
C H A P T E R  II
L I T E R A T U R E  S U R V E Y

2 .1  G e n e r a l  D e f i n i t i o n  o f  A s p h a l t e n e s

The asphaltenes usually appear as dark brown to black friable 
solids and have no definite melting point. Generally, the highest molecular 
weight, the most highly polar fraction is often referred to asphaltene which 
is, by definition, a solubility class that is precipitated from petroleum by the 
addition of an excess of the liquid hydrocarbon. The asphaltenes, viewed 
structurally, contain condensed polynuclear aromatic ring systems bearing 
alkyl side chains having molecular weights ranging from several hundred to 
several thousand. These molecules normally contain significant quantities of 
oxygen, nitrogen, and sulfur. The asphaltic materials are generally thought to 
be colloidally dispersed in solution (Schechter, 1992). In aromatic solvents, 
asphaltenes can form micelle-like aggregates above a certain concentration of 
asphaltenes, the critical micelle concentration (CMC).

2 .2  A s p h a l t e n e  F l o c c u l a t i o n  a n d  D e p o s i t i o n

In general, asphaltene flocculation depends on the thermodynamics 
of the system, for example, temperature, pressure and composition. The 
secondary oil recovery during oil production can cause the flocculation due to 
the composition changes. Empirical observations indicate that the resins play 
an important role in stabilizing asphaltenes in crude oil and under unfavorable 
solvent conditions, the asphaltene species are prone to further aggregation 
clusters that are unstable and preciptitate from crude oil (Scharbron and 
Speight, 1998).
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When asphaltenes are precipitated from crude oil or sediment extract 
using n-pentane, there is a tendency for non-asphaltic, n-pentane-soluble 
material to be co-precipitated. The results from Py-GC/MS and 13C-NMR 
showed that the n-pentane -  soluble materials which co-precipitate with the 
asphaltenes from the crude oil, consisted mainly of compounds with structural 
similarities to asphaltenes and resins (Myhr et a l, 1990).

A novel method for determination of the onset of asphaltene 
flocculation is developed (Escobedo and Mansoori, 1993). Due to the fact that 
viscosity of suspensions are affected by aggregation of suspended particles, 
viscosities of oil solvent mixtures are used as the criteria for the 
determination of onset of asphaltenes. A marked deviation in viscosity was 
observed at the onset of asphaltene flocculation.

Asphaltene solutions in toluene/heptane mixtures are a popular 
system for investigating the stability and the precipitation process of 
asphaltenes. At a certain threshold value of the ratio heptane/toluene, the 
asphaltene solution becomes unstable and asphaltene particles start to 
aggregate. The threshold amount of toluene/heptane mixtures needed for 
asphaltene aggregation was found to depend on the original and concentration 
of the asphaltene, and varied from 45 to 55% volume (Yudin et a l ,  1998b).

Flocculation points of complex system of the type o f crude oil, 
solvent and precipitant were experimentally and theoretically studied. The 
modeling o f the flocculation point is based on the simple Scatchard- 
Hindebrand solubility theory in the framework o f continuous 
thermodynamics. In this, the crude oil is assumed to consist o f maltenes and 
asphaltenes describing the polydispersity by Gaussian distributions. 
However, the use of the Scatchard-Hildebrand solubility parameter the 
model is restricted to non-polar solvents and précipitants (Browarzik et a l,
1999).
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2.3 Asphaltene Dissolution and Stability

Kaminski and co-workers (2000) studied the characterization of 
asphaltenes via fractionation and the effect of heteroatom contents on 
dissolution kinetics. A fractionation technique that divides an asphaltene 
sample into different polar components showed various morphology of 
each fraction. The most polar fraction was dense and shiny black particles 
that displays a crystalline microstructure under SEM examination. On the 
other hand, the least polar fraction was porous and dull-brown powder of 
completely amorphous nature. Extensive studies using gel permeation 
chromatography, FTIR spectroscopy, and elemental analysis revealed no 
apparent structural differences between various fractions. However, 
substantially different dissolution characteristics were displayed by the 
fractions in a differential reactor. Fractions of higher polarity displayed lower 
dissolution rates and dissolved to a less extent than the lower polar fractions. 
Further analysis of the fractions using ICP-90 suggests that the heteroatom 
content played a major role in determining the high polarity of asphaltenes.

Tojima and co-workers (1998) developed an asphaltene fractionation 
method in order to investigate the effect of heptane insoluble asphaltene (C-7 
asphaltene) on residual oil stability. C-7 asphaltene was separated into heavy 
and light fractions using a binary solvent system of toluene and heptane. It 
was found that the heavy fraction of C-7 asphaltene extracted by this method 
consisted of highly condensed polynuclear aromatics. On the other hand, light 
fraction of C-7 asphaltene was considered to influence the peptizing power. 
They proposed a new conceptual model : light asphaltenes would perform as 
peptizing material as well as resin, and heavy asphaltene would be peptized in 
oil.

Lian et al. (1994) reported that the nature of resin served as a good 
peptizing agent (interfacial agent) since the polar fractions of resin also



7

contain surfactants (amphiphiles). Due to this peptizing function, resins can be 
applied to enhance oil recovery. It was found that aromatic hydrocarbons were 
good dispersed mediums for peptization test. The partial precipitation of 
asphaltenes in a fixed amount of aromatic hydrocarbon system (such as 
toluene), with gradual additions of paraffinic hydrocarbon (such as 
pentane), in the presence of various surfactants was studied. These surfactants 
affected the asphaltene precipitation, either by acceleration or by retardation, 
depending on the structures, types and quantities of the surfactants.

It is common practice to determine the solubility of asphaltene 
deposits from experiments in which a fixed mass of asphaltene is placed in 
contact with a fixed volume of solvent. The solubility of asphaltene is 
calculated from the amount of sample dissolved in the volume of solvent used. 
Implicity, this method assumes that the asphaltene sample is uniform with 
respect to its solubility.

Aromatic solvents such as toluene and xylene are normally used in 
the petroleum industry to remove asphaltene deposits. The effectiveness of 
such solvent treatment depends strongly on both the chemical characteristics 
of the solvent and on the specific nature of the petroleum deposits.

2.4 Asphaltene Solubility

The most prevalent thermodynamic approach to describe asphaltene 
solubility has been applied to the solubility parameter or the concept of 
cohesion energy density. The application of solubility parameter data to 
correlate asphaltene precipitation, and hence asphaltene -  solvent interation, 
has been used on prior occasions (Mitchell and Speight, 1973).

The solubility parameter, introduced by Hindebrand and Scott, is the 
square root of the energy of the heat of-vaporization over the molar volume. 
The solubility parameter decreases with an increase in polarity, dipole
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interation due to aromatic ring and heteroatoms and molecular weight (Altgelt 
and Boduszynski 5 1994 ).

Yarranton and Masliyah (1996) studied the asphaltene modeled 
solubility using a solid -  liquid equilibrium calculation with K-values derives 
from Scatchard-Hildenbrand solubility theory incorporating the Flory -  
Huggins entropy of mixing. The resulting multicomponent equilibrium 
calculation was tested on solutions of toluene and hexane. In this case, the rate 
of asphaltene enthalpy of vaporization changes with molar mass was one 
estimated parameter.

The tendency of asphaltenes to precipitate from crude oil on a 
variation in the solubility parameter (5) value of the precipitating solvent 
mixture is more closely related to the aromaticity and polarity of the 
asphaltene than to their dimension. It can be concluded that molecular weight, 
together with aromaticity and polarity, affected asphaltlene solubility in 
hydrocarbon media. The great difference of solubility parameters between 
asphaltene and solvent resulted in a phase separation. The solubility of 
asphaltenes decreased as the difference between the asphaltenes and solvent 
solubility parameters increased. Both polarity and molecular weight of 
asphaltenes in a solvent define the solubility boundaries. It is also evident that 
as the molecular weight of a particular solute decreased, there was an 
increased tolerance of polarity difference between solute and solvent under 
miscible conditions (Anderson and Speight, 1999).

In order to assure efficient interaction between two substrates, not 
only must the solubility parameters of the solute and solvent be similar, but 
the single components contributing to solubility parameter must be similar as 
well.

The use of mixtures of a polar and a nonpolar solvent in order to 
fractionate an asphaltene sample by increasing the solubility parameter of the 
solvent mixture has been performed. Solubility parameters are broken into
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dispersion, polar, and hydrogen bonding components. This approach will tend 
to direct the fractionation by introducing polar force and hydrogen bonding, 
as well dispersion forces, as factors determining which component of the 
asphaltene sample are soluble in the mixture (Mannistu et a/., 1997).

2.5 Aphaltene Molecular Weight and Aggregation

Molecular structure of asphaltenes varies significantly depending on 
their original, method of recovery, and history of extraction. Numerous 
attempts to find correlations between extensive data on asphaltene structure 
and their colloid properties were not successful.

The apparent molecular weights of asphaltenes span a wide range 
from a few hundred to several million leading to the speculation about 
asphaltene self-assosication. The tendency of the asphaltenes to form 
aggregates in hydrocarbon solution is one of their most characteristic features 
resulting in complicating the determination of asphaltene molecular weight. 
Scharbron and Speight (1998) found that the molecular weights measured by 
means of vapor pressure osmometry (VOP) or size exclusion chromatography 
(SEC) were significantly influenced by the condition of the analysis 
(temperature, asphaltene concentration, and solvent polarity).

Molecular weight measurements can be applied in monitoring 
aggregate size and extension of association of asphaltene components. 
However, it was evident from the previous work that small molecules were 
dissolved before large molecules, leading to an increase in weight fraction of 
heavy molecules in the insolubles (Andersen, 1994). The simultaneous 
increases in heteroatom content and molecular weight on the insolubles will 
lead to an increase in polarity and hence the observed increased association of 
molecules. These molecules should also be expected to be the least soluble 
asphaltene constituents due to the higher molecular weight and polarity, which
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also leads to an increased melting point compared to compounds of similar 
molecular weight.

Yudin and coworkers (1998a) studied the kinetics of asphaltene 
aggregation in toluene/n-heptane mixtures with a dynamics light scattering. 
Two types of aggregation kinetics have been observed: diffusion-limited 
aggregation and reaction-limited aggregation. At the asphaltene concentrations 
in toluene below the critical micelle concentration of about 3 g/1, the 
aggregation kinetics appeared to be solely limited by diffusion. Far above the 
critical micelle concentration, reaction limited aggregation took place at least 
in the initial stage of particle growth. At a concentration of asphaltenes in 
toluene above the critical micelle concentration, a crossover between these 
two types of aggregation kinetics was observed.

It is well recognized that asphaltenes are dispersed in the crude oil 
due to resins. The degree of dispersion depends on the aromaticity and the 
chemical composition of oil. In highly aromatic oils, asphaltenes are
dispersed colloidally, but the presence of excess paraffinic hydrocarbons, 
they are coagulated and precipitated. These precipitated asphaltenes can be re­
peptized by the addition of aromatics. This peptization of adsorbed resins is 
the basis of the thermodynamic colloidal model proposed earlier by
Leontatitis (1989) as shown in Figure 2.1

Figure 2.1 Structure of asphaltenes.
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2.6 Analysis of Asphaltene Dissolution. Kinetics

In order to analyze the kinetics of asphaltene dissolution, the rate 
of asphaltene dissolution, rD , is assumed to be the first order with respect to 
the undissolved asphaltene mass as proposed in the earlier work by 
corresponding author (Permkukarome etal., 1997):

- r D = dJd i= ~ ‘ ( 2 1 )

Integrating Equation (2.1) gives

เ ท ^  =  _  k t ( 2 .2 )

Where k is the pseudo reaction rate constant for asphaltene dissolution 
(min’').M0 and M  are the mass of asphaltene precipitates initially placed and 
that remaining undissolved at time t, respectively. The value of k can be 
obtained from the slope of the plot of t versus In (M/M0). It is important to 
note here that the parameter, k, represents the pseudo reaction rate constant for 
the mass transfer limited dissolution process. The reaction rate followed 
Langmuir-Hinshelwood kinetics.

In mass transfer -  dominated reactions, the surface reaction is so 
rapid that the rate of transfer of substance from the surface to the bulk liquid 
phase limits the overall rate of reaction. Therefore, the concentration of 
asphaltenes at the surface can be assumed equal to the solubility of asphaltene 
in the solvent. For reaction at steady state, the mass flux of dissolved 
asphaltene to the bulk fluid, W as  ( g/cm2xs) , is equal to the rate of 
disappearance of asphaltene on the surface -rA ( g/cm2xs) ; i.e.,
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—  X — (2.3)area dt

(2.4)

where CAfs and c 'a,b are the concentrations of asphaltenes at the surface and 
in bulk fluid(g/cm3), respectively, A is the surface area of asphaltene and kc is
convective mass transfer coefficient (cm/s). The value of kc can be 
determined from the slope of the plot of dM/dt against solubility of 
asphaltenes in different percentage of toluene in solvent mixtures (CAS) 
(Fogler, 1992).

2.7 Prediction of Unfractionated Asphaltene Solubility from Polar 
Fractions

The accurate predictions of the unffactionated rate constant were 
made using summation of the average dissolution rates of each fraction along 
with the fraction yields (Kaminski et a l,2000). To investigate whether an 
unfractionated asphaltene sample behaves as a sum of its fractions, the 
average fraction solubility of was multiplied by the fraction yield of each 
fraction. Assuming that the solubilities of each polar fractions fractionated 
using the same method are the same for different asphaltenes, the following 
equation can be established:

C S iN M 5  ~  X  ( X j  H M S  x C s i . N M I  ) (2.5)
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w h e r e  c 51NM:5 =  p r e d ic t e d  s o lu b i l i t y  o f  u n f r a c t io n a t e d  N M 5 ( g / l )

X j ,NM5 =  m a s s  f r a c t io n  o f  e a c h  p o la r  f r a c t io n

Csi,NMi =  s o lu b i l i t y  o f  p o la r  fr a c t io n  N M 1 (  g/1  )

2 .8  P r e d i c t i o n  o f  A s p h a l t e n e  M o l e c u l a r  W e i g h t  f r o m  S o l u b i l i t y  D a t a

S o lu b i l i t y  p a r a m e te r  is  th e  s q u a r e  r o o t  o f  th e  c o h e s i v e  e n e r g y  d e n s i t y  

a n d  r e p r e s e n t s  th e  to ta l  m o le c u la r  in te r a c t io n  e n e r g y  w h ic h  in c lu d e s  

d is p e r s io n ,  p o la r  a n d  h y d r o g e n - b o n d in g  in te r a c t io n  e n e r g ie s .  A  s i n g l e ­
c o m p o n e n t  s o lu b i l i t y  p a r a m e te r  is  e x p e c t e d  to  w o r k  w e l l  w h e n  d i s p e r s io n  

f o r c e s  d o m in a t e  b u t m a y  n o t  a c c u r a t e ly  r e p r e s e n t  p o la r  s o lv e n t s  w h e r e  p o la r  

a n d  h y d r o g e n - b o n d in g  f o r c e s  a p p r o a c h  th e  d is p e r s io n  f o r c e s  in  s ig n i f i c a n c e .  
In  m o d e l in g  a s p h a l t e n e  s o lu b i l i t y  S c a t c h a r d -H i ld e b r a n d  s o lu b i l i t y  th e o r y  w ith  

a  F lo r y - H u g g in s  e n tr o p y  o f  m ix in g  te r m  fo r m  th e  h e a r t  o f  th e  m o d e l .  F o r  

a s p h a l t e n e  s o lu b i l i t y  c a lc u la t io n ,  th e  s o l id  - l i q u i d  e q u i l ib r ia  a n d  th e  

a p p r o p r ia te  e q u i l ib r iu m  r a t io  is  d e f in e d  a s  f o l l o w s  :

T h e  s o lv e n t  m ix t u r e  p r o p e r t ie s ,  Vm a n d  รm , a r e  c a lc u la t e d  u s in g  

p u b l i s h e d  v a lu e s  fo r  th e  p r o p e r t ie s  o f  th e  m ix t u r e  c o m p o n e n t s .  F o r  a s p h a l t e n e  

p r o p e r t ie s ,  Y a r r a n to n  a n d  M a s l iy a h  ( 1 9 9 6 )  d e v e lo p e d  t h e  f o l l o w i n g  

c o r r e la t io n :

( 2 .6 )

Vt 1000 X MW 
= 0.017 X MW + 1080 ( 2 .7 )

ร ,  =  { A x  (0 .0 1 7 x/W  + 1 0 8 0 ) ) 0 ' 5and (2 .8 )
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w h e r e K  =  E q u i l ib r iu m  r a t io  (  K  =  x s / X i )

Vi =  L iq u id  p h a s e  m o la r  v o lu m e  o f  a s p h a l t e n e  ( c m 3/ m o l  )  

v m =  L iq u id  p h a s e  m o la r  v o lu m e  o f  s o lv e n t  ( c m 3/ m o l  )

Si = S o lu b i l i t y  p a r a m e t e r  o f  a s p h a l t e n e  ( M p a  1/2 )
ร m =  S o lu b i l i t y  p a r a m e t e r  o f  s o lv e n t  ( M p a  1/2 )

M W  =  M o la r  m a s s  o f  a s p h a l t e n e  ( g /  m o le  )

A  =  T h e  c h a n g e  o f  t h e  h e a t  o f  v a p o r iz a t io n  o f  a s p h a l t e n e  w i t h  a 

c h a n g e  in  m o la r  m a s s  ( k J /g  )

R  =  G a s  c o n s t a n t  ( J /m o lx K )

T  =  T e m p e r a tu r e  ( K )

C o n s id e r  t h e  d e f in i t io n  o f  e q u i l ib r iu m  r a t io  :

K = j f -  (2.9)

w h e r e  X s =  S o l id  m o le  f r a c t io n  =  1 ( fo r  s in g le  c o m p o n e n t  o f  a s p h a l t e n e  )  

X, =  L iq u id  m o le  f r a c t io n  o f  a s p h a lt e n e

_  mole of asphaltene
mole of toluene + mole of hep tan e +mole of asphaltene

B a s i s  : 1 l itr e  o f  s o lv e n t  m ix t u r e

M o le  o f  a s p h a l t e n e  =

_ MW X (mole
^ A ,ร = ---------- ---------

of toluene + mole of heptane
(K - 1 )

( 2 .1 0 )

w h e r e  C Ajร =  S o lu b i l i t y  o f  a s p h a l t e n e  in  s o lv e n t  m ix t u r e  (g /1  )
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