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Chapter 5

Effect of Pressure on Thermo-oxidation
and Thermocatalytic Oxidation of n-C,
Asphaltenes

Oscar E. Medina, Jaime Gallego, Farid B. Cortés, and Camilo A. Franco

5.1 Introduction

A mechanistic and kinetic/thermodynamic understanding of asphaltene oxidation is
crucial for determining the thermal reaction pathway of heavy (HO) and extra-
heavy (EHO) crude oils in thermal enhanced oil recovery (TEOR) applications [1].
These methods use the heat exchange for reducing oil viscosity and therefore
improve their mobility inside the reservoir. Technologies that involve the injection
of oxidizing agents such as air and oxygen are widely used worldwide, known as
combustion process [2, 3]. Furthermore, these fluids are less expensive and require
less economic investment than the injection of other fluids such as steam and non-
condensable gases [4, 5]. Despite these advantages, some limitations are associated
with the combustion front and coke formation in the reservoir due to the high tem-
peratures in these technologies [6]. Asphaltenes are the primary sources of coke [7].
Their composition of aliphatic chains surrounding aromatic rings makes them atypi-
cal structures, that once they lose the structures around them, they become more
refractory, more condensable, and more massive [8]. Asphaltenes’ thermal behavior
is of great interest due to their coking tendency and catalyst deactivation during the
injection of hot gases, mainly air or oxygen-rich fluids [9, 10]. Because of these
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molecules’ complexity, nanotechnology has been employed by several authors to
improve the kinetic oxidation rate and reduce the energy required for the thermal
asphaltene decomposition [11-13]. By evaluating different chemical natures of
nanoparticles, it has been identified that its phase complexity is imperative for selec-
tive oxidation of asphaltenes [14—16]. Besides, the compensation effect can help
understand the chemical reaction pathway during this process.

Nevertheless, there are no studies in the specialized literature that report the
effect of pressure and compensation effect of asphaltene thermo-oxidation and ther-
mocatalytic oxidation. In this sense, this research opens a new landscape on the
oxidative behavior of the heaviest fractions of crude oil under the reservoir and in
situ combustion conditions, providing the first insights in this area.

This chapter summarizes the main results obtained after robust research on the
effect of pressure on nanotechnology-assisted oxidative phenomena. The topics
include (i) advantages and disadvantages of the main thermal recovery methods; (ii)
application of nanotechnology in low-pressure asphaltene reaction kinetics; (iif)
theoretical insights about thermodynamic compensation effect; (iv) characterization
of seven different n-C; asphaltenes; (v) synthesis and characterization of novel
nanocatalysts; (vi) adsorption and modeling of asphaltenes on nanocatalysts; (vii)
high-pressure thermogravimetric experiments on virgin asphaltenes, effect of pres-
sure, and their chemical nature; (viii) thermocatalytic oxidation of asphaltenes at
different pressures in the presence of various nanocatalysts; (ix) kinetic analysis
based on effective activation energy and Arrhenius pre-exponential factor; and (x)
discussion of the thermodynamic compensation effect. Eventually, this study leads
to the elucidation of the asphaltene decomposition pathways in an oxidizing atmo-
sphere and, therefore, a better understanding of EOR processes’ improvement
through nanotechnology.

5.2 Thermal Enhanced Oil Recovery Processes

Enhanced oil recovery (EOR) methods are used in the oil and gas industry for
increasing the productive life of crude oil reservoirs [17]. Since 1950, for the pro-
duction of heavy (HO) and extra-heavy crude oils (EHO), thermal (TEOR) pro-
cesses are commonly used [18] to supply heat into the reservoir and vaporize part of
the crude oil [19]. TEOR methods use the temperature as a tool to improve HO and
EHO mobility by oil viscosity reduction. During the heating process, thermal
expansion of rock and fluids, variation in capillary pressure, the volatilization of
light hydrocarbons, and gravitational segregation occur. TEOR includes hot water
injection, steam injection, in situ combustion, and electric heating [2, 3].

Steam is injected into the reservoir in different ways including cyclic steam
injection (CSS), continuous steam injection, and steam-assisted gravity drain-
age (SAGD).

CSS also called Huff and Puff involves several steam injection periods for heat-
ing the reservoir in the near-wellbore area, using a single well that functions as an



5 Effect of Pressure on Thermo-oxidation and Thermocatalytic Oxidation of n-C;... 167

injector for steam and producer for crude oil. Precisely, CSS consists of three main
stages including (i) steam injection into the reservoir; (ii) soaking time, where the
well is closed to production for heat exchange; and (iii) production time, where the
well is opened for HO and EHO production. In the soaking period, the crude oil is
heated, and its viscosity decreases [20]. Temperatures of around 200°C to 300°C are
reached, and production rates remain high for a short time before decreasing. The
steam-to-oil ratio increases as cycles progress, leading to decreased economic gain.
A good design of the technique is necessary to achieve high productivity; this factor
must consider permeability, oil viscosity, and injection depth [21, 22]. Approximately
30% of OOIP is recovered with CSS [23, 24].

Continuous steam injection is used as a recovery technique to extract denser
crude oils and began around 1960 in California to complement recovery by cyclical
steam injection [25]. A continuous heat supply by steam is required, and it is real-
ized in the injection wells, so that the steam advances in the reservoir, transferring
heat and decreasing the oil’s viscosity. As the steam front progresses, steam conden-
sation builds up, helping move crude oil to the producing wells. With this technique,
50% of the OOIP is recovered [26, 27]. Like cyclical steam injection, steam injec-
tion faces several economic and environmental challenges related to CO, emissions
during steam generation. The steam generation water has problems such as handling
large amounts of liquid and an additional dehydration facility for the separation of
the generated emulsions [28].

Steam-assisted gravity drainage (SAGD) is a technique applied mainly to extra-
heavy crudes and oil sands. It was invented by Dr. Roger Butler in Canada in 1970
due to the high viscosity of hydrocarbons in that country [29, 30]. SAGD is cur-
rently one of the most efficient recovery methods that achieve recoveries up to 70%
of OOIP along with high production rates [31, 32]. The technique consists of drill-
ing two horizontal wells, placing one at 4 m—6 m above the other. Steam is injected
into the upper well to heat the crude oil, reduce its viscosity, and promote its move-
ment to the lower well (production well). Injected steam creates a steam chamber
that continuously expands to push condensed water and heated oil into the produc-
ing well. This technique’s application is restricted by several factors, including geo-
logical environment, reservoir thickness, vertical and horizontal homogeneity, and
high permeability.

Furthermore, the presence of gas and an aquifer can reduce the efficiency of the
technique [33, 34]. On the other hand, the high volumes of water involved in steam
generation and gas consumption as fuel can cause high costs. To solve these prob-
lems, variations on the technique have been proposed, such as chemical solvents
and non-condensable gases [4, 5].

In situ combustion, the heat is generated in the reservoir by igniting a part of the
crude oil. During the injection of fluids, surface heat is generated and transferred to
the reservoir. Water is one of the generally used fluids, which can be injected as hot
water or as steam [25, 35]. The methods of thermal recovery can be used in both
horizontal and vertical wells. However, generally in horizontal wells, its application
can be more complex and expensive. In horizontal wells, techniques such as
expanded solvent with gravity drainage (ES-SAGD), vapor extraction (VAPEX),
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and SAGD are used to improve the sweep efficiency, increase the contact area, and
oil rate production [17].

In situ combustion is generated by injecting air or oxygen to ignite a small por-
tion of the oil in the reservoir, reaching temperatures between 450°C and
600°C. Because heat originates in situ, heat losses are minimum, making it an effi-
cient method [36, 37]. Exothermic oxidation reactions release a high amount of heat
that helps improve the mobility of heavy oil, burning a small part. There are three
methods of in situ combustion: (¢) frontal combustion, where the ignition is gener-
ated near to the injector well and the hot zone advances in production direction; (ii)
reverse combustion, where the front combustion advances in the opposite direction
of airflow, and (iii) high-pressure air injection. This process does not involve recy-
cling water and has a very low emission of gases. Therefore, it is the most crucial
technique for exploiting heavy and extra-heavy crude oils [38].

The process begins with ignition, where a gas chamber consisting of air and flue
gases forms at the combustion front. Through the combustion front propagation,
continuous expansion of the gas chamber is generated, which helps to move the
unburned oil towards the production wells [6]. The in situ combustion mechanism
is described by well-defined zones, including the burned, combustion, cracking,
evaporation, and steam area. These areas are characterized by having different tem-
peratures and different saturations of oil and water [39, 40]. However, despite the
many benefits that this technique offers, several limitations must be overcome, and
that is not yet fully understood [41]. There is still no adequate control of the com-
bustion front and the portion of burned oil or its heating rate. Furthermore, the pri-
mary sources of coke are asphaltenes, and to date, no studies of its oxidative
behavior under reservoir conditions have been dated. Understanding these mecha-
nisms and finding technologies that improve these fractions’ reactivity could
improve the efficiency of these technologies since many operations could be opti-
mized to obtain a higher recovery factor.

5.3 Nanocatalysts for Asphaltene Decomposition and Heavy
Oil Upgrading

In recent decades, nanotechnology has emerged as an innovative technology appli-
cable to the oil and gas industry, especially in the remediation and inhibition of
formation damage and potentializing EOR processes [42]. By convention, nanopar-
ticles are in the range of 1 nm—100 nm. Their size and unique characteristics make
them suitable for application in porous media [43]. Among nanoparticles’ proper-
ties are their high surface area-to-volume ratio, their selectivity towards heavy com-
ponents of crude oil, their unique optical and chemical characteristics, and the
presence of active surfaces [44, 45].

The production of heavy and extra-heavy crudes is a challenge that the industry
faces every day due to the high viscosity and low mobility. Thermal recovery
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methods have proven to be very efficient in increasing the production of this type of
hydrocarbon [18]. The increase in temperature and the injection of heat can occur in
situ or through some fluid. This provides better sweep efficiency and an increase in
recovery factor with decreased viscosity [22].

A synergy between nanotechnology and thermal recovery methods has emerged
as an alternative to increase hydrocarbon production. In recent years, several studies
have focused on the synthesis and development of catalytic nanoparticles that
reduce the decomposition temperature of asphaltenes and resins, taking advantage
of the temperatures generated by thermal recovery processes. Different materials
have been employed, including non-functionalized and functionalized nanoparticles
as mono- [46] and multi-elemental oxides [46, 47] for the asphaltene catalytic
decomposition and HO and EHO upgrading [48]. Among the most recent studies, it
has been employed nanocatalysts of SiO, [16, 49], TiO, [47], CeO, [50-52], and
Al O; [47, 53, 54] resulting in significant reductions in the decomposition tempera-
tures of asphaltenes in different atmospheres (air, steam, inert).

To evaluate the catalytic capacity of nanoparticles, low-pressure thermogravi-
metric analysis and differential scanning calorimetry (DSC) are commonly used.
Among the first applications of nanoparticles for the oxidation of asphaltenes,
Nassar et al. [55] investigated the adsorption and subsequent oxidation of Athabasca
asphaltenes in different metal nanoparticles (NiO, Co;0,, and Fe;0,) [55]. The
authors found reductions of more than 100°C in the asphaltene decomposition tem-
perature in all cases, obtaining a better result for NiO nanoparticles. Furthermore,
the surface acidity of the nanoparticles was evaluated in another study [56]. Basic,
acid, and neutral alumina were assessed for the oxidation of Athabasca asphaltenes.
The results show affinity increases as the acidic surface increases. On the contrary,
catalytic activity is higher for basic alumina.

Besides, Fe;O, nanoparticles were used for catalytic oxidation of different vis-
broken asphaltenes from a cracked vacuum residue. Results show a significant
reduction in the oxidation temperature and average activation energy [57]. Also,
TiO2, ZrO2, and CeO2 nanoparticles’ catalytic activity has been investigated [58].
CeO, nanoparticles showed the highest performance for asphaltene catalytic oxida-
tion, confirmed by the lowest effective activation energy trends and lowest values of
Gibbs free energy and enthalpy changes.

On the other hand, fumed silica nanoparticles were functionalized with transition
element oxides of Ni and Pd at different dosages for the oxidation of Colombian
asphaltenes [16]. This study presents essential conclusions on the application of
functionalized materials. First, a higher dosage of each metal in the mono-elemental
nanoparticles increases the catalytic capacity of the material. Also, bi-elemental
nanoparticles show better performance than mono-elemental nanoparticles. The
application of transition elements can significantly improve the performance of
TEOs, and the application of design of experiments can lead to the development of
an optimal material to reduce the activation energy for the catalytic oxidation of
asphaltenes, which has a dosage of 0.29% Ni and 1.32% Pd on the surface of the
nanoparticle.
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The influence of resins on the adsorption of asphaltenes on nanoparticles has also
been studied. The results present different adsorption isotherm types according to
the resin/asphaltene ratio. It was concluded that resins I do not significantly influ-
ence asphaltene adsorption on nanoparticles and help to solubilize in the medium
[59]. Other works have focused on the effect of resins I on the catalytic decomposi-
tion of asphaltenes adsorbed on nanoparticles. A combined method of thermogravi-
metric analysis and softening point measurements was used to evaluate the
adsorption of asphaltenes and resins I in heavy oil model solutions. The results of
the catalytic behavior show that the presence of resins I do not significantly change
the decomposition temperature of the asphaltenes adsorbed on the nanoparticles.
However, the catalytic effect of the nanoparticles is affected by an increase in acti-
vation energy as the presence of resins increases in the system [60].

Despite all efforts to understand and optimize TEOR methods by nanotechnol-
ogy application, the effect of pressure on the interaction of isolated asphaltene mol-
ecules and nanoparticles has not yet been reported in the literature. All these
investigations have been evaluated at atmospheric pressure, without considering the
high pressures to which the crude oils may be subjected in the reservoir and in situ
combustion processes. The few works carried out under reservoir conditions directly
evaluate the matrix of HO and EHO. Still, to optimize these processes, it is impor-
tant to understand how the individual fractions behave, specifically the coke precur-
sors in the reservoir, in nanoparticles’ absence and presence.

5.4 Compensation Effect

Essentially, the rate of all thermally activated processes is described by the Arrhenius
law, where the rate r is temperature-dependent, following the expression
r(T)=k,e—E™ | k,T , where, kg is the Boltzmann’s constant. Kinetic parameters

(E! and k,) determine the temperature dependence and overall rate, respectively,
during thermal processes. Experimental studies have shown that in some systems,
by varying E™ values, a thermodynamic compensation effect is reflected in k,
changes. A direct relationship between both parameters was found, described by
Eq. (5.1)

In(k,)=aE™ +b (5.1)

The kinetic parameters characterizing the system, according to Eq. (X), are lin-
early related to E” as a function of In(k,). The term “compensation effect” was
introduced in 1908 by Wilson et al., by evaluating the electron emission phenome-
non on a heated platinum surface in a hydrogen environment. Later, the compensa-
tion effect was used in catalysis processes, and it has been found that it is valid for
a large number of homogeneous and heterogeneous chemical reactions. Since then,
the compensation effect has been used to study thermal and nonthermal processes’
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reaction mechanisms, including bulk diffusion, polymer dielectric relaxation, and
electrical conduction, among others. In thermal reactions, the compensation effect
is known as isokinetic relationship because the linear dependence of Eq. (5.1) leads
to an isokinetic temperature (Tjuneic) €Xpressed by the slope of the line. This tem-
perature implies that all the considered reactions have the same rate. However,
Tisorineric 18 Often outside the range of experimentally accessible reaction conditions.
Commonly, the compensation effect of chemical reactions leads to real compensa-
tion in the rate, considering the values for a always positive. Nevertheless, despite
the majority of the cases, there are a large of chemical processes that have negative
values for a.

Despite many attempts to explain the compensation effect in different processes,
the term is not universally accepted, arguing that the nature of Arrhenius’s law is
such that the experimental determination of kinetic parameters is associated with
large statistical uncertainties which rise to a compensatory effect.

On the other hand, the compensation effect can be distinguishable and catego-
rized according to the nature and range of the reactants and/or reaction conditions,
together with the common constant and systematically modified features. The type
I compensation effect for heterogeneous reactions is associated with modification of
the chemical reaction or the catalysts. Type II represents the compensation effect for
experimental condition variation (i.e., pressure, temperature, heating rate), and type
IIT is associated with practical calculation changes. That is, the estimation of kinetic
parameters is realized using different computational programs or different rate
equations.

In this order, in this work, we will show that for a broad class of experimental
conditions and catalysts with different active site distributions, the compensation
effect can be explained. First, the type II compensation effect will be demonstrated
by pressure changes during asphaltene oxidation in nanocatalysts’ presence and
absence. Then, the type I compensation effect will be explained using a different
class of nanocatalysts.

5.5 Materials and Methods

5.5.1 Materials
5.5.1.1 Nanoparticles and N-C; Asphaltenes

Ceria-zirconia mixed oxide (Ce, 5721, 330,) as support and impregnated with Au and
Pd noble oxides in 3:1 and 10:1 Au/Pd initial nominal molar ratios was used for
asphaltene adsorption and subsequent catalytic oxidation. Nanocatalysts were syn-
thesized by deposition-precipitation of Au followed by incipient wetness impregna-
tion of Pd. Details of the synthesis procedure are found in our previous work [1].
The surface area (Sggr) of bi-elemental catalysts and support was 67 m?-g~' +2 m>g~".
The final load of element oxides on surface support was determined by inductive
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coupled plasma-atomic emission spectrometry (ICP-AES). Results demonstrate
that the nominal molar ratio remains equal to 3:1 and 10:1 at the end of the synthesis
process. According to the Au/Pd nominal molar ratio, functionalized nanocatalysts
were named as 3:1AuPd and 10:1AuPd.

Also, STEM-XEDS analysis corroborates the formation of metallic particles in
functionalized nanocatalysts. The crystal size of Au and Pd varies between 1 and
5 nm and the respective dispersions near to 36%, for both systems. Finally, by X-ray
photoelectron spectroscopy, the main functional groups of each catalyst were
obtained. These results are summarized in Table 5.1.

Initially, a single asphaltene source was used to evaluate the effect of pressure on
its oxidation in the absence and presence of nanocatalysts. Then, six different
asphaltenes were obtained from different HO and EHO around the world to address
the chemical nature effect on reactivity at low- and high-pressure conditions.
Asphaltene isolation was done by mixing n-heptane (99%, Sigma-Aldrich, St.
Louis, MO) with the HO following the protocol described in the standard ASTM
D2892 and ASTM D5236 [62—64]. The samples were characterized by elemental
analysis (EA) estimated using a Thermo Flash elemental analyzer EA 1112 (Thermo
Finnigan, Milan, Italy) to determine the C, H, S, O, and N content, following the
protocol described in previous works [65]. The average molecular weight was esti-
mated using a Knauer osmometer (Knauer, Berlin-Heidelberg, West Germany) cali-
brated with benzyl and using the steps enlisted in literature [66]. X-ray photoelectron
spectrometry was performed on a Specs brand X-ray photoelectronic spectrometer
(NAP-XPS) with a PHOIBOS 150 1D-DLD analyzer, using a monochromatic
source of Al-Ka (1486.7 eV, 13 kV, 100 W) with step energy 90 eV and 20 eV for
general and high-resolution spectra, respectively. Finally, '"H NMR and *CNM were
developed on a Bruker AMX 300 spectrometer (Karlsruhe, Germany) operating at
300 MHz, with a 5 mm inner diameter tube. The samples were dissolved in CDCL;
(99.8%) containing traces of tetramethylsilane (TMS) used as standard internal sol-
vents. Details of the procedure are found in a previous study [67]. Considering the
results of EA, VPO, and CNM, average molecule construction was done using
Materials Studio (BOVIA, San Diego, CA, USA), following the Lee-Yang-Parr
function and Clar’s theory [68, 69].

Table 5.1 Superficial atomic content (%) of Ce, Au (4f signal), and Pd (3d signal) ions through
XPS of bi-elemental catalysts supported on Ce 52193305 . 5

Ce3+ (atomic Au’ (atomic Au®* (atomic Pd° (atomic Pd** (atomic
Catalyst | %) %) %) %) %)
3:1AuPd* |20 100 0 37.7 62.3
10:1AuPd* | 34 100 0 50.4 49.6

“Results acquired from previous work [61]



5 Effect of Pressure on Thermo-oxidation and Thermocatalytic Oxidation of n-C;... 173

5.5.2 Methods
5.5.2.1 Adsorption Isotherms

The amount of asphaltenes adsorbed on the different nanocatalysts was determined
by a colorimetric method using a UV-vis spectrophotometer Genesys 10S UV-VIS
(Thermo Scientific, Waltham, MA, USA) at a wavelength fixed at 295 nm [70, 71].
Asphaltene initial concentrations were varied between 100 mg-L~" and 1500 mg-L~".
Besides, the toluene was used as a blank in the calibration curve and as an agent for
dilution [72].

The procedure starts by adding the constant mass of nanoparticles to the pre-
pared heavy oil model solutions in a ratio of 1:10 mass/volume. This solution to
nanoparticles ratio is used to allow the adsorbent decantation for the UV-vis absor-
bance measurements. All samples were mixed at 200 rpm for 24 h at 25°C to ensure
the equilibrium, unless otherwise specified. Then, by centrifugation, the nanoparti-
cles containing asphaltenes were separated. Runs were done by triplicate, obtaining
a deviation of 0.05 mg-L~". The amount of n-C, asphaltenes adsorbed “¢” is calcu-
lated using the mass balance in Eq. (5.2)

(C,—-Cp)-M
9= — (5.2)

where C (mg-L™") represents the n-C; asphaltene concentration in the equilib-
rium, M (L-g7") is the solution volume/nanoparticle mass ratio, and A (m?-g")
denotes the surface area of the adsorbent.

5.5.2.2 Kinetic Study by High-Pressure Thermogravimetric Analysis

Kinetic analysis of n-C; asphaltenes oxidation assisted by nanocatalysts was carried
out using a high-pressure thermogravimetric analyzer 750 (TA Instruments, Inc.,
Hiillhorst, Germany). The equipment operates with a uniform electromagnetic field
generated by a magnetically levitated balance. Figure 5.1 shows a diagram of the
gas supply system for the equipment. It comprises four gas mass flow controllers
(MFCs) to guarantee a correct flow of the working gas at different pressures.
Initially, the sample surface is cleaned under a vacuum at 0.00025 MPa for 10 min
by N, injection at 5 mL-min~'. Then, two runs are done at the same operation condi-
tions due to flow effects, one for the sample to analyze and the other for the empty
sample holder. Automatic correction is made by subtraction of the respective
measurements.

Non-isothermal experiments were executed at different heating rates of
5°C-min~', 10°C-min~!, and 15°C-min~'. Air injection was done by a flow of
80 mL-min~', and the mass was fixed in 1 mg to avoid mass and heat diffusional
effects [1, 73]. Thermal experiments were developed in three main subsections that



174 0. E. Medina et al.

CcO2
0-80 bar

Nitrogen
Gas outlet

Vacuum-
pump

S

Nitrogen

’ Closed
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Fig. 5.1 Representative diagram for the gas supply system of the HP-TGA 750. (MCF# corre-
sponds to gas mass flow controllers, P# the manometers, 1-6 are the automatic valves, 7 is the gas
outlet pressure regulator, 8 is the tube balance, 9 is magnet levitated balance, and 10 is the high-
pressure reaction furnace)

involve (i) virgin n-C, asphaltene oxidation for a single source in a wide range of
pressures between 0.084 MPa and 7.0 MPa, (ii) oxidation of different sources of n-
C; asphaltenes at low- and high-pressures, and (iii) oxidation of nanocatalysts con-
taining n-C, asphaltenes.

5.6 Modeling

5.6.1 Solid-Liquid Equilibrium Model

This model, from the theory of adsorption and association of molecules over micro-
porous surfaces [74], describes the adsorption and desorption isotherms using the
following equations (Egs. 5.3, 5.4 and 5.5).

v
- 1"’? e[Q“A] (5.3)
+Ky
x = KRT (5.4)

SA
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—-1+./1+4K
V= Lﬁ (5.5)

2K

where the concentration of asphaltenes in the equilibrium is represented by C
(mg-g™!) and H (mg-g~!) refers to the affinity between the adsorbate-adsorbent cou-
ple. Similarly, K (g-g™') indicates the self-association degree of n-C, asphaltenes on
nanoparticles, and Q,, (g-g™!) is the maximum adsorption capacity of nanoparti-
cles [75].

5.6.2 Activation Energy Estimation

Estimation of kinetic parameters (i.e., Arrhenius pre-exponential factor and activa-
tion energy) was done using a single power law equation bearing in mind the imme-
diate reactivity of the materials. Ozawa-Wall-Flynn approximation was used to
resolve non-isothermal experiments [76], leading the Eq. (5.6):

m{ﬁF(Q)Fm[ko—R} E, (5.6)

P, T E, ) RT

where f# (°C-min~') is the heating rate, P (bar) is the oxygen partial pressure, n
represents the order of oxidation reaction, E, (kJ-mol™!) is the effective activation
energy, k, (s~!-bar™) is the Arrhenius pre-exponential factor, and R (J-mol~-K~!) is
the ideal gas constant. Besides, F(6) is represented by the expression
( fd&/f(ﬁ) = — In (1 — x)) related to the volumetric consumption model [1, 73].

5.7 Results

5.7.1 Characterization of N-C; Asphaltenes

The elemental composition and average molecular weight results of the asphaltene
samples are shown in Table 5.2. Carbon content varies between 81.0% and 85.0%
while hydrogen content between 7.1% and 7.8%. Differences in heteroatom content
between each sample were observed. The atomic percentage for nitrogen increases
in the order SS < C < A ~ D < E < F < B. Particularly, SS sample has a content
below to 0.5%. Sulfur content is the predominant heteroatom in all samples, for
values higher than 3.9%. Finally, oxygen content varies between 2.9% and 3.6%.
On the other side, molecular weight increases in the order E<F<C <D <SS <A
< B, according to the different elemental composition in each sample. A complete
analysis is reported in a previous work [67].
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Table 5.2 Elemental composition and average molecular weight of n-C; asphaltenes of
different sources

Elemental mass fraction concentration + 0.2% My, = 5.0 g-mol~!

Sample C H N S O

SS 81.7 7.8 0.3 6.6 3.6 907.3
A? 82.6 7.3 1.5 54 32 950.3
B® 81.9 7.7 1.9 53 32 1051.6
(% 82.5 7.7 1.1 53 34 722.4
D® 83.0 7.2 1.5 54 2.9 717.3
E? 84.7 7.2 1.6 3.5 3.0 555.7
F 84.3 7.1 1.8 39 29 650.9

aResults acquired from previous work [67]

Table 5.3 Carbon types present in whole n-C; asphaltenes and its fractions obtained by *C-NMR
analysis

Relative amount (%) in asphaltenes
Carbon SS A? B c? D E* F
Cy 64.48 62.12 68.2 65.9 60.3 55.6 57.8
Cy 35.51 37.9 31.8 34.1 39.7 444 42.2

“Results acquired from previous work [67]

Carbon type proton distribution was obtained by the combination of normaliza-
tion and integration processes of the '*C NMR patterns and are shown in Table 5.3.
The carbon was divided into two important regions, one for the aliphatic carbon
content and the other for the aromatic carbon. The former increases in the order B <
C <SS <A <D < F<E, while aromatic content follows the opposite behavior.

According to the NMR spectral analysis results, combined with elemental analy-
sis and average molecular weight (VPO), asphaltene molecules were computation-
ally resolved and are shown in Fig. 5.2 a—g. For all samples, island structure type
adjusts correctly the experimental results obtaining theoretical molecular weights of
903.1 g'mol~!, 959 g-mol~!, 1043 g-mol~!, 724 g-mol~!, 701 g-mol~!, 570 g-mol~},
and 660 g-mol~! for SS, A, B, C, D, E, and F samples, respectively. These are devia-
tions lower than 3.0% for all asphaltenes. Molecular formulas are also enlisted in
each figure. Results demonstrate that structural and chemical differences exist in
each sample evaluated.

5.7.2 Adsorption Isotherms

Adsorption isotherms for SS asphaltenes over nanocatalysts are shown in Fig. 5.3.
According to the International Union of Pure and Applied Chemistry (IUPAC) [77],
this isotherm type is characterized by a high affinity between the adsorbent-
adsorbate couple. For a fixed asphaltene concentration, adsorption amount increases
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C Asphaltene F Asphaltene

Fig. 5.2 Representative chemical structures for n-C; asphaltene samples constructed from results
of NMR, elemental analysis, and average molecular weight. (Reproduced from Medina et al. [67]
with permission)
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in the order Support <3:1AuPd < 10:1AuPd. This trend is met throughout the range
of concentrations evaluated. In the first instance, Ce,Zr, O, mixed oxides show a
high capacity for asphaltene uptake due to the affinity for the polyaromatic con-
densed structures for Ce** ions [50]. In addition, Zr** ions provide a higher capabil-
ity to support by increasing the number of active sites for asphaltene adsorption and
acid surface degree [78].

The incorporation of Au and Pd crystals improves the adsorption capacity and
affinity according to the slope in Henry’s region. Between both nanocatalysts, a
nominal molar ratio of 10:1 shows a better performance than 3:1. According to XPS
analysis, 10:1AuPd has a higher content of PdO ions, which can result in stronger
chemical bonds with asphaltene molecules [79]. As was mentioned, Ce** plays a
critical role in adsorption processes and is present in a higher load for 10:1 nano-
catalyst [51]. These findings reveal that a heterogeneity surface is a key factor in
increasing asphaltene adsorption, creating different selectivities for the nitrogen,
oxygen, and sulfur functional groups of asphaltene structure. Compared with the
literature, this study’s selected nanocatalysts show a better performance [80-82].

5.7.3 High-Pressure Thermogravimetric Analysis
5.7.3.1 Effect of Pressure on N-C, Asphaltene Oxidation

Figure 5.4 shows the mass change and temperature profiles as a function of time for
n-C; asphaltene oxidation at 6.0 MPa. This system was selected to illustrate the
asphaltene oxidation behavior at high-pressure conditions. According to the mass
change profile, the temperature was divided into four defined regions. The first
region, named oxygen chemisorption region (OC), corresponds to the interval where
an increase in asphaltene mass is observed, associated with incorporating oxygen
atoms on its chemical structure from the oxygen-rich environment. The second
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region, known as decomposition of chemisorbed oxygen region (DCO), is the tem-
perature interval where the first decomposition and desorption of oxygenated com-
pounds occurs, i.e., where mass sample begins its reduction. In this region, it also
can occur the loss of lower molecular weight hydrocarbons and heteroatoms located
in the branched structures. Then, for higher temperatures, the combustion phenom-
enon is divided into two main regions, first (FC) and second combustion (SC). These
intervals were separated according to the thermal event close to 400°C, clearly
observed in the temperature profile. The total consumption of asphaltenes is carried
out at the end of SC. Each region is defined by a particular behavior associated with
its mass change and mass change rate curves at the time of its decomposition in
mathematical functions (conventionally Gaussian/Lorentzian), which perfectly
describe the area under the DTG curve [16, 55, 56, 80, 84].

Then, the effect of pressure was evaluated on n-C; asphaltene oxidation. The
results are shown in Fig. 5.5. Panels a—c show the rate for mass change and panels
d—f the mass change profiles for pressures between 0.084 MPa to 6.0 MPa. According
to the results, asphaltene oxidation is a pressure-dependent phenomenon, due to
both profiles being modified with the increase in pressure [85—87]. For atmospheric
pressure, the asphaltene profile is divided into low- and high-temperature regions.
Contrasting, pressures higher than 0.3 MPa modify the oxidation behavior from 2 to
4 thermal events.

In the current context, panels a—c of the same figure shows that pressure gener-
ates a positive effect on asphaltene oxidation reflected in the number and intensity
peaks of the rate for mass change. In panel a, a single peak is observed close to
450°C, which is in accordance with results reported for asphaltene oxidation at low
pressures [88]. By contrast, in panels b and c, two peaks appear at 380°C and
450°C. Besides, a slight elevation is observed around 300°C. The lowers tempera-
ture peaks in the rate for mass change of asphaltene oxidation seem to arise from
DCO and FC thermal events. On the other hand, panels d—f show that OC and DCO
do not occur at low pressure since an increase in sample mass is not obtained for low



180 0. E. Medina et al.

a) b) _:
7 0.084MPa [ 0.7 MPa ——6.0MPa :
< 7| --- 03MPa --- L.OMPa --- 65MPa :
g = —30MPa [ 7.0 MPa z
s = )
s 9
2
-4

d) ) 0 A
00— e L
- 100
—_ B0 B
$ | — 80
o 60 — 60
= .
- 40 40
1 X 0 reee 0.7 MPa — 6.0 MPa ~
20— ——0.084 MPa -== 1.0 MPa === 6.5MPa 20
1==~- 0.3 MPa —_—30MPa § 0 |eeees 7.0 MPa B
S L A O B T . T T T...IFT..r_I.._—-{}
1000 200 300 400 500 600 700 200 300 400 S00 600 700 200 300 400 500 600 700

Temperature (°C)

Fig. 5.5 (a—c) Rate for mass loss and (d—f) mass percentage for n-C; asphaltene oxidation at dif-
ferent pressures between 0.084 MPa and 7.0 MPa. Heating rate, 10°C-min~"; airflow, 80 mL-min~";
and sample mass, 1 mg. (Taken with permission from Medina et al. [73])

temperatures. These results suggest that oxygen chemisorption plays a vital role in
asphaltene oxidation since the molecules become more reactive; hence there is an
easy bond scission. Besides, the volatile content is driven off at lower temperatures
[88]. The oxidation of heavy hydrocarbon structures occurs in the most reactive
sites, i.e., peripherical molecules and heteroatoms.

Also, the basal plane of the aromatic structure could promote oxygen anchorage
[8]. High-pressure’s main effects promote the probability of oxygen atoms collision
and, hence, higher kinetic energy [89, 90]. During SC the solid product obtained
after FC is characterized for a low H/C ratio, high polarity, and aromaticity degree,
since aliphatic structures react during DCO and FC regions, promoting aromatic
condensation degree.

5.7.3.2 Thermo-Oxidation of Different N-C; Asphaltenes

The effect of the chemical nature of asphaltene over its oxidation was evaluated
using six different asphaltene sources. Samples were named as A, B, C, D, E, and F
asphaltenes. The thermograms were constructed at three different pressures
(0.084 MPa, 3.0 MPa, and 6.0 MPa). Figure 5.6 shows the mass change and rate for
mass change profiles for the systems evaluated.

Results show that the oxidation process depends directly on the asphaltene chem-
ical structure and the increment of pressure remarks on the differences between the
rate for mass change and mass change profiles. For all systems, asphaltene
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Fig. 5.6 Mass percentage and rate for mass change for different n-C; asphaltene oxidations at
different pressures from 0.084 MPa to 6.0 MPa. Sample weight, 1 mg; heating rate, 10°C-min~";
and airflow, 80 mL-min~". (Taken with permission from Medina et al. [67])
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decomposition is defined by four thermal events as described in the previous section,
for pressures higher than 3.0 MPa [91]. According to mass change profiles, oxygen
chemisorption degree increases following the trend D <F <E <B <A < C. Substantial
differences in the amount of oxygen chemisorbed in each sample can be associated
with the amount of free radicals, heteroatoms, aromaticity degree, and diameter of
clusters and aggregates. Free radicals vary according to the asphaltene source,
between 10% and 10?° spins-g~!. The greater the amount of free radicals, the greater
the chemisorption of oxygen [92]. Besides, the increase in pressure promotes an
increase in oxygen chemisorbed percentage due to aggregates’ thermal expansion
[93]. A direct relationship between the content of carbonyl and carboxyl functional
groups was found. Despite the increase in oxygen content following the order E ~ F
<D <A = B < C, the amount of these functional groups increases as follows D < F
< E < B < A < C, which agrees with OC%. Carboxyl groups are characterized by
their easiness for being ionized by hydrogen proton releasing from OH~ group [94];
therefore oxygen is strongly activated in these active sites. On the other hand,
according to 'H-NMR results reported in previous work [67], the increase in aroma-
tization degree and the decrease in alkylation degree favor the anchorage of oxygen
molecules on asphaltene structure. As the number of fused rings in the polyaromatic
core increases, the intermolecular interactions increase too [95]. Therefore, the for-
mation of ketones, phenols, ethers, and alcohols takes place [91]. It has been reported
that at low temperatures (100-150°C), ketones and aromatic ethers are the main
oxygenated functional groups in asphaltene structures [92].

According to X-ray diffraction analysis, reported in previous work [67], the
decrease in the cluster’s diameter increases the mass gained in the OC region,
because there is a bigger surface area/volume ratio for oxygen anchorage, added to
the asphaltene molecular expansion by pressure effect.

DCO region also is favored by high-pressure systems, as the loss of mass
increases in the order 3.0 MPa < 6.0 MPa. This is obtained for all samples. Between
asphaltenes, the mass loss percentage increases in the order D< F<E<C<B <
A. The samples with higher OC increment lost a higher mass in the DCO region. It
implies that in effect during DCO occurs mainly the decomposition of the oxygen-
ated structures, which at the same time are more reactive [91]. Besides, X-ray pho-
toelectron spectroscopy analysis shows the influence of the different functional
groups. Samples with the highest thioether content have shown the highest mass
loss in DCO. This sulfur form is characterized to require low energy for oxidizing.
Besides the position on saturated structure facilitates their decomposition at low
temperatures [96]. As for IH-NMR, according to the Ha values, it was also found
that a high content of methyl, ethyl, and methylene structures promotes a greater
loss of mass in DCO region [97].

For combustion regions, the chemical nature of asphaltenes considerably influ-
ences the FC and SC behavior at high-pressure conditions. The asphaltenes with a
high content of short aliphatic chains and heteroatoms located in branched struc-
tures decompose around 70% of their mass. According to the asphaltenes’ initial
composition, the remaining coke after this region will have a different composition
due to the loss of peripheral substituents [98] and the ability to create steric
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Fig. 5.7 Representative diagram for different n-C; asphaltene oxidations at high-pressure condi-
tions. (Taken with permission from Medina et al.)

hindrance and prevent polyaromatic condensation [98]. This was corroborated by
XRD results, where samples with high intensity for y-band and low intensity for
(002)-bands have favorable conditions for polyaromatic sheets stacked together to
produce coke [99]. Hence, during SC, for samples with low content of aliphatic
structures and high aromatic degree, a high amount of asphaltenes is required to
decompose, independently of system pressure. In the current context, aromatic
functional groups, including thiophenes, pyrroles, and pyridines, also promote a
higher mass loss in SC, adding extra polar interactions between the aromatic struc-
tures [100]. Figure 5.7 shows the differences in the profiles obtained from two
asphaltene molecules with different functional groups, different sizes of the aro-
matic nucleus, and different molecular weights, among others.

5.7.3.3 Thermocatalytic Oxidation of N-C, Asphaltenes

SS asphaltenes were selected to evaluate the effect of different nanocatalysts on
asphaltene oxidation at high- and low- pressure conditions. Figure 5.8 shows the
results in mass change and rate for mass change for asphaltene oxidation with (a)
support, (b) 3:1AuPd, and (c) 10:1AuPd nanocatalysts at non-isothermal condi-
tions. According to the profiles obtained, the presence of nanocatalysts maintains
the decomposition of asphaltenes defined by 4 thermal events for pressures greater
than 1.0 MPa, i.e., 0.7 MPa higher than in the absence thereof. This suggests that a
more significant mass diffusion occurs for virgin molecules at lower pressures
[101]. The mixed support shows an important reduction in asphaltene decomposi-
tion for all pressure evaluations. The inclusion of Zr** on the internal molecular
structure of ceria improves their catalytic activity by the increment in oxygen stor-
age capacity, directly related to redox reactions. As reported in the literature, the
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Fig. 5.8 Mass in percentage and rate for mass change for n-C; asphaltene oxidation in the pres-
ence and absence of bi-elemental catalysts 3:1AuPd and 10:1AuPd at different pressures from
0.084 MPa to 6.0 MPa. Sample weight, 1 mg; n-C; asphaltene load, 0.2 mg-m~2; heating rate,
10°C-min~"'; and airflow, 80 mL-min~". (Taken with permission from Medina et al. [83])

couple Ce3+/C4+ plays an important role in asphaltene decomposition, being the
main mechanism for hydrogen production in cracking processes. By using nano-
catalysts, the oxygen chemisorbed decreases considerably at 6.0 MPa; however, the
reactivity of samples is favored by this event, ending the total decomposition for the
systems with higher OC%. Lower pressures present a higher OC% for adsorbed
than virgin asphaltenes. For DCO region, nanocatalysts cause most of the asphal-
tene to decompose in this region at lower temperatures (< 230°C). Nevertheless, for
lower pressures, the mass loss is equally distributed in the three decomposition
regions. This is corroborated by the rate for mass change peaks. For low-pressure
systems, the main decomposition peak is observed at 230°C, but pressures higher
than 1.0 MPa show an increase in intensity peak at 160°C.

As literature reports, active sites on the support surface can improve the catalytic
activity of the materials. In this study, two noble elements (Au and Pd) were used in
different nominal ratios (10:1 and 3:1). From results, it is appreciated that similar to
support, the four thermal events remain for high-pressure systems. Nevertheless,
substantial differences in intensity and temperature peaks are obtained in each sys-
tem [102]. Comparing with support, both functionalized nanocatalysts improve the
oxidation behavior of asphaltenes by increasing oxygen chemisorption percentage,
reduction of temperature peaks, and increase in intensity peaks at low temperatures
and therefore its reduction at high temperatures. Besides, pressure increases improve
the catalytic behavior of AuPd-based nanocatalysts. For lower pressures, the peak at
200°C and 190°C is predominant for 3:1AuPd and 10:1AuPd, respectively. These
temperatures are reduced as pressure goes up, achieving 170°C and 160°C at
6.0 MPa for the same systems.

Oxygen chemisorption was higher for nanocatalysts with a higher amount of Au
active phases (i.e., 10:1AuPd). Interactions between oxygen from the environment
and noble elements favor the oxygen transfer to asphaltene molecules by spillover
mechanism [103, 104]. In the current context, the DCO region is also favored in the
same nanocatalyst trend described. As the carbonaceous molecules become oxygen-
rich during OC, in DCO they lose a higher amount of mass. For example, 10: AuPd



5 Effect of Pressure on Thermo-oxidation and Thermocatalytic Oxidation of n-C;... 185

Asphaltene
" ES Y ¢ o0
. -‘,‘1 Wy .,.
Owwygen Vacancy ve &t
we ‘ yt
(ve) i e i e .*:
T4 2 f.‘s o -’g_.“' ~
¢ AufPd ot
_— “
c,,. [
oo © .
" :
e 0 S i SC region
ool CeplfowO;
oy MO/
rq CHa . )
b OC region . " regi
R 2 DCO and FC regions

Fig. 5.9 Schematic illustration for thermocatalytic oxidation of n-C; asphaltenes using AuPd/
Cey 71330, nanocatalysts discretized in the four thermal regions. (Taken with permission from
Medina et al. [83])

and 3:1AuPd lost 90% and 80% of the initial mass, respectively, during DCO zone
at 6.0 MPa. In this sense, during FC and SC, the asphaltene mass loss is consider-
ably reduced for high-pressure systems.

In addition, according to surface nanocatalysts characterization, the influence of
different ions on asphaltene catalytic activity was found. High Pd** ions concentra-
tion promotes a detriment in catalytic activity, while Ce* and Au® increase the reac-
tivity of the materials under the operational conditions. These results indicate that
nanocatalysts require a good design based on structural and phase complexity for
selective oxidation of asphaltenes [61, 105].

Figure 5.9 shows mechanistic insights about the catalytic oxidation process of
n-C; asphaltene oxidation over bi-elemental nanocatalysts.

Figure 5.9 tries to present the main mechanisms that act in the decomposition of
asphaltenes at high pressure. First, the adsorption of asphaltenes occurs mainly in the
active phases of the noble elements. Simultaneously, with increasing temperature, the
oxygen molecules adsorb onto the oxygen anion vacancies on the surface of the sup-
port (OC region). Here, oxidation of asphaltenes occurs during the OC region. When
nanocatalysts acquire enough energy, the first oxygenated fractions decompose dur-
ing DCO, a redox cycle takes place, and the first gaseous products are formed, includ-
ing sulfur-, nitrogen-, and oxygen-based gases. Finally, at the end of the FC region, a
solid with a high condensed and aromatic degree is obtained due to the loss of ali-
phatic chains. In SC, the total decomposition of the condensed molecules is generated.

5.7.4 Estimation of Kinetic Parameters
5.7.4.1 Asphaltene Oxidation at Different Pressures
The effective activation energy for SS asphaltenes oxidation was calculated for all

systems at different pressure conditions, dlscretlzlng1 e total phenomenon in four
thermal events. Plotting lnrﬁ ~In(1-x ) (POZT ) against 1T, and using the
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Fig. 5.10 Estimated kinetic parameters for n-C; asphaltene oxidation at different pressures dis-
cretized in different regions, including (a) oxygen chemisorption (OC), (b) decomposition of the
chemisorbed oxygen (DCO) region, (¢) first combustion (FC) region, and (d) second combustion
(SC) region. (Results taken from Medina et al. [91])

slope and intercept of the straight line, E, and k, are obtained, respectively. Results
are shown in Fig. 5.10 a—d. As temperature was divided into shorter intervals, a first-
order reaction fits decomposition profiles correctly with R? > 0.99.

From panel (a) of Fig. 5.10, it is observed that E, increases as pressure increases.
Values vary between 39.12 kJ-mol~! and 83.46 kJ-mol~" in the pressure range evalu-
ated. The amount of chemisorbed oxygen increases considerably for high-pressure
systems; the energy to carry out this process also increases.

This same trend is followed for the DCO thermal event. Because with the increase
in pressure, there are a greater number of oxygen structures formed, there is a
greater energy expenditure in their decomposition.

Effective activation energies for DCO are higher than for the OC region, varying
between 64.47 kJ-mol~! and 223.84 kJ-mol~"'. Finally, for the combustion regions,
the activation energy at lower pressures is higher than in DCO; however, for high
pressures, FC and SC have lower values, due to the high degree of decomposed
structures during DCO, and high conversion degree implies high activation
energy values.

For the Arrhenius pre-exponential factor, it is observed dependency on the pres-
sure system. Pressure modifies &, values by several orders of magnitude [91]. As the
number of accessible number states increases, Arrhenius values during OC are
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varied due to the change in entropy change by the system’s molecular disorganiza-
tion and the formation of an activated complex.

5.7.4.2 Kinetic Analysis for Different N-C, Asphaltenes at
High-Pressure Conditions

Kinetic analysis was done for the n-C; asphaltenes from different sources.
Figure 5.11 shows the results obtained. From panels a—b, it is observed an increase
in E, during OC and DCO region as pressure increases for all samples. As it was

A
B aw.!-mo\ oy

c) d)

Fig. 5.11 Estimated effective activation energy for the oxidation of different n-C; at 0.084 MPa,
3.0 MPa, and 6.0 MPa discretized in different regions including (@) oxygen chemisorption (OC),
(b) decomposition of the chemisorbed oxygen (DCO) region, (¢) first combustion (FC) region, and
(d) second combustion (SC) region. (Results are taken from Medina et al. [67])
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explained, DCO depends on the functional groups formed during OC zone.
Regardless of the chemical nature of asphaltene, by increasing pressure, the number
of oxygenated structures increases, due to interactions with free radicals, heteroat-
oms, and aromatic rings, among others. Each asphaltene has different active sites
for oxygen anchorage, and pressure favors this phenomenon in all cases [91, 106,
107]. On the other hand, the differences in E, values between each sample are
directly related to its chemical nature and origin. Samples with a higher aromatic
degree show a higher activation energy value. Functional nitrogen and sulfur groups
also affect these results. Aromatic nitrogen and sulfur reduce activation energy. The
opposite is obtained for carboxyl and carbonyl groups. The high content of these
groups increases the activation energy.

The values of E, during DCO are higher than the obtained for OC, which is in
accordance with the results previously exposed [91, 108]. Nevertheless, pressure
generates a positive effect over asphaltene oxidation since the energy required to
complete combustion zones is reduced.

On the other hand, asphaltenes with a smaller cluster size present lower E, values
during FC. This is due to the breakdown of alkyl side chains, making the asphaltenes
more refractory at the end of this region. Finally, in SC region, several chemical
reactions occur, including dealkylation/cyclization of aliphatic chains, combination/
polymerization/condensation and peri-condensation of aromatic rings, and aromati-
zation of naphthenic rings, mainly in asphaltenes like A, B, and C, reflected in their
higher values for effective activation energy [9, 86, 109].

5.7.4.3 Kinetic Analysis for N-C; Asphaltene Catalytic Oxidation

Kinetic study was done for thermocatalytic oxidation of n-C; asphaltene based on
effective activation energy. The values for both parameters are shown in Fig. 5.12.
From results, it is appreciated that according to the chemical nature of nanocatalysts,
E, presents significant differences. The effect of pressure in the presence of nanocata-
lysts is the same as for virgin asphaltenes. Pressure increment implies higher energy
values for OC and DCO thermal events and lower values for combustion zones.
Besides, nanocatalysts with higher catalytic activity show higher energy values for
OC and DCO regions. Contrasting with virgin asphaltenes, the adsorbed molecules
reduces the activation energy around 17 kJ-mol~! for the best system (10:1AuPd).
This result could be associated with a faster consumption of heavy oil fraction in the
active sites when increasing the system pressure [110-113]. As mentioned, DCO fol-
lows the same trend because higher energy is required to complete the decomposition
of the oxygenated compounds. Nevertheless, due to the high mass loss during this
region caused by the materials’ catalytic activity, the E, values for these systems are
higher than for free asphaltenes. This increase is offset by the decrease in E, for FC
and SC events. Functionalized materials show the highest reduction in these thermal
events related to the synergic effect between noble metals and ceria-zirconia support.

In all systems, both the chemical nature of the nanocatalyst and the system pres-
sure changes the kinetic parameter values. For the case of pressure, it favors the
global kinetic rate for n-C; asphaltene oxidation reactions, independently of the
asphaltene source.
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Fig. 5.12 Estimated effective activation energy for n-C; asphaltene oxidation with different nano-
catalysts. Discretized in the different regions including (a) oxygen chemisorption (OC), (b)
decomposition of the chemisorbed oxygen (DCO) region, (c¢) first combustion (FC) region, and (d)
second combustion (SC) region. (Results are taken from Medina et al. [83])

5.7.5 Compensation Effect

5.7.5.1 Compensation Effect on N-C; Asphaltene Oxidation at
Different Pressures

Figure 5.13 shows the experimentally measured effective activation energy (E,) and
In(k,) values for asphaltene oxidation discretized in different thermal regions known
as oxygen chemisorption (OC), desorption of chemisorbed oxygen functional
groups (DCO), first combustion (FC), and second combustion (SC), at pressures
between 0.084 MPa and 7.0 MPa. A linear compensation effect (dotted line) was
observed between E, and In(k,). Standard deviations of 3.0%, 2.0%, 4.0%, and 5.0%
were obtained for activation energy during OC, DCO, FC, and SC, respectively,
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Fig. 5.13 Dependence of effective activation energy E, on the logarithm of the Arrhenius pre-
exponential factor k, for asphaltene oxidation under different pressure conditions from 0.084 MPa
to 7.0 MPa and different heating rates (HR) from 5°C-min~" to 15°C-min~', divided into the four
thermal events OC, DCO, FC, and SC. R# means the number of mechanisms of reaction to take
control of each thermal event during asphaltene oxidation at different pressures

while In(k,) presents deviations lower than 3.0% in all regions. Many efforts have
been made to explain several processes’ thermodynamic compensation effect [114,
115]. Tt has been argued that large statistical uncertainties are associated with the
nature of Arrhenius’s law, due to the experimental determination of the kinetic
parameters (i.e., E, and k,), and therefore, a compensatory effect is achieved [114,
116]. According to Fig. 5.1, the DCO, FC, and SC phenomena show a direct rela-
tionship between the E, and In(k,) values. Unlike these, during OC, there is a varia-
tion in the linearity of this trend with the increase in pressure.

This result indicates that there are variations on the linear dependence of appar-

ent activation energy and pre-exponential factor attributed to the number of ways in
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which the heat can provide the energy needed to overcome the barrier to carry out
the asphaltene oxidation at low temperatures with system pressure increases. This
behavior indicates that entropy and enthalpy of activation are linearly related to
each stage’s activation energy, making evident the occurrence of a compensation
effect in different stages [116]. In this zone, the oxidant’s initiation likely proceeds
by hydrogen abstraction, and the subsequent reaction of the asphaltene radicals can
either lead to oxygen incorporation [117]. This corroborates the two mechanisms
suggested by the compensation effect to carry out OC.

For the development of the DCO, FC, and SC regions, in the initial stage, the
asphaltene decomposition was done along a reaction path with high activation
energy and with relatively high negative values of AST due to the nature of the labile
oxides in the new molecular (asphaltene*) oxygenated structure [118]. Therefore,
there is a high value of k, when E, is high (i.e., for pressures >0.7 MPa). Although
the same trend was observed in FC regarding DCO, lower activation energy values
were obtained. During FC occurs the loss of aliphatic functional groups, dissocia-
tion of heteroatoms positioned in branched structures [119, 120], leading to a
weaker interaction between the molecules and an almost unimolecular reaction with
arelatively low AST negative value [118]. For low values of E,, pre-exponential fac-
tor values are greatly reduced. At the end of this region, the asphaltene molecules
change from a flaccid to a tight structure. Again, high E, values are found, charac-
teristic of the decomposition of the heaviest solid residue after the decomposition of
the lightest groups in the asphaltene structure [120]. The increase of k, makes a
positive effect on the rate constant, compensated by the E, increment, with a nega-
tive contribution to the rate constant.

5.7.5.2 Compensation Effect for Oxidation of N-C; Asphaltenes
in the Presence of Nanocatalysts at Different Pressures

Figure 5.14 shows the effective activation energy as a function of In(k,) for asphal-
tene oxidation in the presence of support and AuPd-supported nanocatalysts
between 0.084 MPa and 6.0 MPa. Results were presented according to the four
thermal events that describe the asphaltene decomposition curves under high-
pressure conditions. Throughout the results, it was identified as a linear correlation
between the E, values and In(k,) for a reaction developed at different pressures. This
means that an increase of the reaction rate (i.e., the increment of the frequency fac-
tor) can be compensated with a rise in the E, (and therefore reaction rate decrease),
as system pressure changes. All experiments in which each nanocatalysts is involved
fit to a single line with good correlation, suggesting that asphaltenes react under the
same mechanism through the same intermediates as pressure is modified. However,
between each nanocatalyst, two independent lines were obtained. In ceria-zirconia
mixed oxide, oxygen chemisorption is controlled by oxygen activated by the func-
tional groups of support and gas phase, known as lattice oxygen [121, 122]. Some
research suggest that the main mechanism for asphaltene decomposition on ceria-
based nanocatalysts is determined by the redox cycle (Ce*/Ce*) [51, 52, 123], and



192 0. E. Medina et al.

45 e 200
} . ()(.—Support) 6.0 MPa 1 = DCO-Support
+ OC-10:1AuPd ‘| 10 * DCO-I0:IAWPA s
40— 3.0 MPa /' 4 o SN
S 20—
b S 120 A 3.0 MPa
— ,' T .‘ F
T 35 p s0—| 1.0 MPa
£ 6.0 MPa 4 .
= 7 L .= L5 6.0 MPa
=) S 407 n
7 30— P 4 ;7 30MPa
. <730 MPa 7] 1.0 MPa
75— ""}‘
= - 1OMPa -407
. ' T
1.0 MPa -80—
20 LA L A S I B N B B LN I B B ] 1 T
20 25 30 35 40 45 50 2000 20 40 60 80 100
140 >
_| = FC-Support 1" SC-Support .
071 4 Fea10.1AuPd 4 SC-RI-10:1AuPd 6.0 MPa
T v FC-10:1AuPd = 6.0MP2 120« SC-R2-10:1AuPd -
120 " .
| ,~" 3.0 MPa | 7 30MPa
_ 100 1.0MPa -
< 100 P . .
£ 1 80— -
S an— 1.0 MPa i Py
=< 807 pampa o, 6.0 MP: S .
m” - . PR 60— 6.0 MPa
. LOMPa ___--a" i S )
60 0584 MP #--"""  30MPa «* 0.3 MPa K
4 X MPa Y03 MPa 40— = 3.0 MPa'J, .
40— / 4 0.084 MPa .
. 03MPa
. 0.084 MPa 20— 0.084 MPa == g Mpa
) T | T [ T I T | T | T I T l T | T [ T [ T ] T ] T | T
40 <300 20 <100 0 100 20 30 40 40 30 20 <10 0 10 20
Ln(k) Ln (k)

Fig. 5.14 Dependence of activation energy E, on the logarithm of the pre-exponential factor k, for
the oxidation of nanoparticles containing asphaltenes under different pressure conditions from
0.084 MPa to 6.0 MPa, divided into the four thermal events OC, DCO, FC, and SC. R# means the
number of mechanisms of reaction to take control in each thermal event during asphaltene oxida-
tion at different pressures

the inclusion of isovalent and aliovalent Zr** on ceria fluorite structure improves the
oxygen storage and hence the capability to reduce Ce* to Ce** [61, 105]. On the
contrary, the incorporation of active phases of Pd and Au element oxides on the
surface of ceria-zirconia mixed oxide modifies the asphaltene oxidation mechanism
[124]. Oxygen chemisorption exists in the form of Au-O, Au =0, Au-O-Au, Pd=0,
Pd-O-Pd, and Pd-O, being these phases more active and reactive for oxidation reac-
tions [103, 104]. Compensation effect is attributed to the different activation energy
associated with the heterogeneity of the surface, whose relative number is modified
with pressure variations, also varying the adsorption capacity of reactants and prod-
ucts. These results show the importance of determining the structural complexity of
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nanocatalysts for selective asphaltene oxidation. For example, the effective activa-
tion energy to create a surface oxygen vacancy in the upper oxygen layer of ceria-
based materials is less on the surface of doped mixed oxide (AuPd/Ce4,Zr(330,)
than it is on pure oxide.

DCO also shows that there are no changes in the global mechanism for asphal-
tene decomposition by varying the pressure as a linear dependency of activation
energy against In(k,) was observed. Both variables vary in parallel ways.
Nevertheless, according to the different chemical natures of each system, different
reaction pathways are founded, following to the transition state theory (TST) for
heterogeneous reactions [125, 126]. TST suggests that the concentration of the
active sites plays a key role in the rate constant, showing a direct relationship.
Hence, the changes in activation energy have been attributed to enthalpies’ founded
modifications on the different surfaces provided by Au, Pd, Ce, and Zr element
oxides. For combustion FC and SC regions, two different pathways were found for
10:1AuPd nanocatalysts due to the heterogeneous surface and the different catalytic
powers of each phase. At low pressures, there is another mechanism for asphaltene
decomposition than at high pressures. This result corroborates the hypothesis that
during OC the asphaltene structure is modified and its reactivity changes.

The addition of nanocatalysts does not change the trend of &, and E, during com-
bustion zones. High values of the pre-exponential factor imply high values of effec-
tive activation energy. During FC, decomposition of groups occurs after the
detachment of the oxygen groups in DCO, which are not as heavy as those that
decompose in SC. This event is associated with low negatives values for AST. The
opposite behavior is observed in SC, with the highest values for k, and E,. Hence,
the change in compensation effect suggests a change in reaction mechanism, which
strongly depends on the physicochemical properties of the nanocatalysts.

5.8 Conclusion

This work was focused on understanding the effect of pressure over the thermo-
oxidation behavior of asphaltenes with and without nanocatalyst. Both thermo-
oxidation and thermocatalytic oxidation of asphaltene showed a direct dependence
on the system temperature and pressure. Unlike the results at low pressure,
asphaltenes undergo marked oxidation at low temperatures when the system pres-
sure is greater than 0.7 MPa and 1.0 MPa for virgin and adsorbed asphaltenes,
respectively. The effective activation energy values using AuPd/Ce ,Zr, 330, nano-
catalyst was reduced by more than 30% for all the pressures evaluated. Moreover,
according to the distributed activation energy models, the decomposition of
asphaltenes occurs in several simultaneous reactions of order n = 1 due to the mul-
tiple mechanisms involved in asphaltene oxidation/decomposition and molecular
complexity.

Besides, it was found that the pressure follows the compensation effect for
asphaltene mass loss in the presence and absence of nanocatalysts. Oxygen
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chemisorption, a dominant event at high pressures and low temperatures, follows
two different reaction mechanisms: hydrogen abstraction and free radical reactions.
In the case of nanocatalysts, it has been suggested that the distribution of active sites
with varying reactivity could explain the compensation effect. Here, it was found
that each catalyst follows a global reaction mechanism as the pressure is changed.
Despite that the asphaltene oxidation in the presence and absence of nanocatalysts
follows the compensation effect with changes in the system pressure, a marked
change in the OC region was observed, where the reaction pathway goes from two
global mechanisms to one for the n-C; asphaltenes with and without nanocatalyst,
respectively.

Compensation effect plots are useful to evaluate if the reaction pathway is chang-
ing by the change of any experimental variable, such as T, P, catalyst, and the molec-
ular structure of the reagents (asphaltenes for this case), among others.
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