




In eq 1, the molar refraction, Rm, represents the volume
occupied by molecules per unit mole, whereas MW/F represents
the total or apparent molar volume, including the free space
between molecules. The refractive index function, FRI, is,
therefore, the fraction of the total volume occupied by molecules.

Because Rm is nearly independent of the temperature and
pressure, the one-third rule can also be applied over a wide range
of temperatures and pressures. Figure 4 shows the remarkable
agreement of the one-third rule compared to experimental data
of seven crude oils16 in a temperature range of about 60 °C
(108 °F).

A linear correlation between the solubility parameter, δ, and
FRI at 20°C was proposed by Wang and Buckley17

δ) 52.042FRI + 2.904 (2)

where δ is in units of MPa0.5.
The one-third rule can now be applied to estimate the

solubility parameters of liquid hydrocarbons as a function of
their mass densities at ambient temperature

δ) 17.347F+ 2.904 (3)

where δ is in units of MPa0.5 and F is units of g/cm3.
The one-third rule is a good alternative for the estimation of

the mass density or the refractive index when one of these
properties is known and no other laboratory data are available.
However, it is important to mention that not all of the oil
components satisfy this relationship. Light substances, such as
methane, ethane, and propane, do not obey the one-third rule.

Cohesive Energy and Solubility Parameter as a Func-
tion of the Pressure. The cohesive energy, e, is defined as the
negative value of the residual internal energy, -ures, and can
be calculated as the product of the molar volume, V, and the
solubility parameter squared, δ2.

e)-ures )-(uL(P, T)- uig(T)) (4a)

e)Vδ2 (4b)

According to eq 4a, the cohesive energy can be readily
calculated using an equation of state, such as PC-SAFT, by
obtaining the internal energies of the liquid at the pressure and
temperature of interest and the internal energy of a gas at the
same temperature but for Pf 0, i.e., internal energy of an ideal
gas.

Along a co-existence curve at constant temperature, e.g.,
bubble point or cloud point, both pressure and composition of
the mixture are changing. To calculate the cohesive energy or
the solubility parameter of the mixture along this curve, both
effects need to be taken into account.

The pressure dependence of the cohesive energy and the
solubility parameter can be derived from thermodynamic
relationships.

The pressure dependence of the cohesive energy, e, of a pure
component is given by eq 5

( ∂e
∂P)T

)-(∂ures

∂P )
P
) T(∂V∂T)P

+P(∂V∂P)T
(5)

The thermal expansion, RP, and the isothermal compress-
ibility, κT, are defined according to eqs 6 and 7, respectively.

RP )
1
V(∂V∂T)P

(6)

κT )-1
V(∂V∂P)T

(7)

For small finite differences in pressure and temperature, RP

and κT can be assumed to be constant; i.e., we can obtain average
values RjP and κjT in that interval, and eq 5 can be integrated to
obtain eq 8

e(P, T)) e0(P0, T)+ (1- TR̄P

κ¯T
)(V- V0)+PV-P0V0 (8)

where V and V0 are evaluated at actual pressure, P, and at
reference pressure, P0, respectively.

Similarly, for the solubility parameter, eq 9 can be derived

δ2(P, T))P+
V0

V
[δ0

2(P0, T)-P0]+ (1- TR̄P

κT
)(1-

V0

V ) (9)

In eq 9, it can be clearly seen that, at constant temperature,
the solubility parameter only depends upon pressure and
volumetric quantities, i.e., volume, isothermal compressibility,
and thermal expansion.

Using eq 9, the solubility parameter of a component can be
calculated at a given P, starting from a known solubility
parameter value at a reference pressure, P0. If this pressure range
is wide, it can be split into several small intervals, and then use
successive calculations. It is necessary to know the volumetric
behavior of the system, as a function of the pressure. At every
interval, the corresponding values of RjP and κjT are calculated.

This procedure was implemented for the calculation of the
solubility parameter of benzene and hexane as a function of the
pressure. Volume data were obtained from the National Institute
of Standards and Technology (NIST) database.18 Figure 5 shows
the excellent agreement between successive calculations using eq
9 and molecular simulation data reported by Rai et al.19

(16) Wang, J. New Mexico Institute of Mining and Technology, Socorro,
NM, 2000.

(17) Wang, J. X.; Buckley, J. S. Energy Fuels 2001, 15, 1004–1012.

(18) Linstrom, P. J.; Mallard, W. G. National Institute of Standards and
Technology (NIST) Chemistry WebBook, NIST Standard Reference
Database, 2005.

(19) Rai, N.; Siepmann, J. I.; Schultz, N. E.; Ross, R. B. J. Phys. Chem.
C 2007, 111, 15634–15641.

Figure 3. Validation of the one-third rule for 229 crude oils. Circles
represent experimental data at ambient conditions from ref 25.

Figure 4. Validation of the one-third rule in a wide range of
temperatures for different crude oils. Experimental data was taken from
Wang.16
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New Mixing Rule for Solubility Parameters. The current
expression used to calculate the solubility parameter of a
mixture, δmix, from the solubility parameter of the pure
constituents is given by eq 10

δmix )∑
i

φiδi (10)

where φ is the volume fraction and δ is the solubility parameter
of the pure component i.

This equation is an extension of the Scatchard-Hildebrand
regular solution theory to mixtures containing polymers and
solvents. The interaction energy of two different molecules is
estimated assuming a geometric mean for the cohesive energy.20

However, even at that time, it was well-known that this was an
approximate result. The interaction energy density is, in general,
less than or equal to the geometric mean, a result demonstrated
by London.21

This mixing rule offers a simple and accurate enough method
for estimating the solubility parameters of mixtures containing
liquids. However, as originally recognized by Hildebrand et al.,22

the presence of dissolved gases requires a special treatment. At
that time, the effective volume and solubility parameter for
hypothetical liquid-like dissolved gases were fit, assuming that
the same mixing rule held. Even though this is a procedure that
even in current references is followed,23 it has been known that
the geometric mean for intermolecular forces becomes increas-
ingly poor as the difference in size between different molecules
increases.24

A different approach can be followed starting from the
definition of the cohesive energy and the molar volume of the
mixture in terms of the partial molar properties of the constitu-
ents, according to eqs 11 and 12

emix )∑
i

xiẽi (11)

Vmix )∑
i

xiṼi (12)

where xi is the mole fraction of component i and ẽi and Ṽi are
the partial molar cohesive energy and the partial molar volume
of component i, respectively.

When the definition of the solubility parameter is combined
with eqs 11 and 12, a quadratic mixing rule for the solubility
parameter can be readily obtained

δmix
2 )∑

i

φ
^

iδ
^

i
2 (13)

where φ̂i ) xiṼi/Vmix and δ̂i
2 ) ẽi/Ṽi.

Equation 13 represents an exact relationship to calculate the
solubility parameter of the mixture. However, it is difficult to
calculate the partial molar properties of the components, and
certain assumptions need to be made. Effective molar volumes
and cohesive energies can be proposed for this effect.

The mixing rule proposed in this work has been validated
for the system n-heptane/R-methyl naphtalene and is reported
in Figure 6. Experimental data have been reported by Wang.25

From the figure, it is clear that the new mixing rule provides a
better estimate for the solubility parameter of the mixture in a
wide range of concentrations of n-heptane.

Several simulations were performed using the PC-SAFT EoS,
and the results led to two important conclusions: (1) The two
mixing rules give similar results for mixtures formed by similar
liquids. (2) The new mixing rule is in excellent agreement with
the simulation results, even for mixtures containing dissolved
gases. In this case, the difference with the old mixing rule was
observed to be a maximum.

The effectiveness of the new mixing rule depends upon the
accuracy of the values of partial molar properties of the different
components. In some cases, effective values can be used;
however, it may be necessary to obtain correlations for these
partial molar properties as a function of the composition. An
approach to correlate the cohesive energy at the bubble point
or asphaltene precipitation onset is proposed in the next section.

Universal Curves for Bubble Point and Asphaltene
Precipitation Onset

The correlations presented in the previous sections are useful
in estimating the solubility parameters of a mixture as a function
of the pressure and composition. These tools can be applied to
the analysis of petroleum systems to obtain a general method
for modeling the phase behavior. Relationships between the
solubility parameters, cohesive energy, pressure, and composi-
tion along the bubble point and onset of asphaltene precipitation
curves can be readily obtained.

Although an extensive experimental database for the phase
behavior of multiple crude oil systems is desirable to validate

(20) Scott, R. L.; Magat, M. J. Chem. Phys. 1945, 13, 172.
(21) London, F. Z. Phys. Chem. 1930, B11, 222–251.
(22) Hildebrand, J. H.; Prausnitz, J. M.; Scott, R. L. Regular and Related

Solutions; Van Nostrand Reinhold Company: New York, 1970.
(23) Barton, A. F. M. CRC Handbook of Solubility Parameters and Other

Cohesion Parameters; CRC Press: Boca Raton, FL, 1991.
(24) Prausnitz, J. M.; Shair, F. H. AIChE J. 1961, 7, 682–687. (25) Wang, J. X. Personal communication.

Figure 5. Comparison between proposed model (continuous lines) and
data19 (open markers) for the solubility parameters of benzene and
hexane, as a function of the pressure. Figure 6. Comparison between the old mixing rule and the new mixing

rule proposed in this work, with experimental data.25
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the proposed models, the time and cost are prohibitive.
Alternatively, computer simulations using reliable equations of
state, such as PC-SAFT, can be successfully applied to represent
the systems of interest. The PC-SAFT EoS has been effectively
used for modeling the bubble point and onset of asphaltene
precipitation in multiple cases, considering, for example, the
effect of oil-based mud,11 gas injection,12 commingling of oils,26

and CO2-induced asphaltene precipitation.13

In this initial stage, a model dead oil composed of 1 g of
n-C7 precipitated asphaltene in 100 mL of toluene is used.
Several asphaltene precipitants can be proposed to study their
effect on the onset of asphaltene precipitation and, ultimately,
to elucidate a universal method for modeling the asphaltene
instability.

This model oil mixed with methane was previously studied
and characterized by Ting.3 Figure 7 presented the compari-
son between experimental data and simulation results using
the PC-SAFT EoS. PC-SAFT parameters and binary interac-
tion parameters have been previously reported.3,8,12 The
agreement is very good, even assuming that asphaltenes are
a monodisperse fraction. The good quantitative agreement
between simulations and experimental data gives confidence
in the effectiveness of the PC-SAFT EoS in the prediction
of the phase behavior of crude oil systems, when no other
experimental data are available.

As observed from conventional pressure-composition (P-x)
diagrams for asphaltene stability, there is a different set of curves
with no apparent relationship between them, for different
asphaltene precipitants.

A different approach is now proposed in which, instead
of a P-x diagram, a cohesive energy-composition (e-x)
diagram is used. Because of the lack of reported data in the
literature and the prohibitive cost of performing extensive
experimental measurements, the cohesive energy of a mixture
of the model dead oil containing different asphaltene
precipitants is calculated using the PC-SAFT EoS. It has been
found that the cohesive energy behaves linearly as a function
of the asphaltene precipitant content, along a co-existence
curve, e.g., bubble point or precipitation onset. Figure 8a
reports the simulation results for the bubble points of different
mixtures as a function of the precipitant mole fraction. The
corresponding trend lines are also included to emphasize the
linearity obtained. Because the cohesive energies are normal-
ized with respect the cohesive energy of dead oil, a common

intercept equal to unity is obtained. Furthermore, the slope
of each straight line is related to the cohesive energy of the
corresponding precipitant, as shown in Figure 8a. With these
two parameters, i.e., intercept and slope, a universal curve
for the bubble point can be constructed. Figure 8b presents
the simulation results for the asphaltene precipitation onset.
The bubble point curves are shown in a light color as a
reference. The corresponding trend lines are also shown.
These straight lines converge to a single intercept that
corresponds to the energy of incipient asphaltene precipitation
for the model dead oil. This energy is a hypothetical value
that cannot be measured or calculated directly, but it can be
estimated by extrapolation. In this particular case, for the
model oil and the temperature studied, the value is 0.86. This
value is of great importance because it defines the stability
of the oil. The oil is less stable as this intercept increases;
i.e., less amount of precipitant or pressure depletion is
required to induce asphaltene precipitation.

This analysis leads to general equations for the bubble point
and onset of asphaltene precipitation, eqs 14 and 15, re-
spectively

Vmixδmix
2

Vdoδdo
2
) 1

Vdoδdo
2[(Vpδp

2 -Vdoδdo
2)xp +Vdoδdo

2] (14)

Vmixδmix
2

Vdoδdo
2
) 1

Vdoδdo
2[(Vpδp

2 -Vdoδdo
2)onsetxp + (Vdoδdo

2)onset]

(15)

where the subscript onset refers to the effective cohesive energy
of the dead oil and the pure precipitants along the precipitation
onset curve. Because this condition is associated with very
extreme pressures, these parameters may need to be extrapolated
in practice.

Equations 14 and 15 can be rearranged to obtain the
form

δmix
2 )

Vpxp

Vmix
δp

2 +
Vdo(1- xp)

Vmix
δdo

2 ) φpδp
2 + φdoδdo

2 (16)
(26) Gonzalez, D. L. Rice University, Houston, TX, 2008.

Figure 7. Asphaltene instability onsets (open symbols) and bubble
points (filled symbols) for a model oil at two different temperatures.
Lines represent the simulation results using PC-SAFT. This figure was
adapted from Ting.3

Figure 8. Simulation results using the PC-SAFT EoS for (a) bubble
points and (b) onsets of asphaltene precipitation, for a mixture
containing a model dead oil and multiple asphaltene precipitants.
The slopes of the different straight lines are related to the effective
cohesive energy of the precipitant used, evaluated at the corre-
sponding conditions.

General Method for Modeling Asphaltene Stability Energy & Fuels, Vol. 23, 2009 1151



Equation 16 corresponds to a mixing rule of a pseudo-binary
mixture that is consistent with the new mixing rule proposed
in this work, i.e., eq 13, if we recall that the volumes and
cohesive energies in eqs 14 and 15 are effective or apparent
values.

In Figure 9, the master curves for the bubble point and the
onset of asphaltene precipitation, represented by eqs 14 and 15,
are compared to the simulation results using the PC-SAFT EoS.
The different phases and stability and instability regions are
detailed.

From these results, we learned that the simple models
described by eqs 14 and 15 and, consequently, the new mixing
rule for the solubility parameters are consistent and in excellent
agreement with the results predicted by the PC-SAFT EoS.
Therefore, the proposed models are very promising in providing
new alternatives for characterizing the asphaltene stability of a
crude oil and modeling the phase behavior. An extension for
its practical application and the proposed procedure for experi-
mental analysis are now addressed.

Application of the General Method for Modeling
Asphaltene Stability

The insights that have been found from the proposed
models and the thermodynamic analysis using the PC-SAFT
EoS lead to the definition of a new approach for character-
izing the crude oil and describing its phase behavior, with a
few data points.

The cohesive energy of a system, emix, can be assumed to
be a linear function of the precipitant mole fraction along
the co-existence curve, i.e., bubble point or asphaltene
precipitation curves.

The cohesive energy is the negative of the residual internal
energy of the mixture, -umix

res , and can be estimated from the
solubility parameter, δmix, and the molar volume, Vmix.

emix )-umix
res )Vmixδmix

2 (17)

The solubility parameter can be estimated from refractive
index measurements using eq 2

δ) 52.042FRI + 2.904 (2)

where δ is in units of MPa0.5.
If no refractive index measurements are available, a good

estimation for the solubility parameter can be obtained from

mass density, by implementing the one-third rule and applying
eq 3

δ) 17.347F+ 2.904 (3)

where δ is in units of MPa0.5 and F is in units of g/cm3.
A sketch of the application of the general model for modeling

asphaltene stability at a constant temperature T is presented in
Figure 10. For the bubble point curve, several data points along
the co-existence curve are required, according to Figure 10a.
One point can be the cohesive energy of the dead oil at its
saturation pressure. This value is used to normalize all of the
cohesive energies. If the asphaltene precipitant is liquid at low
or moderate pressures and the experimental measurement is
feasible, this is taken as the second data point. Otherwise, any
measurement along the bubble point curve is useful. Obviously,
the more data points obtained, the better. However, for descrip-
tion purposes, we will keep the figures as simple as possible
with the fewest number of data points. The straight line drawn
represents the bubble point curve for that particular system.

The pressure-composition diagram, Figure 10b, can be
recovered by solving eq 8 for P

P)P0

V0

V
+

e(P, T)- e0(P0, T)

V
+ (1- TR̄P

κT
)(V0

V
- 1) (18)

The asphaltene precipitation onset requires one additional
step, as described in Figure 10c. Because the cohesive energy
of incipient precipitation cannot be measured directly, this value
can be determined by measuring at least three data points along
the precipitation onset curve with one single asphaltene pre-
cipitant. Alternatively, measurements with two asphaltene
precipitants can also be used.

Then, the precipitation onset curve can be drawn by measur-
ing a few data points with the asphaltene precipitant of interest,
according toFigure10d.Finally, ifdesired, thepressure-composi-
tion curve can be recovered by applying eq 18 with the variables
evaluated at the corresponding conditions.

The stability test of a sample of crude oil under given
conditions can be readily performed by locating the cohesive

Figure 9. Masters curves for the bubble point and the onset of
asphaltene precipitation of a mixture containing a model dead oil and
different asphaltene precipitants. The curve is the prediction of eqs 14
and 15, respectively, and the circles correspond to simulation results
using the PC-SAFT EoS. Subscripts bp and onset correspond to the
conditions of bubble point and onset of asphaltene precipitation at which
the cohesive energies are evaluated.

Figure 10. Application of the general method for modeling asphaltene
stability. (a) The bubble point can be determined by the cohesive energy
density of dead oil and pure precipitant, at the corresponding conditions.
(b) Using the relationships for the cohesive energy as a function of the
pressure, eq 8, it is possible to determine the P-x curve. (c) Cohesive
energy of incipient precipitation (point 3) can be obtained by extrapolat-
ing the precipitation onset curves using different precipitants. (d) With
the common intercept and at least one precipitation onset, with the
precipitant of interest, it is possible to define the cohesive energy along
the onset of asphaltene precipitation. Similarly, a P-x curve can be
obtained.
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energy density in the corresponding phase diagram. For
instance, for the model oil described in the previous section,
the phase diagram obtained from simulation results is shown
in Figure 11. The circles correspond to simulation data,
whereas the lines represent the correlations proposed. As we
can expect, there is a region of asphaltene stability at high
pressure that also corresponds to a high cohesive energy. If
we deplete pressure, the cohesive energy of the mixture
decreases and, at some point, the asphaltene precipitation
onset is reached. Upon further depletion, the system arrives
at its bubble point. At this condition, the methane escapes
from the liquid phase, the oil becomes more stable, and the
cohesive energy of the remaining liquid phase starts to
increase again.

The analysis is similar to the corresponding pressure-
composition diagram. However, because of the linear trend
between the cohesive energy and the mole fraction of
asphaltene precipitant, using this new approach, the experi-
mental data can be easily extrapolated to forecast the behavior
at other compositions. Furthermore, the cohesive energy of
incipient precipitation is a characteristic value of a dead oil,
at a given temperature, which can be used as a common point
for estimating the precipitation onset curve, regardless of the
asphaltene precipitant involved.

The method presented in this work is promising in offering
better prediction capabilities.

Conclusions

Important progress has been made in developing a general
method for modeling asphaltene stability under a wide range
of conditions. New equations are presented that contribute
to the calculation of important variables, such as the solubility
parameter and the cohesive energy of a mixture and its
components.

A new correlation, named the one-third rule, can relate the
refractive index and the mass density of a crude oil, over a wide
range of temperatures and pressures. An extension for the
estimation of the solubility parameter as a function of the mass
density was also presented.

The effect of pressure over the solubility parameter and
the cohesive energy was derived from thermodynamic
relationships. The equation obtained is in excellent agreement
with data reported in the literature. This equation is capable
of relating the cohesive energy of a mixture with pressure
along a co-existence curve, i.e., bubble point or precipitation
onset.

A new mixing rule for solubility parameters was derived and
proposed as an alternative to handle systems containing dis-

solved gases. Although, the current and new mixing rules predict
the same behavior for systems containing normal liquids, it is
well-known that the current mixing rule becomes increasingly
poor as the difference in size between molecules increases. This
is the case where the mixing rule proposed in this work should
be especially valuable.

To find a general method for modeling the phase behavior
of crude oils containing asphaltenes, mixtures containing a
common dead oil and different asphaltene precipitants were
studied. Because of the prohibitive costs and technical
difficulties of performing extensive experiments, a simulation
approach using the PC-SAFT EoS was adopted. This equation
of state has demonstrated its ability to successfully modeling
the phase behavior of petroleum systems. From simulation
results, it was found that the cohesive energy of a mixture,
normalized with respect the cohesive energy of dead oil,
follows a linear trend with respect to the mole fraction of
asphaltene precipitant, along a co-existence curve. Further-
more, the slopes of such lines are related to the cohesive
energies of the dead oil and the corresponding precipitant.
The precipitation onset curves of the different mixtures
converge to a single point when no asphaltene precipitant is
present. This hypothetical value is characteristic of a dead
oil at a given temperature and can be used to estimate the
onset of the asphaltene precipitation curve when any as-
phaltene precipitant is added.

From this analysis, master equations for the bubble point
and the onset of asphaltene precipitation were obtained, which
are in excellent agreement with the simulation results.
Moreover, these relationships can be readily derived from
the new mixing rule proposed in this work.

A procedure for applying these findings in modeling any
particular system was also discussed. By exploiting the linear
behavior of the cohesive energy/composition relationship, a
few data points are required to obtain the curves for bubble
point and onset of asphaltene precipitation.

In this way, the framework for future experimental analysis
is established.
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Nomenclature
e ) cohesive energy, J/mol
ẽi ) partial molar cohesive energy of component i, J/mol
FRI ) (n2 - 1)/(n2 + 2) ) function of refractive index, dimension-

less
MW ) molecular weight, g/mol
n ) refractive index, dimensionless
P ) pressure, MPa
Rm ) molar refraction, cm3/mol
T ) temperature, K
ures ) residual internal energy, J/mol
V ) molar volume, cm3/mol
Ṽi ) partial molar volume of component i, cm3/mol

Greek Letters
RP ) thermal expansion, K-1

RjP ) average thermal expansion, K-1

δ ) �(e/V) ) solubility parameter, MPa0.5

δ̂i ) �(ẽi/Ṽi) ) effective solubility parameter of component i,
MPa0.5

Figure 11. Stability diagram for a model dead oil and methane at 65
°C. The circles correspond to simulation data, and the lines correspond
to the expressions for bubble point and precipitation onset proposed in
this work.

General Method for Modeling Asphaltene Stability Energy & Fuels, Vol. 23, 2009 1153



κT ) isothermal compressibility, Pa-1

κjT ) average isothermal compressibility, Pa-1

φi ) xiVi/Vmix ) volume fraction of component i
φ̂i ) xiṼi/Vmix ) effective volume fraction of component i
F ) mass density, g/cm3

Subscripts
0 ) reference condition

do ) property of the dead oil
i ) property of the component i
mix ) property of the mixture
p ) property of the precipitant
P ) at constant pressure
T ) at constant temperature
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