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Abstract: A wide range of technologies are being developed to increase oil recovery, reserves, and
perform in situ upgrading of heavy crude oils. In this study, supported tungsten oxide nanoparticles
were synthesized, characterized, and evaluated for adsorption and catalytic performance during
wet in situ combustion (6% of steam in the air, in volumetric fraction) of n-C7 asphaltenes. Silica
nanoparticles of 30 nm in diameter were synthesized using a sol–gel methodology and functionalized
with tungsten oxides, using three different concentrations and calcination temperatures: 1%, 3%,
5% (mass fraction), and 350 ◦C, 450 ◦C, and 650 ◦C, respectively. Equilibrium batch adsorption
experiments were carried out at 25 °C with model solutions of n-C7 asphaltenes diluted in toluene at
concentrations from 100 mg·L−1 to 2000 mg·L−1, and catalytic wet in situ combustion of adsorbed
heavy fractions was carried out by thermogravimetric analysis coupled to FT-IR. The results showed
improvements of asphaltenes decomposition by the action of the tungsten oxide nanoparticles due to
the reduction in the decomposition temperature of the asphaltenes up to 120 ◦C in comparison with
the system in the absence of WOX nanoparticles. Those synthesis parameters, such as temperature
and impregnation dosage, play an important role in the adsorptive and catalytic activity of the
materials, due to the different WOX–support interactions as were found through XPS. The mixture
released during the catalyzed asphaltene decomposition in the wet air atmosphere reveals an increase
in light hydrocarbons, methane, and hydrogen content. Hydrogen production was prioritized
between 300 and 400 ◦C where, similarly, the reduction of CO, CH4, and the increase in CO2 content,
associated with water–gas shift, and methane reforming reactions occur, respectively. The results
show that these catalysts can be used either for in situ upgrading of crude oil, or any application
where heavy fractions must be transformed.

Keywords: nanomaterials; catalysis; silica; asphaltenes; sodium tungstate; tungsten oxide; wet combustion

1. Introduction

The growth of the population, as well as the economic and technological develop-
ments, imply a continuous increase in the global demand for energy [1]. Consequently,
unconventional crude oils, such as heavy crude oil (HO) and extra heavy crude oil (EHO),
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among others, have gained significant importance [2–4]. These types of crude are character-
ized by high carbon–hydrogen ratios, and a lot of asphaltenes (2% to 20%, in mass fraction),
high viscosity, and low American Petroleum Institute gravity (◦API) [5].

Asphaltenes correspond to the fraction of the oil-soluble in aromatic hydrocarbons
but are insoluble in alkanes [6]. Likewise, the asphaltenes contain plane polyaromatic
hydrocarbons (PAH) with polar functional groups (mainly containing S, N, and O), metal-
loporphyrins of Ni and V, as well as aliphatic side chains [7–9]. The polycyclic nuclei are
polarizable and are partially charged due mainly to the presence of heteroatoms, generating
interactions of the types dipole–dipole, induced dipole–induced dipole, and π stacking [10].
In contrast, the aliphatic (peripheral) components avoid the proximity of the molecules
because they generate steric hindrance [8,11–13]. The equilibrium between forces of attrac-
tion and repulsion gives rise to the tendency of aggregation in the asphaltenes, reaching
to produce asphaltene aggregates of 5 nm–20 nm [14]. The pitfalls related to asphaltenes
presence translate into higher economic expense and environmental impact [15]. Removing
asphaltenes from crude oil would help to improve the crude oil quality and consequently
reduce the costs of crude oil production and transportation, also generating a lower en-
vironmental impact [16]. Accordingly, several in situ technologies have been used for
improving HO and EHO production to reduce the viscosity of the oil [17]. Procedures such
as solvent injection, steam, and gas injection, as well as mechanical or thermal methods,
are commonly used [14,18–22]. Among the thermal methods, wet in situ combustion is
of interest as water is co-injected or alternately injected with the air to improve the heat
consumption in the reservoir [23–26]. Wet in situ combustion is also called in situ steam
generation or a combination of in situ combustion and waterflooding, where the heat is
transferred to the oil bank front from the water injected [27]. During this process, different
reactions occur simultaneously, generating physicochemical changes in the heavy oil, even
leading to upgrading through viscosity reduction and API gravity increase. Nevertheless,
the conversion of heavy and refractory fractions such as asphaltenes into lighter compounds
struggles to occur behind the combustion zone, as the decomposition temperature could be
higher than 400 ◦C [28–31].

The development of nanotechnology has allowed the oil and gas industry to be
included among the broad applications of this phenomenon [32,33]. Adsorption of as-
phaltenes on different nanoparticles and the subsequent decomposition is considered as a
viable and environmentally friendly solution for the development and recovery of HO and
EHO [16,28,34–39]. Transition element oxides (TEO) provide a determinate characteristic
that can be exploited to obtain selective adsorption of asphaltenes besides a better perfor-
mance as catalysts for decomposition of them [39] and, at the same time, reducing problems
associated with mobility, transport, production, and recovery [40,41]. Recently, supported
and unsupported transition element oxide nanoparticles have been employed for asphal-
tene adsorption, and subsequently gasification [16,42–45], oxidation [28,36,46–50], and
pyrolysis [35,51] as a new approach for the in situ upgrading of HO and EHO, providing
useful information about effects of TEO and supported nanoparticles [16,35,36,46,52]. It
is necessary to keep in mind that solid acid catalysts based on nickel or tungsten oxides
clusters have shown to be active for dehydrogenation, isomerization, reforming, cracking,
alcoholic dehydration, and olefin oligomerization reactions [52], in addition to the removal
of sulfur and nitrogen atoms [53] correlated to the cracking reactions. On the other hand,
the catalytic properties of a material are strongly related to their composition and the
surface structure, which, in turn, can be determined by the conditions of synthesis [54,55],
obtaining variations in the surface area, dispersion of the active phase, the resistance of
acid sites, and effectiveness and selectivity in oxidative catalysis [55,56].

However, to the best of our knowledge, there are no studies related to the use of
nanocatalysts in a wet in situ combustion atmosphere. Hence, this study employed, for the
first time, nanomaterials based on tungsten oxides supported over silica nanoparticles and
evaluated the effect of variations on synthesis method, such as the concentration of active
phase precursor and calcination temperature, over the performance of the nanoparticles
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for adsorption and catalytic decomposition of asphaltenes in wet in situ combustion atmo-
sphere. In this sense, the synthesis was evaluated using incipient wetness technique, using
three different concentrations and calcination temperatures: 1%, 3%, and 5% (mass frac-
tion), and 350 ◦C, 450 ◦C, and 650 ◦C, respectively. The nanomaterials were physical, and
chemically characterized by surface area (SBET), dynamic light scattering technique (DLS),
X-ray photoelectron spectroscopy (XPS), and H2 pulse chemisorption. The adsorption was
conducted in batch–mode experiments at 25 ◦C and the wet combustion decomposition
was carried out by thermogravimetric analysis coupled to a mass spectrometer.

2. Experimental Section
2.1. Materials

Silica nanoparticles used in this study were synthesized using HCl, hexadecyltrimethy-
lammonium bromide (98.0%, Panreac, Spain), deionized water, and sodium silicate (Pro-
tokimica, Colombia) as a precursor. Na2WO4·2H2O and (NH4)10H2(WO7)6 (Sigma-Aldrich,
St. Louis, MO, USA) were used for the functionalization of nanoparticles. N-heptane
(99%, Sigma-Aldrich, St. Louis, MO, USA) and toluene (99.5%, Merck GaG, Germany)
were used for asphaltene isolation from crude oil and as a solvent on heavy oil model
solutions, respectively.

2.2. Methods
2.2.1. Asphaltene Isolation and Characterization

Asphaltenes were isolated from a heavy crude oil (6.4◦ API) with an approximately
contain asphaltenes of 13% (mass fraction), obtained from a reservoir located in southeast
Colombia. Asphaltenes were extracted from the heavy crude oil sample by mixing each
crude oil in a 40:1 ratio with n-heptane following the ASTM D2892 and ASTM D5236 [57–59].
An excess of n-heptane was added to the crude oil in a volume ratio of 1:40 (g·mL−1). The
mixture was then sonicated for 2 h at 25 ◦C and further stirred at 300 rpm for 20 h; then
it was centrifuged for 30 min at 4500 rpm. The precipitated asphaltenes were filtered and
washed with n-heptane until obtaining a shiny black tone. Details of the chemical and
physical properties of the asphaltenes can be found in previous work [29].

2.2.2. Nanoparticles Preparation

The synthesis method used for obtaining SiO2 nanoparticles was developed in previ-
ous works [60,61]. Some modifications to the protocol were made with the purpose of ob-
taining particle sizes that adjust to the IUPAC definition of nanoparticle (1 nm–100 nm) [62].
The procedure consists of the preparation of a silica suspension from an aqueous solution of
sodium silicate (24.5% volumetric fraction, silicate/water) by the addition of hydrochloric
acid (1 M) through the precipitation method under constant stirring. A sodium silicate
solution (SSS) was prepared and heated until adjusting the temperature to 55 ◦C; using a
constant stirring speed of 300 rpm, cetyltrimethylammonium bromide was dissolved until
obtaining a concentration of 10% (in volumetric fraction) with respect to the SSS, then, a
HCl solution was slowly added. The use of the acid had two purposes: first, to initiate the
formation of a gel (pH: 9–9.5); and the second one was to acidify the solution and bring it
to a pH of 1–1.5. Between two steps, the solution was stirred for 10 min, with no further
addition of HCl, to prevent the formation of a strong silica gel. Then, the gel was aged for
20 h at 55 ◦C, and the nanoparticles obtained were washed using ethanol. Finally, the silica
nanoparticles were dried for 8 h at 120 ◦C and calcined at 550 ◦C.

2.2.3. Surface Functionalization

Silica nanoparticles were dried at 120 ◦C. Sodium tungstate dihydrate Na2WO4·2H2O
and ammonium tungstate (NH4)10H2(W2O7)6 were used. The precursors were dissolved
in a volume of water equal to the pore volume of a determined amount of the catalyst
support. To determine volume of liquid required, the selected solid silica is dried at
room temperature for several weeks, weighed, and immersed in alcohol for 20 min The
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bubbling observed on the surface of the silica indicates that trapped air is being released.
Once saturated, the silica is placed on an alcohol-saturated paper towel and immediately
weighed at room temperature (20 ºC). This process is completed in less than 10 s. The
internal volume of the silica is calculated by converting the difference in masses of the
alcohol-saturated silica and the dry aggregate to volume using the density of the alcohol.

The impregnation procedure in the support was carried out using incipient wet
impregnation, which was carried out by adding, drop by drop, the precursor solution to
the support until saturation.

Then, the impregnated materials were then dried at 120 ◦C for six hours, followed by
calcination [28,37]. The calcination temperature was varied at 350 ◦C, 450 ◦C, and 650 ◦C
separately for 4 h, obtaining the tungsten oxide nanoparticles. The hybrid or supported
hygroscopic salt (called SHS) in this study was named using the chemical symbol of
the support (i.e., Si) followed by the symbol of tungsten (i.e., W). If the precursor salt
was the sodium tungstate dihydrate, the Na symbol was added after W. Then, it was
included in the mass fraction percentage of the nominal tungsten used [28]. The number
after the space indicates the calcination temperature of the material. For example, the
sample SiWNa1 350 corresponds to nanosilica doped with 1% (in mass fraction) of sodium
tungstate dihydrate and calcined at 350 ◦C. Table 1 lists the characteristics of the tungsten
functionalized silica nanoparticles (WSN) used in this study.

Table 1. Measured values of tungsten nanoparticle diameter (MSAP), dispersion, and surface area of
hybrid nanoparticles, WSN.

Material * SBET ± 0.1 m2/g * MSAP ± 0.1 nm Tungsten Dispersion (%)

SiO2 126.1 - -
SiWNa1 350 122.3 1.6 26.1
SiWNa1 450 92.9 1.9 19.5
SiWNa1 650 101.1 2.6 16.5
SiWNa3 350 108.5 7.6 13.6
SiWNa3 450 93.5 8.6 10.8
SiWNa3 650 94.3 10.2 5.6
SiWNa5 350 94.7 9.5 5.6
SiWNa5 450 94.2 13.7 3.1
SiWNa5 650 93.7 15.4 2.9

SiW1 350 81.1 1.8 15.2
SiW1 450 79.6 3.4 12.6
SiW1 650 66.2 4.7 9.1

* Uncertainty is obtained by triplicate measurements.

2.2.4. Nanoparticles Characterization

The silica nanoparticles were characterized using dynamic light scattering technique
(DLS) for hydrodynamic diameter by a nanoplus-3 from Micromeritics, USA. Characteriza-
tion of functional groups on the nanoparticles and WSN surface was performed by Fourier
transform infrared spectroscopy (FTIR) with an IRAffinity-1 FTIR spectrophotometer from
Shimadzu, Japan. Determination of tungsten dispersion and the average size of crystal on
silica nanoparticles or mean particle size of active phase (MSAP) was performed by H2
pulse chemisorption with a Chembet 3000 (Quantachrome Instruments, Boynton Beach,
FL, USA) with a high-sensitivity thermal conductivity detector. The procedure is detailed
in other work [63]. Quantitative hydrogen pulses (10 µL) were injected until the surface
was saturated, and W–H species were formed [64–66]. The surface area (SBET) of catalysts
were obtained by N2 adsorption/desorption experiments in an Autosorb-1 from Quan-
tachrome [67,68]. The SBET was estimated based on the Brunauer−Emmet−Teller (BET)
method which is detailed elsewhere [69]. X-ray photoelectron spectroscopy tests were
performed for selected catalysts on a Specs X-ray photoelectronic spectrometer (NAP-XPS)
with a PHOIBOS 150 1D-DLD analyzer, using a monochromatic source of Al-Kα (1486.7 eV,
13 kV, 100 W). Details of the experimental setup are found in a previous work [44].
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2.2.5. Equilibrium Adsorption Isotherms

A stock solution of 2000 mg·L−1 was prepared by dissolving the extracted asphaltenes
in toluene; later, model solutions were made ranging from 100 mg·L−1 to 2000 mg·L−1.
Batch adsorption experiments were carried out at 25 ◦C, adding the nanoparticles to the
model solutions at a fixed nanoparticles-to-solution ratio of 100 mg to 10 mL [70]. The
mixtures were stirred for 12 h at 300 rpm to ensure equilibrium; then, the WSN with the
adsorbed asphaltenes were separated from the asphaltenes in solution by centrifugation.
The absorbance of the supernatant was measured using a Genesys 10S UV–Vis spectropho-
tometer, taking the toluene as a blank. A calibration curve was previously constructed for a
wavelength of 295 nm, and, in this way, determining the adsorbed amount of asphaltenes
per nanoparticle area surface is determined by the mass balance of the analysis. The amount
adsorbed q (mg·m−2) was determined using Equation (1):

q = (C0 − CE)
V
A

(1)

where C0 (mg·L−1) is the initial concentration of asphaltenes, CE (mg·L−1) is equilibrium
concentrations in solution after adsorption, V (L) is volume of the solution, and A (m2·g−1)
is the dry surface area of the employed material. The adsorption isotherms for the as-
phaltenes onto the nanoparticles were modeled using the solid–liquid equilibrium (SLE)
model [38] (see Equations (S1) to (S3) in the support information).

2.2.6. Thermogravimetric Analysis

To evaluate the catalytic behavior of the materials, the thermal stability of the as-
phaltenes (adsorbate) in the presence and absence of the adsorbent was studied. Thermo-
gravimetric tests were performed on asphaltenes, and nanoparticles obtained after the batch
adsorption tests (previously dried) on a TGA Q50 from TA Instruments, Inc, New Castle,
DE. The samples were dried for 12 h, and 5 mg of each one was taken for thermogravimetric
analysis kept low to circumvent the diffusion limitations [71]. The samples were analyzed
on wet combustion atmosphere from 30 ◦C to 600 ◦C at three different rates (5 ◦C·min−1,
10 ◦C·min−1, and 20 ◦C·min−1) using a wet airflow (5%, volumetric fraction) rate constant
100 mL·min−1 throughout the experiment. Steam is generated in an evaporator (filled with
deionized water) with a temperature controller, which fixes the vapor pressure based on
the temperature set point. The wet airflow is obtained when the airflow stream is injected
through the evaporator, reaching its saturation at the vapor pressure required [72]. For
the adsorbents selected as the best catalysts, their capacity to produce in situ hydrogen
and other calorific gases was analyzed via mass spectrometry using a mass spectrometer
(Shimadzu GC-MS, Tokyo, Japan). Details of the setup are found in other works [28,73].
The components targeted for the analysis by single-ion monitoring in mass spectrometry
were H2 (2 g·mol−1), CO (28 g·mol−1), CO2 (44 g·mol−1), and LHC (C2H4, C2H6, CH4).
Reproducibility was ensured, realizing the experiments by triplicate. In addition, the effec-
tive activation energies were estimated by the method of Ozawa–Flynn–Wall (OFW). This
methodology is extensively found in the literature and reported in previous reports [28,73],
with good reproducibility (see Equations (S4)–(S7)).

3. Results and Discussion
3.1. Nanoparticle Characterization

The results obtained for the hydrodynamic diameter of synthesized SiO2 nanoparticles
are in the nanometer range with a mean value of 12.5 nm ± 2 nm. This size is suitable
for application in oilfields because its size is smaller than pore throats of heavy oil reser-
voirs [74]. Table 1 shows the properties of the nanoparticles, BET surface area, tungsten
dispersion, and average size of the tungsten nanoparticles in the supported catalyst. Each
type of nanoparticle exhibited a different chemical nature.
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Pulsed H2 chemisorption determines the exposed metallic atoms at the surface, using
H2 as a molecule probe, which does not interact significantly with the support material
(SiO2), but forms a strong chemical bond to the surface metallic atoms causing the H2
spillover and consequently its consumption. The W surface area and dispersion were
calculated, assuming dissociative chemisorption of hydrogen with a stoichiometry of W–H
of 1 [65,75]. Results of the tungsten mean particle size under the measurement of reduced
particles for the studied samples are also shown in Table 1 and confirm the formation of
tungsten nanoparticles (tungsten oxides) over the support surface. It can be observed that
by increasing the calcination temperature, the obtained nanoparticles are bigger in size
due to the thermally promoted particle growth. Meanwhile, the particle dispersion has an
inverse trend: as the calcination temperature is increased, particle dispersion decreases.
The tendency obtained for the variation of impregnation dosage used is similar; a greater
quantity implies a crystal with larger size, and, in turn, lower dispersion. Hence, the
formation of the tungsten oxide nanoparticles over the SiO2 surface is strongly influenced
by synthesis conditions.

The obtained SBET values for the nanomaterials are also listed in Table 1. As expected,
the sample prepared at 350 ◦C has the highest surface area of 122.3 m2·g−1. The values of the
measured SBET followed the order 350 ◦C > 450 ◦C > 650 ◦C and 1% > 3% > 5%, according
to calcination temperature and impregnation dosage, respectively. As the temperature of
calcination is raised, the surface area decreases [76]. It is well known that the temperature
favors the atomic movements and, therefore, an increase of the crystallite size. Thus, a
bigger size of the crystalline domain implies an increase of the particle dimension and a
reduction of its surface area. In porous materials, it is also reported that the increase of
the temperature can induce a collapse of the porous structure and a densification of the
material. The behavior described in the reduction of the surface area is in agreement with
the reported in other works [28,33].

XPS was used to investigate the oxidation states and chemical environment of W
species on the surface of the as-synthesized catalysts; the results are shown in Figure 1. In
an XPS survey spectra (see Figure S1) of selected catalysts, binding energies of the O1s and
Si2s levels for all the catalysts agreed with the values obtained for silica (O1s = 532.9 eV
and Si1s = 155.3 eV) [77]. The catalysts present significant signals at 531.3 eV and 285 eV,
possibly due to the presence of hydroxyl groups and carbonate species or C–C bonds in
carbon impurities (adventitious carbon) [78,79].

The W4f HR-XPS core-level spectrum (Figure 1) reveals that the W4f doublet (5/2 and
7/2) presents at least four different signals corresponding to different W species at the
surface. From approximately 33.8 eV to 36.2 eV and from 36.2 eV to 40 eV represent the
spin orbit splitting W4f 7/2 and W4f 5/2, respectively. Then, each of these regions was decom-
posed into two different signals, corresponding to different oxidation states or chemical
environments of the tungsten superficial atoms. In general, the signals are displaced to
higher energy with the increasing calcination temperature, indicating that the tungsten
is surrounded by a high electronegative environment or is more oxidized when the tem-
perature increases. W4f electrons from WO3 have binding energies at around 35.9 eV and
38.0 eV for 7/2 and 5/2 orbits, respectively [80–82]. As is shown in Figure 1a, another signal
displaced to less binding energy is found in all W4f HR-XPS. These signals vary between
34.8 eV to 35.5 eV and 36.6 eV to 37.3 eV for 7/2 and 5/2 orbits, respectively. Generally, the
spectrum of supported WO3 is broader than massif WO3 due to the interaction between
the tungsten oxides and the support [83]. On another side, the broadening of the spectrum
toward the high and low binding energy flack suggests that the supported tungsten is not
fully oxidized, and possibly the surface contains small amounts of W5+ on the supported
catalysts. The analysis of the high-resolution XPS for W4f suggests that the surface of the
tungsten nanoparticles contains a large quantity of defects which diminish with the increas-
ing of the temperature. These defects cause a nonstoichiometry oxide by the apparition of
oxygen vacancies

(
V2

O
)

at the surface and in the bulk as well. A nonstoichiometry oxide
can be written as shown in Equation (2), where the missing charges can be balanced by a
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reduction of the W cations. In the Supplementary Information is shown the whole process
(in Kröger–Vink notation) of the vacancy formation and reduction of the cations inside of a
tungsten oxide (Equation (S8)–(S10)). Thus, the changes in BE shown in W4f high-resolution
XPS (Figure 1) are associated with the oxygen vacancy formation and the cation reduction
from 6+ to 5+, in accord with the BE values.

WO3−δ ↔W6+
1−2δW5+

2δ O2−
3−δ

(
δV2

O

)
, (2)

Figure 1. (a) XPS high-resolution spectra of the W4f doublet 4f7/2 and 4f5/2. (b) Binding energy of
W surface species on selected nanoparticles. (c) Atomic ratio of each species in the selected WSN.

Different reports show that the tungsten oxides can produce oxygen vacancies, and
that its quantity can be modulated though the heating temperature and the atmosphere
as well [84–88]. These defects play an important role in the physicochemical properties,
such as catalytic [89] and photocatalytic activity [85], quantum confinement [86], and ionic
conductivity [85], among others.

The atomic ratio of surface elements is shown in Figure 1c; all the catalysts showed
small changes of Si/O ratio whereas W/Si and W/O ratios were different between cata-
lysts. Considering the ratio of W/O and (W)/Si, which indicated the surface dispersion
and concentration of tungsten on a silica support, a direct relation is seen to calcination
temperature, relatively greater than the impregnation dosage used on each one [77,89]



Processes 2022, 10, 349 8 of 20

3.2. Asphaltene Adsorption Isotherms
Effect of Synthesis Conditions

Figure 2a–f shows the obtained adsorption isotherms of asphaltenes by SiWNa and SiW
samples at 25 ◦C with the SLE model. For every sample, the sorption isotherms revealed
an increase in the adsorbed asphaltene content as the asphaltene concentration increased.
It should be noted that SHS adsorbed more asphaltenes than SiO2 nanoparticles for all
asphaltene concentrations. The difference was more noticeable at higher concentrations
(CE > 200 mg·L−1), which agrees with previous results [28,36,46–50]. These results agree
with literature reports for the adsorption of different asphaltene types onto different solid
surfaces [36,37,42,43,73]. The adsorption isotherms follow a type Ib behavior according
to the IUPAC classification [87], indicating that there is a strong affinity between the n-C7
asphaltenes and the synthesized materials [31,90].

Figure 2. Adsorption isotherms of n-C7 asphaltenes onto supported nanoparticles: Effect of calcina-
tion temperature at the same impregnation dosage; (a–c) effect of calcination temperature at the same
impregnation dosage; effect of impregnation dosage at the same calcination temperature (d–f); effect
of precursor (g). Nanoparticle dose, 10 g·L−1; agitation speed, 200 rpm; T, 25 ◦C. The symbols are
experimental data, and the solid lines are from the SLE model (see Equation (2)).

On another side, considering the acidic character of tungsten oxide, this behavior
suggests the basicity of the asphaltenes in addition the presence of heteroatoms such as
nitrogen and oxygen in the asphaltene molecules, which favor the interaction with the
nanoparticle surface [91,92]. It could be observed in Figure 2a–f that there is a trend on
the adsorptive capacity highly influenced by synthesis conditions of WSN following the
general orders SiWNa1 > SiWNa3 > SiWNa5 > SiO2 and SiWNa350 > SiWNa 450 > SiWNa
650 > SiO2. The SLE model parameters are enlisted in Table 2. Additionally, the adsorption
affinity, represented by the reciprocal of H value, increases for lower tungsten impregnation
dosage, except for the virgin support. The same trend can be observed by the degree
of asphaltene self-association on active sites, which is represented by K. This parameter
decreases with the increase in impregnation dosage, and the lowest value is obtained for the
virgin support. Conversely, the inverse trend can be observed for the qm parameter. From
values of qm and the H parameter, it can be observed that the functionalized nanoparticles
show more affinity and adsorption capacity than the support. In addition, lower values of
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the K parameter suggest that the inclusion of tungsten oxide allows the inhibition of the
adsorbate self-association.

Table 2. SLE model parameters of asphaltenes adsorption by studied nanoparticles at 25 ◦C with the
effect of calcination temperature at the same impregnation dosage, the effect of impregnation dosage
at the same calcination temperature, and effect of the precursor.

Material H (mg·g−1) K × 10−4 (g/g) qm (g·g−1) R2 χ2

Si 2.27 6.61 1.29 0.99 0.49
SiWNa1 350 0.76 1.73 3.21 0.99 0.19
SiWNa1 450 1.90 1.89 4.41 0.99 0.62
SiWNa1 650 2.60 2.02 4.80 0.99 0.48
SiWNa3 350 1.90 2.03 4.37 0.99 0.19
SiWNa3 450 2.07 4.35 4.95 0.99 0.62
SiWNa3 650 2.18 5.37 4.66 0.99 0.48
SiWNa5 350 1.75 1.19 4.20 0.99 1.00
SiWNa5 450 2.25 1.46 4.78 0.99 1.25
SiWNa5 650 2.67 2.40 5.51 0.99 0.18

SiW1 350 1.24 1.64 6.02 0.99 0.46
SiW1 450 1.58 1.84 5.95 0.99 0.50
SiW1 650 1.75 2.30 3.14 0.99 0.14

Van der Waals forces, polar, and acid–base (Lewis and/or Brønsted) interactions
seem to be the dominant forces that contribute to the adsorption of the asphaltenes onto
tungsten oxide and/or salt surfaces [93]. Previous studies concluded that the adsorption
of asphaltenes over silica is due to the chemisorption of asphaltenes on the silica silanol
groups [94]. On the other hand, acid sites are responsible for adsorption of basic molecules
that contain heteroatoms [91,92]. Due to the low acidity of silica, the presence of tung-
sten oxide generates the formation of Brønsted acid sites and the increase of Lewis acid
sites [95], increasing interactions with the basic sites of the asphaltenes, or heteroatoms N,
O, and S, which makes the interaction stronger and consequently increases the number of
asphaltenes adsorbed.

Figure 2g shows the obtained adsorption isotherms of asphaltenes by SiW at 25 ◦C
with the SLE model. The asphaltene uptake is enhanced after functionalizing the SiO2 with
the trend SiW1 > SiW3 > SiW5 > Si and SiW 350 > SiW 450 > SiW 650 > SiO2. Figure S2
compares the obtained adsorption isotherms of asphaltenes by SiW1 350 and SiWNa1 350 at
25 ◦C with the SLE model. In this case, the amount adsorbed of asphaltenes is higher than
SiWNa nanoparticles; in addition, SiW nanoparticles showed a similar adsorption affinity
than SiWNa. These differences could be due to electronic effects and different interactions
between the active phase and the support (as seen in XPS analysis) that influence the
selectivity for different functional groups or heteroatoms in n-C7 asphaltene molecules [43].

Figure 3 presents the trends of the H and K parameters of the SLE model. Figure 3a
shows the trends for functionalized nanoparticles from sodium tungstate at different dosage
calcination temperatures. Here, in the parameter H, as the calcination temperature increases,
the value increases, which suggests that the higher the calcination temperature, the lower
the affinity. On the other hand, parameter K shows that as the calcination temperature
increases for the same dosage, the self-association of the asphaltenes increases.

During XPS analysis, a direct relationship between calcination temperature and W/O
and W/Si ratios was demonstrated, which indicated that the surface dispersion and con-
centration of tungsten on a silica support depends on the calcination temperature used. In
addition, the tungsten nanoparticles contain a large quantity of defects that are diminishing
with the increasing calcination temperature. All these properties affect the adsorptive be-
havior of nanoparticles and their ability to inhibit the self-association degree of asphaltenes
on their surfaces.
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Figure 3. Trends for K and H parameters of the adjustment model of the adsorption isotherms (a) with
nanoparticles functionalized from sodium tungstate at different calcination rates and temperatures,
and (b) with functionalized nanoparticles from ammonium tungstate and sodium tungstate at
1% (mass fraction) and different calcination temperatures.

Figure 4b shows that, likewise for nanoparticles functionalized from ammonium
tungstate, the affinity value increases as the calcination temperature increases, which
suggests a lower affinity. Regarding the parameter K, there is a slight increase in the
value, which suggests a greater self-association of the asphaltenes as the calcination
temperature increases.

Asphaltene adsorption over the surface of the nanoparticles depends on factors such
as asphaltene concentration on the medium, affinity interactions, and availability of active
sites [38,61]. However, at medium and high uptake [38,43], due to their self-associated
tendency asphaltenes, molecules will form aggregates around the high-energy sites until
saturation [61,96]. On another side, the asphaltenes adsorption is subject to the adsor-
bent surface selectivity to the aromatic part of the asphaltenes or heteroatoms present in
their structure, generating different adsorption orientations (perpendicular, parallel, or
flatways) [61]. Following this order of ideas, with the functionalization of the nanoparticles,
selectivity is induced, and the conditions used during material synthesis could influence the
amount of active sites available for asphaltene adsorption; at the same time, the obtained
results suggest that these conditions affect the characteristics of supported metal oxide,
such as dispersion and active phase size, influence the adsorptive capacity of support,
and enhance its affinity for asphaltenes [97]. It is important to remark that the adsorption
capacity seems to be enhanced after functionalization at a lower dosage.



Processes 2022, 10, 349 11 of 20

Figure 4. The plot of the rate of mass loss as a function of temperature in the steam/air atmo-
sphere and conversion for asphaltenes in the presence of nanoparticles: (a–c) effect of calcina-
tion temperature at the same impregnation dosage; effect of impregnation dosage at the same
calcination temperature (d–f); effect of precursor (g). Amount adsorbed = 0.2 mg·m−2; air flow
rate = 100 mL·min−1; H2O (g) flow rate = 6.30 mL·min−1.

3.3. Catalytic Steam Decomposition of n-C7 Asphaltenes
3.3.1. Mass Loss Analysis

The tests were carried out in a wet air atmosphere for a specific asphaltene loading of
0.20 mg·m−2. Figure 4 shows the rate of mass loss for the virgin n-C7 asphaltenes in the
absence and presence of SiWNa. Figure 4a–c compares the presence of nanoparticles using
the same impregnation dosage, and Figure 4e–f compare the presence of nanoparticles
using the same calcination temperature during nanoparticles synthesis. As seen for virgin
n-C7 asphaltenes, the reaction has an onset approximately at 325 ◦C, with a maximum peak
at 465 ◦C and an offset near to 574 ◦C. In this case, the presence of silica nanoparticles
did not prove to be effective in reducing the decomposition temperature of asphaltenes.
Figure 5 shows that, generally, the curve for asphaltenes rate of mass loss in the presence of
WSN shifts to the left, confirming that decomposition occurs at a lower temperature. For
the best scenarios evaluated with the WSN (SiWNa1 350, SiWNa450, and SiWNa650), the
maximum peak of mass loss rate was reduced from 465 ◦C to 325 ◦C. In previous reports,
the support (SiO2) was evaluated without any functionalization, showing that it reduces the
temperature of transformation of asphaltenes a bit under different atmospheres, including
inert or thermal cracking [73], steam gasification, and air (or combustion [28]). In this case,
the presence and absence of water into the stream was also evaluated, showing that the
decomposition profile remains unchanged. However, a change in the produced gases was
observed and more gasification products were found (H2, CO, and CH4). These products
will be analyzed in the following section.
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Figure 5. Effective activation energies calculated by OFW method as a function of the % conversion
for catalytic decomposition of virgin asphaltenes in the presence and absence of selected WSN with
both precursor salts at 1% (in mass fraction).

The conversion of n-C7 asphaltenes to gaseous products can be associated with their
partial oxidation, pyrolysis, and gasification [16]. Steam presence in the decomposition
of asphaltenes as carbonaceous source implies different reactions, such as water–gas shift
reaction and methanation [43]. The catalytic decomposition of asphaltenes in the presence
of WSN can be divided into two reaction regions, LTR (low-temperature reaction, before
400 ◦C) and HTR (high-temperature reaction, between 400 ◦C and 600 ◦C). Initially, reac-
tions on the breakdown of alkyl chains take place and the dissociation of weak bonds (S–C
and N–C) [93,98], followed by the opening of polycyclic aromatic hydrocarbons and radical
or addition reactions that can form heavier compounds (these compounds could be larger
from the starting species turning into coke) [51,99]. With the increase in the temperature,
there are still some reactions attributed to the gasification and oxidation of resultant com-
pounds produced by free radicals that were not stabilized and due to addition reactions [42].
In the catalytic decomposition process, irrespective of the atmosphere (wet air), the first
step includes the oxidation and low-temperature gasification of the asphaltenes. Hence,
the volatile content is released, and the remaining condensed aromatic sheets subsequently
react. Later, the oxygen present reacts with condensed aromatic sheets oxidizing first outer
layers and, at relatively higher temperatures, the internal layers [93].

The inclusion of WSN reduces the temperature of asphaltene consumption. In all cases,
two main peaks are observed, one on LTR and another on HTR. It is inferred that the first
peak corresponds to the breaking of weakest bonds of asphaltenes and the second, to the
decomposition of more stable structures, such as aromatic condensed rings. The presence of
H2O can enhance the process of asphaltenes decomposition, due to the reaction of gaseous
H2 or O2 previously adsorbed such as water over the nanoparticle matrix and active sites
with adsorbed molecules that would be cracked, and free radicals formed which are highly
reactive and can aid to decompose other molecules, i.e., raw asphaltenes. According to
the results obtained, the surface properties and the catalytic activity of the nanoparticles
affect how asphaltenes and water are adsorbed over the active sites, leading to a highly
efficient process in energetic terms [43]. In the studied cases, the first peak temperature
is considerably reduced by nanoparticles at approximately 100 ◦C and for the WSN that
shows the best catalytic activity, SiWNa1 350. Changing the precursor does not show
significant catalytic activity (Figure 4g), a factor that could be attributed to poor dispersion,
acidity, affinity, or the big size of the active phase. It is considered that acid sites influence
the asphaltenes conversion [100]. Isomerization reactions occur on the Brønsted acid sites
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of the WO3/SiO2 catalysts, and studies have concluded that by poisoning the surface acid
sites with small amounts of alkali elements, such as Na, K, Rb, and Cs, branched metathesis
products were decreased, that is, isomerization was reduced, obtaining a greater degree of
asphaltenes consumption [101–103].

Regarding the SLE parameters, it can also be noticed a direct relation between the
catalytic effect of the synthesized materials with the affinity for asphaltene adsorption and
the degree of self-association. With lower values of H and K parameters of the SLE model,
the catalytic behavior of the surface is higher. The asphaltene auto-association degree would
impact the catalytic activity of the nanoparticle blocking this one, due to that the formation
of large aggregates could block some active sites [61]. The highest tungsten oxide dispersion
and the lowest active phase showed a higher reduction of decomposition temperature.

3.3.2. Estimation of the Effective Activation Energies

Another way to validate the catalytic activity of the nanoparticles consists of the esti-
mation of the effective activation energies through the isoconversional OFW methodology.
For this case, the nanoparticle that demonstrated the highest efficiency in hydrogen produc-
tion and reduction of asphaltene decomposition temperature was selected to analyze the
effective activation energy behavior (that is, SiWNa1 350). For comparative purposes, the
nanoparticle was selected with the same metal dosage, calcined at the same temperature,
but with different precursors, that is, SiW1 350.

Figure 5 shows the estimated effective activation energies as a function of the de-
gree of conversion. For virgin n-C7 asphaltenes, the value of Ea decreases as the conver-
sion increases, which agrees well with previous reports under different reaction atmo-
spheres [28,72,95]. Conversely, for the decomposition n-C7 asphaltenes in the presence
of SiWNa1 350 and SiW1 350 nanoparticles, the opposite trend is observed. It is worth
remarking that, in all cases for conversion < 80%, the effective activation energy is shown
to be lower compared with the virgin n-C7 asphaltene; this again confirms the catalytic
activity of the nanoparticles. For the catalytic asphaltene decomposition, the activation
energy increases with the degree of conversion, suggesting that the catalytic decompo-
sition consists of a complex mechanism that involves multiple steps [42,104]. SiWNa1
350 displayed the lowest activation energy throughout the process, suggesting that this
sample is more catalytically active toward SiW1 350. The reduction of the effective acti-
vation energy is of primary importance to enhance the wet in-situ combustion, as a more
efficient heat consumption can be ensured and could lead to higher oil recovery with
upgraded characteristics.

As discussed above, the temperature of calcination affects the size of particles and the
surface chemical environment. For lower temperatures, a small particle, high dispersion,
and more quantity of defects are found. Though the XPS analysis, lower binding energies
were found when the calcination temperature was set at 350 °C, showing that the W cations
were in the lowest oxidation state (on average). Therefore, for these catalysts (350 °C),
it is expected to find the largest quantity of surface defects, such as oxygen vacancies
and reduced tungsten cations. These couples of punctual defects

(
V2

O · · ·Wx′
W

)
constitute

a redox or basic–acid site that promotes the adsorption and activation of the different
reactants, such as water, oxygen, and hydrocarbons, favoring the reaction kinetics (see
Figure S3).

3.3.3. Analysis of the Gaseous Products Evolved during Catalytic Decomposition Process

During the asphaltenes decomposition though wet air gasification, different gases
such as CO, CH4, H2, light hydrocarbons (LHC), and CO2 can be released. In this study, the
releases gases during virgin asphaltene and catalytic steam gasification with SiWNa1 350
were analyzed using mass spectrometry. The SiWNa1 350 sample was selected based on
catalytic results reported in previous sections. The experimental nonisothermal heating at
10 ◦C·min−1 was considered, and the results of the gaseous products are shown in Figure 6.
As expected, the gaseous mixture was composed of CO2, CH4, CO, C2H2, C2H4, C6H6,
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and H2. The gases C2H2, C2H4, and C6H6 will be referred to as light hydrocarbons (LHC).
Some traces of other gases were evidenced in different temperature intervals, but they were
neglected (selective distribution < 1.0% vol).

Figure 6. Selectivity distribution of light gases produced from the nonisothermal conversion of
asphaltenes (a) without and (b) with SiWNa 350 nanoparticles between 100 and 600 ◦C. Air flow
rate = 100 mL·min−1; H2O(g) flow rate = 6.30 mL·min−1; asphaltene load = 0.0002 mmol·m−2; heating
rate = 10 ◦C·min−1.

Panel a shows the evolution of the different gases with temperature change for virgin
asphaltene decomposition. The gas mixture was composed mainly for CO and CO2. The
CO evolved increased with temperature because of the reverse Boudouard reaction. The
CO2 is produced by different mechanisms, including the transformation of ketones and
other oxygenated groups in the asphaltene chemical structure. The produced LHC was
evidenced during all the temperature range evaluated. However, at lower temperatures
(<200 ◦C), the higher release of them was noted because of the breaking and decomposition
of aliphatic chains and low-molecular-weight hydrocarbons. Finally, H2 release was poor in
the noncatalyzed sample because these heavy fractions follow other reaction mechanisms
that prioritize the production of other gases, such as CO2 and CO [29].

The results of the catalyzed sample are shown in panel b. The results show an increase
in LHC, CH4, and H2 during the wide range of temperature. At lower temperatures
(<250 ◦C), the LHC production is slightly higher than the uncatalyzed system because
of the loss of aliphatic chains and low-molecular-weight hydrocarbons. In the catalyzed
scenario, the LHC mixture is composed mainly of C2H4 (>60%vol), a highly calorific gas;
while in the noncatalyzed scenario, this gas was produced to a lesser extent (<30%vol).
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On the other hand, CO2 production decreased between 200–300 ◦C, whereas CO and
CH4 increased in the same range. CO2 reacts with carbon atoms to produce CO while CH4
is released by the breaking of methyl, methylene, and other short aliphatic chains. Then,
between 300 and 400 ◦C, a drop in CO and a slight increase in CO2 and H2 is observed.
This behavior can be attributed to the occurrence of water–gas-shift reaction [105]. In
addition, methane-reforming reactions appear to occur in the same range of temperature as
a reduction of the CH4 content in the gas mixture. It is worth mentioning that hydrogen
released was higher than the noncatalyzed system in all the temperature range. It can be
produced by the reaction of C in asphaltenes and H2O(g) molecules. The higher hydrogen
content was 20%vol between 300 and 400 ◦C.

In the thermic process, reactions of total or partial combustion are common (formation
of CO); in the presence of steam, the methanation (formation of CH4) and steam reforming
are common [106]. The increase of CH4 production in the presence of nanoparticles with
respect to virgin asphaltenes suggests an increment in methanation reactions promoted
by the action of nanoparticles; at the same time, in addition to the combustion reaction
by the presence of O2, part of the formed CH4 and the reaction in water present in steam
form CO. These reactions are aligned with the upgrading process in the reservoir as lighter
compounds would lead to viscosity reduction and API gravity increase.

4. Conclusions

Asphaltene adsorption and subsequent catalytic decomposition on functionalized
silica nanoparticles with tungsten oxides were studied using model solutions on batch
adsorption experiments and TGA/MS system for evaluating thermocatalytic properties in
a steam/air atmosphere. Dispersion and medium active phase size of supported oxides
were shown to be essential factors in the catalytic and adsorptive behavior of nanoparticles.
Sodium tungstate and tungsten oxide supported nanocatalysts were compared, and the
results showed a similar adsorptive capacity but a marked difference in catalytic behavior.

XPS analysis demonstrated a direct relationship between calcination temperature
and W/O and W/Si ratios, which indicated the surface dispersion and concentration of
tungsten on a silica support, depending on the calcination temperature used. In addition,
the tungsten nanoparticles contain a large quantity of defects that are diminishing with
the increasing calcination temperature. All these properties affect the adsorptive behavior
of nanoparticles and their ability to inhibit the self-association degree of asphaltenes on
their surfaces.

The catalytic results show that synthesized nanoparticles reduce asphaltene decompo-
sition temperature. In addition, synthesis parameters, such as temperature and impreg-
nation dosage, play an important role in the catalytic activity of the materials due to the
different WOX–support interactions. The mixture released during the catalyzed asphal-
tene decomposition in the wet air atmosphere reveals an increase in light hydrocarbons,
methane, and hydrogen content. Hydrogen production was prioritized between 300 and
400 ◦C, where the reduction of CO, CH4 and the increase in CO2 content similarly occurs,
associated with water–gas-shift and methane-reforming reactions, respectively.

The results obtained in this research project suggest that the SiO2 nanoparticles func-
tionalized with tungsten oxides (WSN) can be used as catalysts for the in situ upgrading of
heavy crude oil during wet in situ combustion

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10020349/s1, Solid–liquid equilibrium model; Section S2.
OFW model; Figure S1. XPS survey spectrum and high-resolution spectra for SiWNa5 650 sample.;
Section S3. Vacancy formation and compensation charge into a tungsten oxide using Kröger–Vink no-
tation.; Figure S2. Adsorption isotherms of asphaltenes onto supported nanoparticles using the same
impregnation dosage and calcination temperature but different metal oxide precursors. Nanoparticle
dose, 10 g·L−1; agitation speed, 200 rpm; T, 25 ◦C. The symbols are experimental data, and the solid
lines are from the SLE model.; Figure S3. Chemical species around an oxygen vacancy. Model for
adsorption of reactants.

https://www.mdpi.com/article/10.3390/pr10020349/s1
https://www.mdpi.com/article/10.3390/pr10020349/s1


Processes 2022, 10, 349 16 of 20

Author Contributions: Conceptualization, K.M.C., D.A.-M. and C.A.F.; methodology, K.M.C., D.A.-M.
and C.A.F.; formal analysis, K.M.C., D.A.-M., O.E.M., L.E.C., F.B.C., C.A.F. and J.G.; investigation,
K.M.C., D.A.-M., C.A.F. and J.G.; data curation, K.M.C., D.A.-M., O.E.M., C.A.F. and J.G.; writing—
original draft preparation, K.M.C., O.E.M. and D.A.-M.; writing—review and editing, all authors. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fondo Nacional de Financiamiento para la Ciencia, la Tec-
nología y la Innovación “FRANCISCO JOSÉ DE CALDAS”, Agencia Nacional de Hidrocarburos
(ANH), COLCIENCIAS and Universidad Nacional de Colombia for their support provided in Agree-
ment 272 of 2017.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Authors give thanks to Universidad Nacional de Colombia and Universidad del
Valle for the support.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

API American Petroleum Institute
C0 Initial concentration of asphaltenes
CE Equilibrium concentrations in solution after adsorption
DLS Dynamic light scattering
EHO Extra-heavy oil
HO Heavy oil
H Henry’s law constant
HTR High-temperature reaction
K Self-association degree
LTR Low-temperature reaction
LHC Light hydrocarbons
MSAP Mean particle size of active phase
OFW Ozawa–Flynn–Wall
PAH Polyaromatic hydrocarbons
qm Maximum adsorbed amount
TEOR Thermal enhanced oil recovery
TEO Transition element oxides
TGA Thermogravimetric analysis
SLE Solid–liquid equilibrium
SBET (m2) BET surface area
SSS Sodium silicate solution
WSN Tungsten functionalized silica nanoparticles
XPS X-ray photoelectron spectroscopy
R Universal gas constant
T Absolute temperature
Eα Activation energy
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