial molar vol-

ume of the used n-alkane (v},/ 2)

ASIST predictions by extrapolations of linear regression trends will later be com-
pared to experimental data obtained for the destabilization of asphaltenes induced

by volume expansion of methane (v}/ >~ 6-7 (em®/mol) 12y,

Relation between the microscopy detection-time of liquid mixtures at atmospheric
pressure

Figures 6.23 and 6.24 show results of the record of the deposited mass of unstable
asphaltenes on the immersed sensor as a function of time for respective additions of
n-Cy and n-Cy;. Successive stages were performed such that let the solution age for
30 minutes or longer between each addition in order to gather enough data points
to analyze slopes.
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FIGURE 6.23: Records of the deposited mass of unstable asphaltenes
as a function of time upon stage additions of n-Cy
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FIGURE 6.24: Records of the deposited mass of unstable asphaltenes
as a function of time upon stage additions of n-Cq;

Two remarkable trends arise from both graphical results of stage records: (i) the
deposition rate is significantly augmented by the simultaneous addition of the alka-
nes compared to time intervals when additions are momentarily stopped and (ii)
observed deposition rates (slope) steadily increase with the volume fraction of alka-
nes and eventually gain significantly larger orders of magnitude when the instanta-
neous points of flocculation are passed.

According to Equation 6.5 derived from developed models in previous Chapters of
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this dissertation; the logarithmic plot of linearized deposition rates % upon succes-
sive stage additions of n-C; and n-C;; against the measured microscope detection-
time should result in a line. Figure 6.25 shows the good agreement between the
measured data and the expected trend.
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FIGURE 6.25: Logarithmic plot of the observed detection-time of un-
stable asphaltenes with a microscope against the measured deposi-
tion rate

If mechanisms of destabilization, aggregation and deposition are unchanged,
the latter trend is theoretically independent of the added alkane to destabilize as-
phltenes. Its acquisition from experiments using two different alkanes seems to con-
firm that mechanisms are identical for different alkanes. Note that even if similar
mechanisms occur, it does not exclude the sensitivity to the nature of the added
alkane and to its concentration in solutions.

Application of the obtained experimental relation to oil-methane mixtures by
stages of depressurization

As showed in the previous paragraph, the relation between the microscope appear-
ance of asphaltenes aggregates and their deposition rate seems to be insensitive to
the nature of the anti-solvent. Figure 6.26 shows results of the equivalent method of
stage measurement of the deposited mass of unstable asphaltenes when applied to
an oil-methane system. Steps of volume addition of methane are achieved by means
of successive changes of piston positions corresponding to pressure levels.
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FIGURE 6.26: Records of the deposited mass of unstable asphaltenes
as a function of time upon stage additions of CHy by steps of depres-
surization of an oil-methane mixture

The obtained linearized deposition rates are then used to calculate a detection-
time curve by microscopy of the pressurized system. The data processing consists
of reading the equivalent times corresponding to each measured deposition rate, as
illustrated by Figure 6.27.
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FIGURE 6.27: Data processing of the obtained deposition data of oil-
methane mixtures using the previously obtained plot showed in Fig-
ure 6.25

The calculated detection-time curve of the unstable asphaltenes upon depressur-
ization of an oil-methane mixture is plotted against the solubility parameter of the
solution and the volume fraction of alkanes in Figure 6.28.
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FIGURE 6.28: Calculated microscopy detection-time curve of unsta-

ble asphaltenes induced by methane (along with other n-alkanes pre-

viously showed) as a function of (a) the solubility parameter of oil-
alkane solutions and (b) the volume fraction of respective alkanes

As it can be seen, the resulting curve of the applied method goes against the
observed trend when only studying the effect of heavier alkanes in previous para-
graphs. In the following paragraph, high pressure microscopy results are presented
in order to verify that no error arise from the relation between the measured deposi-
tion rate of asphaltenes and their detection-time by microscopy.

Verification of the back-calculated detection-time curve of unstable asphaltenes
by high pressure microscopy

Figure 6.29 provides examples of images observed during the constant mass expan-
sion and while aging solutions at a fixed compositions (constant pressure). The ap-
pearance of opaque material is related to the destabilization of asphaltenes phenom-
ena. Note that more unstable asphaltenes can qualitatively be observed at condi-
tions of instantaneous flocculation than in cases of aging the solution at a higher
pressures for hours. This observation is consistent with usual images recorded for
flocculation induced by addition of liquid alkanes. It is also worth remarking that
the slow growth of unstable asphaltenes appeared as a dynamic process with ag-
gregating and detaching particles from each other at the scale of observation (~ 10
pum). The saturation pressure was clearly observed and despite the lack of experi-
mental measurement of solution properties at pressures lower than the saturation
pressure, the asphaltenes were observed to re-disperse very rapidly and could not
be observed a few seconds after the saturation pressure was passed.
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FIGURE 6.29: Example of high pressure microscope shooting images
of the crude oil-methane system

The results of the two independently measured data points at different pressures
are incorporated to the plot of several alkanes on top of the previously calculated
detection-time curve. As seen in Figure 6.30 the experimental measurements and
the calculated curve of unstable asphaltees detection by microscopy are in excellent
agreement.
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FIGURE 6.30: Measured microscopy detection-time of unstable as-

phaltenes for six different n-alkanes (including methane) at various

concentrations as a function of (a) the solubility parameter of oil-
alkane solutions and (b) the volume fraction of respective alkanes

Extending our experimental method based on deposition rate measurements en-
abled us to derive a time-dependent diagram of appearance of unstable asphaltenes
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showed in Figure 6.31. Observed results are in agreement with time-resolved mod-
eled asphaltenes instability envelopes reported by Tavakkoli et al. ™.
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FIGURE 6.31: Time-dependent curves of unstable asphaltenes detec-
tion on a pressure versus temperature phase diagram for the studied
methane-oil system

ASIST trends can now be evaluated against experimental data obtained with the
same observation technique of asphaltenes destabilized by constant mass expansion
of oil-methane mixtures. Figure 6.32 shows the complete set of data in comparison
to ASIST lines that extrapolate the behavior of data points obtained with liquid com-
ponents at room pressure and temperature of the study “*” (here 60°C). As it can be
noticed, CHy4 takes different values of partial molar volume in oil-methane mixtures
due to its strong dependence on the pressure (presented in Chapter 2).
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FIGURE 6.32: Predictions of ASIST solubility lines to experimental
instability of asphaltenes obtained by constant mass expansion of
methane-oil and measured by microscopy for several aging times and
several n-alkanes versus the square-root of the partial molar volume
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A significant discrepancy is found between the ASIST method and experimental
observations. Indeed, the experimental measurement of appearance of the micro-
unstable asphaltenes during the methane expansion is found in the predicted zone of
"stability" at larger solubility parameters than the ASIST lines. Indeed, despite many
reports that seemed to verify the applicability of ASIST extrapolations to alkanes
with low molar volumes %% results showed in Figure 6.32 indicate that ASIST
lines under-predict risks of asphaltenes instability in the investigated condition of
this Chapter.

Note that refractive indices of gas-dissolved solutions are not measured but calcu-
lated following the ASIST method®. The calculating is explained in Chapter 2 of
this work. Despite assumptions of such calculations, a sensitivity analysis reveals
that relative errors of the refractive index calculations should be in the order of ~
6.5% for ASIST to comply with experimental data. Such relative errors are more
than one order of magnitude larger than typical discrepancies found on refractive
indices which are very sensitive parameters. Therefore, the discrepancy between
ASIST predictions and experimental measurements of asphaltenes instability can-
not be explained by the particular calculation of live oils refractive indices of the
method.

According to the experimental trends showed in Figure 6.33, solutions in which un-
stable asphaltenes are detected have similar solubility parameters when induced by
additions of n-Cy5 and of CHjy to the crude oil. However the detection of unstable
asphaltenes necessites comparatively lower Js,1,,1i0, fOr cases of addition of n-alkanes
with intermediate chain lengths.
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FIGURE 6.33: Trends of time-resolved detection of unstable as-

phaltenes by microscopy for several several n-alkanes versus the

square-root of the partial molar volume of the used n-alkane (v}/ %)

In fact, when plotted in the form of volume fractions of alkanes at detection as

a function of v}/ 2 (that better represents the more usual carbon number variable for
compressible components) the observed trends of this work retrieve the so-called
paradox of asphaltenes instability induced by addition of n-hydrocarbons. Figure
6.34 shows that curves pass through a maximum at intermediate chain lengths of
the studied alkanes (~ n-C; — n-Cg). Interestingly, the detection kinetics of unstable
asphaltenes have a dependent behavior on the nature of the destabilizing agent and
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seem to reduce to a single volume content of methane. This behavior could also be
noticed by the more vertical detection-time curve of unstable asphaltenes induced
by methane compared to other n-alkanes in Figure 6.30.
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FIGURE 6.34: Trends of volume fractions of n-alkanes at time-
resolved detection of unstable asphaltenes by microscopy for several
several n-alkanes versus the square-root of the partial molar volume
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In comparison to previously reported data found in the literature 046 trends are
found to have equivalent shapes with similar a specific maximum. Note that volume
fractions of the n-alkanes have not been reported by Wang and Buckley *°, however
the refractive indices of pure oils along with the "precipitation refractive indices" Pg;
enabled us to back-calculate the volumetric composition at the detection conditions
of unstable asphaltenes using the following relation:

Pr; =) _ ¢inp; (6.8)

where ¢; and np; are respectively the volume fraction and the refractive index of
the pure constituent i (which takes only two states: n-alkane or crude oil). For the
first time, our measured points complete the wide-spread graphical representation
(Figure 6.35) in the region where systems need to be pressurized and expanded in
order to observe the volume increase of destabilizing constituents.

It is expected that oils of different origins and that have different compositions and
properties require varying amounts of n-alkanes for asphaltenes destabilization.
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FIGURE 6.35: Literature comparison of trends’’** of volume frac-

tions of n-alkanes at time-resolved detection of unstable asphaltenes

by microscopy for several several n-alkanes versus the square-root of
the partial molar volume of the used n-alkane (v},/ 2)

It is important to highlight that the presented results indicates that the pressure

is not the definitive variable of interest for the study of asphaltenes instability in
live-oils. Instead, future research is suggested to study the effect of the volume frac-
tion of expanded alkanes (which may be induced by decreasing the pressure of the
sample).
We should note that despite the oil specific behavior, as showed in the literature
review of this Chapter, regular solution based models previously demonstrated ex-
cellent capabilities to represent the functions of Figure 6.35 with respect to certain
crude oils”%*1? " Although adjustments of generic parameters might have been a
limiting practice to the full prediction of asphaltenes behavior in presence of light
alkanes, the incorporation of kinetics of destabilization (Chapter 3) along with the
better understanding of asphaltenes polydispersity ' are promising alternatives for
the construction of new thermodynamic predictive tools. Calculations of the amount
of unstable asphaltenes as a function of the liquid composition may arise from com-
bining the concepts and requires more research efforts.

6.3.2 Effect of the n-alkane chain lengths on asphaltenes deposition rate

Previous results showed that mathematical relations of asphaltenes phenomena in
presence of n-heptane (destabilization, aggregation and deposition) seem to apply
to relatively lighter (CH4) and heavier alkanes (1-Cy1). Similar reported trends and
modeling practice may enable the improvement of predictive tools. However, lim-
ited number of gas-dissolved experiments giving the quantity of unstable asphaltenes
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(previous referred to as C,) are available in such conditions. This part will show the
evaluation of the possibility to extract relevant information from measured deposi-
tion in the conditions of interest (large deposition rates) during CME experiments.

Evaluation of the effect of the methane expansion rate during live-oil depressur-
ization

As expected, the volume increase of methane destabilizes asphaltenes and enables
us to measure their deposition on the immersed sensor. Figure 6.36 is the plot of the
measured cumulative deposited mass for several experiments at various depressur-
ization rates (dP/dt). The data are plotted for a range of pressure between 1000 bar
(upper limit of utilization of our equipment) and 500 bar (saturation pressure of the
studied system).
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FIGURE 6.36: Measured deposited mass during CME experiment

with an immersed QCR of an oil-methane mixture composed of

64%,,,; of CHy at several rates of depressurization as a function of
the pressure

As explained, the variable of interest should be referring to solution properties
of the liquid solvent instead of the pressure, the volume content of methane in oil
is more suitable. Figure 6.37 shows the plot of the same data as a function of the
methane volume fraction and is compared to the detection-time curve of micro-
aggregates. The graphical interpretation leads us the identical statement compared
to the destabilization and deposition trends induced by n-heptane (Figure 6.15); the
instantaneous (less than 5 min) appearance of large unstable asphaltenes coincides
with the significant change of slope of the deposited mass.
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FIGURE 6.37: Measured deposited mass during CME experiment

with an immersed QCR of an oil-methane mixture composed of

64%,,,,; of CHy at several rates of depressurization as a function of
the methane volume fraction

Results indicate that the largest cumulative mass of deposit is recorded for the
lowest rate of depressurization. However this graphic does not incorporate the ef-
fect of the residence time of the fluid, indeed the variation of the depressurization
rate does not permit an equal residence time in the conditions at which significant
deposition is observed. As explained in Chapter 5, the data are preferentially plotted
in a different manner for direct comparison. Deposition rates are not only more con-
venient for comparisons on a single chart, the relevance of experimental deposition
rates information is easier to interpret industrial implications.

The CME experiment is equivalent to a Lagrangian specification for a flowing fluid
along well tubings and pipelines. During petroleum extraction, a given parcel of
fluid is driven to flow through channels in response to the pressure gradient. The
pressure decrease, itself, incurs an expansion of the light constituents in the compo-
sition of the considered parcel of fluid.

The cumulative mass of deposit per unit area in CME experiment corresponds to
the mass fraction of asphaltenes that will deposit all along the well. However in
practice, localized restrictions that form in short intervals of time are the most prob-
lematic and correspond to the equivalent mass of asphaltenes that will accumulate
at a given pressure and at a specific rate. It then becomes more appropriate, in the
CME data processing, to represent the rate of accumulation at specific conditions
of pressure and temperature of the system. Plots of measured deposition rates as a
function of pressure and as a function of the equivalent methane volume content in
the fluid are presented in Figure 6.38.
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FIGURE 6.38: Measured deposition rates of unstable asphaltenes dur-

ing CME experiment of an oil-methane mixture composed of 64%;,,

of CHy at several rates of depressurization as a function of (a) pres-
sure and (b) methane volume fraction

As expected from the mechanism described by the dominating deposition of pri-
mary units of unstable asphaltenes, larger rates of depressurization will induce more
severe destabilization rates. In turn, elevated rates of destabilization will increase
the number concentration of primary unstable aggregates in the system and subse-
quently increase the local deposition rate due to their fast diffusion. This observation
further comforts the consensus of identical mechanisms of destabilization, aggrega-
tion and deposition of asphaltenes upon increases of volume contents of different
alkanes in mixture solvent. This statement does not exclude that the molar volume
of alkanes have a strong effect. However it is worth reminding that the purpose of
this part is to verify if concepts and equations derived in previous Chapters of this
document can be applied several alkanes. Therefore, additional observations are
reported in the following paragraph.

Effect of the n-alkane chain length on the deposition rate of unstable asphaltenes

Harmony of the governing mechanisms in both conditions (liquid addition or ex-
pansion of dissolved gas components) is further tested by stages of depressurization
and records of the deposition rates. Indeed, as seen in the case of step additions of
n-heptane or n-undecane (Figure 6.39 and 6.40), the deposition rate of asphaltenes
goes through maximum during simultaneous addition of the destabilizing agent.
During plateau stages the deposition rate rapidly decreases to significantly lower
deposition rates and eventually reaches a null value once the system reaches a lo-
cal equilibrium (no more generation of unstable asphaltenes). The process is then
re-encouraged when the addition of n-alkanes is carried again as predicted by our
simplified model that predicts the predominant deposition of primary unstable ag-
gregates.
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addition is stopped as a function of time

Steps of methane volume additions in the mixture of oil-methane were similarly
carried by depressurization stages as presented in the previous section. Minor depo-
sition rates (scale in mg.mfz.dayfl) were observed at low enough volume content
of methane compared to the plot showed in Figure 6.41 (scale in g.m~2.day!).
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The similarities in observations of asphaltenes deposition induced by several
conditions of solvent properties further support that mechanisms are identical for
the asphaltenes destabilization caused by different n-alkanes. However, the destabi-
lizing power of different n-alkanes non-monotonously varies with their partial mo-
lar volumes according to the detection curves of unstable asphaltenes as a function

of v:,/ ® as precedently showed. Destabilization kinetics are particularly observable
in the smooth decay of deposition rates once changes in pressure are stopped.

We have seen in our research that destabilization of asphaltenes is a precursor to
the deposition phenomenon and that mainly primary units of unstable asphaltenes
contribute to the deposition. Results of depositions induced by continuous addition
of n-heptane and by the expansion of methane from a constant mass expansion ex-
periment are compared in Figure 6.42. The power of n-alkanes to cause asphaltenes
deposition has, as expected, a comparable behavior to the microscopy detection-
time curve. Analogous deposition rates and deposited masses are obtained for both
alkanes at different solubility parameters of respective mixture solutions. A lower
solubility parameter of the solution needs to be reached for n-Cy to cause a compa-
rable severity of deposition rates. This behavior indicates that methane has a larger
thermodynamic influence than n-heptane on the destabilization rate of asphaltenes.
Since larger volumes of n-heptane are required, the deposition rate passes through
a maximum due to large dilution effects, while the methane volume content is low
enough for this effect to not be predominant.
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FIGURE 6.42: Comparison of (a) cumulative deposited mass and (b)

deposition rates of unstable asphaltenes induced by addition of n-

heptane and by expansion of methane as a function of the solubility
parameter of the solution

We notice in Figure 6.42 that the increase of the depressurization rate of methane
recombined fluid has a similar effect compared to the addition rate of n-heptane.
However both variables are expressed in a different manner. The same graduated
scale J¢y1,tion 1s indeed convenient for the juxtaposition of results obtained with var-
ious solvents. Therefore, Figure 6.43 plots the rate of change of the solubility pa-
rameter of the solution as a function of Jdyy,ti0,. We can observe that predominant
dilution effects of n-Cy are remarkable by the opposite slopes compared to the case of

methane increased expansion that causes ( % to increase. As expected, com-

paratively larger rates of change in solubility parameter of the solution induce larger
generation rates of primary unstable asphaltenes particles, directly represented by
the proportionality to the deposition rates.
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Further studies are necessary to understand the fundamental role of the length of
n-alkanes on asphaltenes destabilization. Results of this study suggest that deposi-
tion measurements under several conditions can be rallied to two primary variables:
the absolute solubility parameter of solution mixtures and their rate of change upon
addition of liquid n-alkanes or depressurization of gas recombined systems. Indeed,

the rate Adeortion

of different n-alkanes on asphaltenes.

) need to be similar in order to experimentally quantify the effect

6.4 Conclusions

The effect of the carbon number of n-alkanes on asphaltenes behavior was studied.
Experimental verification were carried with n-undecane and with methane to check
if mechanisms of asphaltenes phenomena would be sensitive to the alkane nature.
The used apparatus is able to monitor both the deposition of an immersed QCR and
the appearance of unstable asphaltenes with an infrared microscope at room pres-
sure and at elevated pressures (up to 1000 bar). Non-invasive and non-destructive
methods are developed in order to quantify the deposition of asphaltenes gas-dissolved
conditions (live oils).

In the first part, investigated conditions were purposely chosen at small thermo-
dynamic driving forces (i.e. at low concentrations of destabilizing agents). A new
technique was employed to indirectly measure the detection-time curve of unsta-
ble asphaltenes. The technique, which relates the microscopy detection-time to the
deposition rate of unstable asphaltenes, showed excellent agreement with the direct
microscopy observations. Earlier determined concepts (in this dissertation) revealed
to apply to both longer and shorter n-alkanes at conditions of slow aggregation. The
deposition of unstable asphaltenes under those conditions (range of detection-time
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curves) is very limited due to the small number of primary aggregates.

For the first time, methane is treated as another alkane toward the destabilization of
asphaltenes (volume fraction as the variable of interest), the pressure is defined as
a mean to reach certain mixture composition with compressible constituents, such
as methane. In this way, the monotonic trend proposed by the ASIST method of
prediction is challenged by non-monotonic experimental observations (that are in
agreement with previously reported trends).

In the second part of this Chapter, larger thermodynamic instability of asphaltenes
was induced by addition of larger volume fractions of n-alkanes. The effect of the
rate of expansion of the added solvent is in agreement with the described approaches
in our precedent work with n-heptane. Indeed, experimental evidences show that
primary unstable aggregates (those which are generated while the deposition oc-
curs) dominate in the deposition process. When the generation of units is reduced
by keeping constant mixtures, deposition rates tend to negligible values within a
few minutes.

The developed experimental methods of this work will enable further quantitative
investigations and improvement of models for asphaltene destabilization, aggrega-
tion and deposition implied by light constituents only dissolved in the oil at elevated
pressures. Further experimental investigations are suggested to be performed with

controlling the relevant variables (J5o7tion and ( Aé#“’t“”"), such that results can di-
rectly be compared.
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Chapter 7

Conclusions

Asphaltenes belong to a class of heavy and poly-aromatic molecules usually existing
as continuous distributions in crude oils. Those components are originally dispersed
in the form of self-associated molecules in good solvents, such as petroleum fluids
in equilibrium with geological rock formations.

In general, extraction and treatment facilities of the oil & gas industry are subject
to deposition or fouling caused by constituents in flowing mixtures that are in con-
tact with solid surfaces. Driving forces of such economically catastrophic events are
related to the change of pressure and temperature or to the mixing of incompati-
ble fluids along the industrial conduits. In fact such thermodynamic variables are
only secondary to the phase behavior of asphaltenes which rather results from sev-
eral primary variables, such as the molar volume of the solvent. The scientifically
difficult understanding of asphaltenes then resides in isolating relevant primary af-
fecting variables and respectively explain underlying mechanisms.

Asphaltenes simultaneously undergo destabilization, flocculation and deposition
processes upon volume addition of destabilizing agents such as n-alkanes. The
3 phenomena are undeniably inter-dependent and are triggered by the change of
solution properties. Their respective characteristic times of occurence depend on
thermodynamic driving forces of the media (mainly London dispersion interaction
component), fluid transport properties and geometrical descriptions of asphaltene
structures.

The work presented in this dissertation pursues the objective of comprehending
the simultaneous mechanisms by distinguishing them into experimental inquiries.
The notion of "stable" or "unstable" asphaltenes is intrinsically related to the time
and to the sensitivity of the employed technique for the detection of instability (i.e.
aggregates larger than a certain resolution in a minimum concentration). In this
work, fully immersed quartz crystal resonators are suitably used to continuously
and quantitatively observe the deposition of asphaltenes per unit area of contacted
solid surfaces. The presented measurement method is applicable to pressurized sys-
tems containing dissolved light components in crude oils. The deposition is induced
by continuous changes of the carrier liquid solvencies with limited volumes of oil
samples. Time-resolved microscopy observations and experimental separations by
centrifuge are used to correlate the deposition, the size and the quantity of bulk floc-
culating asphaltenes. Main conclusions of this research are presented below and
simplifications in modeling the behavior of such complex mixtures arise from our
enhanced understanding.

On the kinetics of asphaltenes instability

Past investigations usually interchangeably defined destabilization and aggregation
into a single kinetic process. Most of the reported studies assumed immediate avail-
ability of equilibrium concentrations of unstable asphaltenes in their models. First
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interrogations on this assumption are revealed by the observed absence of deposi-
tion while significant amount of bulk unstable asphaltenes are separated at equilib-
rium of the same conditions.

Chapter 3 explores the possibility to consider distinct kinetic phenomena in oil-
heptane mixtures. The transition of "stable" asphaltenes to an "unstable" state is dis-
tinguished from the growth of already unstable asphaltenes particles. Based on lab-
oratory inspections, the aggregation is assumed to occur significantly more rapidly
than the generation of new primary unstable units. The calculated destabilization
rate constant ky is able to reconcile deposition experiments with theoretical behavior
predicted by diffusion-limited transport principles. Consequently, the initial change
of solution is found to destabilize a smaller number of asphaltene molecules than
the one at equilibrium. The cumulation of unstable asphaltenes conform to an ex-
ponential form of mathematical equation based on two parameters that are system
dependent; (i) the equilibrium concentration of unstable asphaltenes C4o and (ii)
the characteristic time 7T for equilibration of a given system. Good agreements are
found between the modeled and the separated mass of unstable material. In the pro-
posed model, asphaltenes belong to a continuum of molecules in which the number
of unstable ones at equilibrium progressively increases as the n-heptane content gets
large. The time to reach equilibrium decreases as the heptane volume fraction in-
creases.

A final sensitivity analysis of the model identifies the addition rate of n-heptane as
a key parameter that controls the generation rate of unstable asphaltenes in contin-
uously changing solutions. Destabilization kinetic is identified as a limiting factor
to the number of available asphaltenes for the aggregation and for the deposition
processes.

Revisiting the aggregation modeling of unstable asphaltenes with incorporation
of destabilization kinetics

In Chapter 4 asphaltenes aggregation is investigated at low thermodynamic driv-
ing forces. Smoluchowski’s coagulation model is revisited with the incorporation
of the proposed concepts of destabilization kinetics. Indeed the number of avail-
able particle for the aggregation becomes time-dependent and needs to be solved
simultaneously along with the aggregation. For simplicity a mono-disperse size of
spherical coagulated entities is analytically solved for oil-heptane blends. The ag-
gregation between units of different sizes is theoretically preferred according to the
form of Brownian aggregation kernels. Therefore only two radius of particles are
assumed to co-exist: freshly generated units (named primary particles) and already
aggregated primary particles of unstable asphaltenes. Primary aggregates have geo-
metrical properties equal to "stable" clusters of nano-aggregates that are extensively
reported in the literature. The mean size of the aggregated fraction of particles is
discretely calculated by time resolution of both analytical solutions. In this way, the
track of the average size of aggregates is ensured by calculating the balance of gen-
erated unstable asphaltenes entering the system and cumulatively consumed ones
by Brownian aggregation. The widely used colloidal stability ratio W is adjusted
in order to tune the aggregation rate constant K;;. The calculated aging time for
observation of micron-sized particles is in excellent agreement with experimental
indications of oil-heptane mixtures in the investigated range.

The notion of critical composition of solution, widely accepted to be represented by
(W =1) in the colloidal science, correlates well with the observed instantaneous floc-
culation by microscopy. In addition, verification are successfully conducted on the
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calculation of the practical minimum number concentration of unstable asphaltenes.
A correlation is found between the primary particles generation rate dC;/dt and
the detection-time of micro-aggregates tjotection. Additionally, the deposition of as-
phaltenes showed to become significant only in conditions of extremely fast aggre-
gation.

Findings further confirm that both kinetics of destabilization and Brownian aggre-
gation control the appearance and growth of unstable asphaltenes at sufficiently low
n-heptane volume fraction in oil-heptane systems. Beyond the critical conditions of
flocculation, aggregation of unstable units is found to be instantaneous due to the
dominating attractive forces and to the large concentration of particles.

A simplified model for the deposition of asphaltenes

A closed stirred-batch reactor is introduced to measure asphaltenes deposition dur-
ing the continuous titration of n-heptane in an initial volume of crude oil. The ap-
paratus consists of an immersed sensor in a center-position of the reactor. The fluid
superficial velocity to the sensor was measured by visual inspections using a fluo-
rescent dye.

Results of Chapter 5 show that the deposition rate of unstable asphaltenes scales
with the square root of the fluid flow velocity. Asphaltenes accumulation on solid
surfaces of the sensor can then be explained by a diffusion-limited phenomenon in-
volving nano-particles. The average hydrodynamic radius R4 of depositing units
generally ranges between 1 nm and 10 nm. The presence of suspended large flocs
is found to slow the deposition process. In those circumstances, the average radius
of the depositing aggregates can reach tens of nanometers. With this analysis, pri-
mary aggregates of unstable asphaltenes, which are the smallest unstable colloids,
are identified to predominantly contribute to the deposition process. Indeed the de-
position rate of asphaltenes scales linearly with the calculated concentration of pri-
mary particles C;. The asphaltene deposition rate accordingly develop into a strong
dependence on the rate of change of the liquid composition.

Consequently to the fast bulk aggregation previously studied, the proposed simpli-
fications can correlate the generation rate dC; /dt of unstable asphaltenes and their
deposition rate in a proportional relationship. Therefore the method, which is based
on the track the deposited mass of asphaltenes can indirectly quantify bulk concen-
tration profiles of unstable asphaltenes.

Effect of the nature of n-alkanes on the destabilization, aggregation and
deposition of asphaltenes

Industrial asphaltenes deposition caused by the expansion of light constituents dur-
ing the transport of live oils is diagnosed as the most catastrophic scenario. In Chap-
ter 6, experimental investigations are conducted in a PVT cell for a crude oil mixed
with methane, n-heptane or n-undecane.

The control of the pressure is used as a mean to reach given volume compositions
of compressible systems. In those conditions, the deposited mass of asphaltenes
per unit area is successfully monitored by correcting for the effect of the hydrostatic
pressure on the sensor. In parallel, high pressure infrared microscopy is employed
to verify the theoretically expected relation between the deposition of unstable as-
phaltenes and their detection-time by microscopy. Slow destabilization and aggrega-
tion processes are observed at small driving forces (sufficiently low alkane volume
fraction). Obtained results questions the accuracy of the so-called ASIST method
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that extrapolate measured effects of liquid n-alkanes to methane-dissolved condi-
tions. The asphaltenes instability detection follow instead non-monotonous trends
as a function of the square root of the molar volume of the destabilizing agent.

The instantaneous micro-flocculation of asphaltenes is jointly found to coincide with
significant increases of deposition rates upon n-alkanes expansion. At larger liquid
volumes of methane, the asphaltenes deposition rate increases with the increase of
the light constituent expansion rate. As explained in the precedent Chapter, this
is the signature of a diffusive deposition process dominated by primary generated
unstable asphaltenes. Along those lines, the developed relationships between rates
of destabilization, aggregation and deposition are reinforced. The observed trends
suggest that developed models apply to the asphaltenes behavior in presence of var-
ious destabilizing constituents.

In order to compare the effect of n-alkanes chain length on a single graduated scale
of solvent, the solubility parameter of solutions (dstion) is used. Asphaltenes de-

position rate accordingly develop into a strong dependence on the rate of change of

A(ssnlutivn
At

the carrier liquid solvency ( ) Measured deposition extents induced by the

expansion of n-heptane and methane at similar driving forces are compared. Results
confirm that methane has significantly more influence on the destabilization rate of
asphaltenes.

Provided that mechanisms remain identical, the developed methods of this thesis
give room to investigate the effect of the nature of the destabilizing agent on quan-
titative asphaltenes behavior. For the first time, a non-invasive and non-destructive
technique is proposed to experimentally determine quantities of unstable asphaltenes
under oil & gas production conditions.
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Appendix A

Separation efficiency of centrifuge
experiments

The centrifuge separation method of prepared liquid mixtures is used to collect a
mass of aggregated asphaltenes that belong to particles larger than a certain size.
The cut-off size (smallest separated size of aggregates) is estimated with the sep-
aration efficiency Sy of varying sizes of aggregates. The separation efficiency is
calculated based on the force balance between the centrifugal and the drag forces
exerted on spherical particles in the liquid medium during the centrifuge experi-
ment. Stokes’ law is used to estimate the frictional force on particles assuming small
enough Reynolds numbers in the viscous fluid. The centrifugal force is calculated
based on the classical mechanics with Newton’s second law of motion. The effects
of Brownian motion and potential collisions between particles that can delay the set-
tling of particles are neglected.

The ability of the centrifuge to separate particles of a given size is depends on
the radius of the centrifuge rotor, the angular speed of the rotor w, the time of cen-
trifugation ¢, the height of liquid in tubes L, the dynamic liquid viscosity yur, the
k' particle diameter dy and the difference of densities Ap between the fluid and the
separated particles.

Densities of oil-alkanes mixtures can be calculated using a simple volume aver-
age mixing rule. Viscosities of oil-alkanes mixtures can be estimated applying log-
average mixing rule and is given by:

up = 10E wilog (i) (A1)

where w; and y; are the weight fraction and the dynamic viscosity of the pure i lig-
uid composing the mixture.

The velocity of deported particles increases due to the increase of the centrifugal
force as a function of the radial distance from the center of the centrifuge. An accept-
able conditions for aggregates to be separated is to reach the bottom of the centrifuge
tube.

Consider the k' aggregate that travels from its initial position (x) to its the final one
(xf) during the time t. ? integrated the force balance between both positions and
reported the expression of the traveled distance by k' aggregate in time ¢:

solidd2 Apw?t
Axj=xf— X0 =Xf [1 —exp (—W)] (A.2)

where ¢;1;4 represents the solid fraction in aggregates composed of solid and trapped
solvent. The separation efficiency is the fraction of k' aggregates with a diameter
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dy that get theoretically separated in time t. Assuming that particles are homoge-

neously distributed in the aliquot, authors’ defined Sy as:

Skz%forAxkgL
Sp=1for Axy > L

(A.3)

For aggregates that travel larger distances Ax; than the height of liquid L in the tube
(~ length of the tube), their separation efficiency is 1. For smaller aggregates such

that Ax; < L, their separation efficiency should be less than 1.
Assuming an average density of separated asphaltenes particles equal to 1200 kg.m™

3

7

a sensitivity analysis of the separation efficiency for a typical oil-heptane mixture is
shown below. The maximum angular speed of our centrifuge apparatus corresponds
to 15000 revolutions per minute (rpm) in a rotor with a radius of 9.7 cm. Parame-
ters related to the liquid are summarized in Table A.1. Results of calculations using

TABLE A.1: Parameters for the calculation of centrifuge separation
efficiency of a oil-heptane mixture at 60°C

Parameters Units | Values
n-Cy content wt % 50
Liquid density ~ kg.m™3 | 762.6
Liquid viscosity =~ mPa.s 1.8

Psolid - 0.63
length of tubes L cm 3.5

Equations A.2 and A.3 are showed for 4 realistic run-times (10, 20, 30 and 60 min) of
the centrifuge experiment. The cut-off size is the smallest size of particles that all get

separated (S; = 1).

As shown in Figure A.1 the achieved cut-off size of aggregates is ~ 100 nm for the

chosen example.
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FIGURE A.1: Calculated separation efficiency as a function of the ag-
gregate size for several centrifuge run-times

Note that for particles with smaller diameters than hundreds of nanometer, the
Brownian motion becomes significant and the presented calculation in this Appendix
does not hold.
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