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Chapter 12

PRECIPITATION OF ASPHALTENES IN HEAVY OIL AND TAR SANDS

NORMAN FE. CARNAHAN

INTRODUCTION

Asphaltenes precipitate from petroleum mixtures as a result of complex phenomena
involving at least three categories of mechanisms, individually and in various com-
binations: (1) classical solid—fluid and fluid—fluid equilibrium, including nucleation,
agglomeration, precipitation, and interfacial phenomena; (2) ionic and/or electrochemi-
cally induced agglomeration; and (3) mechanical shear-induced agglomeration.

Each of these precipitation mechanisms for asphaltenes can be described in terms
of fundamental physical and thermodynamic principles. The present work shall attempt
to summarize some of the principles involved in asphaltenes separation from crude
petroleum mixtures. First, it is necessary to define some terms that will be discussed.

Definition of terms

Asphaltenes are herein defined as those petroleum components, that are residues,
determined using industry-accepted analytical laboratory procedures, typically using
n-heptane or n-pentane as the precipitation-inducing fluid. Asphaltenes are essentially
polynuclear aromatic components of the CI fraction, which contain very few alkyl
groups per aromatic ring. Asphaltene structures also contain sulfur, nitrogen, oxygen,
and certain metals (nickel, vanadium, etc.). They are lipophobic [1] polar macro-
molecules, having average carbon numbers in the range of about 40 to 80. They are
very solubilizable in toluene, but exhibit very limited solubility or solubilizability in low
carbon number normal alkanes. In crude oil, asphaltenes commonly exist as aggregates
of 2 to 100 individual macromolecular asphaltenes ‘adhesive particles’ or platelets.
Other polar constituents of the heavy fraction are resins and aromatics '.

Petroleum resins exhibit structural similarities to asphaltenes. They are polynuclear
aromatic structures; however, resins contain more alkyl attached groups (side-chains)
per aromatic ring. They contain fewer nonhydrocarbon atoms per molecule. The effect
of the alkyl groups is such that the resins exhibit lipophilic behavior [1] and have
average molecular weight values lower than those of asphaltenes. Petroleum resins
appear to form a nonadhesive skin or peptide coating of the asphaltenes aggregates.

Aggregates of lipophobic asphaltenes physically combine with lipophilic resins to
form a reverse micelle, which is dispersed in the asphaltenes-free petroleum fluid,
apparently as a colloidal system in crude oil.

'One must exercise caution in reading the literature on asphaltenes, paying special attention to which
solvent is used for obtaining the material referred to as ‘asphaltenes’.
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MECHANISMS

Fig. 12-1 describes an idealized spherical micellar configuration of an asphaltenes—
resins amphiphilic complex. Aggregated asphaltenes are depicted as the dark central
sphere. Resins are depicted as an idealized concentric film or zone that surrounds
the core of asphaltenes. The outermost portion of the resinous film is in contact with
the continuous hydrocarbon or crude oil phase, whereas the innermost portion of the
resinous film is in contact with the asphaltenes core material. At equilibrium, micelles
composed of asphaltenes and resins are assumed to be dispersed in the continuous
hydrocarbon fluid.

Phase separation, aggregation, and precipitation of asphaltenes from heavy oils and
tar sands depend upon the composition, thermal and mechanical conditions, which
existed at the time of formation of the original mixture. The phenomenon also depends
upon the composition, thermal and mechanical histories of the system until the time that
conditions change sufficiently to result in nucleation, agglomeration, phase separation
and/or precipitation of asphaltenes as solids or pseudo-solids. After phase separation
occurs, the precipitation and/or deposition mechanisms are governed by viscosity and
diffusion characteristics of the asphaltenes-free petroleum fluid. In lighter petroleum
liquids, aggregated asphaltenes can precipitate and deposit with relative ease; however,
in heavy crudes and tar sands, even though phase separation and agglomeration of
asphaltenes occur, transport mechanisms (e.g., convection and diffusion) proceed at a
slower rate and inhibit the precipitation process.

lipophilic resins

asphaltenes

Fig. 12-1. Model of asphaltenes + resins micelle. Resins act as an amphiphilic agent between the continuous
hydrocarbon fluid phase and the asphaltenes aggregate complex.
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Solid—fluid and fluid—fluid phase equilibrium

In petroleum reservoir fluids, asphaltenes can exist in at least two distinct forms:
(1) as dissolved asphaltenes monomers and low-order ‘enmers’, and (2) as solubilized
amphiphilic structures, such as reverse micelles, composed of resins and asphaltenes,
for example. The latter is the more commonly encountered form.

A distinction must be made between the concepts of solubility and solubilization,
as the terms are used herein. In the case of solubility, a substance is truly in solution
(i.e., dissolved) in a continuous fluid solvent. The dissolved substance is usually very
compatible with the solvent phase. In the case of solubilization, a substance may exist in
a dispersed or colloidal state suspended (solubilized) in a continuous fluid medium. The
solubilized substance can be solid, an immiscible liquid phase, or micellar complexes,
etc.

Macroscopically, especially in the case of microemulsions and colloidal suspensions
in obscure fluids, many outward appearances and behaviors of solutions and solubilized
systems appear to be the same.

Solubility theory and asphaltenes

A number of studies have successfully used a macroscopic approach to correlate
apparent asphaltenes precipitation behavior, assuming that asphaltenes are soluble in
crude oil; however, using the classical solution theory in that manner is not in accord
with experimental evidence obtained on the microscopic scale. Solution theory methods
are indeed applicable on the macroscopic and microscopic scale; however, in that case,
the ‘solute’ is resinous material, naphthenates, and other substances that act as natural
amphiphiles and peptize asphaltenes agglomerates, inhibiting their aggregation and
precipitation from the petroleum system.

The following review outlines the basis for application, on the macroscopic scale, of
the classical solution theory to this phenomenon and presents an alternate interpretation
of the physical evidence, using a point of view that is consistent with experimental
results obtained on the microscopic scale. For reasons of simplicity, a hypothetical
3-component system composed of asphaltenes, resins and asphaltenes-free oil will be
considered.

Solubility of resins and asphaltenes

Solution theory predicts that high molecular weight, relatively nonvolatile hydro-
carbon components, such as macromolecular paraffins, resins and, perhaps, some low
molecular weight asphaltenes, are of limited solubility in lower molecular weight sol-
vents, such as paraffinic and aromatic lighter ends of naturally-occurring petroleum
reservoir fluids. In terms of chemical structure, asphaltenes are complex polynuclear
aromatic, high molecular weight petroleum components, which include hydrocar-
bon, and nonhydrocarbon groups, such as nitrogen, oxygen, sulfur, vanadium, nickel,
etc.

A minor amount of asphaltenes may be truly dissolved in lighter ends, especially
in highly aromatic reservoir fluids. When conditions change, such that the solubilizing
capacity of the lighter ends decreases, the system becomes effectively supersaturated.
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From the supersaturated system, nucleation, agglomeration and precipitation of the
excess amount of solubilized components (e.g., asphaltenes, resins, and/or macro-
molecular paraffins) will result, in accordance with principles of macroscopic phase
behavior.

A change in the solubilizing capacity of the continuous external phase (e.g., the
asphaltenes-free fluid), can result from: (1) variation of the temperature of the solution;
(2) addition of components which compete with asphaltenes for the solvent, or which
affect the solubilizing power of the solvent such that the characteristic solubility
parameters of the solvent and the solute become increasingly similar or dissimilar;
and/or (3) variation of the pressure of the system, such that the density of the
solvent phase varies sufficiently to affect the solubilizing power of the continuous fluid
phase.

Macroscopic point of view

Hirschberg and Hermans [2] and others have presented macroscopic models for
calculation of solid-liquid phase equilibrium, assuming that asphaltenes are indeed
soluble in crude oil and that precipitation is thermodynamically reversible. Fussel [3]
describes solid-liquid equilibrium for asphaltenes in terms of vapor-liquid and liquid—
liquid phase behavior. Others have described the phenomenon in terms of Flory-Huggins
and/or regular solution concepts developed for polymer solutions. Labout {4}, Mitchell
and Speight [5], Rogacheva et al. [6], Waxman et al. [7], Burke et al. [8], Thawer
et al. [9] and Kawanaka et al. [10] describe asphaltene precipitation mechanism(s) in
terms of solubility parameter variations between solubilized asphaltenes and the solvent
portion of several crudes. Hirschberg and Hermans [2] applied such a model to describe
asphaltenes precipitation from an Iranian crude oil and a North Sea crude oil. Using
the macroscopic point of view, one can examine the applicability and consequences
of using the classical solution theory to correlate experimental results for apparent
solubility of asphaltenes in crude oils and liquid hydrocarbons. Solubility is consistent
with reversible solid—liquid phase behavior. In the absence of complex formation in the
precipitate, solubility would mean that the precipitate could be redissolved in the liquid
by restoring the system to the initial conditions.

Microscopic point of view

As early as 1923, Nellensteyn [11] defended the point of view that asphaltenes are
not in solution in crude oil; rather, they exist in the form of a colloidal suspension
in crude oil. If true, then classical solution theory should not apply to the phase
equilibrium for asphaltenes precipitation from crude oil. Yet, solution theory might
be useful to describe the phase equilibrium between amphiphilic resins and crude
oil. The interfacial phenomenon requires simultaneous consideration of Langmuir-type
adsorption equilibrium between amphiphilic resins and ‘crude oil insoluble’ material(s),
including asphaltenes. Thus, one needs to solve interfacial adsorption equilibrium
equations for the resins + asphaltenes system simultaneously with solubility phase
equilibrium equations for the resins + oil system. Solubilization is consistent with
irreversible solid separation from the liquid phase.
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Characterization of the petroleum heavy fraction

Regardless of which point of view one adopts, the complex nature of the petroleum
system, in the case of crude oils and tar sands, requires careful characterization in
terms of the components and/or pseudo-components contained therein. Traditionally,
crude oils have been characterized on the basis of a distillation curve. More recently,
it is becoming well recognized that detailed analysis of many narrow boiling cuts is
necessary for proper phase equilibrium and thermodynamic calculations. For the oils
considered by Hirschberg and Hermans [2], extended composition analyses, derived
from regression of mole percents vs. carbon number, result in the following correlation
formulas:

Iran: Mol.% = 10.29 x [10(~()4106CN)]
North Sea: Mol.% = 8.75 x [10C017CN)]

The exponents indicate that the slopes of the composition correlations for these two
crude oils, on a semi-logarithmic graph, are very similar. The major difference is
the magnitude of the pre-exponential coefficient, which relates to the intercept on the
vertical axis of a semi-logarithmic graph. Although the oils in the examples used by
Hirschberg and Hermans [2] are inherently different, their estimated distribution of
higher carbon number components appears to be semi-logarithmic. The semi-logarith-
mic distribution of macromolecules in petroleum fluids was empirically observed by
Whitson [12] and has been justified on theoretical grounds by Levelt-Sengers and de
Swaan-Arons [13]. Correlation of extended composition of the high carbon number
components in this manner supports the applicability of polymer solution theory for
macroscopic description of these phenomena.

Calculation method — macroscopic model

Hirschberg summarizes, from a macroscopic point of view, the apparent effects of
temperature, pressure and composition on the deposition of asphaltenes from liquid
petroleum.

Hirschberg [14] used the Soave equation of state for VLE calculations, assum-
ing a negligible amount of solid asphaltenes-rich phase, based on a 22-component
representation of the crude oil. Light ends, methane through hexanes, including ni-
trogen and carbon dioxide, were determined by PVT analysis. The CJ fraction was
subdivided into six paraffin pseudocomponents and six aromatic pseudocomponents.
Alternatively, one can characterize the C7 fraction as a continuous mixture, using
semi-logarithmic correlations (as previously described), and subportions (e.g., boiling
point cuts) of the semi-continuous mixture can be characterized according to their
paraffin/naphthene /aromatic (PNA) distributions, as pointed out by Mansoori and Jiang
[15]. The PNA ratio for various petroleum fractions can be defined experimentally or
estimated in terms of exhibited PVT properties, using such correlations as presented
by Yarborough [16]. No matter how the C7 fraction is characterized, it is necessary to
properly define the amount of resins and asphaltenes in the heavy end fractions.

Solid—fluid phase equilibrium can be approximated using rigorous thermodynamic
criteria for phase equilibrium. The presence of a solid phase or an immiscible liquid
phase has a similar mathematical definition in terms of phase equilibrium calculations.
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Consider the following analysis:
ult = (12-1)
Subscript i pertains to the i-th component and superscripts ‘CO’ and ‘A’ pertain to the
‘crude oil-rich phase’ and the ‘asphaltenes-rich phase’, respectively.
Considering size-related entropy effects, it is proposed that:
Wi — i
———~L =ln¢+1-—
RT ¢ (V)
where: u? = chemical potential of pure-component i as a liquid; ¢; = volume fraction
of component i in the liquid mixture [x; V;/(V}]; V; = molar volume of pure-component
i as a liquid; x; = mole fraction of component { in the liquid phase,

i

+x (122

(V)= xV (12-3)
and

= 1) - 8T (12:4)

Xi = RT i -
where

(8) =Y ¢ (12-5)

5 = 2V 12-6

P (12-6)

AU, = molar internal energy difference due to isothermal vaporization between the
liquid state and the ideal gas state.

It is assumed, in this method, that the ‘asphaltenes-rich phase’ is 100% asphaltenes;
therefore,

TINESTINE T (12-7)
Hirschberg [14] and Kawanaka et al. [10] present an estimation of the maximum volume
fraction of asphaltenes in solution with degassed crude oil, i.e.,

(¢A)mux = exp {% |:1 - VVL; - %(6A - 6CO)2:|} (12'8)

The composition of degassed crude oil remains practically invariant above the
bubble point. The numerical value of the solubility parameter of the crude oil is
inversely proportional to the molar volume of the liquid, which normally decreases
with increasing pressure. Therefore, the apparent solubility parameter of live crude oil
usually increases with increasing pressure. Likewise, the apparent solubility parameter
of live crude oil usually decreases as pressure decreases.

Apparent solubility parameter for asphaltenes

The apparent solubility parameter of asphaltenes, determined via correlation of
macroscopic thermodynamic data using a regular solution theory model, is approxi-
mately 10 hildebrands [1 hildebrand = 0.1 (cal/cm3)°'5]. Hirschberg et al. [19] report
the apparent solubility parameter of asphaltenes in crude oil to be about 9.8 hildebrands
(20 MPa"%). Burke et al. [8] found the apparent solubility parameter of ‘asphaltenes
sludge’ to be about 10.0 hildebrands (20.5 MPa’?).



PRECIPITATION OF ASPHALTENES IN HEAVY OIL AND TAR SANDS 325

Solubility parameters of petroleum fluids

Solubility parameter values for light crude components depend on composition, and
are often in the range of about 6-8 hildebrands. Lower molecular weight alkanes exhibit
solubility parameters of lower numerical value, relative to those of higher molecular
weight hydrocarbons. Hirschberg and Hermans [2], Burke et al. [8], Thawer et al.
[9], and Kawanaka et al. [10] have noted the relationship between the composition
(or molecular weight) of the continuous fluid, and the ability of crude oil to maintain
asphaltenes in apparent solution. Solubility parameter values for medium and heavy oils
are greater than those for light oils. Only a limited amount of reliable experimental data
has been reported, although none for asphaltenes phase behavior in heavy oils and tar
sands. The expected value of the solubility parameter of such heavy petroleum fluids is
about 8-10 hildebrands.

Table 12-1 shows the general effect reported by Wuithier [35] which demon-
strates the significant role of molecular weight (hence the solubility parameter) on
hydrocarbon fluid compatibility with asphaltenes. Table 12-2 lists solubility parame-
ters for several hydrocarbons, showing that the solubility parameter characteristically
increases with molecular weight and/or carbon number for alkanes. Aromatic sub-
stances exhibit solubility parameters similar to the apparent solubility parameter for
asphaltenes.

TABLE 12-1

Amount of asphaltenes precipitated vs. solvent molecular weight at 323.15 K (122°F) [35]

Sotvent Asphaltenes precipitated
(mol wt.) (mass percent)
30 (n-Cy) 90.0
44 (n-Cy) 22.5
58 (n-Cy) 10.0
72 (n-Cs) 4.0
86 (n-Cq) 1.0
100 (n-Cy) less than (1.0)
TABLE 12-2

Solubility parameters of various alkane and aromatic hydrocarbons

Component 3 Component d
(hildebrands) (hildebrands)

Propane 6.0 n-Heptane 745
n-Butane 6.7 n-Octane 7.55
i-Butane 6.25 n-Nonane 7.65
n-Pentane 7.05 n-Hexadecane 8.00
i-Pentane 6.75 Benzene 9.15
neo-Pentane 6.25 Toluene 8.90

n-Hexane 7.30 Naphthalene 9.90
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Alkanes typically exhibit lower solubility parameter values than aromatic hydrocar-
bons, which macroscopically appear to be more compatible with heavy crude oils and
asphaltenes. The linear mixing rule, according to their volume fractions in the mixture,
enables blending of solvent mixtures to obtain a desired value of the effective solubility
parameter. Such blending of solvents was used by Burke et al. (8], who reported
experimental results of asphaltenes deposition from simulated field crude oil mixtures.

Solubilization of asphaltenes (microscopic viewpoint)

Although Hirschberg and Hermans [2] and Burke et al. [8] were able to correlate ob-
served macroscopic effects of asphaltenes precipitation from crude oils and hydrocarbon
fluids, the concept of asphaltenes solubility in crude oils may have been over-extended
and/or obscured in the cause-and-effect relationship assumed in the correlation model.
There is no doubt that asphaltenes can precipitate as a result of changing the composition
of the fluid. Such change in the composition is the basis for the well-established labora-
tory method for determining the asphaltenes content of petroleum fluids, e.g., addition
of n-pentane or n-heptane to a sample of petroleum fluid. Asphaltenes precipitate as a
result of such changes in the composition of crude oil. It does not necessarily follow,
however, that asphaltenes precipitate from petroleum fluid due to a decrease in their
solubility in the petroleum fluid, as a resuit of the addition of lower molecular weight
alkanes. The key question is: are asphaltenes soluble in crude oil or do asphaltenes exist
in a colloidal state in crude 0il? A preponderance of experimental evidence and field
observations indicate that asphaltenes exist in a colloidal state in crude petroleum.

It is, indeed, tempting to conclude that precipitation of asphaltenes results from a
significant difference between the solubility parameter of the fluid mixture and the
solubility parameter of the asphaltenes. On the macroscopic scale, one can certainly
develop such an argument. However, such a conclusion appears at odds with consider-
able evidence indicating the colloidal nature of asphaltenes in petroleum fluids [21-23].
Waxman et al. [7] and Hotier [24] indicate that asphaltenes precipitation may not be
fully reversible.

From the microscopic point of view, however, asphaltenes are assumed to have
little or no solubility in crude oil. Asphaltenes are assumed to be an insoluble or
immiscible material that is solubilized in the crude oil in the form of colloidal particles
or similar amphiphilic structures, with the help of naturally-occurring resins and similar
amphiphilic components of the crude oil.

Using a microscopic model, it is obvious that a key factor in the stability of
asphaltenes in petroleum fluids is the integrity of the protective film of the amphiphilic
material that surrounds the core of asphaltenes. Anything that damages or removes
the amphiphilic film allows the aggregation of asphaltene particles that can result
in precipitation or deposition. Likewise, anything which enhances the amphiphilic
film would stabilize the system. Experiments have shown that addition of resins or
amphiphiles can increase the stability of asphaltenes in certain crude oils [36,38—42].
According to established models of phase behavior involving reverse micelles (so called,
because the oil is on the outside and the ‘non-oil’ is on the inside of the micelle), it is
acceptable to characterize the phase behavior of asphaltenes using classical solubility
theory. However, in this case, the solute is the amphiphilic substance(s) and the solvent
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is the asphaltenes-free petroleum fluid. Asphaltenes are assumed to be, for all practical
purposes, totally immiscible and/or insoluble in the asphaltenes-free petroleum fluid.

As a consequence of the microscopic model, then, existing precipitation data for
asphaltenes suggest that the mutual compatibility of resins and petroleum fluid increases
as the average molecular weight of the petroleum fluid decreases. Thus, the effective
solubility parameter value for amphiphilic resins must be similar to that of the lower
carbon number alkanes, i.e., about 5-6 hildebrands.

The microscopic point of view also indicates that asphaltenes are not soluble in
the higher molecular weight petroleum fluids, but remain suspended in them, as stable
colloidal particles. Likewise, asphaltenes precipitate when low carbon number alkanes
are added to petroleum fluid, due to the destabilization of the colloidal particles, with
resultant coalescence, agglomeration and precipitation. This viewpoint is quite the
opposite of that which Hirschberg [14] and Burke et al. [8] assumed. The experimental
picture, on the macroscopic scale, is indefinite with regard to the true mechanism
leading to precipitation of asphaltenes. Evidence from the microscopic scale must be
used to distinguish among competing mechanisms, only two very simplified versions of
which are presented here.

One also has to include in such a microscopic model a definition of the interfacial
adsorption effects, between the resins and the asphaltenes. There is a competition
between the asphaltenes and the asphaltenes-free petroleum for the resins and other
naturally occurring amphiphiles. When temperature, pressure or composition changes
such that the asphaltenes-free petroleum fluid exhibits greater compatibility with the
resins, a certain amount of the resins are solvated away from their protective role
surrounding the reverse micelles. As a result, some micelles become unstable, coalesce
or agglomerate to form larger micelles, and may precipitate from the fluid or deposit on
solid surfaces.

The previously described entropy-modified regular solution theory model for the fluid
phase can be combined with a suitable model of adsorption of amphiphilic substances,
such as resins, at the asphaltenes—petroleum fluid interface. The resulting model, includ-
ing fluid—fluid equilibrium and fluid—nonfluid interfacial effects, indicates that simulta-
neous solution of both types of equilibrium equations is necessary in order to correlate
and/or predict the phase behavior of systems such as oil + resins + asphaltenes.

Microscopic vs. macroscopic models

Interestingly, phase equilibrium of asphaltenes in crude oil can be correlated with
reasonable success using either the macroscopic or the microscopic point of view. The
fundamental picture strongly favors the microscopic model as a true representation of
the physical phenomenon. From the macroscopic viewpoint, one observes an apparent
inverse relationship between precipitation of asphaltenes and the effective solubility
parameter of the crude oil. Asphaltenes appear to have a solubility parameter of about
10 hildebrands and tend to precipitate in increasing amounts as the effective solubility
parameter of the petroleum fluid decreases below approximately 9 hildebrands. This
observation is based upon, among other factors, the assumed relationship between
solubility of asphaltenes and the magnitude of the difference in solubility parameters of
the solvent and the asphaltenes, i.e., (8o — 8co)?.
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On the microscopic scale, the solubility relation between resins and petroleum fluid
1s assumed to be modeled by similar physics, e.g., (6g — SCO)Q.

In this scenario, however, resins appear to be increasingly soluble in the petroleum
fluid as the solubility parameter of the petroleum fluid decreases from about 9-10
hildebrands toward about 5—6 hildebrands. Thus, one is led to observe that the apparent
solubility parameter of petroleum resins is in the range of about 5-6 hildebrands. As-
phaltenes are assumed to be negligibly soluble in petroleum fluid. Interfacial adsorption
effects, between resins and asphaltenes can be described in terms of Langmuir-type
models using parameter values determined from experiments.

lonic and/or electrochemically induced asphaltene precipitation

Changes in the ionic and/or electrochemical environment of asphaltenes in crude
oil can cause flocculation of microscopic asphaltenes particles in the crude oil. Reports
of asphaltenes deposition following acidizing procedures are common. The nature of
asphaltenes particles in crude oil is such that they exhibit polarity and/or induced
polarity. Although a resinous skin usually protects and stabilizes asphaltenes aggregates,
the polar resins can be affected by changes in pH and/or mineral ion environment.
Contact with acids and with mineral ions favor flocculation and deposition of asphaltenic
solids.

Consider resins to have a net charge that is electrically opposite to that of asphaltenes,
such that the resins are attracted to the asphaltenes globule and tend to render the
resins + asphaltenes particle electrically neutral. Indeed, this is a possible mechanism
whereby resins can be attracted to the asphaltenes—resins interface. Upon contact with
a strong solution of acid and/or ionic solution of minerals, especially iron, calcium
and magnesium, the resins may be attracted away from the asphaltenes, such that
unprotected asphaltenes particles agglomerate and precipitate as a sludge, together with
coagulated resins and minerals.

Asphaltene deposits are frequently encountered following acidizing procedures
downhole, even when asphaltene deposits had not been a problem before the acidizing
procedure. Such deposition seems to result from interaction between ions and the polar
asphaltenes globules, resembling a process of coagulation or flocculation. Chemical
analysis of such deposits commonly shows the presence of minerals such as iron,
calcium and magnesium.

Models for correlating and predicting this ion-related mechanism for asphaltenes
deposition need to account for the association effect between the ‘monomers’ and
the ‘monomer complexes’. Heidemann and Prausnitz [18], Jackson et al. [20], and
Suresh and Elliott [25] present models useful for describing phase equilibrium, chemical
equilibrium and PVT behavior of associating substances. For example, consider the
reversible interaction

2A=A+4+A (12-9)

If ‘A’ represents an individual asphaltene particle or globule, such that two such
globules associate to form a ‘2A’ dimer, then the computation of equilibrium composi-
tion of coexisting phases must also involve the simultaneous solution of the association
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equilibrium, which can be viewed either as a chemical reaction or a physical combina-
tion. In nature, the combination mechanism of asphaltenes particles is quite complex,
involving a distribution of particles and groups of particles. The general problem of
particle association is well suited to statistical mechanical analysis, and has been studied
by Wertheim [26], Chapman et al. [27]}, and others.

Empirical methods for predicting and correlating the association of asphaltenes
particles and their precipitation due to ionic effects involve application of equations
of state for associating substances. To date, researchers using these methods have not
extensively studied the problem of asphaltenes. This area of research should be of
interest to companies that experience costly production problems due to asphaltenes.

Mechanical shear-induced asphaltenes precipitation

The concept of asphaltenes as adhesive colloidal particles encased in a thin non-
adhesive resinous skin, well dispersed in crude oil, lends itself to the interpretation
of shear-induced deposition of asphaltenes solids. Damage or rupture of the resinous
skin, by mechanical shear effects and/or solvent action, can result in agglomeration of
asphaltenes and precipitation of solids from crude oil.

Shear effects occur when the fluid is subjected to high-energy shear fields, such as
in turbulent flow through porous media, perforations and screens, sudden acceleration
in production tubing, surface and downhole pumps and chokes. Such effects may also
result from injection of gas into crude oil, as in gas lift production systems.

The literature contains very little reliable experimental data pertaining to mechanical
shear-induced deposition of asphaltenes, although numerous studies of shear-induced
alteration of similar colloidal systems have been described. Field experience indicates
that such deposition may occur; however, reported data are insufficient for development
of useful correlations and/or predictive methods.

DISCUSSION
What is the principal mechanism of asphaltenes precipitation?

The principal mechanism of asphaltenes deposition seems to be desolubilization,
nucleation, agglomeration and precipitation of solid material due to changes in solvent
power of crude oil and dissolved light ends. Such phenomenon may result from physical
changes in the environment to which crude oil is subjected, such as reduction in pressure
from an initially high reservoir pressure toward bubble point pressure of the system.
Such phenomenon may also result from the admixture of light ends with a heavy crude.
McHugh and Krukonis [28] discuss nucleation phenomena. Andersen and Birdi [29] and
Sheu et al. [30] report critical micelle concentrations (CMCs) of asphaltenes. Such stud-
ies support the concept of colloidal nature of asphaltene complexes in petroleum fluids.

The apparent solubility parameter for asphaltenes seems to be about 9.54-10.00
hildebrands. The basic principle of solvent action is that ‘like dissolves like’. Hildebrand
and Scott [31] discuss the regular solution theory, which describes the compatibility



330 N.E CARNAHAN

TABLE 12-3

Effect of solvent carbon number on solubility of asphaltenes in tank oil [14]

Solvent Asphaltenes deposited 8co (6a — 8co)?
(wt. %)

n-Cs 3.61 7.05 8.7

n-C; 1.82 7.45 6.5

n-Cio 1.45 7.5 5.0

between solute and solvent via a functional relation between their respective solubility
parameters, i.e.,

Solvent power of crude oil & (85 — 5co)’ (12-10)

Burke et al. [8] found that the solubility parameter of crude oil, including the effect of
dissolved light ends, changes with pressure and temperature, such that |55 —8¢o| reaches
a maximum. Hirschberg [14] reports asphaltenes solubility in relation to the effective
solubility parameter of n-alkane solvents. Table 12-3 shows a qualitative forecast of
the expected solubility of asphaltenes in three solvents, in terms of the similarity or
dissimilarity of their solubility parameters. Agreement between measured and predicted
solubility is qualitatively correct, although such measurements are very difficult, often
nonrepeatable, and may be of questionable statistical accuracy.

Hirschberg [14,17], Burke et al. {8], and others have found that asphaltenes precipi-
tation can be predicted using a modified version of the regular solution theory, together
with established principles of solubility. Mansoori and Jiang [15] and Kawanaka et al.
[10] present a method based on the Scott and Magat [32] theory of polymer solutions,
using a polydisperse mixture concept of the asphaltenes fraction.

Sufficient evidence shows that precipitation and deposition of asphaltenes can be
correlated and predicted using solution theory models such as a Flory-Huggins Modified
Regular Solution Theory. Using a macroscopic approach, one can correlate asphaltenes
phase separation in terms of the solubility parameter of the solvent. However, a more
fundamentally correct approach should account for effects observed on the microscopic
scale, i.e., solubility of naturally-occurring amphiphilic resins in the solvent phase, and
to model the aggregation of asphaltenes resulting from distribution of resins between
the continuous solvent phase and the asphaltenes-rich phase. In order to develop such
models and to test theories of solution for asphaltenes, additional reliable experimental
data need to be available to theoreticians. Data reported in the literature are useful,
although very limited at this time.

Other mechanisms which influence precipitation of asphaltenes

Solution theory, as reviewed herein, accounts for a very substantial portion of
asphaltenes problems experienced in industry. Other mechanisms can also have an effect
on solubility of asphaltenes in reservoirs and in deep wells.

Supercritical fluids, such as methane, ethane and propane, act as supercritical solvents
at typical reservoir pressures and temperatures, but lose some of their solvent capability
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when pressures are reduced. In deep reservoirs in which the reservoir fluid contains
a substantial amount of light ends and dissolved gases, supercritical effects can be
significant in terms of deposition of asphaltenes and other heavy substances dissolved
in or suspended in reservoir fluids. Several mechanisms of supercritical solution
phenomena in reservoir fluids have been previously reported [33,34,37].

SUMMARY AND CONCLUSIONS

This review of fundamentals of the oil + resins + asphaltenes phenomenon in
heavy oils and tar sands presents a rational framework for reservoir engineers to use
in evaluating the benefits and consequences of proposed production methods and/or
operations involving asphaltenic crudes.

(1) Asphaltenes phase behavior is predictable using classical solution theory models
of solid-liquid and liquid-liquid phase equilibrium, together with appropriate adsorp-
tion equilibrium models for interactions between asphaltenes and resins. Development
of improved models requires additional reliable experimental data, including mea-
surements of asphaltenes nucleation, agglomeration and precipitation, and additional
phase equilibrium data for well-defined compositions. Precipitation and deposition of
asphaltenes in heavy crudes and tar sands is inhibited by transport processes, but may be
significant in high-temperature reservoirs. Reliable experimental data for such systems
in the literature are very limited at the present time.

(2) Asphaltenes precipitation due to electrochemical effects is not yet well defined.
Equations of state for associating fluids have appeared in the literature, but have found
few applications relating to asphaltenes precipitation phenomena. Such applications are
certainly warranted. Experimental measurements are needed, in order to provide neces-
sary data for development of models for the interaction between asphaltenes and ionic
species, and for modeling the behavior of asphaltenes in contact with ionic solutions.

(3) Asphaltenes precipitation and deposition data due to mechanical shear effects
have not been reported in the literature; however, the phenomenon is herein described
in terms of field experiences. This mechanism should be experimentally investigated
in order to define its importance, related to ficld-experienced problems and problems
which may occur in-situ during production of asphaltenic hydrocarbon fluids.

In summary, the state of our knowledge of asphaltenes deposition mechanisms is
certainly improved from a decade ago; however, the development of fundamentally cor-
rect solution models of asphaltenes behavior is just beginning. With additional reliable
experimental data, theoreticians should be able to accurately define the mechanisms and
establish interaction parameters between components of the fluid—fluid and fluid-solid
systems. Electrochemical effects and mechanical shear effects are not yet sufficiently
well defined. Accurate and precise experimental data are needed in order to determine
these mechanisms and their practical importance.

In heavy oils and tar sands, although phase separation can be predicted according to
rigorous thermodynamic phase equilibrium principles, transport mechanisms interfere
with aggregation, precipitation and deposition of asphaltenes from the petroleum fluid.
In viscous fluids that experience a quantitative imbalance between asphaltenes and their
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associated resins, mechanisms of micelle destabilization, aggregation and precipitation
operate on a much slower time scale than for less viscous fluids. Thus, the physical
properties of heavy oils and tar sands can ameliorate the problem of asphaltenes drop
out, by maintaining such particles in suspension within the fluid phase. Furthermore,
due to the dissimilarity between the solubility parameter values for resins and for heavy
crudes, resins + asphaltenes micelles tend to remain relatively stable in heavy crudes
and tar sands.

REFERENCES

(1] Speight, J.G., The Chemistry and Technotogy of Petroleum. Marcel Dekker, New York, pp. 192-194

(1980).

Hirschberg, A. and Hermans, L., Asphaltene Phase Behavior: A Molecular Thermodynamic Model,

Publication 676 (Feb., 1984). Koninklijke/Shell E and P Laboratorium, Rijswijk: Proc. of International

Svmposium on the Characterization of Heavy Crude Oils und Petroleum Residues, Lyon (June 1984).

[3] Fussell, L.T., A technique for calculating multiphase equilibria. Soc. Pet. Eng. J., pp. 203-208 (1979).

[4] Labout, JW.A., Constitution of asphaltic bitumen. In: J. Pfeiffer (Editor), The Properties of Asphaltic

Bitumen. Elsevier, Amsterdam (1950).

[5] Mitchell, D.L. and Speight, J.G., The solubility of asphaltenes in hydrocarbon solvents. Fuel, 52:

149-152 (1973).

Rogacheva, O.V., Rimaev, R.N., Gubaidullin, V.Z. and Khakimov. D.K.. Investigation of the surface

activity of the asphaltenes of petroleum residues. Colloid J., 42: 490-493 (1980).

[7] Waxman, M.H., Deeds, C.T. and Closmann, P.J., Thermal alterations of asphaltencs in Peace River

tars. 55th Annu. Tech. Conf. SPE, SPE Pap. 9510, Dallas, TX (Sept. 1980).

Burke, N.E.. Hobbs, R.E. and Kashou, S.F., Measurement and modeling of asphaltene precipitation.

Proc. SPE Fall Meeting, SPE Pup. 18273, Houston, TX (Oct. 1988). J. Pet. Technol., pp. 1440-1446

(1990).

Thawer, R.. Nicoll. D.C.A. and Dick, G.. Asphaltene deposition in production facilities. SPE Prod.

Eng., 5(4): 475-480 (1990).

(10] Kawanaka. S., Park, S.J. and Mansoori, G.A., Organic deposition from reservoir fluids: a thermody-
namic predictive technique. SPE Pap. 17376. SPE Reservoir Eng., 6 (2): 185-192 (1991).

[11] Nellensteyn, F.J., Bereiding en Constitutie van Asphalt. Ph.D. Dissertation, Technische Hoogeschool,

Delft (1923).

Whitson, C.H., Characterizing hydrocarbon plus fractions. /980 European Offshore Petroleum Confer-

ence, EUR Pap. 183. Soc. Pet. Eng. J., 275: 683694 (1983).

Levelt-Sengers, JM.H. and de Swaan-Arons, H., manuscript privately communicated by the authors

(1989).

[ 14] Hirschberg, A., Asphalt in reservoir oil: its structure and influence on viscosity. Shell Laboratory

Report RKRS 84.07, The Hague (1984).

Mansoori, G.A. and Jiang, T.S., Asphaltenc deposition and its role in EOR miscible gas flooding.

Proc., 3rd European Meeting on Improved Oil Recovery, Rome (April 1985).

[16] Yarborough, L.. Application of a generalized equation of state to petroleum reservoir fluids. In: K.C.
Chao and R.L. Robinson (Editors), Equations of State in Engineering and Research. Advances in
Chemistry Series 182, American Chemical Society, Washington, DC, pp. 385-439 (1979).

| 17] Hirschberg, A., The role of asphaltenes in compositional grading of a reservoir’s fluid column. 59th
Annu. Tech. Conf SPE, SPE Pap. 13171, Houston, TX (Sept. 1984).

[ 18] Heidemann. R.A. and Prausnitz, .M., A van der Waals-type equation of state for fluids with associating
molecules. Proc. Natl. Acad. Sci., 73: 1773 (1976).

[19] Hirschberg. A., de Jong, L.N.J.. Schipper. B.A. and Meijers, J.G.. Influence of temperature and
pressure on asphalteac flocculation. SPE Pap. 11202, Soc. Pet. Eng. J.. pp. 283-293 (June 1984).

{2

6

[t

[8

=

19

(12

[13

N



PRECIPITATION OF ASPHALTENES IN HEAVY OIL AND TAR SANDS 333

[20] Jackson, G., Chapman, W.G. and Gubbins, K.E., Phase equilibria of associating fluids: chain molecules
with multiple bonding sites. Mol. Phys., 65 (5): 1057-1079 (1988).

f21] Nellensteyn, F¥., J. Inst. Pet. Technol., 10: 311 (1924).

[22] Pfeiffer, J.P. and Saal, R.N.J., Asphaltic bitumen as colloid system. J. Phys. Chem., 44 (2). 139-149
(1940).

[23] Leontaritis, K.J., Asphaltenes deposition: a comprehensive description of problem manifestations and
modeling approaches. Proc., SPE Production Operations Symposium, Oklahoma Citv, OK. Society of
Petroleum Engineers, Richardson, TX (1989).

[24] Hotier, G., A Study of the Solutions and Suspensions of Asphaltenes in Heavy Fuel Oils and Heavy
Crude Qils. Technip, Paris (1983).

[25] Suresh, S.J. and Elliott Jr., J.R., Applications of a generalized equation of state for associating mixtures.
Ind. Eng. Chem. Res., 30: 524-532 (1991).

[26] Wertheim, M.S., Thermodynamic perturbation theory of polymerization. J. Statist. Phys., 87: 7323—
7331 (1987).

[27] Chapman, W.G., Gubbins, K.E., Joslin, C.G. and Gray, C.G., Mixtures of polar and associating
molecules. J. Pure Appl. Chem., 59: 53—60 (1987).

[28] McHugh, M.A. and Krukonis, V.J., Supercritical Fluid Extraction. Butterworths, Boston, MA (1986).

[29] Andersen, S.I. and Birdi, K.S., Aggregation of asphaltenes as determined by calorimetry. J. Colloid
Interface Sci., 142 (2): 497-502 (1991).

[30] Sheu, E.Y., De Tar, M.M,, Storm, D.A. and DeCanio, S.J., Aggregation and kinetics of asphaltenes in
organic solvents. Fuel, 71: 299-302 (1992).

[31] Hildebrand, J.H. and Scott, R.L., The Solubility of Nonelectrolytes, 3rd ed., Dover Publications, New
York (1964).

[32] Scott, R.L. and Magat, M., The thermodynamics of high-polymer solutions, I. The free energy of
mixing of solvents and polymers of heterogeneous distribution. J. Chem. Phys., 13 (5): 172-177
(1945).

{33] Carnahan, N.F,, Asphaltenes in Venezuelan petroleum production, Plenary Lecture. Proc. CEPET Conf
Asphaltenes, August 2, Maracaibo (1991).

{34] Carnahan, N.F.,, Fundamentals of asphaltenes deposition. 5th UNITAR/UNDP Int. Conf. Heavy Crude
and Tar Sands, August 4-9, 1991, Caracas (to be published).

[35] Wuithier, P, Petrole-Raffinage GE V2 (1972).

[36] Carnahan, N.F,, Salager, J.-L., Anton, R. and Davila, A., Properties of resins extracted from Boscan
crude oil and their effect on the stability of asphaltenes in Boscan and Hamaca crude oils. Energy
Fuels, 13 (2): 309-331 (1999).

[37] Carnahan, N.E,, Quintero, L., Pfund, D.M., Fulton, J.L., Smith, R.D., Capel, M. and Leontaritis, K., A
small angle X-ray scattering study of the effect of pressure on the aggregation of asphaltene fractions
in petroleum fluids under near-cnitical solvent conditions. Langmuir, 9 (8): 2035-2044 (1993).

[38] Carnahan, N.F. and Quintero, L., HLB and CMC Influence in Asphaltenes, Maltene Resins, and
Natural Amphiphiles, 1993 Spring National Meeting of the American Institute of Chemical Engineers,
Symposium of Solids Deposition, Fuels and Petrochemicals Division, March 28-April 1, 1993,
Houston, TX.

[39] Gonzalez, G. and Middea. A_, Peptization of asphaltene by various oil soluble amphiphiles. Cofloids
Surf., 52: 207-217 (1991).

[40] Chang, C.L. and Fogler, H.S., Stabilization of asphaltenes in aliphatic solvents using alkyl benzene
derived amphilphiles, part 1. Effect of chemical structure of amphiphiles on asphaltene stabilization.
Langmuir, 10 (6): 1749-1757 (1994).

[41] Chang, C.L. and Fogler, H.S., Stabilization of asphaltenes in aliphatic solvents using alkyl benzene
derived amphiphiles, part II. Study of asphaltene—amphiphile interactions and structures using FTIR
spectroscopy and SAXS techniques. Langmuir, 10 (6): 1758—1766 (1994).

[42] Fogler, H.S., Permsukarone, P. and Chang, C., A kinetic study of asphaltene dissolution in
amphiphile/alkane solutions. Ind. Eng. Chem. Res., 36 (9): 3960 (1997).

[43] Chang, C. and Fogler, H.S., Peptization and coagulation of asphaltenes in apolar media using
oil-soluble polymers. Fuel Sci. Technol. Int. J., 14: 75 (1996).





