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ABSTRACT

The use of nanoparticles, including metal oxide surfaces, as asphaltene adsorbents is a potential method
of removing and/or upgrading asphaltenes. The adsorption of two asphaltene types, extracted from two
types of Iranian crude oil, onto nanoparticles (TiO,, SiO,, and Al O,) are assessed and the thermal behavior
of the adsorbed asphaltenes is examined under an oxidizing atmosphere through thermogravimetric and
differential scanning calorimetry (TG/DSC) analyses. The extracted asphaltenes are characterized through
the X-ray diffraction technique, and adsorptionisotherms are measured through UV-Vis spectrophotometry
of the asphaltene-toluene model solutions. The isotherm data of all the nanoparticles are adequately
fitted by the Langmuir model, indicating that asphaltenes form monolayer coverage on solids surface
sites. The adsorption capacities of asphaltenes onto the metal oxides follow the order of ALO,> TiO,>
SiO,. The results indicate that asphaltene with high aromaticity has more adsorption affinity, indicating
the effect of the chemical structural of the asphaltenes. The results of asphaltene oxidation tests reveal
that the presence of nanoparticles leads to a decrease in oxidation temperature (~100 °C) and activation

energy. The effects of nanoparticles on asphaltene oxidation are catalytic.
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INTRODUCTION n-heptane, while soluble in some aromatic solvents like
Crude oil is a very complex mixture containing up to toluene or benzene [1,2]. Asphaltenes are not chemically
thousands of components. The heaviest fractions of identifiable compounds, and their composition and
the crude oil are the asphaltenes. Most researchers structure depend on their source, the method of
agree that asphaltenes are a type of polydisperse extraction, and the type of solvents used in extraction [3].
mixture of molecules containing polynuclear Asphaltene can be adsorbed onto surfaces as colloidal
aromatics and aliphatics with small amounts of aggregates. Asphaltenes adsorption onto mineral
dispersed heteroatoms like oxygen, sulfur, vanadium, surfaces and reservoir rocks create deposits which
and nitrogen. Asphaltenes are a fraction of the affect the oil production rate in a negative sense.

petroleum liquids insoluble in normal alkanes like The same phenomenon on the upgrading catalyst
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surface deactivates and contaminates the catalysts
[4]. Researchers have applied various surfaces as
a means of asphaltene removal. These surfaces
include mineral, metallic, and metal oxides surfaces
[5-7]. In recent practices, applying nanoparticles of
metal oxide, due to their big specific surface area,
fast adsorption kinetic, and appropriate dispersion
of small particles, is of major concern [2,8-10].
Different nanoparticle types have different asphaltene
capacities. The monolayer adsorption of asphaltene
onto nanoparticles surface is reported from the
toluene model solutions. Researchers have proposed
various hypotheses regarding asphaltenes and
surfaces bondage. The introduced hypotheses indicate
that the asphaltene aromaticity and nitrogen content
in its structure is related to asphaltene adsorption
[11,12]. In another work [13], contrary to the findings
in literature on asphaltene adsorption from model
solutions onto nanoparticles, a model of sequential
oxidation of adsorbed asphaltenes and multilayer
adsorption of asphaltenes from heavy oil types onto
prepared in situ and commercial NiO nanoparticles
was proposed. It was concluded that NiO nanoparticles
did not have catalytic activity towards the oxidation of
adsorbed species and limited their function to better
expose the adsorbed asphaltenes to the surrounding
environment [14]. Researchers continue to assess
the thermal oxidation of asphaltene in the presence
of nanoparticles. Nassar et al. used different surfaces
of ALO, [15,16], Fe,0,, and NiO [12,17] and reported

that the nanoparticles can be applied as catalysts

4

to asphaltene oxidation process. The presence of
nanoparticles decreases at the oxidation temperature,
and the activation energy of the oxidation reactions
drops [16,18]. In another study [2,17], it was claimed
that the use of nanoparticles for heavy oil upgrading
could lead to a reduction in cost. Furthermore, the

use of nanoparticles has the potential of being an
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environment friendly process in heavy oil recovery.
The effects of surface acidity and basicity of three
categories of metal oxide nanoparticles with acidic
(WO, and NiO), amphoteric (Fe,0,and ZrO,), and basic
(MgO and CaCO,) surfaces on the thermodynamics
of asphaltene adsorption were studied. The results
indicate that the asphaltene adsorption capacity of
the nanoparticles decreases in the order of NiO >Fe, O,
>WO, >MgO >CaCO,>Zr0,, and the isotherms of the
asphaltene adsorption onto the six metal oxides/salts
fit the Langmuir model [19].

Nanoparticles application for heavy oil upgrading is a
topic of major concern. Thermal cracking performance
of an in situ preparation of alumina nanoparticles in
heavy oil was assessed and a general shift towards
higher API gravity was observed. It was reported
that the performance was in uncertainty probably
range due to agglomeration at 350 °C, which limits
nanoparticle activity [20].

In this work, the adsorption and catalytic oxidation
of two types of Iranian crude oil asphaltenes onto
nanoparticles are studied and a model is proposed
for the asphaltene kinetic decomposition. Herein, the
issue in the context of exploring the potential effect
of nanoparticles in heavy oil upgrading through the
removal or decomposition of asphaltene is addressed;
moreover, the adsorption affinity and the catalytic
oxidation of asphaltene over nanoparticles are

correlated to the asphaltene structural characteristics.

EXPERIMENTAL PROCEDURES
Materials

Herein, three commercially available nanoparticles
of Si0,, ALO,, and TiO, are provided from TECNAN
(Spain). The reported particle size and specific surfaces
area are tabulated in Table 1. The asphaltenes are
extracted from two different crude oil types both

from south Iran. The SARA analyses of the crude
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oil types are tabulated in Table 2. The solvents used
in the precipitation and extraction of asphaltene
are n-heptane and toluene (analytical grade: Merck,

Germany).

Asphaltene Extraction and Model Solution
The residues are extracted from crude oil using
atmospheric distillation instrument according
to ASTM D86-01. The asphaltenes are extracted
from the residues according to ASTM D6560-00.
The asphaltenes are dissolved in toluene for the
preparation of an 8000 ppm stock solution. The
concentration of asphaltene solutions used in the

adsorption experiments are within a 100 to 7000 ppm range.

Asphaltene Characterization

Asphaltene characterization is carried out by X-ray
diffraction (XRD) analysis. The XRD measurement is
made through a Bruker automated diffractometer,
applying the CuKa (=1.5406 A) wavelength. A nickel
detector is used to collect the diffraction signals. The
diffraction angle (26) is scanned from 5° to 45° at a

0.005 (26/sec) scan rate with a 2 (sec/step) step size.

Adsorption Experiment

The amount of 0.1 g of nanoparticles is added to the
10 mL model solution of asphaltenes. The samples
are shaken in a shaker incubator (NB-205V, N-Biotek
instrument Korea, Inc.) at 300 rpm and at 25 °Cfor about
150 min in order to achieve adsorption equilibrium. The
nanoparticles containing asphaltene are centrifuged
(Supra 22 K, Hanil instrument Korea, Inc.) for 15
min at 5000 rpm in order to remove the suspended
nanoparticles. The separated mixture of asphaltene
and toluene is placed in an oven at 50 °C for 20 min
in order to have any remained toluene evaporated,
and the dried sample is subjected to thermal analysis.
The asphaltene concentration in the supernatant

is determined by an UV-visible spectrophotometer
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(V570, Jasco instrument USA, Inc.). A calibration curve
of UV-visible absorbance at ~ 800 nm is obtained using
standard model solutions with known asphaltene
concentrations. The adsorption of asphaltenes onto
the nanoparticles is evaluated by measuring the
concentrations of the asphaltene in the solution before
and after mixing them with nanoparticles. The amount
of the adsorbed asphaltenes represented by g, (mg/m?)
is calculated through the following equation:

c,—C
q, = ﬁv (1)
where, Vis the sample volume (L), and m represents the
mass of the nanoparticles (g); A is the specific surface
area (m*/g), and C_ stands for the initial concentration of
asphaltenes in the solution (mg/L); C.is the concentration

of asphaltenes in the solution at a given time, t, (mg/L).

Thermogravimetric and Differential Scanning
Calorimetry (TG/DSC) Analysis of Asphaltene
An amount of 5 mg of asphaltene and the same
amount of adsorbed asphaltene onto nanoparticles
are heated under air atmosphere (TGA/DSC,
L81/1750, Linseis instrument, Inc.). The sample mass
is kept low in order to avoid diffusion limitations. The
air flow rate is set at 100 cm3/min. The equipment
cell is heated up to 1000 °C at a rate of 10 °C/min in

order to get a profile of mass loss and heat changes.

RESULTS AND DISCUSSION

Asphaltene Characterization

The XRD patterns for both samples are shown in
Figure 1. The volumes of the characterized parameters
are obtained from the XRD measurements of the
extracted asphaltene samples (see Table 3). All the
terms are determined through the available equations
in the related literature [1,21]. The aromaticity (f)) is
the content ratio of aromatic hydrocarbons to all
hydrocarbons (aromatic and saturated hydrocarbon).

The aromaticity is determined by calculating the areas
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of the peaks for the y and the graphene bands [22].
The aromaticity of asphaltene type 2 is greater than
that of type 1; therefore, the asphaltene type 2 is more
polar than type 1. It is expected that the interaction type
T-TL among aromatic rings yield a higher asphaltene
precipitation in the asphaltene with more aromaticity.
The factor Mindicates the tendency of aromatics layers
aggregation, which has an essential contribution to
the asphaltene aggregate formation in a solvent. The
d., dv, and L_represent the distance among sequential
aromatic layers, aliphatic layers, and the average

diameter of the aromatic aggregates respectively.
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Figure 1: X-ray diffraction patterns of two Iranian crude
asphaltenes.

Adsorption Isotherms

The amount of the adsorption of asphaltenes onto
nanoparticles is measured at 25 °C by varying the
initial concentrations of asphaltene. The adsorption
isotherms of asphaltenes onto nanoparticles are
shown in Figures 2 and 3. The Langmuir and Freundlich
models are adopted to describe the adsorption
isotherms through Equations 2 and 3 respectively
[23]. The Langmuir isotherm refers to homogeneous
adsorption, and the Freundlich isotherm is an
empirical expression, which models the multilayer

formation of a heterogeneous surface [24].
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K,C
Q =Q,—-—=— (2)

" 1+K,C,
Q = KFC:/n (3)
The linearized form of Langmuir and Freundlich
isotherms are presented through Equations 4 and
5 respectively.

C 1 C, (4)

e __ e

Qe Qm K L Qm

Log(Q,)=Log(K,) +%L09(C6) (5)

where, Q, is the amount of asphaltenes adsorbed
onto the nanoparticles (mg/m?), and K is the
Langmuir equilibrium adsorption constant related to
the affinity of binding sites (L/mg); Q_ stands for the
maximum adsorbed amount of asphaltenes per mass
of nanoparticles for complete monolayer coverage
(mg/m?), and K. is the Freundlich constant related
to the adsorption capacity ((mg/m?) (L/mg)*"); n is
the adsorption intensity factor (dimensionless). The
model regressed parameters of the results are listed
in Table 4. The values of correlation coefficients (R?)
are used to select the best adsorption isotherm
model. The R? value is valid as a test of the goodness
of fit for one model to multiple data sets. It confirms
whether the proposed linear model fits one data set
better than another. According to the values of R?,
the Langmuir adsorption isotherm is an appropriate
model for predicting the adsorption of asphaltenes
onto nanoparticles. The Langmuir-type adsorption
isotherms indicate the formation of a monolayer of
asphaltenes at the toluene-nanoparticles interface.
Ranking the values of Q  of the selected metal oxides
follows in the order of Al,O,>TiO,>SiO,, and K, follows
the SiO,>Al,0,>TiO, order. Similar observations are
reported by other researchers for the adsorption of
asphaltenes onto different minerals, metals, and metal

oxides nanoparticles [5-7, 18]. Dudasova et al. (2008)
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reported that these differences can be attributed to
the two physical quantities that reflect two different
(but linked) phenomena, namely K, which contains
information on interactions between the adsorbent
and adsorbant (asphaltenes and nanoparticles
surface) and Q_, which describes the interactions and

the conformation of asphaltenes at the interface [25].
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Figure 2: Adsorption isotherm of the first type of
asphaltene on different nanoparticles; nanoparticle
dose= 10 g/L; agitation speed= 300 rpm; T= 25 °C; the
symbols are experimental data, and the solid lines
show the Langmuir model.
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Figure 3: Adsorption isotherm of the second type of
asphaltene on different nanoparticles; nanoparticle
dose= 10 g/L; agitation speed= 300 rpm; T= 25 °C. The
symbols are experimental data, and the solid lines
show the Langmuir model.

The adsorption amount of type 2 asphaltene is
more than that of type 1, which could be due to
higher asphaltene aromaticity in type 2. An increase
in asphaltene aromaticity increases the asphaltene
polarity; consequently, the polar interactions of

asphaltene-asphaltene and asphaltene-nanoparticles
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cause asphaltene adsorption. Lopez-Linares et al.
(2009) concluded that there exists a correlation
between asphaltene adsorption and aromaticity [11].
The asphaltene adsorption behavior from asphaltene
model solution to a solid interface is related to bulk
aggregate characteristics. The asphaltene molecules
tendency in aggregate formation, as revealed by
M parameter (Table 3), is higher for the asphaltene
type 2 than type 1, which suggests more adsorption

capacities of the nanoparticles studied here.

Asphaltene Oxidation

The effect of nanoparticle on asphaltene oxidation
is assessed by TG and DSC analyses simultaneously.
In order to assess the effect of nanoparticles in the
asphaltene oxidation process, the asphaltene type

with a higher K value (type 2) is selected.

Oxidation Temperature Evaluation

The mass variation of the samples as a function of
temperature is shown in Figures 4 and 5. The main
change in the mass of pure asphaltenes occurs
within a temperature range of 400 to 800 °C, while
the oxidation of asphaltenes with nanoparticles
occurs within a temperature range of 300 to 600 °C.
This finding indicates a decrease in the temperature

of oxidation in the presence of nanoparticles.
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Figure 4: TG curves for the first type of asphaltene with
or without SiO,: plot of residual mass as a function of
temperature; heating rate= 10 °C/min; air flow= 100
cm?/min.
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Figure 5: TG curves for the second type of asphaltene
with or without nanoparticles; plot of residual mass as
a function of temperature; heating rate= 10 °C/min; air
flow= 100 cm3/min.

The results of DSC indicate that the thermal properties
of asphaltene-adsorbent are affected by incorporating
the nanoparticles in the matrix. As shown in Figures 6
and 7, the exothermic reactions for pure asphaltene
occur at temperatures close to 600 °C, whereas the
and TiO,

nanoparticles indicate exothermic peaks at 400, 450,

adsorbed asphaltene curves of SiO,, ALO,,
and 500 °C respectively, which indicates a decrease
in the oxidation temperature of such compounds
with respect to these nanoparticles (Figure 7). By
comparing the lower specific surface area of AL,O,and
TiO, with the higher specific surface area of SiO,, it
becomes clear that the essential sites of the adsorption
and catalytic transformation of these nanoparticles
are less than those of SiO,; hence, a lesser catalytic
oxidation occurs through these nanoparticles.

The TG curves of asphaltenes with nanoparticles show
changes in the samples mass close to zero, and their
oxidation is completed in temperatures above 550 °C.
A change in the enthalpy of the samples above 550 °C
is due to the adsorbent, not the asphaltene.
According to the TG and DSC results, regarding the
oxidation of the pure asphaltene and the asphaltene
adsorbed onto nanoparticles, it becomes evident

that the oxidation reactions mechanism in the
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presence of nanoparticles leads to major changes
in the DSC and TG curves. These changes indicate the
nanoparticles catalytic activity. The pure asphaltene
oxidation reactions occur homogeneously, while
in the presence of nanoparticles it can occur in a
heterogeneous manner. These changes in the reaction
mechanism lead to the observation of a change
in the asphaltene DSC/TG curves with or without

nanoparticles.
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Figure 6: Figure 6: DSC curves for first type of asphaltene
with or without SiO,. Plot of enthalpy change as a
function of temperature. Heating rate, 10 °C/min; air
flow, 100 cm3/min.
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Figure 7: DSC curves for second type of asphaltene with
or without nanoparticles. Plot of enthalpy change as a
function of temperature. Heating rate, 10 °C/min; air flow,
100 cm3/min
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Estimation of Activation Energy

Activation energy can be calculated through processing
the thermogravimetric analytic data. All the methods
of activation energy estimation are based on the
fraction of conversion (a) and the conversion rate (da/

dt) [26]. The fraction of conversion is defined by:

—— (6)

where, m_is the initial sample mass, and m, is the sample
mass at any given time, t; m_is the final sample mass.

The most commonly used equation in describing the
conversionrateinthe non-isothermal decomposition
kinetics is expressed as the product of independent

temperature and reaction mechanism functions:

£ k(1) f(a) )

Arrhenius equation is considered as a temperature
function (K(T)) and flo)=(1-a)"

mechanism of reaction(s), where, n is the order of

describing the

reaction. According to the Coats-Redfern method
[27], by replacing the above definitions in Equation 7
and then by performing an integration, Equations 8

and 9 are yielded for cases n=1 and n>1 respectively.

In —In(lz—a) :In[ AR j—i n=1 (8)
T BE,) RT

pl=@-a) _ (AR E, 4 9)
(1-a)T? PE, ) RT

where, A is the Arrhenius constant, and T represents
the temperature (K); 8 is the heating rate (dT/dt),
and R stands for the ideal gas constant (8.314 J/
mol.K); E_is the activation energy.

A plot of the left-hand-side of Equation 8 (assuming
n=1)versus 1/Trepresents a straight line with a slope
of E /R. The fraction of conversion (a) for the second
type of asphaltene with and without nanoparticles as

a function of temperature is shown in Figure 8. At any
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specific temperature, the presence of nanoparticles
increases the amount of conversion. The calculated
activation energy is tabulated in Table 5. It is inferred
from this table that the presence of nanoparticles
leads to a decrease in oxidation temperature and
the activation energy, indicating the catalytic effect.
The catalytic activity of the nanoparticles towards
asphaltene oxidation is confirmed by estimating an
activation energy lower than the one in the absence
of the nanoparticles. The active sites of nanoparticles
catalyze the oxidation reaction, thereby lowering the
oxidation temperature of the adsorbed asphaltene

significantly.
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Figure 8: Fraction of conversion (a) for the second
type of asphaltene with or without nanoparticles as a
function of temperature.

To better understand whether the presence of
nanoparticles in the oxidation process could convert the
heavy molecules of asphaltene into light weight molecules,
more analytical experiments like X-ray photoelectron

spectra (XPS) are necessary for further studies.

CONCLUSIONS
The application of TiO,, ALLO

,0,, and SiO, nanoparticles

in the adsorption and catalytic oxidation processes
of asphaltene in asphaltene-toluene model solution
is assessed. The adsorption study confirms that
the adsorption isotherms of the asphaltene types

extracted from two Iranian crude oil types follow
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the Langmuir models, so the adsorbed asphaltene
on nanoparticles surfaces are monolayer. The ALO,
has the highest adsorption capacities in both of the
samples. The aromaticity of the asphaltene type 2
is more than that of asphaltene type 1, indicating
a higher polar interaction between asphaltene and
nanoparticles with a more adsorption affinity for all
nanoparticles. The asphaltene adsorption behavior is
correlated to the asphaltene structural characteristics.
The comparison of the asphaltene oxidation with or
without nanoparticles determines the nanoparticles
catalytic effects. The exothermic reactions in the pure
asphaltene occur at temperatures close to 600 °C,
whereas the asphaltene adsorbed on SiO,, ALLO,, and
TiO, nanoparticles indicates exothermic peaks at 400,
450, and 500 °C respectively. The estimated activation
energies of the asphaltene type 2 oxidation on the
nanoparticles indicate an increase in the following
order: SiO< TiO,< ALO,. The SiO, contributes most
to a decrease in the activation energy and the
oxidation temperature in comparison with the other

nanoparticles used in this study.
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