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ABSTRACT: In recent years, protection of the environment from
activities associated with enhanced oil recovery has been considered a
crucial priority for decision-makers in the international community.
The in situ combustion process as a promising thermal enhanced oil
recovery method has been attracting considerable interest in terms of
improving oil production and environmental protection. However,
this technique is not yet well studied. This paper outlines a new
approach to improve the process of heavy oil oxidation by designing
new biobased oil-soluble catalysts that are able to maintain and
stabilize the combustion flame front of the in situ combustion
process. A comprehensive theoretical and experimental study
including thermal analysis (thermogravimetry/differential scanning
calorimetry, TG/DSC) and quantum calculations was used to shed
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light on the effect of the ligand structure in the oil-soluble catalytic system on the heavy oil oxidation process. The obtained accurate
results proved that metal interaction with the designed ligands increased, which led to a decrease in the energy of activation and an
increase in the heavy oil oxidation reaction rate. Besides, the obtained DSC curves showed one peak in the presence of Cu and
biobased ligands, contrary to the curves obtained for heavy oil oxidation reported with other ligands and metals. In other words, the
obtained catalysts merged low-temperature- and high-temperature oxidation regions into one region. These findings reveal that the
structure of ligands can significantly affect their interaction with metals in oil-soluble catalysts, and therefore the efficiency of
catalysts is dramatically improved. We believe that our work could be usefully employed for further studies to clarify the mechanism

of the in situ combustion behavior of heavy oil for a better impact

B INTRODUCTION

Nowadays, increasing demand in the modern world for energy
resources and the depletion of conventional oil reserves are
widely seen to be the primary cause for moving toward finding
new energy sources and developing new technologies for
enhancing unconventional oil recovery.' It is common
knowledge that a major part of the global oil reserves consists
mainly of heavy oil and bitumen (60—70%), which, therefore,
may meet the future needs of the world in terms of energy.
However, the main limitation of this type of oils is their high
viscosity and density, which challenge and complicate their
exploitation and production.””* Therefore, research on
enhanced heavy oil recovery (EOR) methods is essential to
increase the rate of heavy oil production on one hand and on
the other hand to improve the quality of the obtained oil as
well.> Until now, water injection, chemical injection, gas, and
thermal injection have been considered the main proposed
methods in the field of EOR%7'**'> However, thermal
methods are widely believed to be the most important
enhanced oil recovery methods in terms of the produced oil
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on the environment.

quality and economic aspects. According to the literature, in
situ combustion (ISC) as a subset of the thermal injection
method has been always considered as an effective and
appropriate technology, especially when it comes to heavy oil
reservoir exploitation.'”~>* Basically, this technology consists
mainly of air injection into the reservoir under high pressure to
provide the necessary conditions for initiating oxidation
reactions and promoting a stable combustion flame front for
a better oil recovery factor. Thus, it increases the reservoir
pressure, reduces the viscosity of the crude oil, and decreases
the possibility of the presence of sulfur and heavy metals,
which leads to a significant improvement in oil mobility.”* It is
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Table 1. Physical Properties of Maiorovskoe Heavy Oil at 20 °C
elemental content (%) SARA analysis (%)
viscosity (mPa s) density (g cm™) C H N S (0] saturated aromatic resins asphaltenes
4600 0.95 83.7 10.2 0.4 3.8 1.9 25.7 39.0 239 114

worthy to note that the combustion flame front is widely seen
as the main key for the successful application of any in situ
combustion project. Moreover, many scientists have described
heavy oil in situ combustion as a process that passes through
three basic stages. In fact, it is initiated by a low-temperature
oxidation (LTO) process during which oxygen combines with
heavy oil content and results in oxygenated compounds such as
alcohols, ketones, and aldehydes. Next, the obtained hydro-
carbons at low-temperature oxidation condense and form what
is known in the literature as fuel deposits (FDs). This stage is
known as medium-temperature oxidation. Finally, the obtained
fuel deposits (FDs) or in a large number of studies known as
coke undergo oxidation at higher temperatures in the sta%e
called the high-temperature oxidation (HTO) region.'>'**>~*’
One of the main issues as per our knowledge of in situ
combustion is a lack of a clear explanation of the early
breakthrough of the combustion flame front after a short time
of initiating the combustion, which majorly leads to the failure
of most in situ combustion projects. Some preliminary works
were carried out several years ago to study the real causes of
combustion flame front instability using various catalysts such
as transition metal (TM)-based compounds, metal oxides,
water-soluble metals, oil-soluble metals, and minerals such as
clay.”*™** Tt is worthwhile noting that TMs and their oxides
have received much attention for thermal EOR due to their
high capacity for adsorption and activation of oxygen,”” as well
as their contribution to the propagation steps to regenerate
more free radicals during oxidation processes. In addition, their
high heat transfer coefficient can increase the efficiency of
thermal oil recovery processes.”* Recent findings regarding
metal nanoparticles have led to the discovery of their
significant role in promoting the thermal recovery of heavy
0il.*>*® In their investigation of the impact of copper
nanoparticles on the ISC process of heavy crude oil, Amanam
et al. have shown that copper nanoparticles have a significant
influence on the apparent activation energy of the HTO region
and the fuel formation zone.”” The first systematic studies on
catalytic EOR methods have proposed to classify the adopted
catalysts into water-soluble and oil-soluble catalysts. In fact,
both types of catalysts usually contain metals such as Ni, Cu,
Co, and Mo,*® which bind as metal salts or chemically bind to
organic ligands such as carboxylates, sulfonates, and ionic
liquids. However, TM carboxylate with the general formula (R-
COO7)" (TM)™ has been used as one of the first catalysts for
heavy oil recovery due to its cost-effectiveness and ligand
availability. Moreover, TM carboxylate can be synthesized by
neutralizing carboxylic acids with metal hydroxides or ion
exchange of sodium carboxylates with metal salts at low
temperatures. Generally, TM carboxylates including alkyl
carboxylates (or mixtures thereof), oleates, and naphthenates
can serve as excellent catalysts compared to water-insoluble
inorganic salts to reduce the viscosity of heavy oils.””™*
Another reason for the efficiency of oil-soluble TM
carboxylates is the proper dispersion in heavy oil, which
prevents coke formation and allows for more eflicient
interaction with oil components.** The literature reveals that
the use of oil-soluble organic ligands in ISC can increase the

lipophilic nature of the catalysts (improve solubility in oil),
bring TM to the surface, and even the internal phase of the
heavy oil.>* Khelkhal et al. showed an acceptable effect of
copper-manganese tallates in stabilizing the combustion flame
front during oxidation reactions at high temperatures by means
of thermal analysis.”> They also reported in other studies that
both nickel and cobalt tallates significantly reduced the
activation energy of the HTO region and increased the
effective reaction rate constant.”’ Yuan et al. demonstrated that
copper stearate shifted the low-temperature oxidation peak by
around 50 °C at the onset and peak temperatures.”® Although
several oil-soluble catalysts have been widely investigated for
heavy oil recovery, research unfortunately has tended to focus
on their effect on the recovery factor and in some cases on the
nature of the metal used. An additional drawback is that most
of the previous studies have used a simple ligand that consisted
only of a long alkyl chain and a carboxylate ion. In other words,
the effect of the ligand structure on the kinetics of heavy oil
oxidation in the presence of oil-soluble catalysts has not been
studied so far. Moreover, there is still considerable neglect,
unfortunately, from the research community in designing green
and environment-friendly catalysts to enhance heavy oil
recovery on one hand and on the other hand to protect the
environment and the planet. The aim of the present work is to
cover this gap by designing two new environment-friendly,
biodegradable ligands based on vegetable oil to provide new
insight into interactions between ligand and metal in oil-
soluble catalysts and their effect on the oxidation of heavy oil
for the first time. The performance of these oil-soluble catalysts
based on novel green ligands and their effect on the kinetics of
the heavy oil oxidation process were evaluated using
differential scanning calorimetric (DSC) and thermogravimet-
ric (TGA) analyses. Moreover, a theoretical study based on
quantum calculation was carried out to support experimental
results and investigate the ligand—metal interactions with
different metals.

B EXPERIMENTAL SECTION

Materials. The studied heavy oil was kindly provided by
RITEK (R&D test site for Lukoil company) from the
Maiorovskoe oilfield (Volga Federal District, Samara region,
Russia) and is described in Table 1. Castor oil (CO), succinic
anhydride (SA), maleic anhydride (MA), ethanol, CuSO,
SH,0, and Ni(NO;),-6H,0 were purchased from Sigma Co.

Preparation of Castor Oil-Based Ligands (COLs). Two
COLs were synthesized by reaction of castor oil with different
anhydride compounds. Maleic anhydride and succinic
anhydride were used for synthesizing COL1 and COL2,
respectively. Literally, the preparation method of both ligands
basically consists of an esterification reaction as described in
the literature.*>*” COL2 was synthesized as follows. Briefly, 50
g (0.51 mol) of MA and 158 g (0.17 mol) of CO were added
to a 500 mL single-neck round-bottom flask fitted with a
condenser. The reaction was carried out at 110 °C for 12 h.
Finally, the reaction mixture was washed with deionized water
three times to eliminate the unreacted MA. The chemical
structures of COL1 and COL2 are depicted in Figure 1. The
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Figure 1. Chemical structure of castor oil-based ligands (COLs).

CcoL2

chemical structure of synthesized ligands was characterized
using a Bruker Avance 400 MHz. 'H NMR (400 MHz,
DMSO-dg) spectrum of COL1: § 6.39—6.23 (m, 3H), 5.51—
523 (m, 3H), 5.19 (dq, ] = 6.8, 3.3 Hz, 1H), 4.84 (t, ] = 6.1
Hz, 1H), 426 (dd, J = 12.0, 3.7 Hz, 1H), 4.12 (dd, J = 12.0,
6.5 Hz, 1H), 2.90 (s, 6H), 2.74 (s, 4H), 2.51 (t, ] = 2.0 Hz,
1H), 2.27 (t, ] = 7.3 Hz, 6H), 2.07 (q, ] = 6.1 Hz, 0H), 1.98 (p,
] = 6.8 Hz, 4H), 1.51 (q, ] = 6.8 Hz, 6H), 1.24 (d, ] = 7.9 Hz,
31H), 0.84 (t, ] = 6.5 Hz, SH).

"H NMR (400 MHz, DMSO-dg) spectrum of COL2: § 5.42
(g, ] = 7.8 Hz, 2H), 5.36—5.24 (m, 3H), 5.19 (t, ] = 5.1 Hy,
1H), 4.76 (q, ] = 6.1 Hz, 2H), 4.26 (dd, ] = 12.2, 3.6 Hz, 2H),
4.11 (dd, J = 11.9, 6.4 Hz, 2H), 4.03 (d, ] = 7.1 Hz, 0H), 2.95
(s, 0H), 2.80 (s, OH), 2.45 (s, 11H), 2.25 (dt, J = 14.1, 7.1 Hz,
12H), 1.98 (q, ] = 6.3, 5.4 Hz, 7H), 1.49 (dt, ] = 13.0, 6.7 Hz,
13H), 1.34—0.89 (m, 78H), 0.83 (d, J = 7.0 Hz, 24H).

Preparation of Oil-Soluble Catalysts. Metal salts
(CuSo45SH,0 and Ni(NO;),-6H,0) and the desired ligands
were used in a molar ratio of 1:3 for the preparation of all oil-
soluble catalysts. Ligand 1 or 2 was dissolved in ethanol and
mixed with a mechanical stirrer for 20 min at room
temperature. After a while, the pH of the ligand solution was
adjusted to 10 using NaOH solution, and the solution became
cloudy. Then, the metal salt—ethanol solution was added
dropwise to the ligand solution. Finally, the mixture was stirred
for 30 min, filtered, and washed three times with ethanol. The
resulting precipitate was dried at ambient temperature for 18 h.
In the end, four oil-soluble catalysts (OSCs) were obtained,
namely, Cu+COL1 (OSC1), Ni+COL1 (0SC2), Cu+COL2
(OSC3), and Ni+COL2 (OSC4).

Sample Preparation for Thermal Analysis. To study
the noncatalytic oxidation, heavy oil (10.0 wt %) was mixed
with a pure quartz sand fraction of 43—64 pum (90.0 wt %).
However, for studying the catalytic oxidation process, heavy oil
with catalyst (10.0 wt %) was mixed with the pure quartz sand

fraction of 43—64 um. The content of the catalyst was 2 wt %
in the initial oil. The shape and particle size of nanoparticles
before oxidation were also investigated using a Tescan Mira3
(Brno, Czech Republic) at an accelerating voltage of 30 kV
without gold coating,

Thermal Analysis. An STA 449 F1 Jupiter (Netzsch)
thermoanalyzer at a temperature range of 30—600 °C with
heating rates of 5, 10, 15, and 20 °C/min and a 50 mL/min air
flow was used to estimate the kinetic parameters of the heavy
oil oxidation process by means of simultaneous differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). The Proteus Analysis v5.2.1 and NETZSCH Kinetics
Neo 2.1.2.2 program package were used to treat and interpret
the obtained data. Many experts in the field of heavy oil
oxidation consider using nonisothermal kinetic methods rather
than using isothermal kinetic analysis due to the exothermic
nature of the process and the heterogeneous aspect of the
heavy oil combustion process. In other words, the medium in
which the process occurs includes three phases: gas, liquid, and
solid components. As a consequence, heavy oil has acquired a
complex aspect in terms of understanding the mechanisms
involved during its combustion, especially in situ and in the
presence of other species. Besides, this process not only
requires the study of the kinetic aspects but also calls out to
interdisciplinary studies such as understanding thermodynam-
ics and diffusion processes accompanying it.

Kinetic Analysis. During this work, we studied the process
of heavy oil oxidation and the relation between the nature of
the transition metal and the ligands in the catalyst system in
addition to their effect on the kinetic parameters of the process
of oil oxidation based on the recommendations of ICTAC. To
determine the kinetic parameters, the isoconversional and
model approaches of nonisothermal kinetics were used.*>** All
isoconversional methods originate from the isoconversional
principle, which states that the reaction rate at a constant
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conversion is only a function of temperature. The following
isoconversional approaches were used in the present work:
Kissinger’s method (ASTM E2890),” Friedman’s analysis,”"
and the Kissinger—Akahira—Sunose method. Selection of the
model was carried out by minimizing the effect of the
difference between the experimentally measured and the
calculated data on the reaction rate.”® In fact, the models
used in the model approach are presented in Table 2.
Evaluation of the catalyst efficiency was based on the predicted
conversion times at different degrees of conversion.””>

Table 2. Models’ Methods for Calculating Kinetic
Parameters

model equation

f=0-a" (1)

reaction of nth order (Fn)

N-dimensional nucleation
according to Avrami—
Erofeev %An)

expanded Prout—
Tompkins equation
(Bna

reaction of nth order with .
m-power autocatalysis by  f= (1 — @)"-(1 + AutocatOrder-a™)  (4)
product (Cnm)

f=n(—a)-h( - " (2)

f = (1 _ a)n.aAutocatOrder (3)

Computational Method. The initial structures of COL2,
oleic acid (as a common ligand structure for previous studies of
oil-soluble catalysts), Cu, and Ni clusters were drawn using the
Gaussview06 program and fully optimized using Gaussian09™*
software and density functional theo_?f55 with hybrid
exchange—correlation B3LYP functional.”® The Dunning®’
double-zeta correlation-consistent basis sets plus diffusion
functions (aug-cc-pvdz) for all structures were applied.
Calculations were performed in the water medium, and for
this purpose, the PCM (polarizable continuum model) water
model was used.”® Some useful properties and energies related
to each of the optimized structures were obtained. The bindin
energy (E,) of the Cu—ligand complex is defined as follows”

E, = ECu—Iigand - (ECu—cluster - Eligand) (5)

where Ecy.jigands Ecu-clusterr 20d Eligang are related to the energy of
the Cu cluster and the ligand complex, the energy of the triple
Cu cluster, and the ligand energy, respectively. These
calculations were also used for Ni to evaluate and compare
the binding energies between nickel and copper metal clusters
with COL2. Another property that was considered in this study
was related to the energy gap, which is the difference between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) as follows

Eqp = ELumo — Enomo (6)

The effect related to the correction of the base set
superposition error (BSSE)® in the formation of the complex
of Cu cluster with the ligand was reduced to ~0.007 H.
Natural bond orbital (NBO) and quantum theory of atoms in
molecules (QTAIM) analysis were utilized to investigate the
nature of the interaction of the Cu cluster with the ligand. The
NBO analysis was used to obtain natural partial charge changes
and charge transfers associated with the complexes.”"*> The
QTAIM analysis was carried out using the AIM2000 software
package.63'64 These calculations are carried out to obtain the
properties of bond critical points (BCPs).

B RESULTS AND DISCUSSION

Many experts now argue that it might be more useful to initiate
heavy oil oxidation studies at small scales using differential
scanning calorimetric analysis combined with thermogravi-
metric analysis, which provides accurate data about the effect
of different substances on the processes of thermal degradation
such as the heavy oil oxidation process, rather than applying
newly synthesized catalysts in the field at larger scales. Besides,
the thermal analysis presents a particular interest in terms of
time consumption, cost, and design. Hence, we are able to
investigate the process of heavy oil oxidation in the absence
and presence of the obtained biobased catalysts. Figures 2—4
demonstrate the obtained DSC curves for oxidation of the
heavy oil, OSC1-0SC2, and OSC3—0SC4 systems.

5.0
4.5

5 °C/min
e 10 °C/min

4.0 { = 15 °C/min
=20 °C/min

3.5
3.0
2.5
2.0
1.5-
1.0-
0.5
0.0

-0-5- T T T T T T T T
100 150 200 250 300 350 400 450 500 550

Temperature (°C)

Heat flow rate (W/g)

Figure 2. DSC curves for heavy oil noncatalytic oxidation at different
heating rates.

The DSC analysis highlighted the impact of adding different
catalysts with different compositions on the process of heavy
oil oxidation. In fact, the nature of the ligand played a crucial
role in changing the behavior of the process of oil oxidation. It
is common knowledge that the process of oil oxidation
includes two different zones, mainly low-temperature oxidation
(LTO) and high-temperature oxidation zones, as presented by
the two peaks in the DSC peaks at different heating rates
(Figure 2). During low-temperature oxidation, the injected
oxygen reacts with oil components and forms oxycgenated
compounds such as ketones, aldehydes, and alcohols, > while
the high-temperature oxidation zone includes the process of
coke combustion.” Interestingly, the behavior of the oil
oxidation process in some cases was changed and displayed
almost one main peak (Figure 3a) and absolutely one peak
(Figure 4a) in the presence of OSC1 and OSC3, respectively.
The current study does not support previous research in this
area. In fact, unlike what was previously thought, we found that
the nature and the structure of the ligand in addition to the
nature of the associated metal may change the whole
mechanism of heavy oil oxidation, and this is shown in Figures
3a and 4a. Moreover, a considerable peak-temperature
displacement effectively took place in the presence of all
added catalysts during high-temperature oxidation regardless
of the nature of ligands or metals at different heating rates. It is
worthy to note that the high-temperature oxidation zone is
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Figure 3. DSC curves for heavy oil catalytic oxidation in the presence
of OSC1 (a) and OSC2 (b) based on COLI at different heating rates.

widely believed to be key in the successful application of the in
situ combustion process since it is the region in which the
combustion flame front stabilizes and generates more heat and
thermal energy to the rest of the reservoir."”'”** Thereby, we
focused mainly, during our investigation, on the impact
generated by the synthesized catalysts on this region. To
confirm our hypothesis, we implemented thermogravimetric
analyses and treated the obtained data carefully to construct
differential thermal gravimetric curves as displayed in Figures
5-7.

At a glance, it seems that the influence of OSC1 and OSC3
on the oxidation behavior of heavy oil oxidation is insignificant.
However, a closer inspection of thermal gravimetric curves and
their associated differential thermal gravimetric analysis has
confirmed our hypothesis of the role of OSC1 and OSC3 in
changing the dynamics of the heavy oil oxidation process
curves by eliminating both LTO and HTO and merging them
in one process, which presents only by one peak on both DSC
and TG/DTG curves. Another interesting fact that emerged
from the obtained TG/DTG curves is the appearance of a
third peak in the presence of OSC2 and OSC4 in a more

14717
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Figure 4. DSC curves for heavy oil catalytic oxidation in the presence
of OSC3 (a) and OSC4 (b) based on COL2 at different heating rates.
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Figure 5. Thermogravimetric (TG) and differential thermogravi-
metric (DTG) curves for heavy oil noncatalytic oxidation at different
heating rates.
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Figure 6. Thermogravimetric (TG) and differential thermogravi-
metric (DTG) curves for heavy oil catalytic oxidation in the presence
of OSC1 (a) and OSC2 (b) based on COLI at different heating rates.

intense manner. Moreover, the obtained TG/DTG curves are
in good agreement with the DSC curves. Given that our
findings are based on a limited number of observations
provided by DSC/TG analysis, the results from such analysis
should thus be treated with considerable caution. These
findings were further strengthened by calculating the kinetic
parameters of the process of heavy oil oxidation in the
presence and the absence of the synthesized catalysts.

Kinetic Study. To understand the effect of the new
catalysts on the heavy oil oxidation process, the dependencies
of the activation energy and the pre-exponential factor on the
degree of conversion were studied by the Kissinger methods
(ASTM E2890), Friedman analysis, and the Kissinger—
Akahira—Sunose method. The Kissinger method (ASTM
E2890) was applied to eliminate the reaction model from
the kinetic equation. The values of energy of activation and the
pre-exponential factor in different oil oxidation regions can be
determined by means of Kissinger curves (Figure 8) in the
presence and the absence of the synthesized catalysts. The
calculated kinetic parameters are presented in Table 3.

The most striking results to emerge from Table 3 are the
significant effect of almost all of the added catalysts on
decreasing the energies of activation of both regions (LTO and
HTO), except when catalyst OSC1 was added to the sample of
oil where, unlike other catalysts, it increased the value of the
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Figure 7. Thermogravimetric (TG) and differential thermogravi-
metric (DTG) curves for heavy oil catalytic oxidation in the presence
of OSC3 (a) and OSC4 (b) based on COL2 at different heating rates.

HTO-region activation energy. Even though the catalysts
decreased the activation energies for the heavy oil oxidation
process, which is considered a significant index for their
efficiency, their effect, however, on the pre-exponential factor
was in contradiction to that on the values of activation
energies. In other words, the obtained values of pre-
exponential factors decreased in the presence of OSC2 and
OSC4, which might decrease the reaction rate constant.
However, OSC1 and OSC3 showed higher values of pre-
exponential factors, which leads to an increase in the reaction
rate constants, especially for sample OSC3, which in addition
to this effect decreased the value of the energy of activation. A
low activation energy value and a high pre-exponential factor in
the presence of OSC3 imply its higher oxidation rate constant.
It is well known that the activation energy and the pre-
exponential factors are inversely proportional to the reaction
rate values.”' > Activation energy dependency on conversion
degree obtained by Friedman analysis and the KAS method is
shown in Figure 9.

As seen from Figure 9, a significant variation in the values of
activation energy with increasing conversion degree is present
in the graphs of Friedman and KAS analyses. In fact, the so-
called “shoulders” present in the obtained graphs exhibit a
multistep process of heavy oil oxidation, both in pure form and
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Figure 8. Kissinger plots for catalytic and noncatalytic heavy oil
oxidation in low- and high-temperature oxidation regions.

Table 3. Kinetic Parameters of the Oil Oxidation Process in
the Presence and the Absence of Catalysts

E, (kJ/mol) In(A) (A, min™")

sample LTO HTO LTO HTO
heavy oil 154.7 + 8.8 1069 + 11.1 18.6 7.2
0SC1 110.5 + 9.0 104
0SC2 99.3 + 4.7 97.1 + 14.9 11.4 6
0OSC3 100.3 + 7.9 9.1
0SC4 652 + 4.9 844 + 19 2.7 3.8

in the presence of a catalyst. This fact is also confirmed by
DSC data, which show two peaks of oxidation: LTO and
HTO. Moreover, the use of the isoconversional approach for
multistep reactions does not always accurately reflect the
effective reaction rate for each of the processes, as a
consequence of which it is difficult to assess the effect of the
catalyst on the LTO and HTO processes. Therefore, a model
approach was used for the two-stage oxidation of heavy oil in
the presence and absence of the catalyst to evaluate the effect
of the catalyst on different oxidation regions. For each
experiment on the oxidation of heavy oil, a selection of 16

two-step models was used. In fact, for each reaction step, we
selected the corresponding model from Table 2. In addition,
the selection of an optimal model that describes two-step
reactions was performed using an F-test.”® Table 4 shows the
models providing the F-test value of 1.000. Detailed
consideration of each of the calculated models is presented
in Supporting Information SI.

The obtained model approach data associate the oxidation
process with the autocatalytic models of Bna and Cnm. It has
been shown that the activation energy of LTO decreases in the
presence of catalysts OSC1, OSC2, and OSC3. However, there
is a decrease in the pre-exponential factor for these catalysts as
well compared to the noncatalytic process. Also, a decrease in
activation energy for HTO has been observed only in the
presence of OSC2. Therefore, to determine the effect of the
catalysts on both LTO and HTO regions, we calculated the oil
conversion time versus temperature for different degrees of
conversion using the models obtained from Table 4.

Kinetic Predictions. The effect of catalyst on the heavy oil
oxidation rate was determined from the predicted conversion
times calculated using a model approach. For this, we
calculated the associated times for 10, 50, and 90% of heavy
oil oxidation. It was found that 10% corresponds to the
beginning of the LTO process, 50% corresponds to the
beginning of the HTO and the end of LTO, and 90%
corresponds to the end of the HTO process as illustrated by
Figure 10. It is assumed that short half-lives correspond to a
high rate of the oxidation process, which in turn stabilizes the
combustion flame front in the oil reservoir.

Interestingly, Figure 10 obviously highlights the effect of
different catalysts with different compositions on the process of
heavy oil oxidation. The most remarkable result from the
obtained values for oxidation effective constant rates is the
dramatic effect generated by OSC1 and OSC3, which share
common characteristics in terms of containing the same metal
(Cu) and different ligands and which increases the oxidation
rate. In fact, higher values of the reaction rate were achieved by
the addition of the synthesized OSC1 and OSC3 compared to
those reported by several studies on the heavy oil oxidation
process. In addition, the important role played by OSC1 and
OSC3 can be seen from Figure 10, which indicates that the
values of the reaction rate in the presence of OSC2 and OSC4
did not have a significant impact on the process of heavy oil
oxidation rate constants in both LTO and HTO regions. To
the best of our knowledge, this is the first time where the heavy
oil oxidation process changes its common behavior known in
the literature by merging two main regions (LTO and HTO)
into a unique region (as presented by one peak in TG/DSC
curves) in the presence of special ligands present in OSC1 and
OSC3. These results strengthened our convenience in
developing new ligands for preparation of biocatalysts to
achieve better results in biobased enhanced oil recovery.

FESEM Study. Since the results of TGA and DSC
experiments clearly confirmed that the kinetics of heavy oil
oxidation can be strongly affected by the structure of ligands, a
FESEM study was carried out to investigate the morphology
and the size of metals in the oil-soluble catalyst before
oxidation. OSC3 and OSC4 were selected for the FESEM
analysis because these catalysts based on COL2 showed the
best performance in the oxidation process. The morphology
and the frequency of the particle size of Cu and Ni
nanoparticles in OSC3 and OSC4 are depicted in Figures 11
and12, respectively. As seen in Figure 11, Cu nanoparticles are
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more spherical than Ni, which can provide a better contact
surface with oil and increase the oxidation efficiency.
Moreover, the percentage of the particle size frequency in
Figure 12 shows that the size of most copper nanoparticles in
OSC3 is less than 40 nm, while most nickel nanoparticles are
in the range of 92—162 nm. It has been reported that®”*® the
size of nanoparticles has a significant effect on the heat transfer
coefficient so that the smaller nanoparticles remarkably
increase heat transfer. This can be caused by an increase in
the surface area of the nanoparticles, which intensifies the

random motion and collision between the nanoparticles and
the fluid molecules. From these statistical data, it can be
concluded that the nanoparticles of Cu have the ability to
increase the oxidation efficiency of oil due to their smaller
particle size compared to nanoparticles of Ni.

Theoretical Study. Since OSC3 among the four oil-soluble
catalysts studied showed the best performance in heavy oil
oxidation, COL2 was selected to investigate its interaction with
Cu and Ni clusters. The physical and chemical properties of
metal clusters strongly depend on their size; therefore, the
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smaller clusters show higher reactivity.’” In this study, a trimer
metal cluster of Cu was considered. The optimized structure of
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the Cuj cluster has a near-D3, symmetry with an angle of 70.0°,
a dipole moment of 0.56 Debye, and a Cu—Cu bond length of
2.34 A. Furthermore, the optimized structure of the Ni; cluster
has Dy, symmetry, with an angle of 59.9°, a dipole moment of
0 Debye, and a Ni—Ni bond length of 2.22 A. The results of
this section are in good agreement with the results obtained
from high-level computational methods [CAM-B3LYP/
(14s,9p,5d,1f)].59 A summary of the results related to the
optimization of Cu and Ni cluster structures is given in Table
S. In the study of large molecular systems that contain a large
number of atoms, various solutions such as using the molecular
dynamics method or an alternative molecular model are used
due to the reduction of computational costs.”””" The
optimized structure of COL2 and oleic acid studied is shown
in Figure 13. The structure shown in Figure 13a is considered
the high-performance ligand (according to the obtained results
from DSC and TGA analyses), and its performance was
evaluated based on the amount of binding energy required to
interact with the metal cluster with the commonly used oleic
acid that is shown in Figure 13b.

The COL2 structure was simplified as a single chain
equivalent to the oleic acid because it has three branches that
can interact with a metal cluster and a large number of atoms.
This structure is shown in Figure 13c. The quantum
parameters for structure optimization are summarized in
Table S. As can be seen, the complex of COL2 with a Cu
metal cluster (complex-1) has a lower energy level than the
complex of oleic acid with it (complex-2), the difference of
which is about —54.8 kcal/mol. The predicted binding energy
for complex-1 is about —118.7 kcal/mol, considering that there
is a possibility of interaction from three similar points at the
same time, and about —63.9 kcal/mol for complex-2, which
provides only one possibility for interaction. Such a significant
difference is related to the nature of the interaction of COL2
with the Cu cluster and the number of points of interaction
that is discussed later. In addition, the interaction of COL2

with a Ni cluster (complex-3) was investigated, which
predicted that the binding energy of their interaction was
about —95.6 kcal/mol. Therefore, it can be concluded that,
first, COL2 has a stronger interaction than oleic acid with the
same metal cluster of Cu, and second, the interaction of this
new ligand with a Cu cluster is much more favorable than a Ni
cluster.

The energy gap is usually considered a measure of the
stability of a structure.”> A greater energy gap represents a
more stable structure and vice versa. The energy gap values for
complex-1, complex-2, and complex-3 are 1.9, 1.17, and 1.48
eV, respectively. It is highlighted that the complex formed with
COL2 has more stability for both Cu and Ni metal clusters
than the complex formed with a common ligand such as oleic
acid. In other words, for a similar metal cluster (Cu cluster),
COL2 showed a more stable interaction than oleic acid. The
energy gap is related to the energy difference between
HOMOs and LUMOs, which are depicted in Figure 14.
These orbitals represent the active area that is involved in
reactions and interactions. This energy difference of molecular
orbitals is about 3.28 for COL2 and 2.43 eV for oleic acid.

Molecular electrostatic potential (MEP) energy levels are
important in understanding the relationship between potential
energy and the molecular structure, as well as the positioning
of structures in creating interactions with each other. Figure 15
shows the MEP energy levels of COL2, oleic acid, and Cu
cluster structures. The red, yellow, and blue areas re;)resent
negative, neutral, and positive potential energy levels.”” Using
MEDP, it can be predicted that the interaction of both ligands
can be formed through their carboxyl group with the metal
cluster.

As noted, NBO analysis is a fundamental method for
examining the nature of interactions; therefore, a second-order
perturbation analysis of the Fock matrix was performed to
evaluate NBO-based donor—acceptor interactions between
ligand and metal. These interactions result in the loss of local
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NBOs that occupy the Lewis ideal structure for discharging
non-Lewis circuits. In other words, they denote the
delocalization of electrons.”*”® For each donor NBO (i) and
acceptor NBO (j), the stabilization energy E(2) associated
with delocalization i — j is estimated as
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Figure 13. Optimized structures of COL2 (a), oleic acid (b), and
simplified COL2(c).

E(Z) = qiLj)z

g =&

7)

where g is the donor orbital occupancy (usually is 2), £;and &;
are diagonal elements (orbital energies), and F(j, j) is the off-
diagonal NBO Fock matrix element.”® If the amount of the
stabilization energy, E(2), is high, it can be concluded that the
charge transfer between the donor and the acceptor is more
and the interaction is strong. A summary of the results of the
NBO analysis is listed in Table 6.

As seen in Table 6, the charge transfer of 6415 cu33 —
06&13_014 with stabilization energy of 38.4 kcal/mol for
complex-1 reveals an intense charge transfer that predicts a
strong interaction between Cu—O and C—O. This charge
transfer and also the charge transfer of ng;s = 6815 cuss
represent a chemical bond between the oxygen atom of the
carboxylic acid group (O15) in the COL2 structure and the Cu
atom of the cluster group (Cu33). Moreover, the charge
transfer of ng, — nd,3, with stabilization energy of about 10
kcal/mol implies a strong interaction between the oxygen atom

Table 5. Summary of Structure Optimization Results and Energy Calculation

structure energy (H) HOMO (H) LUMO (H)
complex-1 —5652.30 —0.020 0.050
COL2 —730.40 —-0.039 0.082
complex-2 —5503.06 0.026 0.069
oleic acid —581.12 —0.008 0.081
Complex—3 —5255.57 —0.032 0.023
Cu cluster —4921.84 —0.151 —0.108
Ni cluster —4525.12 —-0.172 —0.092

Egp (eV) momentum (Debye) E, (H) E,, (kcal/mol)
1.90 73.51 -0.19 —118.7
3.28 73.22
1.17 48.24 —0.10 —63.9
243 35.46
1.48 12.10 —0.15 —95.6
1.26 0.56
2.18 0.00
14723 https://doi.org/10.1021/acs.iecr.1c03276
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Figure 14. HOMOs (a) and LUMOs (b) of COL2 and HOMOs (c) and LUMOs (d) of oleic acid.
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Figure 15. Molecular electrostatic potential energy levels of COL2 (a), oleic acid (b), and Cu cluster.

Table 6. Features Based on NBO Analysis to Calculate
Charge Transfer

complex bond charge transfer E(2) (kcal/mol)

complex-1 Cu33-01S$ 0015-Cu33 —> OC13-014 38.41
C13-015 fots = Of1s—cuss 447
C13-014 Moy = M 10.16
Cl11=C12 Ocii—ci = NEus 4.63
Cu35—Cu33 Neuss = O815-cu3s 40.73

complex-2 C1-012 Nop = O¢ua-cuss 5.97
C1-013 Doy = N3 1091

of the carboxylic group (O14) in COL2 and the Cu atom of
the cluster group (Cu34). The charge transfer of 6¢y1_c1, =
né.ss with stabilization energy of about 4.6 kcal/mol predicts
that the C11 = C12 bond with the Cu cluster has a significant
interaction. In complex-2, there are two significant charges, but
its total stabilization energy is much less than that of complex-
1. In topological QTAIM analysis, the nature of bonding is
analyzed by properties of electron density (p) and its
derivatives. The Laplacian of electron density (V?p) at the
BCP is related to the bond interaction energy by expression of
the virial theorem. Negative Laplacian (V?p < 0) demonstrates
the extra potential energy in BCP. This means that the
electronic charge is concentrated in the internuclear region and
shared by two nuclei (this is common for covalent

interactions). Positive Laplacian (V?p > 0) in BCP signifies
a decrease in electronic charge along the bond path, and this is
an illustration of the electrostatic interaction. In addition,
Hamiltonian (H) as the electronic energy density evaluated at
a BCP can be used to compare the kinetic and potential energy
densities.”” For all interactions with significant electron
sharing, H is negative, and its absolute value expresses the
covalent character of the interaction. In this study, a common
interaction that exists in both complexes (Cu—O) was
evaluated, and the results are shown in Table 7.

Table 7. QTAIM Analysis of Cu—O in Both Complexes

complex BCP p Laplacian (V?p)  Hamiltonian (H)
complex-1 BCP1 0.06 —0.08 —0.002
complex-2 BCP2 0.02 —0.01 —0.001

A comparison of the electron density values (p) for
complexes 1 and 2 (equals 0.06 for BCP1 and 0.02 for
BCP2) is consistent with their binding energies because, as
expected, a strong bond is usually associated with a high
electron density in BCP. Furthermore, the negative value of
Laplacian (V?p) for Cu—O bonds indicates that this
interaction should be classified as a covalent type of bonding.
The negative values of H for all BCPs imply the covalent
nature of the corresponding bonds. By comparing the values of
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the BCP parameters in both complexes, it can be concluded
that the Cu—O bond in complex-1 has a covalent nature that is
stronger with higher binding energy than the Cu—O bond in
complex-2. The results of quantum calculations clearly confirm
that according to the bond energy of complexes 1—3, which
are —118.7, —95.6, and —63.9 kcal/mol, respectively, it can be
predicted that the bonding of COL2 with the Cu metal cluster
is more favorable than its bonding with the Ni metal cluster. In
another comparison, it was revealed that the binding of COL2
is more favorable than that of a common ligand such as oleic
acid with the Cu metal cluster. The energy gap values for
complexes 1—3 are 1.9, 1.17, and 1.48 eV, respectively. These
values proved that the electronic structure stability of the
COL2 complex with Cu and Ni metal clusters is higher than
that of the oleic acid complex with the Cu cluster. NBO
calculations showed that the major contribution of the
interaction of both ligands with the Cu metal cluster is due
to the Cu—O bond, which is stronger for COL2. Besides, in
the interaction of COL2 with the Cu metal cluster, a
contribution of the interaction of the double bond of carbon
with the Cu metal cluster is observed, Cu—C=C. QTAIM
calculations also indicated that the covalent nature between
oxygen and copper is greater for COL2.

B CONCLUSIONS

Although oil-soluble catalysts with different metals have been
investigated for in situ oxidation of heavy oil in recent years,
the combined effects of ligand and metal and their interactions
on the oxidation process are poorly understood. Here, we aim
to fill this gap of knowledge by examining the effect of the
ligand structure on the kinetics of the heavy oil oxidation
process by means of thermal analysis, computational methods,
and NBO and QTAIM analyses. This work has led us to
conclude that the synthesized biobased catalysts could
revolutionize our understanding of the heavy oil in situ
combustion process and improve green enhanced oil recovery
methods for better environmental protection. The results of
this study indicated that the designed ligands affected the
process of heavy oil oxidation differently where COL2 showed
short conversion times, which corresponded to higher values of
oil oxidation reaction rate relative to COLI1. Besides, the
efficiency of COL2 increased in the presence of Cu, where
complex OSC3 containing COL2 and Cu metal not only
increased the reaction rate significantly but also decreased the
energy of activation of the associated process as well. A
consequence of this effect is the possibility of higher thermal
stability of COL2 and its higher interaction with Cu compared
to the Ni cluster as demonstrated by computational methods,
and NBO and QTAIM analyses of Cu—O in both complexes.
This research has underlined the importance of designing new
biobased catalysts for the oil industry that may have a positive
impact on the environment unlike conventional catalysts that
have been used during the last century. Our investigation in
this area is still ongoing and seems likely to confirm our
hypothesis. We deeply believe that these findings add to a
growing body of literature on our understanding of the heavy
oil combustion process for improving the world energy
demand through exploitation of unconventional oil reserves.
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