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Asphaltene and other heavy organic depositions during production and processing 
of crude oil is a very serious problem in many areas throughout the world. The 
economic implications of such a problem are tremendous considering that a well 
workover cost could get as high as a quarter of a million dollars. For example, in a 
petroleum production field, formation of asphaltic sludges after temporarily 
shutting in a well and/ or after stimulation treatment by acid has resulted in partial 
or complete plugging of the well [1]. 

Miscible flooding of petroleum reservoirs by carbon dioxide, natural gas, and other 
injection fluids has become an economically viable technique for petroleum 
production [2,3,4]. The most common problem in petroleum recovery is poor 
reservoir volumetric sweep efficiency, which is due to channeling and viscous 
fingering, because of the large difference between the mobilities of displacing and 
displaced fluids. Introduction of a miscible fluid in petroleum reservoirs, will, in 
general, produce a number of alterations in the flow behavior, phase equilibrium 
properties, and reservoir rock characteristics. One such alteration is the heavy 
organic deposition (asphaltene and paraffin/wax-)., which is expected to affect 
productivity of a reservoir in the course of oil recovery [3,5,6,7,8,9]. In most of the 
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observed instances, heavy organic deposition may result in plugging or wettability 

reversal in the reservoir [10]. Effects of heavy organic deposition could be positive 

or negative, depending on whether it can be controlled or predicted. 

The parameters that govern precipitation of heavy organic from petroleum fluids 

appear to be composition of crude and injection fluid, pressure and temperature 

of the reservoir. With alterations in these parameters, the nature of the heavy 

organic substances which precipitate will vary [11]. Also, it is a proven fact that the 

precipitation of asphaltene is in general followed by polymerization (flocculation) of 

the resulting precipitate. This process produces an insoluble material in the original 

reservoir fluid [12,13,14,15,16,17]. Because of the complex nature of heavy organic 

substances, the phenomena of organic deposition are not well understood. Also, in 

view of the complexity of the petroleum reservoirs, study and understanding of the 

in situ precipitation of organic substances seems to be a challenging and timely 
task. Such an understanding will help design a more profitable route for miscible 

gas flooding projects. 

Over the last five decades a number of investigators have conducted research on the 

nature of heavy organics and the mechanisms of heavy organic deposition. One 

important conclusion arrived at through experimental work is that heavy organic 

compounds (asphaltene) which deposit possess a wide range of polarities and 

molecular weights. This suggests that such compounds may be partly dissolved and 

partly in the colloidal state, dispersed and stabilized primarily by resin molecules 

adsorbed on the macromolecular surface. The concept that heavy organics 

(asphaltenes) compounds are present as colloidal particles is credited to Nellensteyn 

[15]. He proposed that asphaltic compounds were made of micelles, protected by 

adsorbed resins and hydrocarbon materials, all dispersed in a hydrocarbon medium. 

He also found that peptizing or precipitating properties of different common 

solvents with respect to asphaltic compounds are closely related to the surface 

tension. Swanson [16] and Witherspoon and Munir [17] proposed that the resins 
were required for asphaltenes to dissolve in the distillate portion of a crude oil. 

According to Dickie and Yen [18] petrol�um resins provide a transition between the 

polar (asphaltene) and the relatively non-polar (oil) fractions in petroleum, thus 

preventing the assembly of polar aggregates that would be non-dispersible in the oil. 

Koots and Speight [19] considered that asphaltene clusters associated with resin 
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molecules could the dominant species allowing the asphaltenes to exist in the 
colloidal state in a crude oil. Leontaritis and Mansoori [20] proposed a 
thermodynamic-colloidal model· which is capable of predicting the onset of 
asphaltene flocculation. According to their model, asphaltenes exist in oil as solid 
particles in colloidal suspension, stabilized primarily by resin molecules adsorbed on 

their surface. 

The present chapter is designed with the purpose in mind of applying modern 
theoretical and experimental techniques of statistical mechanics and 
thermodynamics to develop the methods that will predict organic deposition during 
production and processing of crude oil. First, a continuous thermodynamic (CT) 
model is presented in which the theory of heterogeneous polymer solutions is 
utilized for the predictions of the onset point and amount of organic deposits from 
petroleum crude. Then, a steric colloidal (SC) model which is capable of predicting 

the onset of organic deposition is described. A combination of the two models 
results in a fractal aggregation (FA) model. Chromatographic methods for the 
characterization of crude oils and organic deposits from petroleum fluids are 
discussed. Model predictions of the onsets and amounts of heavy organic deposits 
are presented along with the experimental results. Finally, an overview of the 
organic deposition problem is presented in this chapter. 

Models of Organic Deposition 

One question of major interest in the oil industry is "when" and "how much" 
heavy organics will flocculate out of solution under certain conditions. Because the 
crude consists generally of a mixture of oil, aromatics, resins, and asphaltenes it has 
become possible to consider each of the constituents of this system as a continuous 
or discrete mixture interacting with each other. The available laboratory and field 
data prove that the heavy organic substances which exist in oil consist of very many 
particles having molecular weights ranging from one thousand to several hundred 
thousands. As a result, distribution-function curves are used to report their 
molecular weight distribution. Two different models have been proposed 
[2,23,24,25,26] which are based on the statistical mechanics of particles (monomers 
and polymers) dissolved or suspended in oil. A combination of of the two models is 
generally enough to predict the asphaltene-oil interaction problems (phase behavior 
and/ or flocculation) wherever it may occur during oil production and processing. 
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The principles of thermodynamics of multicomponent mixtures and phase 
equilibria, the theory of continuous mixtures, the statistical mechanical theory of 
monomer /polymer solutions, the theory of fractal aggregation kinetics are utilized 
here to analyze and predict the onset and amount of organic deposition from 
petroleum crudes. 

Continuous Thermodynamic (CTI Model (2,25,261 

The degree of dispersion of heavy organics in petroleum oils depends upon the 
chemical composition of the petroleum (27,28,29]. Deposition of such compounds 
can be explained by an upset in the balance of oil composition. The ratio of polar to 
non-polar molecules and the ratio of high to low molecular weight molecules in a 
complex mixture such as petroleum are the two factors primarily responsible for 
maintaining mutual solubility. The addition of miscible solvents will alter these 
ratios. Then the heavy and/ or polar molecules separate from the mixture either in 
the form of another liquid phase, or to a solid precipitate. Hydrogen bonding and 
the sulfur- and/ or nitrogen-containing segments of the separated molecules could 
start to aggregate (or polymerize) and, as a result, produce the irreversible heavy 
organic deposits which are insoluble in the liquid phase (oil). 

Inasmuch as heavy organics have a wide range of size, or molecular weight 
distribution, one may consider such compounds as heterogeneous polydisperse 
polymers. Then, in order to predict the phase behavior of heavy organics one can 
assume that the properties of heavy organic fractions dependend on their molecular 
weights. To perform phase equilibrium calculations, the necessary condition for 
chemical equilibrium must be satisfied. This is, the chemical potential of every 
heavy organic fraction in the liquid phase, µi L, has to be equal to its chemical 
potential in the solid phase, µi 5 ; 

i = 1,2,3, ... (8-1) 

In this model, the Scott and Magatt theory of heterogeneous polydisperse polymer 
solutions [3oris employed for calculation of the chemical potentials of heavy 
organic fractions. Because organic substances such as asphaltenes consist of 
mixtures of molecules with virtually continuous molecular weight distributions; 
one can utilize the continuous mixture theory (31,32], joined with the 
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thermodynamic theory of heterogeneous polymer solutions. Introduction of the 
continuous mixture theory results in a model that contributes to better 
characterization of heavy organics and prediction of the onset of deposition and 
phase behavior under the influence of a miscible solvent. Figure 8-1 shows the 
compariscm of molecular weight of asphaltenes from petroleum crude oil before 
and after flocculation, as predicted by the model. According to this figure, the 
fractions of asphaltene with high molecular weights tend to deposit earlier that the 
fractions of asphaltene with lower molecular weight. 

Sterle Colloidal csc> Model [23.24) 

This model is based upon the assumption that heavy organics (asphaltenes) exist in 
oil as suspended particles. Their suspension is assumed to be caused by resins 
(heavy and mostly aromatic molecules) which are adsorbed to the surface of heavy 
organic particles and keep them afloat because of the repulsive forces between resin 
molecules in the solution and the adsorbed resins on the macromolecular 
(asphaltene) surface (see Fig. 8-2). Stability of such a suspension is considered to be a 
function of the concentration of resins in the solution, the fraction of asphaltene 
surface sites occupied by resin molecules, and the equilibrium conditions between 
the resins in solution and on the asphaltene surface. According to thermodynamics, 
a necessary condition for chemical equilibrium between two phases is that the 
chemical potential of each component in one phase is equal to its chemical potential 
in the other phase. Writing this condition for the resins in the asphaltene and oil 
phase one will obtain: 

11as�haltene phase = i,:,. 
r-res1n m 

(8-2) 

The significance of the SC model is that the asphaltene particles will remain 
completely covered regardless of how the nature of the liquid mixture (i.e. add or 
remove miscible solvent) is changed. So long as the calculated chemical potential 
remains equal to (or above) the critical chemical potential. Calculation of the 
chemical potential of the resins in the solid phase would require utilizing small-

-system thermodynamic techniques. This model, however, requires only one
calculation of the chemical potential of the macroscopic asphaltene-free oil phase,
and as a result, macroscopic chemical potential calculations are adequate.
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Utilization of the SC model requires the following: 

(1) Resin Chemical potential calculation based on the statistical mechanical theory of

polymer solutions.

(2) Studies regarding resin adsorption on asphaltene particle surface and

measurement of the related Langmuir constants.

(3) Calculation of the streaming potentials generated during· flow of charged

asphaltene particles.

(4) Development and use of asphaltene colloidal and aggregation models for

estimating the amount of asphalt which may be irreversibly aggregated and

flocculated out of solution.

The amount of resins adsorbed is primarily a function of the of their concentration 

in the liquid state (the oil). So, for a given system (i.e. fixed type, amount of oil and 

asphaltenes) changing the concentration of resins in the oil will cause the amount 

of resins adsorbed on the surface to change accordingly. This means that we may 

drop the concentration of resins in the oil to a point at which the amount of resins 

adsorbed is not high enough to cover the entire surface of asphaltenes. This may 

then permit the asphaltene particles to come together (irreversible aggregation), 

grow in size, and flocculate. 

Fractal Ag'1'egation (FA) Model [11.33] 

The FA is a realistic model for the interaction of heavy and light components of 

crude oils and accounts for both the solubility and colloidal effects. It is constructed 

by joining the concepts of continuous thermodynamic theory of solid-liquid phase 

transition, Fractal aggregation theory of colloidal growth, and steric colloidal 

collapse and deposition models. This model is capable of predicting the onsets and 

amounts of asphaltene deposHion from petroleum crudes under the influence of 

miscible solvents. This model is based on the fact that resins play a key role in the 

solubilization of asphaltenes because they reduce asphaltene aggregation. Therefore, 
the degree of solubility of asphaltenes in the oil depends on the peptizing effect of 

resins with respect to asphaltenes, as well as on the resin concentration in the 
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solution (i.e. the change of resin concentration in the oil due to the addition of a 

miscible solvent). 

In the petroleum reservoir, asphaltene particles have been considered as colloidal 

particles, or micelles, being comprised of clusters of heavy particles associated 

principally via 1t-1t interactions (21]. These particles are sterically stabilized by resin 

molecules adsorbed on their surface, thus they remain suspended in the oil mixture. 

It may be assumed that the repulsive forces between resin molecules and the 

adsorbed resins on the macromolecular (asphalte._ne) surfaces keep clusters of 

asphaltene particles from aggregating. Introduction of a miscible solvent into the oil 

mixture will cause the resin concentration to vary accordingly. A decrease in resin 

concentration may be followed by desorption of the resin molecules from the 

asphaltene-particle surface, and therefore allow the clusters of asphaltene particles to 

be subject to mutual interactions. This may result in a situation in which dusters of 

asphaltene particles contact each other on resin-uncovered sites, aggregate 

(irreversible aggregation), and flocculate out of solution (34,35). During the 

flocculation process, the clusters of heavy particles are assumed to remain 

suspended in the solution randomly and independent of one another as Brownian 

particles due to the molecularly induced thermal motion. Van der Waals attractive 

forces, and electrical (electrostatic or electrokinetic) repulsive (or attractive) forces 

would be the factors causing the aggregation and flocculation of heavy organic 

particles. 

The peptizing properties of the resin molecules in the solution are closely related to 

surface characteristics of asphaltene particles. Because of the surface characteristics 

of asphaltene particles, an attempt to increase the surface area will require energy to 

be spent. The energy to increase the surface area is called surface free energy. 

Because the surface of asphaltene particles is in a higher free energy state than the 

bulk solution (oil) a spontaneous tendency exists for the surface free energy of 

asphaltene particles to achieve a minimum value. Therefore, all colloidal systems 

have a built-in tendency to spontaneously flocculate and precipitate unless 

prevented by other stabilizing factors. The flocculation process, affected by the 

collision between particles, is assisted by thermal motions of molecules of the 

dispersion medium. In order to account properly for the phenomenon _of

asphaltene deposition a model must incorporate the following: 

(1) The role of resin concentration in such a deposition mechanism and its effect on
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the colloidal aggregation process of heavy-organic particles under the influence of 

miscible solvents. 

(2) The growing size distribution of clusters of heavy-organic particles by

introducing the irreversible kinetics of aggregation.

(3) Determination of the onset of heavy organic deposition, solubility of heavy

organics in the solution, the size distributions of heavy organic deposits in the

precipitated phase and of heavy organics remaining soluble upon changes in

pressure, temperature and composition.

In order to formulate the necessary model for the prediction of the phase behavior 

of heavy organic deposition, there is a need to study the mechanism of kinetic 

aggregation of clusters of heavy particles. There have been numerous attempts to 

understand the mechanism and kinetics of aggregation of dusters of heavy particles. 

Up to now, most of the studies on the duster-cluster aggregation were concerned 

with the geometrical aspects of the aggregates which include the Euclidian 

dimension (d), the fractal dimension of clusters (D), and the average radius of 

clusters (R). It has been noted that in addition to the geometrical aspects another 

important characteristic of the colloidal aggregation model is the existence of a given 

function for the size distribution of the clusters of heavy particles [36]. By utilizing 

the kinetic theory of fractal aggregation along with the theory of heterogeneous 

polymer solutions, the FA model is able to describe properly the growing 

mechanism of asphaltene clusters, the growing size distributions of asphaltene, and 

the geometrical aspect of asphaltene aggregation in the oil due to several factors. In 

addition to the characteristics of oil and asphaltene, temperature, pressure, and 

concentrations of resin and miscible solvent in the oil are governing factors in the 

FA model. The FA model is also used for predictions of the phase behavior and 

deposition region of asphaltene in mixtures consisting of crude oil and miscible 

gases (carbon dioxide and propane) at high pressures and different temperatures. 

One may consider a system consisting of Ne clusters of No asphaltene particles 

(identical particles of radius Ro and unit mass m) which are suspended randomly in 

an oil and stabilized by resin molecules adsorbed on the surfa�es of asphaltene 

particles. The clusters of asphaltene particles act as Brownian particles which are 

suspended due to the thermal motions of molecules of the dispersion medium. 
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Introduction of a miscible solvent into this system may result in a new condition in 
which the clusters of asphaltene particles would rigidly stick to each other. That is, a 

• cluster of mass mi colliding with a cluster of mass mj would form a single new
cluster of a mass mi+i· This process is then repeated. The kinetics of such an
aggregation are assumed to obey the following mechanism.

Ai + Aj --> Ai+j 
Kij 

(8-3)

where A; is the cluster of mass mi, and Kij is a concentration-independent kinetic (or 
collision) kernel which describes the aggregation mechanism. 
This mechanism was originally proposed by Smoluchowski [37] for coagulation and 
by Flory [38] for branched polymerization. It is extensively studied in the theory of 
aggregation, as well as in the theory of colloidal suspension. The rate of aggregation, 
Rw at which an i-duster of a given mass mi and a j-cluster of a given mass mi may 
come into contact with each other and form an (i+j) cluster is given by �i=Kijci Ci; 
Ci=ni /N0• Here, llj is the number of clusters of mass mi (containing i asphaltene 
particles of unit mass m) and N0 is the total number of particles. Because the 
population of the resulting k-cluster (k=i+j) increases by all collisions between i
clusters and j-dusters and decreases when a k-cluster combines with another cluster, 
then Ck(t) will satisfy: 

(8-4) 

This expression is known as Smoluchowski's coagulation equation. This 
irreversible growth mechanism of asphaltene particles implies that the tendency of 
asphaltene particles to aggregate depends on their mass and the concentration of 
resin in the solution. A major advantage of Smoluchowski's coagulation equation 
is that many analytic results can be obtained from it. For some forms of Kij (i.e., 
Ki;=l, i+j, or iXj), analytic solutions to Smoluchowski's equation can be obtained .. 
Different investigators have tried to improve this aggregation mechanism by -
considering the reactivity of a k-cluster to be proportional to its effective surface 
area, Sk, [39,40,41,42,43]. A characteristic radius, Rk (for cluster of size k), will be 
proportional to the size of the cluster. The fractal dimension, D, of a given cluster is 
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defined through the following expression 

D<d (8-5) 

it follows then that Sk ~ kw ; w is an exponent (positive or negative) characterizing 
the effective surface area. Thus, the kinetic (or collision) kernel adopts the forms: 

Kij ~ (ixj)w (product kernel) (8-6) 

(sum kernel) (8-7) 

In order to apply this aggregation mechanism of clusters to the phenomena of 
aggregation and deposition of asphaltene from petroleum crudes, one is interested 
in these two kinetic kernels which are proportional to the effective surface area of 
clusters. Therefore, one must account for the geometrical aspects of clusters in the 
expression of these kinetic kernels. Consider a system composed of a number of 
kinetically growing dusters, in which a cluster of size k, before sticking to another 
cluster, diffuses randomly in space of Euclidian dimension, d, along a trajectory of 
the dimension of diffusion walk dw (where d � dw). The volume, V0, of a system 

can be defined as Vo = t0

d; t
0 is the length of the lattice. Let us also assume that the 

kinetically growing cluster of size k has a surface diffusion velocity given by: 

vk = t dw / t; t is the "walk-length" (average distance between clusters); t is the 
walk time. It can also be assumed that this diffusion velocity is inversely 
proportional to the diffusing cluster size, vk ~ ka ; a is a negative exponent. If a 
cluster of size k is assumed to contain k identical particles of unit mass it follows 
that: vk ~ ma . It is possible to show how the exponent w, characterizing the surface 
area in the expression of the kinetic kernel, can be expressed in terms of other 
characteristic constants of the system (d, dw, a, and D) [40]. The time (t) necessary for 

a cluster of size k having a walk-length t is given by t ~t dw k - a or (in. terms of the 

characteristic radius) t ~ t dw Rk · oa_ Because Equation (8-4) is invariant under a 
semi-group of similarity transformation a change of length scale in the whole 
system can be performed such that each length is rescaled by a factor of b: 
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(8-8) 

The corresponding rescaling of time (from t to t') will be t ~ bdw - oat'. Considering 
that Smoluchowski equation, Eq. (8-4), is scale-invariant, the Kij, which has the 
dimension of a volume divided by time, must be rescaled as: 

(8-9) 

One may redefine (for convenience) a parameter b=A.110. As a result, the general 

scaling relation of coagulation kernels, can be written as K;J ,Ai= A. "Kij; KAi ,Ai is the 
new notation for the transformed coagulation kernel K' .. and n = (d-dw)/D + a. It 

lJ 

can be concluded that when n=2w the product kernel is used and when n=w the 
sum kernel is used [39]: 

w = a + (d - dw ) /D for the sum kernel 
w ={a+ (d - dw )/D} / 2 for the product kernel (8-10) 

Because the nature of the growing clusters is fractal, their fractal dimension must be 
determined. The fractal dimension D, as defined by Eq. (8-5) for a kinetic clustering 
phenomenon can be obtained through numerical simulations [40,41,44,45]. In the 
numerical simulations it is considered that clusters are placed randomly on the L d

lattice sites. By performing numerical simulation assuming cluster aggregation in 
the square (d=2) or a hypercubic lattice model in d-dimensions (d>2) and periodically 
bounded in all directions Meakin [44] and Jullien et al. [41] predicted the fractal 
dimension, D, of the growing clusters in different Euclidean dimensions, d, as it is 
reported in Table 8. 1. 

Because resin molecules are responsible for asphaltene particle peptization, one 
must consider, also, the effect of resin concentration on the kinetics of growing 
asphaltene clusters. Thus, the exponent w which characterizes the effective 
asphaltene-cluster-surface area that is available for interaction with other clusters in 
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aggregation and growth process, should depend on the concentration of resin, Civ in 
a mixture of stock tank oil and a miscible solvent as in the functional form 
w=w(CR), This functionality of w will be utilized in the expressions of the growing 
average mass of clusters of asphaltene particles and the analytical expression of a 
"reduced" size distribution of clusters of asphaltene particles. Because the asphaltene 
cluster of size k can be assumed to contain k identical particles of unit mass, one can 

see that t ~ tdw m -a. From this expression, the dynamical behavior with respect to 
time for the asphaltene duster of mass m can be written in the power law form m(t) 

~ t1. The dynamical behavior of average mass of clusters of asph�tene particles with
respect to time can be expressed in terms of the fractal dimension Das follows [40]: 

'Y <m(t) > ~ t ; y = 1/{1- [a +(d - dw)/D} (8-11) 

It can be shown that y = y (w; CR), thus, the kinetic theory of fractal aggregation

process can be utilized in order to describe properly the growing size distribution of 
clusters of asphaltene particles due to the influence of miscible solvents. For the 
mechanism of irreversible kinetic aggregation of diffusive dusters, Botet and Jullien 
[40] have derived the size distribution of clusters which gives us the analytical
expression of a "reduced" size distribution of dusters at a given step of the growing
aggregation mechanism.· The analytic equation for the "reduced" size distribution of
clusters of asphaltene molecules can be shown as follows:

F(y; CR) = (1-2w)l-2w y-2w exp[-(1-2w)y] /r(l-2w) (8-12) 

where y=m/ <m> and w=w(CR). 

Eq. (8-12) has the following characteristics: 

(i) For w<O, the size distribution exhibits a maximum.

(ii) For O<w<l /2, the size distribution is always,<:lecreasing.

(iii) For w>l/2, �e shape of the size distribution function inverts at a finite time,
which is known as the signature of the gelation phenomenon (40].
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Utilization of the kinetic aggregation of diffusive clusters has enabled the derivation 
of the relationship between the concentration of resin in a mixture of stock tank oil 
and a miscible solvent and the growing size distribution of clusters of asphaltene 
particles. By using the above equations and the principle of phase equilibria, one 
can derive the expressions for predicting the phase behavior of asphaltene particles 
under the influence of miscible solvents. 

In a heterogeneous polymer mixture, one can specify different fractions of polymers 
based on their molecular weight. Assuming that a heavy organic behaves as a 
heterogeneous polymer, one can equate chemical potentials in the oil phase, µY

L ,
and the precipitated phase, �s . This corresponds to the heavy organics· remaining 
soluble in an oil phase in equilibrium with the heavy organic content of a 
precipitate: 

(8-13) 

The Scott and Magat statistical mechanical theory of heterogeneous polymer 
solutions permits calculation of chemical potentials of asphaltene fractions through 
the equation: 

(8.14) 

Subscripts y and B refer to the yth fraction of asphaltene and solvent, respectively. 

The volume fraction, ♦, is defined by the volume, V, of a component divided by the 
total volume, V mix, of a mixture. Therefore, 

(8-15) 

The segment number of the yth fraction of asphaltene, my, is defined by the ratio of 
molar volume, Vy, of the yth fraction of asphaltene over th� molar volume, VB, of a 

solvent, my= vy/va =My / (<P
A 

a:ta!5> ve); <P
A 

mas5> is the average mass density of 
the yth fraction. The segment number of the solvent is unity. The average segment 

number, <my>, of asphaltene may be defined by <my> = l: xy my; where xy is the 
mole fraction of the yth fraction of asphaltene with respect to the total asphaltene 
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(i.e., I Xyi =1). The parameter f in Eq. (8-14) is defined as: 

(8-16) 

where r is the coordination number between two successive segments in asphaltene 
molecules (r has a value between 3 and 4 [30]), KAB is the interaction parameter 

between asphaltene and asphaltene-free oil,given by KAB = a + b <M8> (It is 

assumed to be linearly proportional to the average molecular weight of asphaltene

free oil, <M8>;); 6 A is the average solubility parameter of asphaltene, and 68 is the

solubility parameter of asphaltene-free oil. Solubility parameter 6 is defined by the 

square root of the molar internal energy change of vaporization, L1uvap, over the 

molar volume; 

6 = (L1uvap /v)l/2 (8-17) 

By utilizing Eq.'s (8-13) and (8-14), after simple mathematical manipulations, the 
following equation can be obtained: 

(8-18) 

The "reduced" growing size distribution, Eq. 8-12, of clusters of asphaltene 
molecules must be joined with Eq. (8-18) for calculation of the total volume fraction 
of asphaltene remaining soluble in a mixture in equilibrium with a precipitated 
asphaltene phase. Thus this model can predict the solubility of heavy organic in the 
solution, the size distributions of heavy organics in the precipitated phase and 
heavy organics remaining soluble in an oil mixture upon changes in pressure, 
temperature, and composition under the influence of miscible solvents. This may 
contribute significantly toward better prediction of the phase behavior of the heavy 
organic deposition mechanism under the influence of miscible solvents. 

Characterization o(Organic Compounds (461 

Experimental data suggests that asphaltic compounds (asphaltene and resins) are 
very important components of crude oil because they play a crucial role in the 
asphaltene deposition problem. Yet, not enough is known about their physical and 
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chemical properties. Conventional methods for characterizing asphaltenes and 
resins (i.e. finding their physical, chemical, and thermodynamic properties) consist 
primarily of physically separating these compounds from the original oil and then 
subjecting them to different analyses using the available techniques. The separation 
step is apparently the most difficult and error-prone in these methods. In the 
technique used in our laboratory the separation of asphaltenes and resins is 
accomplished by gel permeation chromatography (GPC) and high performance 
liquid chromatography (HPLC). Two asphaltic crude oils were used in these studies, 
the heavier 27.13 API gravity Brookhaven oil and the lighter 30.21 API gravity DK-
107 oil. The detailed experimental methods used in our laboratory are reported in 
previous publications [46]. 
The key oil fraction here of major interest is the "polar" fraction. Another name 
given to this fraction in the literature is "heteroatoms" [47,48]. By the description of 
each method it is evident that the words "resins", "polars", and "heteroatoms" refer 
to very similar but not necessarily identical compounds. As a result, the relatively 
simple high performance liquid chromatography (HPLC) method, with some 
modifications, can be used for determining the percent of resins in the crude oil and 
physically separating them for further analysis, i.e. determination of critical 
properties, molecular weight, gravity, etc. 

Table 8-1 presents a summary of the hydrocarbon group separation analysis data for 
both Brookhaven oil and DK-107 oil using the HPLC method. The results of the 

· modified HPLC methods for determining resin content are compared with those of
the adsorption method in Table 8-2. Table 8-2 indicates that, taking into account the
experimental error involved in determining the resin content of a crude by
conventional adsorption method, and the error involved in determining the polars
content of a crude by the HPLC method, the fraction called "resins" becomes nearly
equal to the fraction called "polars" if the difference between the amount of n

pentane and n-hexane asphaltenes is deducted from the amount of polars.

Samples of n-pentane, n-hexane, and n-heptane flocculated asphaltenes from 
both crude oils were prepared and run through a waters GPC (gel permeation 

-----

chromatograph). The obtained particle size distribution of Brookhaven oil samples 
were normalized in order to compare them with the predicted particle size 
distribution by the proposed CT model. Figure 8-3 shows a comparison between the 
experimental and predicted molecular weight distributions of n-p entane 
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asphaltene. The molecular size distributions for the different flocculant carbon 

number are plotted in Fig. 8-4. Inasmuch as the experimental molecular size 

distributions were determined relative to narrow dispersity polystyrene standards, 

the comparisons should focus on the trend of molar density with respect to 

molecular weight and functional relationship of the flocculant carbon number. The 

Brookhaven oil resins were run through the GPC and their molecular weight size 

distribution was obtained; these data are shown in Fig. 8-5. This is a standard 

normal distribution and, as result, it indicates that, with respect to size, resins 

distribute evenly around their mean in the crude oil. 

Effective separation of asphaltenes and especially resins from crude oil for further 

analysis is a major stumbling block in the characterization process. Katz and Beu 

[49] and Swanson [19] demonstrated that once the desorption equilibrium of the

resins between the solid and liquid phases is disturbed, i.e., by adding paraffin

solvent, the asphaltene particles flocculate irreversibly. This means that in order for

them to flocculate they grow in size and, as a result, their apparent molecular weight

changes. If the flocculated aspbaltenes are redissolved in a good solvent, i.e.,

benzene or toluene, after sometime passes they begin to grow in size again.

However, if the asphaltenes are redissolved in benzene (or other appropriate

solvent) that contains enough resins for complete peptization, then the particles

remain permanently peptized and do not grow in size. This suggests that any

experimental work that is destined for characterizing asphaltenes as they exist in the

original oil should be performed while the asphaltene particles are still peptized as

Fig. 8-4 depicts, if the data are to correspond to the original asphaltene particles.

The resin behavior is different because the resin molecules are in true solution in 

the original oil and so the problem of aggregation does not exist. Thus, the resins 

can be separated from the original oil and subjected to reasonably severe 

experimental analysis without any alteration to their molecular size and structure. 

This is a bonus from nature, because, in certain situations, accurate resin 

thermodynamic properties are needed for predicting asphaltene flocculation by the 

SC model. 

The Onset and Amounts of Organic Deposition 

Using the proposed CT, SC, and FA models described, one is able to predict the onset 
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and amount of organic (asphaltene) deposition from petroleum crudes. Table 8-3 
contains experimental and predicted data (by the SC model) regarding the onset of 
asphaltene deposition due to different precipitating solvents. The experimental data 

are for an oil sample reported in reference [47). Table 8-3 shows the results of the 

three computer runs based on the SC model, assuming that the entire asphaltene 
content is in colloidal state. In each computer run one set of experimental data is 
used to fit the model and rest is predicted. It should be pointed out that the n

heptane-fitted runs make the worst predictions whereas the n-hexadecane and n

dodecane runs make rather good predictions. Using the CT model, the amounts 
asphaltene of deposition are predicted and they are compared with the same 
experimental data in Table 8-4. According to this table; all the onsets and amounts 

of of asphaltene deposition (except for n-heptane case) are in close agreement with 

the experimental data. In table 8-5, the CT-model predicted amounts of asphaltene 
deposition for different normal paraffin solvents are listed along with experimental 
titration data for Brookhaven oil which is generated in the authors' laboratory. By 
comparing the predicted values of amount of asphaltene deposition with the 

experimental data, one notices that the CT model provides a fairly good prediction. 
Result shown in Tables 8-3, 8-4, 8-5 can be explained by our proposed CT and SC 

models. According to Tables 8-3 and 8-4, the required amount of the miscible 
flocculant to arrive at the onset decreases as the molecular wight of the miscible 
solvent increases. This trend can be explained by the views of the SC model. In 
hydrocarbon mixtures (as in most cases), size difference between the components is 
a major factor affecting their solubility. In this case, resins are expected to be more 
soluble in heavier than in lighter paraffins. As a result, the required amount of 
flocculant for arriving at the onset will be inversely proportional to the flocculant 
molecular weig�t, provided that the amount of resins that needs to be desorbed 
from the asphaltenes in order to arrive at the onset is constant regardless of the 

flocculant used. 

According to Tables 8-4 and 8-5, the tendency toward amounts of asphaltene 
deposition decreases as the molecular weight of the miscible flocculant increases. 
However, this tendency can be explained by views of the CT model. Inasmuch as 
the high-molecular-weight molecules are less soluble in lower-molecular-weight 

solvents, the amount of asphaltene deposition by the lower -molecular-weight 
solvent is higher, because the average molecular weight of an oil is lowered upon 

17 

S.J. Park, J. Escobedo, G.A. Mansoori
Asphaltene and Other Heavy Organics Depositions

Ch. 8: 179-205, 1994 “Asphaltenes and Asphalts 1” G.V. Chilingarian and T.F. Yen (Ed’s), Elsevier Sci.



mixing with this low-molecular-weight paraffin. This can also be expected because 

the lower-molecular-weight paraffins are more lyophobic with reference to 

asphaltene, and, therefore, separate them more completely. The proposed CT and 

SC models can also be applied to the prediction of the pressure/composition region 

of asphaltene deposition at high pressure under the influence of a miscible gas. 

Figure 8-6 shows the predicted (by CT model) pressure/ composition region of 

asphaltene deposition from Brookhaven oil. The experimental data are taken from 

reference [50]. There is a good agreement between the experimental and predicted 3-

0 (vapor-liquid-solid phase) envelopes. Similar .. comparisons between experimental 

and predicted data were made using the FA model. Figure 8-7 shows a comparison 

between the size distributions of asphaltene clusters for different phases. (a) is for 

the precipitated asphaltene phase. (b) is for the liquid phase. This has been done for 

the stock tank oil reported by Monger and Fu [50]. Figure 8-8 shows the effect of 

carbon number of miscible solvent on the amount of asphaltene deposition from 

Brookhaven oil. One can notice a fairly good agreement between predicted and 

experimental data. Figure 8-9 Shows the effect of the solubility parameter of solvent 

on the amount of asphaltene deposition. Again a satisfactory agreement between 

experimental and predicted data is observed. The FA model can also be applied to 

the prediction of the pressure/ composition region of asphaltene deposition at high 

pressures under the influence of a miscible gas. Figure 8-10 shows this predicted 

data along with the experimental data reported by Monger and Fu [SO] for 

Brookhaven crude oil. From this figure one can see a good agreement between 

predicted and experimental data. 

Overall, the proposed models (CT, SC and FA) are general enough to be used 

successfully to predict the phase behavior of heavy organic deposition from the 

petroleum crudes under the influence of miscible solvents. 

Heavy 011anic Deposition in Producing-Wells and Transport Pipelines[511 

The models described above are general enough to predict the onset and amounts of 

deposition of heavy organics from petroleµm fluids under the influence of a 

miscible solvent. However, when crude oils are being produced, precipitation may 

occur in the production tubing-string. In this case, the onset and amounts of heavy 

organic deposition do not depend solely on the concentration of the miscible 

solvent injected into the reservoir. Deposition of heavy organics in this case 
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(production tubing-string) will be the result of a combined multi-phenomena effect. 

This multi-phenomena effect makes the deposition mechanism of heavy organics 

inside the well more complex than the mechanism described in the previous 

models. Also, heavy organic deposition may occur in the transport pipelines which 

may not be induced solely by addition of a miscible solvent but rather by a 

combination of different phenomena (i.e streaming potential, flow regime, 

temperature drops, diffusion effects, etc). Therefore, a different approach in the 

modeling of heavy organic deposition in oil-producing wells and oil-transport 

pipelines is required in order to a.ccount for the different effects leading to this 

undesirable problem. Prediction of any potential deposition inside the wells and 

transport pipelines is crucial considering the fact that, from the economical stand 

point of view, there is a need for a continuous supply of petroleum fluids to the 

refineries without any interruption. Therefore, one may think of oil-producing 

wells and oil-transport pipelines as the arteries of the of the fossil fuel industry 

through which the revenues of a given company are controlled. However, the 

proper performance of these arteries is hindered by a number of problems arising 

according to the quality of the fluids flowing through them. Among these 

problems, the one of major concern is indeed the heavy organic (asphaltene

paraffin/wax) deposition which in extreme cases may render in a disastrous 

complete plugging of these flow channels. 

In some wells and pipelines the primary heavy organic deposition is mainly 

comprised of paraffin/wax. There exist an abundance of information reported in 

the literature regarding this type of deposition and its treatment. However, in most 

cases the heavy organic deposition will be much more complex than a classical 

solid-liquid phase transition such as that followed by paraffin/wax during their 

segregation from the liquid phase. In this case, there is a need for more detailed 

analyses of the heavy organic deposits and petroleum fluids· to determine their 

nature and phase behavior in order to provide and/or devise preventive 

techniques. Thus, a primary aspect one must focus on is the determination of the 

causes leading to heavy organic deposition. 

Asphaltene particles are electrically charged, and thus they can be precipitated by 

application of an electrical potential. This suggests that applic�tion of a counter

potential may prevent the precipitation of asphaltenes. It has been observed that the 

electrical interactions with the conduit walls can disturb the stabilizing electrical 
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forces around the asphaltene micelle causing aggregation of the asphaltene particles. 

When crude oil is being produced or transported a streaming potential is generated 

due to the charged character of this colloidal particles which has been found to assist 
their flocculation by neutralizing the weak asphaltene charge [52]. It has also been 
found that the generated streaming potential is a function of the flow regime, pipe

wall conductivity, physical properties of the suspending media, and of size, shape 

and electrical properties of the asphaltene particles (23]. Lichaa [1] found that the 

amount of asphaltene deposition due to electrical effects is a function of 

temperature as well. Jhe streaming potential has direct effect on the diffusivity of 

asphaltene particles to the walls, which combined with Brownian and Eddie (if 
turbulent flow) diffusivity effects can render in a disastrous heavy organic 
deposition. Roughness of pipe-wall surface plays, also, an important role in the 
heavy organic deposition. A very rough surface may be sufficient to initiate the 
deposition process and trigger simultaneously the effect of other phenomena. 
Another important phenomenon is the appearance of paraffin/wax crystals at the 

cloud point of a petroleum fluid. Large and soft paraffin/wax crystals appear to 
serve as nuclei about which asphaltene particles deposit. 

Interesting observations were made after an analysis of the experimental and field 
data collected from oil wells prone to heavy organic deposition in the fields 
Tecoaminoacan and Jujo (Mexico). In this Mexican oil-producing area the heavy 

organic deposition problem was severe affecting the production of light crude oil, in 
extreme cases it resulted in complete plugging of some of the wells (53,54]. This 

fields are produced by primary mechanisms (i.e. no fluids are injected into the 

reservoir) and, therefore, deposition is not induced by the addition of miscible 

solvents. Experimental data collected for a crude oil and a heavy-organic deposit 

from the same crude is presented in Table 8-6. A thorough analysis of these data 
allowed to conclude that the streaming potential generated during production of 
thi� crude oils was high enough to cause flocculation of the asphaltene particles. 

This generated streaming potential was estimated as shown in Table 8-7. In these 
calculations it was assumed a asphaltene-particle diameter of 2700 A (i.e. precipitated 

asphaltenes), and a n<>rmal pipe wall conductivity. Therefore, the actual value__s_of 
this streaming potential are expected to be at least two to three order of magnitude 

higher. An interesting observation was made after, having analysed the field data 
collected for thirteen wells in which the heavy organic deposition was severe. This 
data is presented in Fig. 8-11. These data suggest a linear relationship between 

20 

S.J. Park, J. Escobedo, G.A. Mansoori
Asphaltene and Other Heavy Organics Depositions

Ch. 8: 179-205, 1994 “Asphaltenes and Asphalts 1” G.V. Chilingarian and T.F. Yen (Ed’s), Elsevier Sci.



bubble point pressure depth and depth at which the organic deposits are found. For 

the majority of these wells the organic deposits are found after the bubble point 

pressure has been reached (i.e two-phase region). This suggests that the appearance 

of a gas phase somehow enhances the deposition process and its effect becomes 

critical at a certain distance after the bubble point in the two-phase region. After a 

thorough analysis of the data collected, it was concluded that a good model for the 

heavy organic deposition in oil-producing-wells must incorporate the combined 

effects of the generated streaming potential, fluid dynamics (i.e. compressible 

character 9f crude oil), and temperature and pressure drops on the asphaltene 

aggregation rate and on asphaltene particle diffussivity towards the wall. This way 

one will be able to predict the location and amount of heavy organic deposition 

inside the well. 

Con cl us ions 

The proposed models for heavy organic deposition from petroleum crudes are 

based on two different facts. In the CT model the heavy organics are considered to 

be dissolved in an oil which may or may not form a solid phase depending on the 

thermodynamic conditions of temperature, pressure, and composition. In the SC 

model heavy organics are considered as solid particles of different sizes suspended 

colloidally in the oil and stabilized by large polymeric molecules (i.e. resins) 

adsorbed on their surface. In the FA model incorporation of the CT and SC models 

is made and the fractal aggregation theory of colloidal growth is employed. This 

model considers the asphaltenes to be partly dissolved and partly in the colloidal 

state, thus it accounts for both the solubility and colloidal effect of heavy organics in 

light components. The proposed CT, SC and FA models can provide the tool for 

making satisfactory prediction of the phase behavior of heavy organic deposition. 

Because the asphaltene deposition problem is so elusive, it seems that before one 

can formulate a comprehensive model describing the problem, the true asphaltene 

deposition mechanism must be clearly understood and backed by field and 

experimental data, then an accurate and representative model can be formulated . 
........... __ " 

The objective here is to develop a comprehensive model which can describe 

properly the mechanism of heavy organic deposition inside the oil reservoir, 

production wells, transport pipelines, etc. Utilization of kinetic theory of fractal 

aggregation has enabled the development of the FA model. This model allows us to 
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describe properly several situations, such as phase behavior of heavy organic 
deposition, growing mechanism of the heavy organics, the geometrical aspects of 
aggregates, the size distributions of precipitated deposits, and the solubility of heavy 
organics in the solution under the influence of a miscible solvent. In general, the 

proposed models are applicable to the prediction of heavy organic deposition 
(asphaltene, paraffin/wax, resin) from petroleum crudes due to changes in pressure, 
temperature and composition. Further modeling must involve the prediction of 
the location and amount of heavy organic deposition inside the producing wells 
and oil-transport pipelines. 
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Table 8-1. 
Hydrocarbon group separation by HPLC method. 

Component Brookhaven Oil DK-107Oil 

Asphaltenes, wt% 1.25 � 0.03b 0.53 ± 0.03 b

Saturates, wt% 70.57 ± 0.42 47.00 ± 0.28 

Aromatics, wt% 22.94 ± 0.33 43.22 ± 0.17 

Polars, wt% 5.24 ± 0.06 9.25 ± 0.08 

a. A minimum of three measurements for each data point were made to determine

the precision, which was taken as the average distance from the mean.

b. These are n-C6 asphaltenes.
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Table 8-2 
Comparison of crude oil resin content by adsorption and HPLC methods. 

Resin Content 

Crude Oil by Adsorption, wt% 

Brookhaven 4.59 ± 0.12b

DK-107 8.30 ± 0.27 

Polars Content 

byHPLC,wt% 

5.24 ± 0.06 

9.25 ± 0.08 

Resin contenta 

byHPLC,wt% 

4.84 ± 0.23 

8.73 ± 0.14 

a. The resin content by HPLC is obtained by deducting the difference of the n-C5 and

n-C6 asphaltenes from the polars content by HPLC. The n-C5 asphaltenes are 1.65

± 0.05 wt% and 1.05 ± 0.03 wt% respectively for Brookhaven DK-107 oils. The n-C6

asphaltenes are given in Table 8-1.

b. A minimum of three measurements for each data point were made to determine

the precision, which was taken as the average distance from the mean.
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Table 8-3 
Experimental [40) and predicted onset data. 

1. Hexadecane experimental onset used for fitting the model (amount of Hexadecane

added at the onset is 75.3 moles,

Solvent 

pentane 

heptane 

decane 

dodecane 

Predicted Onsets 

Moles 

309 

169 

158 

124 

cdg oil 

1.6 

1.1 

1.4 

1.3 

Ex�erimental Onsets 

Moles 

210 

158 

125.8 

cc/g oil 

>1.3

1.4 

1.4 

1.3 

2. Dodecane experimental onset used for fitting the model (amount of dodecane

added at the onset is 125,8 moles>.

Solvent 

hexadecane 

pentane 

heptane 

decane 

Predicted Onsets 

Moles 

76.3 

316 

172 

160 

cdg oil 

1.0 

1.6 

1.2 

1.4 

Experimental Onsets 

Moles 

75.3 

210 

125.8 

cc/g oil 

1.0 

>1.3

1.4 

1.4 

3. Heptane experimental onset used for fitting the model (amount of heptane

added at the onset is 210 moles,

Solvent 

decane 

dodecane 

hexadecane 

pentane 

Predicted Onsets 
Moles cdg oil 

194 1.72 

150 1.55 

92.3 1.23 

349 1.83 
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Experimental Onsets 
Moles cc/g oil 

158 1.4 

125.8 1.3 

75.3 1.0 

>1.3

S.J. Park, J. Escobedo, G.A. Mansoori
Asphaltene and Other Heavy Organics Depositions

Ch. 8: 179-205, 1994 “Asphaltenes and Asphalts 1” G.V. Chilingarian and T.F. Yen (Ed’s), Elsevier Sci.



Table8-4 

The experimental vs. prediction for the onset and amount of asphaltene 
deposition from the tank oil*. 

Dilution Ratio 

(cc diluent/g tank oil) 

1.35 

1.40 

1.90 

222 

5 

10 

20 

50 

N.Tb

3.61 

3.79 

3.87 

O.fC

3.31 

3.67 

3.75 

3.73 

a::C6 

EXP CAL 

O.F. 

O.F. 

1.53 1.52 

1.82 228 

1.89 243 

1.87 229 

.tt.:.Cto 
EXP 

O.F. 

1.34 

1.45 

1.50 

* The experimental titration data (wt% tank oil) are taken from reference (40]

a- EXP, experimental values; CAL, calculated values.

b- N.T. denotes that the onset of asphaltene deposition is not determined.

c- O.F. denotes the onset of flocculation.
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CAL 

O.F. 

1.30 

1.53 

1.45 

1.13 
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Table 8-5 
The amount of asphaltene flocculated by titration of Brookhaven oil with 
n-paraffins *.

Flocculant Wt% of asphaltene 

EXP
a 

CAL
b 

n-pentane 1.65 1.41 

n-hexane 1.25 1.23 

n-heptane 0.95 0.99 

n-decane 0.72 0.69 

n-dodecane 0.60 0.63 

n-hexadecane 0.52 0.49 

• The experimental data are taken from the reference [39].

a- EXP, experimental values; CAL, calculated values.
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Table 8. 6 

Fractal dimension, D, of a growing cluster as a function of its Euclidian dimension d 

d D 

2 1.38±o.03 

3 1.72±0.11 

4 2.02±o.11 

5 2.3o±0.15 

6 2.6o±0.15 

The fractal dimensions D are determined for dw = 2 (random walk). 
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Table 7. 
Characterization of Crude and Deposit from well T-127 of Tecoaminoacan 
field [54]. 

ELEMENTAL 

ANALYSIS 

Carbon wt% 

Hydrogen wt% 

Nitrogen wt% 

Iron ppm 

Copper ppm 

Nickel ppm 

12.5 

Vanadium ppm 

Zinc ppm 
Spec. gravity (20/4 C) 

API Gravity 
Viscosity sus., @ 60 F 

@ 70 F 

@77F 

Pour Point C 

Sulfur wt% 

n-C5 Asphaltenes

Solubles, wt% 

Saturated, wt% 
Aromatics, wt% 

Resins or Polars, wt% 

CRUDE 
AT-127 

86.1 
12.5 

0.4 

<1 

<1 

<1 

1 

<1 

36.7 

45.2 

42.2 

41.0 

-30

0.9

1.5

89.7 

52.3 

37.4 

8.8 

34 

ORG. DEPOSIT 

DT-127 

84.5 

8.6 
0 .4 

267.0 

3.0 

20.0 

171.0 

6.0 
0.837 

2.9 

42.0 

48.0 
42.1 

5.1 

10.0 
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Tables 

Estimated values for the generated streaming Potential. 

Production 

rate (m3/day)

200 

443 (field data) 

600 

800 

1000 

Uavg (m/s) 

0.51 

1.132 

1.532 

2.044 

2.555 
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Potential 

E (Volts) 

13.1 

52.7864 

88.6889 

146.883 

216.847 
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Fig. 8-1 Relations between molar concentration distributions of asphaltene in 

different phases in equilibrium resulting from the addition of a given amount of 

miscible solvent (20.00 cc n-heptane) to one gram of the tank oil. 
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Fig. 8-3. Comparison of experimental and predicted asphaltene molecular weight 
distributions. The asphaltenes were flocculated from Brookhaven oil with n

pentane using the standard method ASTM D-3279-83. 
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distributions. The asphaltenes were flocculated from Brookhaven oil with different 
n-paraffins using the standard method ASTM D-3279-83.
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Fig. 8-7. Comparison of the size distributions of asphaltene clusters for d ifferent 
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Fig. 8-10. Phase diagram for mixtures of Brookhaven stock-tank oil and carbon 

dioxide at 317 K. Region 1F is the homogeneous liquid phase area, 2F is the vapor
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model. The shaded area is the experimental 3F region. The experimental are taken 

from reference [50]. 
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