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a b s t r a c t

This study investigates the effect of surface acidity and basicity of aluminas on asphaltene adsorption fol-
lowed by air oxidation. Equilibrium batch adsorption experiments were conducted at 25 �C with solu-
tions of asphaltenes in toluene at concentrations ranging from 100 to 3000 g/L using three
conventional alumina adsorbents with different surface acidity. Data were found to better fit to the Fre-
undlich isotherm model showing a multilayer adsorption. Results showed that asphaltene adsorption is
strongly affected by the surface acidity, and the adsorption capacities of asphaltenes onto the three alum-
inas followed the order acidic > basic and neutral. Asphaltenes adsorbed over aluminas were subjected to
oxidation in air up to 600 �C in a thermogravimetric analyzer to study the catalytic effect of aluminas
with different surface acidity. A correlation was found between Freundlich affinity constant (1/n) and
the catalytic activity. Basic alumina that has the lowest 1/n value, depicting strongest interactions, has
the highest catalytic activity, followed by neutral and acidic aluminas, respectively.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Heavy polar hydrocarbons, such as asphaltenes, are the main
hindrances in production and processing of heavy oils due to their
complexity and unidentifiable chemical structure [1–5]. They usu-
ally are defined as the fraction of heavy oil that is insoluble in low
molecular weight paraffin such as n-heptane while soluble in light
aromatic hydrocarbons such as toluene [6]. Asphaltene structure
consists of many series of relatively large molecules containing
aromatic rings, relatively short paraffinic branches, and several
heteroaromatic and napthenic rings containing one or several het-
eroatoms such as nitrogen, oxygen, sulfur, and metals such as
vanadium, iron, and nickel. Furthermore, asphaltenes are surface
active that stabilize undesirable emulsions of water-in-oil and cre-
ate oil–water separation difficulties [7,8]. Asphaltenes create a
number of problems for crude oil production, processing and trans-
portation, such as reservoir damage, well-bore plugging, pipeline
and tank clogging, and catalyst deactivation and poisoning [9,10].
As a result, asphaltenes make heavy oil upgrading challenging
and costly as well as environmentally unfriendly. Currently, oil
industry is mostly focusing on cracking and hydrogenating of
asphaltenes along with other heavy molecules to produce lighter
fractions [11,12]. Others are focusing on separating asphaltenes
for gasification or combustions [13–16]. Several studies have been
ll rights reserved.
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reported on the adsorption of asphaltenes onto solid surfaces
[14,17–23]. Adsorption process is generally studied by extracting
asphaltenes from the heavy oil and resolubilizing them in a model
solvent, such as toluene or heptol (heptane + toluene). Based on
these studies, two different types of adsorption isotherms have
been reported. Langmuir-type isotherms indicating that asphalten-
e molecules form monolayer coverage on the solid surface were
observed in most solid surfaces [5,24–26]. Multilayer adsorption
isotherms have been reported as well [4,24,27–29]. Multilayer
behavior was attributed to the aggregate formation and precipita-
tion of asphaltenes in the bulk due to asphaltene association and
further formation of hemimicelles. It is noteworthy that the
adsorption of asphaltene onto solid surfaces occurs due to favor-
able interactions of the asphaltene species with the solid surface.
A number of interparticle forces are responsible for this successful
interaction, individually or collectively, between asphaltenes and
the surface resulting from functionalized groups on the asphalt-
enes, including carboxylic, pyrrolic, pyridininc, thiophenic, and sul-
fite groups [30]. The major forces that could contribute to these
interactions are van der Waals, electrostatic, charge transfer,
hydrogen bonding, and steric interactions [2,31]. Despite the
extensive studies on the asphaltene adsorption onto solid surfaces,
to the best of our knowledge, no single work has been reported on
the effect of solid surface acidity and basicity on the asphaltene
adsorption behavior. Furthermore, little attention has been given
to the effect of solid surface catalytic activity toward asphaltene
oxidation. In this study, three types of aluminas having similar tex-
tural properties but differing in surface acidity are employed for
asphaltene adsorption followed by complete oxidation in order to
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study the effect of surface acidity or basicity on the adsorption and
oxidation processes. To the best of our knowledge, a work relating
asphaltene adsorption to surface acidity or basicity and its catalytic
effect toward oxidation is conducted for the first time. Alumina is
commonly used as a support for designing catalysts suitable for
heavy oil upgrading [10,32]. This study will provide more insight
into the influence of surface acidity or basicity of the support to-
ward asphaltene adsorption and oxidation.

2. Materials and methods

2.1. Alumina adsorbents

Three types of aluminas of different surface acidity were ob-
tained from Sorbent Technologies, Inc., Atlanta, GA, namely alu-
mina acid (AA) with pH 4.5, alumina neutral (AN) with pH 7.5,
and alumina basic (AB) with pH 10. All aluminas have particle size
between 50 and 200 lm. Its proposed structures are shown in
Fig. 1. Acidic alumina was prepared by giving an acid wash to alu-
mina surface. Similarly, basic alumina was made by washing the
alumina surface with a base. Details of preparation procedure are
kept confidential by the vendor.

2.2. Nitrogen physisorption

Textural properties of the aluminas were obtained by using
Micromeritics Tristar II 3020 instrument. About 100 mg of the
sample was pretreated overnight at 150 �C. Nitrogen physisorption
experiments were carried out at 77 K. The equilibration time for N2

physisorption during analysis was 10 s. Surface areas were calcu-
lated using Brunauer–Emmet–Teller (BET) equation. Table 1 lists
the specifications and textural properties of different surface alum-
inas used in this study.

2.3. Adsorbate

Asphaltenes were used as adsorbate in this study. The asphalt-
enes were prepared from Athabasca bitumen sample in Alberta.
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Fig. 1. Proposed chemical structure of (a) acidic, (b) basic, and (c) neutral aluminas.

Table 1
Textural properties of selected aluminas with varying acidity.

Type of alumina BET surface area
(m2/g)

Pore volume
(cm3/g)

Avg. pore size
(A)

Acidic (AA) 128 0.2738 60
Basic (AB) 156 0.2909 54
Neutral (AN) 154 0.2751 52
Solvents used in the precipitation and extraction of asphaltenes
were n-heptane (99% HPLC grade, Sigma Aldrich, ON) and toluene
(analytical grade, EMD, MERCK, NJ).

2.4. Heavy oil model solutions

Asphaltenes were extracted from bitumen sample with addition
of n-heptane following the technique described in previous studies
[33]. Briefly, a specified amount of bitumen was mixed with n-hep-
tane at a ratio of 1:40 (g/mL). The solution was then sonicated in a
water bath at 25 �C for 2 h and left shaking at 300 rpm for 1 day to
equilibrate. Black precipitated asphaltenes settled at the bottom
and then were collected after decanting the supernatant. Then,
the precipitated asphaltenes were washed with fresh n-heptane
at a ratio of 1:4 (g/mL), centrifuged at 5000 rpm for 5 min and left
to stand overnight. The asphaltenes were separated from the final
solution by filtration using an 8-lm Whatman filter paper. The
cake was washed with n-heptane several times until the color of
the asphaltenes became shiny black. The resultant asphaltenes
were homogenized and fined using pestle and mortar and left to
dry at room temperature in a hood until no change in mass was ob-
served. The model heavy oil solutions for the batch adsorption
experiments were prepared by dissolving a specified amount of
the asphaltenes in toluene. The initial concentration of asphaltene
solutions used in the adsorption experiments ranged from 10 to
3000 mg/L.

2.5. Adsorption experiments

Batch adsorption experiments were carried out in 20-ml vials
by mixing together a 100 mg adsorbent with a 10 ml of the pre-
pared heavy oil solutions at 25 �C. The contents in the vials were
agitated at 200 rpm by placing them in a temperature incubator
and allowed to equilibrate for 24 h, as it was an adequate time to
achieve equilibrium. The alumina containing adsorbed asphaltenes
was separated from the mixture by centrifugation at 5000 rpm for
30 min. Then the aluminas were placed in vacuum oven for 24 h to
evaporate any remaining toluene. After that, the aluminas were
analyzed for its asphaltenes content using a thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC) analyzer
(SDTQ600, TA Instruments, Inc., New Castle, DE).

2.6. Oxidation and thermal analysis of asphaltenes

Thermal analysis of asphaltenes before and after adsorption over
alumina was carried out using a thermogravimetric analyzer. About
5–10 mg of sample was heated under hydrocarbon-free ultra high
purity (UHP) grade air atmosphere. The air flow rate was kept at
100 cm3/min. Fresh alumina without asphaltenes was heated to
1000 �C at a heating rate of 10 �C/min to get a complete profile of
mass loss and heat changes. For adsorption isotherms, virgin
asphaltenes and asphaltenes adsorbed onto different aluminas were
heated up to 900 �C in air at a heating rate of 10 �C/min. For oxida-
tion kinetic studies, mass loss and heat changes up to 600 �C were
recorded in separate experiments and used in calculations.
3. Results and discussion

3.1. Equilibrium isotherms of asphaltenes adsorption onto alumina
surfaces

The adsorption of asphaltenes onto alumina surface depends on
the type and strength of interactions between the asphaltenes and
the surface. This interaction depends on the functional groups
present on the surface as well as the part of asphaltenes in the
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Fig. 3. Adsorption isotherms of asphaltenes onto different alumina adsorbents.
Adsorbent dose, 10 g/L; shaking rate, 200 rpm; contact time, 24 h; and temperature,
25 �C. Points are experimental data, and the solid lines are from Freundlich model
(Eq. (2)).
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vicinity of surface approaching for bonding. Molecular interactions
during adsorption result from intermolecular forces. These inter-
molecular forces are typically divided into three basic categories:
dispersion forces, polar forces, and ionic forces. All interactions be-
tween molecules and surface are composites of these three forces.

Dispersion attractive forces are typically those that occur be-
tween hydrocarbons and nonpolar molecules and are weak in nat-
ure. Polar interactions, on the other hand, arise from electrical
forces between localized charges resulting from permanent or in-
duced dipoles. Polar interactions can be very strong and result in
molecular associations like a weak chemical bond. Hydrogen bond-
ing is one typical example of polar interaction. Fig. 1 shows the sur-
face groups present on acidic, basic, and neutral aluminas, which
imply that different counter ions exist on the surface. Fig. 2 shows
some of the molecular fragments found by Strausz et al. [34] in
Athabasca asphaltenes. In order to examine the level of involve-
ment of surface acidity or basicity of aluminas in bonding to the
asphaltenes, adsorption of asphaltenes onto various surfaces of
alumina was tested for sufficiently long times (24 h). Asphaltene
equilibrium concentration in the supernatant and the adsorbed
amount of asphaltenes onto different aluminas were calculated
and presented in Fig. 3. It was found that all the three aluminas,
considered in this study, showed affinity toward asphaltene
adsorption. This can be attributed to the high surface areas of
aluminas as well as to the interaction of asphaltenes with the
counter ions present on alumina surface. The effect of different
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than basic (AB) and neutral (AN) aluminas, but has the highest
adsorption. It appears that acidic surface facilitates asphaltene
adsorption.

3.2. Isotherm models

To further investigate the adsorption behavior, adsorption iso-
therms were studied at 25 �C. Both Langmuir and Freundlich mod-
els were tested to find the most suitable isotherm model. Langmuir
and Freundlich models are defined as Eqs. (1) and (2), respectively.
The linear form of the Langmuir and Freundlich models are shown
as Eqs. (3) and (4), respectively.

Q e ¼
Q maxKLCe

1þ KLCe
ð1Þ

Q e ¼ KF C1=n
e ð2Þ

Ce

Q e
¼ 1

Q maxKL
þ Ce

Q max
ð3Þ

LogðQ eÞ ¼ LogðKFÞ þ
1
n

LogðCeÞ ð4Þ

where Qe is the amount of asphaltene adsorbed onto the adsorbent
(mg/m2), Ce is the equilibrium concentration of asphaltenes in
supernatant (mg/L), KL is the Langmuir equilibrium adsorption con-
stant related to the affinity of binding sites (L/mg), and Qmax is the
maximum adsorption capacity for complete monolayer coverage
(mg/ m2). KF and 1/n are Freundlich constants. KF is roughly an indi-
cator of the adsorption capacity ((mg/m2) (L/mg)1/n), and 1/n is the
adsorption intensity factor (unitless). Specifically, a larger KF value
suggests a greater adsorption capacity, and a lower 1/n value indi-
cates stronger adsorption strength.

Linearity obtained in case of both models (Figs. 4 and 5) con-
firms their applicability in the adsorption of asphaltenes over dif-
ferent alumina surfaces. The adsorption data were fitted very
well for both Freundlich and Langmuir models. Nonetheless, chi-
square test (v2) was used to measure the goodness-of-fit as per
Eq. (5) [35].

v2 ¼
X ðQ e � Q eModelÞ2

QeModel
ð5Þ

where Qe and QeModel
are the equilibrium adsorbed amount of

asphaltenes obtained experimentally and by modeling, respectively.
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Fig. 4. Freundlich isotherms of asphaltenes onto different aluminas. Adsorbent
dose, 10 g/L; shaking rate, 200 rpm; contact time, 24 h; and temperature, 25 �C.
The smaller v2 value indicates the better agreement with the model.
The adsorption constants obtained from the isotherms together
with v2 values are listed in Table 2. Clearly, Freundlich model seems
to be the best-fitting model for the experimental data. It is notewor-
thy that Langmuir model assumes that adsorption occurs on a
homogeneous surface, while Freundlich model describes adsorption
where the adsorbent has a heterogeneous surface with adsorption
sites that have different adsorption energies. The values of (1/n)
in Table 2 indicate that n values are greater than unity suggesting
that asphaltenes are favorably adsorbed by the different alumina
surfaces. Clearly, acidic alumina has the highest adsorption capac-
ity; however, the adsorption affinity is lower than basic and neutral
aluminas. Again, this supports that surface acidity/basicity plays
role in the adsorption process.

3.3. Oxidation of adsorbed asphaltenes over aluminas

To further investigate the effect of surface acidity/basicity, the
catalytic effect of the three types of aluminas containing adsorbed
asphaltenes was tested by performing asphaltene oxidation. Ther-
mogravimetric analysis was conducted to determine the weight
loss when heated in air, with linear increase in temperature. Reac-
tivity of virgin asphaltenes toward oxidation before adsorption was
also tested for comparison. The mass of sample was kept to a min-
imum to avoid mass transfer limitations. Percentage conversion ra-
tio (a) was determined from the weight loss data as per the
following equation:

a ¼ wo �wt

wo �w1
ð6Þ

where wo is the initial sample mass, wo is the final sample mass, and
wt is the sample mass at any time. Fig. 6 shows a plot of percentage
conversion ratio (a) of asphaltenes in the absence and presence of
different aluminas, as a function of temperature. It appears that
thermal decomposition of virgin asphaltenes started beyond
350 �C and reached a maximum rate at around 475 �C, showing
occurrence of combustion reaction during oxidation. It is evident
from the figure that adsorption of asphaltene over aluminas greatly
enhanced the oxidation process, depicting catalytic effect of the
support. Oxidation process involving thermal cracking started as
early as 40 �C. This decrease in temperature for oxidation reaction
clearly shows the catalytic behavior of aluminas toward oxidation
of asphaltenes.



Table 2
Langmuir and Freundlich constants for asphaltene adsorption onto different aluminas at 25 �C.

Adsorbent Freundlich constants Langmuir constants

KF (mg/m2)(L/mg)1/n 1/n (unitless) R2 v2 KL (L/mg) Qm (mg/m2) R2 v2

AA 0.0763 0.2519 0.97 0.005 0.0026 0.65 0.99 0.073
AB 0.0685 0.2162 0.93 0.007 0.0025 0.45 0.97 0.071
AN 0.0602 0.2372 0.95 0.005 0.0015 0.50 0.95 0.123

Fig. 6. Percentage conversion ratio curves of asphaltene oxidation in the presence
and absence of different aluminas.
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Table 3
Calculated activation energies for asphaltenes in the presence and absence of
aluminas at different temperatures.

(227–372 �C) (372–467 �C) (467–514 �C)

Virgin asphaltenes
Ea (kJ/mol) 42 108 91
R2 0.982 0.999 0.98

Asphaltenes adsorbed onto alumina
(320–355 �C) (>355 �C)

AA Ea (kJ/mol) 27.2 52.0 –
R2 0.997 0.999

AN Ea (kJ/mol) 17.9 47.0 –
R2 0.995 0.995

AB Ea (kJ/mol) 18.8 44.7 –
R2 0.992 0.997
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3.4. Estimation of activation energies

Activation energies required for the oxidation reactions of
asphaltenes in the presence and absence of alumina were calcu-
lated by using thermal analysis data following the method devel-
oped by Coats and Redfern [36]. Coats–Redfern method is an
integral method of processing the TGA data, which deals with only
one weight loss curve to get activation energy. The process is as
follows:

According to Arrhenius equation, the conversion rate can be ex-
pressed by:

da
dt
¼ Ae�Ea=RT f ðaÞ ð7Þ

where A is the pre-exponential factor (1/s), Ea is the activation en-
ergy (kJ/mol), R is the ideal gas constant (8.314 J/mol K), T is the
reaction temperature in Kelvin, and f(a) is the reaction mechanism
function. Assuming f(a) = (1 � a)n, where n is the order of the reac-
tion, then integration of Eq. (7) yields:

AR
bEa

1� 2RT
Ea

� �
exp
�Ea

RT
¼

ln � lnð1�aÞ
T2

� �
; n ¼ 1

ln 1�ð1�aÞn

ð1�aÞT2

� �
; n > 1

8><
>: ð8Þ

where b ¼ dT
dt . If n is known, then a plot of the right hand side of Eq.

(8) versus 1
T gives a straight line with a slope ¼ Ea

R [36]. Some devia-
tion from straight line may occur due to the presence of competitive
reactions or change in reaction mechanism with increase in temper-
ature, which results in different activation energies [15,37–39].
Fig. 7 shows the plot of ln lnð1�aÞ

T2

� �
versus 1

T. By employing Coats–
Redfern method, the values of activation energy were estimated
for the oxidation of asphaltenes in the presence and absence of
nanoparticles. The values determined are listed in Table 3. For vir-
gin asphaltenes, the activation energy was calculated for three dis-
tinct temperature regions between 227 and 514 �C. As shown in
Table 3, the activation energy of asphaltenes decreased significantly
in the presence of aluminas in the following order AB > AN > AA.
3.5. Relationship between adsorption affinity and catalytic activity of
aluminas

It was interesting to note that the surface basicity of alumina af-
fects the catalytic activity; the higher the surface basicity, the bet-
ter was the catalytic activity. It is noteworthy seeing that the
Freundlich affinity factor (1/n), which is an indicator of adsor-
bate–adsorbent interaction correlates with the catalytic activity
(represented by % conversion) as presented in Fig. 8. It appears that
the catalytic activity increases as (1/n) values decreases. Clearly,
basic alumina that has the lowest 1/n value depicting strongest
interactions also has the lowest value of Ea, consequently showing
highest catalytic activity.
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4. Conclusions

In this study, three types of aluminas with different surface acid-
ity have been investigated for adsorption and oxidation of asphalt-
enes. All three aluminas with varying acidity adsorb asphaltenes
efficiently. Freundlich adsorption model gives a good fitting for
the adsorption isotherms, suggesting a multilayer adsorption. It
was found that adsorption capacity is proportional to surface acid-
ity of aluminas. Acidic alumina has the highest adsorption. On the
other hand, basic alumina has the highest catalytic activity toward
asphaltene oxidation. Interestingly, a correlation was found to exist
between Freundlich affinity constant (1/n) and the catalytic activ-
ity. Further increase in adsorption affinity, i.e. decrease in 1/n val-
ues, favors the catalytic activity of the adsorbent. To the best of
our knowledge, this is the first time that a correlation between
adsorption affinity and catalytic activity has been demonstrated.
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