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ABSTRACT: The deposition of asphaltenes is one of the most difficult problems to overcome in crude oil production and
processing. The presence of asphaltenes in crude oil and, consequently, the adsorption and deposition of asphaltenes on rock
surfaces, affects rock properties such as porosity, permeability, and wettability. In this study, a novel model for modeling and
predicting adsorption isotherms of asphaltenes based on Polany’s modified theory is proposed. This approach enables prediction
of adsorption isotherms at different temperatures (usually corresponding to reservoir temperatures), thereby improving our
understanding of adsorption−equilibrium behavior at reservoir conditions, which should lead to reductions in experimental/
analytical time and operation costs. The theoretical predictions of isotherms were validated successfully by determining the root-
mean-square errors (RSM%) between data obtained from published literature and values predicted for asphaltenes and surfaces
with differing chemical natures. The RSM% value is below 5% for all predictions. Additionally, the Dubinin−Astakhov model is
used to correlate adsorption characteristic curves, resulting in RSM% values lower than 10%.

1. INTRODUCTION

Asphaltenes are high-molecular-weight constituents of heavy oil
that have very complex structures and are not (yet) chemically
identifiable.1,2 They are typically defined as the oil fraction that
is insoluble in low-molecular-weight paraffins, such as n-
heptane or n-pentane but soluble in light aromatic hydro-
carbons, such as toluene, pyridine, or benzene.1,2 Regarding
their structure, asphaltenes are typically formed by polyar-
omatic cores attached to aliphatic chains that contain
heteroatoms (such as nitrogen, oxygen, and sulfur) and metals
(such as vanadium, iron, and nickel).1−3 Therefore, asphaltenes
contain polar and nonpolar groups and, consequently, exhibit
amphiphilic behavior and tend to form colloidal aggregates.
These colloidal aggregates are believed to significantly affect oil
viscosity and specific gravity. It is well-documented that the
viscosity of crude oil increases as its asphaltene content and the
degree of self-association among asphaltenes increase.2,4−9 In
addition, the polar components of asphaltene structures are
likely to adsorb to the surface of the reservoir rock, which
creates problems during heavy oil recovery. These problems
include making the rock preferentially oil-wet, limiting crude
extraction, and facilitating early depletion of the reservoir.2,8,10

Asphaltenes can be adsorbed on surfaces as colloidal aggregates
of various sizes, or as individual molecules, by virtue of their
carboxylic and phenolic weak acidic groups.11,12 Asphaltene
adsorption onto various mineral surfaces and metal oxide
nanoparticles has been reported in the literature.8−10,13 In
general, asphaltene adsorption is studied using a batch process
in which asphaltenes are extracted from heavy oil and
resolubilized in a model solvent, such as toluene or Heptol
(heptane + toluene). Two different types of adsorption
isotherms have been reported, namely: (1) Langmuir-type

isotherms, which indicate that the asphaltene molecules form a
monolayer on the solid surface,14−17 and (2) multisite and/or
multilayer adsorption isotherms, which indicate aggregate
formation and self-association of the asphaltene molecules as
well as further formation of hemimicelles.12,16,18−20 It is
noteworthy that adsorption of asphaltenes onto solid surfaces
occurs due to favorable interactions between the asphaltene
species and the solid surface. These favorable interactions are
due to a number of interparticle forces, individually or
collectively, resulting from functionalized groups (including
carboxylic, pyrrolic, pyridinic, thiophenic, and sulphite) on the
asphaltenes.21 Moreover, experimental studies regarding
asphaltene adsorption behavior have limitations resulting
from the complexity of asphaltene structures. The adsorption
behaviors that exist in the presence of high asphaltene
concentrations are complex and have not been adequately
described analytically, although much has been learned about
them.16,17 High asphaltene concentrations complicate the
adsorption problem, not just due to aggregate and multilayer
formation but also due to time-dependent problems and
precipitation.22 Furthermore, at higher temperatures, the
aggregate size of the asphaltenes decreases, significantly
affecting the adsorption equilibrium.23 If isotherms at different
temperatures are desired (close to reservoir temperature), more
of the adsorbate must be isolated, leading to increased
experimentation time and solvent costs in addition to the
experimental complexity caused by high temperatures. To avoid
complexities associated with asphaltene molecules and other
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heavy-oil features, Loṕez-Linares et al.24 have used model
molecules, such as Quinolin-65 and Violanthrone-79, to mimic
asphaltene-adsorption behavior. These studies have confirmed
that such discrete molecules can be used to increase our
understanding of asphaltene adsorption behavior. Furthermore,
because adsorption of asphaltene from nonpolar and weakly
polar nonaqueous solutions onto polar surfaces is largely
unexplored, the nature of these processes is still not
understood.25

Langmuir and Freundlich adsorption isotherm models have
been used previously to understand the behavior of asphaltene
adsorption.13,26,27 However, Langmuir and Freundlich isotherm
parameters provide limited insight with regard to the
adsorption mechanism and nature. Alternatively, a molecular
thermodynamics approach for modeling adsorption isotherms
was proposed by Castro et al.22 This model was successfully
used to describe and correlate equilibrium asphaltene-
adsorption capacities on Berea sandstone, Bedford limestone,
and dolomite rock.22 However, the model requires the
determination of ten molecular parameters related to the size
of the particles and the square-well potentials that describe
particle−surface and particle−particle interactions in both bulk
and adsorbed phases. Thus, practical use of this model is
challenging and complicated.
The present study employs, for the first time, the Dubinin−

Polanyi model to predict asphaltene adsorption isotherms for
different surfaces of nanoparticles. The model is based on the
modified Polanyi theory and, because it does not require
adjustable or nonadjustable parameters, should reduce
experimental time and costs. Experimental data taken from
published studies were used to determine the model’s accuracy.
To the best of our knowledge, this is the first time that the
modified Polanyi theory has been applied to complex molecules
like asphaltenes. Furthermore, we propose using a correlation
model based on the Dubinin−Polanyi theory to describe
adsorption isotherms of asphaltenes on different solid surfaces.

2. THEORETICAL CONSIDERATIONS
The potential theory of adsorption, quantitatively formulated
by Polanyi (1914),28 states that, for a given adsorption system,
the adsorbate potential depends on its distance to the solid
surface. Assuming layer by layer coverage of adsorbent pores,
equipotential surfaces are formed for each volume adsorbed.
Adsorption potential is defined as the necessary work for
transferring an adsorbate molecule from the adsorbent surface
to a given distance. Polanyi’s theory states that this potential is
invariant with temperature for a given adsorption volume, as
per eq 1:28
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where, A is the adsorption potential (J/mol), T is the
temperature (K), and Nads is the adsorbed amount (mg/g).
This statement leads to an adsorption characteristic curve for

each adsorbent−adsorbate system. This curve presents a
relationship between adsorption potential and volume of
adsorbed phase and remains independent of temperature.
The temperature invariance of this characteristic curve has been
previously reported for physical adsorption systems.29 It is
noteworthy that this model has been widely used for gas and
vapor adsorption systems.30,31 For a gaseous adsorbate, as the
pressure increases, the adsorption potential decreases until it

reaches saturation pressure, at which point a liquid layer forms
on the solid surface. The adsorption potential for a gaseous
adsorbate in/on a specific equipotential surface can be
described mathematically as follows:30,31
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where, Ps is the saturation pressure (atm), P is the equilibrium
pressure (atm), T is the temperature (K), and R is the ideal gas
universal constant (J/(mol K)). Although Polany’s theory was
originally used to describe gas/vapor adsorption on porous
materials, it has recently been used to describe adsorption
phenomena occurring in aqueous solutions.32−35 On the basis
of the previous treatment of gas/vapor adsorption, the aqueous-
solution adsorption potential has been modified as described
below.

2.1. S Model (Solubility Normalized Model). The
solubility normalized model (S model) has been extensively
used to describe adsorption of different contaminants from
wastewater onto solid surfaces; one such example is the
adsorption onto biomass of organic compounds and cations,
and ion-exchange onto zeolite.32,36 In this case, the adsorption
potential for aqueous solutes, in which solid precipitation
replaces gas condensation, is defined as follows:36
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where Cs is the adsorbate solubility in the solvent used (mg/L)
and C is the equilibrium concentration (mg/L). Therefore, to
use the S model, the adsorbate solubility at a given temperature
must be known. The simplified Flory−Huggins theory has been
proposed to estimating the asphaltene solubility in toluene (for
asphaltene−toluene solutions). Assuming that asphaltenes are
monodispersive polymeric molecules, the theory states37
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where, VA and VT are the molar volumes (m3/mol) of
asphaltenes and toluene, respectively, and δA and δT are the
solubility parameters (Pa0.5) of asphaltenes and toluene,
respectively. This model assumes that the asphaltene
flocculation process is reversible. It should be noted that
solubility parameters depends on the molecular weights of both
the solute and the solvent. Although the properties of toluene
are well-known, the properties of asphaltenes are more
complex, and, as a result, the molecular mass of asphaltene is
unsolved or debatable. To estimate the molar volumes and
solubility parameters of the adsorption process, we use the
asphaltene molecular mass and density that have been reported
in the literature (750 g/mol and 1280 g/L, respectively).13

Accordingly, the asphaltene solubility parameter estimated by
fitting the experimental data to the model equals 1.75 MPa0.5.
Asphaltene solubility in toluene was estimated to be 34, 46.8,
62.5, and 81.3 mg/L at 25, 40, 55, and 70 °C, respectively.

2.2. C Model (Non-normalized Model). The C model
(empirical model) represents another expression for Polanyi’s
adsorption potential and has been proposed to describe the
adsorption of polycyclic molecules, such as dyes.33 Thus, the
model is expected to be applicable to asphaltene adsorption.
The adsorption potential is estimated as follows:
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where the units of C are grams solute per gram solvent. This
empirically based expression does not require knowledge of any
solution property; however, this expression, unlike the S model,
has no theoretical basis. Nonetheless, this non-normalized
model has been used successfully to estimate/describe
adsorption of metal ions and dyes from aqueous solutions
onto different adsorbents.32

2.3. Dubinin−Astakhov Model. To obtain a thermody-
namic model for adsorption, Dubinin and Astakhov (1971)
developed the following model on the basis of S or C models
and Weibull statistic distribution:33

= −⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥N N

A
E

exp
n

ads ads,max
(6)

where Nads is the adsorbed amount (mg/g) at equilibrium,
Nads,max is the maximum adsorbed amount (mg/g), A is the
adsorption potential estimated by the C model or the S model,
and E and n are distribution parameters obtained from
characteristic curves and represent adsorption energy and
surface heterogeneity, respectively. It should be noted that A, E,
and n (in eq 6) are temperature independent. The Dubinin−
Astakhov model has been used successfully to describe the
adsorption of dyes from aqueous solution.32,36 In the present
study, this model has been extended for the first time to
asphaltene adsorption onto different solid surfaces.
The heterogeneity parameter n is expected to mostly depend

on adsorbent structure, but it also depends, to a lesser extent,
on adsorbate properties.38,39 This parameter increases for
homogeneous adsorbent surfaces. The typical value of n for
activated carbon is 2, while the typical value for zeolite is 4.32,36

The adsorption energy E increases as additional interactions
take place at the adsorbent surface.32 The model parameters are
obtained by minimizing the error between theoretical (S or C
model) and experimental data points. Toward this end, the
error definition used was the root-mean-square error (RMS%),
determined via eq 7. The calculated error values are given in
Table 1
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3. METHODOLOGY FOR MODEL FITTING AND
PREDICTION

To construct adsorption isotherms at different temperatures,
the first step is to obtain experimental data (for adsorption
isotherms) at a known temperature (i.e., Co, Nads), where Co is
the concentration at equilibrium in milligrams per liter and Nads
is the adsorbed amount in miligrams per gram. Polanyi
postulated that Nads remains constant for different temper-
atures. Therefore, equilibrium concentrations at different
temperatures can be estimated using the adsorption potential
from eq 3 (S model), as follows:
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where, Co,Cso, and To are the experimental isotherm conditions
and C and Cs are the predicted isotherm conditions. Thus,
because the only unknown variable is C, the equation can be
reorganized, and C can be computed. For the C model, the
procedure is the same. The equations obtained are shown
below.

S model
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Finally, new isotherms can be constructed by plotting Nads
against C, using the calculated concentrations and Nads
calculated in the experimental isotherm.

4. RESULTS AND DISCUSSION
Figures 1a−c show the experimental data obtained by Nassar13

together with S and C model fits for Athabasca C7-asphaltene
adsorption onto γ-Al2O3 nanoparticles at different temper-
atures. Clearly, there is excellent agreement between the model
and experimental results. It is worth noting that the isotherm
curves in Figures 1b and c are model predictions. Both S and C
models predicted the experimental data excellently, with RSM%
values lower than 5.69. Due to its theoretical basis, we expected
the S model to provide a better fit than the C model. However,
the empirical C model appears to bear more resemblance to the
experimental data. This unanticipated outcome could be
attributed to the fact that the S model requires calculation of
the asphaltene solubility at the given temperature. As
mentioned above, adsorbent solubility is an important
parameter in the S model and is strongly dependent on solute
and solvent molecular weights and interactions. The asphaltene
molecular weight depends on several factors, including the type
of crude oil being analyzed, the solvent used for extraction and
dissolution as well as the temperature. Furthermore, the
tendency of asphaltenes to form aggregates hinders molec-
ular-weight determination.35,36 All these factors mean that the
asphaltene solubility in toluene is an adjustable parameter, and
this condition brings uncertainty to the S model. Additionally,
the C model is particularly suited for describing the adsorption
of polycyclic molecules,33 such as the molecular structure of
asphaltenes.

Table 1. Root Mean Square Percent Error (RSM%) Values
Calculated for the Prediction Models

RSM%

model adsorbent 40 °C 55 °C 70 °C ref

C γ-Al2O3 nanop 4.40 5.02 Nassar13

Si nanop 1.03 3.66 3.08 Corteś et al.26

SNi15 nanop 2.48 4.88 2.83 Corteś et al.26

Al nanop 1.08 0.78 2.70 Franco et al.27

AlNi15 nanop 2.58 2.51 3.86 Franco et al.27

S γ-Al2O3 nanop. 5.59 5.69 Nassar13

Si nanop 3.92 5.31 5.06 Corteś et al.26

SNi15 nanop 4.70 5.35 5.21 Corteś et al.26

Al nanop 3.16 1.75 0.80 Franco et al.27

AlNi15 nanop 3.13 5.49 4.92 Franco et al.27
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Table 1 shows the RSM% values for C- and S-model
predictions of asphaltene adsorption onto different surfaces at
different temperatures. In all cases, the RSM% values are lower
than 5.69, indicating good agreement between the experimental
data and the model. This demonstrates the accuracy and
applicability of these Polanyi-based models (C- and S-model)
to asphaltene adsorption. It is worth noting here that
asphaltene adsorption is influenced by intermolecular forces
between the asphaltene molecules and the solid surface.
Asphaltenes can exhibit a wide variety of molecular structures,
which results in more complex and varied aggregates (due to
various interactions that can occur).13,40−44 Depending on the
solvent, the nature or origin of the asphaltenes, and the
experimental conditions, different types of aggregates have been
reported.13,40−44 The sizes and shapes of these aggregates are
strongly affected by temperature. It is plain to see that
asphaltene adsorption onto solid surfaces is a complex process;
consequently, predicting the resulting adsorption behavior is
complicated and requires special attention. Nonetheless, the S
and C models employed in this study are capable of accurately
predicting asphaltene adsorption.
Figure 2a−g shows the characteristic curves for asphaltene

adsorption onto different surfaces of nanoparticles. In all cases,
as the amount of adsorbed asphaltenes increased, the
adsorption potential decreased until it leveled off at a maximum
capacity corresponding to monolayer coverage. This is in total
agreement with the monolayer coverage of Langmuir type-I
adsorption reported by Nassar,13 suggesting that it requires
more energy for asphaltene molecules closer to the adsorbent

surface to desorb. The adsorption system exhibits temperature
invariance (i.e., for different temperatures, the data points are
described by a characteristic curve), indicating that the
adsorption taking place is physical. The characteristic curve is
correlated with Dubinin−Astakhov’s model, and the values of
the obtained model parameters and their corresponding RSM%
values are presented in Table 2. Dubinin−Astakhov’s model
correlates accurately with the characteristic curve-points
computed by both models (C- and S-model), indicating that
the parameters obtained precisely represent the adsorbate−
adsorbent system. Further, as seen in Table 2, the D−A model
parameters are adsorbent-specific. These differences in the
values of D−A parameters could be attributed to the different
degree of interaction between the asphaltene molecules and the
adsorbent surface.46

The D−A and Polanyi models are based on adsorption
potential rather than physical mechanisms. Thus, the models
are global to predict and correlate different adsorption behavior.
For further understanding of asphaltene adsorption mecha-
nisms onto different materials, experimental data were fitted to
Langmuir and Freundlich models. The resulting correlation
coefficients and RSM% are presented in Table 3. These results
indicate that asphaltenes form a monolayer onto the adsorbent,
and adsorption potential is the same across the surface. It is
worth noting that, for asphaltene adsorption onto different
materials and according to results presented in Table 3, the D−
A model correlates better to the experimental data than the
Langmuir isotherms model. The RSM% values obtained from
the D−A model are lower than those obtained for Langmuir

Figure 1. Isotherms of asphaltene adsorption onto γ-Al2O3 nanoparticles at (a) 25, (b) 40, and (c) 55 °C. The symbols are experimental data
obtained from Nassar,13 and the solid and dashed lines are from eqs 9 and 10, respectively. Lines in plot a represent the modeled fit, while those in
plots b and c represent model predictions.
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and/or Freundlich models. Furthermore, in the case of porous
adsorbents, the D−A model suggests that asphaltenes adsorb
via micropore volume filling as opposed to layer-by-layer
adsorption on pore walls.32 Although, for our case the
adsorbents are nonporous and the D−A model used is based
on the micropore volume filling. It is worth noting here that the

Polanyi theory assumes that for a molecule located within the
attractive force field of a solid, there exists an (attractive)
adsorption potential (A) between the molecule and the solid
surface. This an assumption of layer-by-layer coverage of the
surfaces with the formation of adsorption film having an
equipotential interface of the adsorption phase. Such an

Figure 2. Characteristic curves for asphaltene adsorption onto (a) γ-Al2O3 nanoparticles,
13 (b) AlNi15 nanoparticles,27 (c) Dolomite sand,38 (d)

Kaolin powder,45 (e) Fe3O4 nanoparticles,
46 (f) CaO nanoparticles,46 and (g) NiO nanoparticles.46 The symbols are experimental data, where A is

computed from eqs 3 (□) and 5 (◊); and the solid and dashed lines are from eq 6.
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approximate assumption could be justified for adsorption on
nonporous or large-pore adsorbents when polymolecular
adsorption films representing adsorption phases are formed.
In this case, the modified D−A model have been developed by
two ways: (1) employing the adsorption potential (A) and (2)
employing the theory of the volume filling of micropores
(TVFM). The results found in our study show that this model
can represent the adsorption behavior of asphaltenes on
nonporous materials with very good fit using the D−A model.
We think that in our study the potential theory is more
important than TVFM, and for this reason the D−A model
shows good fit results for the nonporous−asphaltene pair.
Consequently, the D−A model can be used for describing the
asphaltene adsorption on nonporous materials. This theory is
based on Polanyi which permits prediction and models the
adsorption behavior of asphaltene on macropores.

5. CONCLUSIONS

Asphaltene adsorption isotherms at different temperatures
could be modeled and predicted using a new model based on
the modified Polanyi’s theory and without the need for
intensive parameters. The resulting adsorption characteristic
curves could be correlated well with the Dubinin−Astakhov
model. Thus, we conclude that this model is suitable for
predicting adsorption phenomena at reservoir temperatures
without requiring additional experiments and can, therefore,
minimize cost and time.
The model accurately described the experimental data

regarding asphaltene adsorption onto different solid surfaces
at different temperatures. Additionally, the study found that the
experimental data obtained for asphaltene adsorption fit the

Dubinin−Astakhov model better than the commonly used
Langmuir and Freundlich models.
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