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A B S T R A C T   

In-situ combustion has received much attention in the last few decades for enhanced heavy oil recovery pro
cesses. Although a wide part of research efforts has only focused on the application of different oil soluble 
catalysts to improve the combustion flame stabilization, the effect of ligand structure and metal–ligand in
teractions on the performance of heavy oil oxidation in presence of oil soluble catalysts is poorly understood. In 
this study, sunflower oil as an eco-friendly and cheap source was used to synthesize a new ligand for the 
preparation of Fe, Ni, Co and Cu-based oil soluble catalysts. The interaction of metals with the ligand was 
investigated by computational study and the results revealed that Cu-based catalyst was the most effective 
catalytic system for enhancing heavy oil oxidation process because it possessed the strongest bond energy with 
the ligand at different temperatures. Subsequently, the impact of oil soluble catalysts on the oxidation of heavy 
oil was investigated via non-isothermal kinetics and thermodynamic studies using thermogravimetric (TG/DTG) 
and differential scanning calorimetric analyses (DSC) combined with the isoconversional (Friedman and 
Kissinger-Akahira-Sunose), and model-based approaches. As anticipated, the kinetic and thermodynamic data 
demonstrated the efficiency of the used catalysts on the process of heavy oil oxidation process and proved a 
maximum temperature shift of ~ 120 ◦C in high-temperature oxidation zone. To the best of our knowledge, this 
is the first superior catalyst among investigated oil-soluble catalysts for heavy oil oxidation. The evidence from 
the obtained results points toward the idea that the choice of the ligand and the associated metal is crucial to 
achieve the highly active and smart catalytic system for enhanced oil recovery methods.   

1. Introduction 

The worldwide energy demand and consumption has increased 
dramatically in recent years due to the rapid growth of population and 
various industries. Since the amount of unconventional oil resources 
such as heavy and extra-heavy crude oils is much higher than conven
tional oil reserves (light crude oil), they can well meet the energy needs 
of the world in the future [1]. However, unconventional oil resources are 

difficult to extract and transport because of their intrinsic properties 
such as low API gravity, high viscosity, poor fluidity, and more complex 
structure than conventional oil, which originates from the presence of 
higher amounts and structure of asphaltenes and resins fractions [2,3]. 
Therefore, the oil industry has significantly invested in developing 
extraction methods and improving the heavy oil transportation process 
based on the reduction of the oil viscosity [4]. In the last two decades 
enhanced oil recovery (EOR) methods have attracted significant 
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attention as an efficient technology to improve heavy oil production 
[5,6]. Among the EOR approaches, in-situ combustion (ISC), which is a 
subset of thermal injection is considered promising thermal EOR method 
to reduce heavy oil viscosity [7–12]. During ISC, a stream of air under 
high pressure is injected to provide the necessary conditions for oxida
tion reactions inside the reservoir [6,13,14]. This increases the reservoir 
pressure and decreases the viscosity of the crude oil, enhancing the 
mobility of heavy oil [15]. In general, thermal oxidation process of 
heavy oil can be divided into three main parts: 1) low-temperature 
oxidation (LTO) as the initial stage, 2) medium-temperature oxidation 
(MTO), causing the formation of fuel deposits (FDs), and 3) high- 
temperature oxidation (HTO) [16,17]. The oxidation of crude oil be
gins by injecting air into the reserves. After the induction period, the oil 
starts to ignite, which creates a combustion front, and then it moves in 
the direction of air injection [13,18]. The combustion front propagation 
is a complicated chemical and physical transport process in porous 
media, including heat, momentum, and mass transfer combined with 
complex chemical reactions [19]. ISC is a low-cost method of thermal 
energy delivery as the heat is generated inside the reservoir [20,21]. It is 
also worth to mention that the amount of sulfur in heavy oil is partially 
eliminated using ISC method, improving the oil quality [22,23]. 
Although some successful field applications of ISC have been reported 
[19,20], it is not widely used in oil fields due to instability of combustion 
front, difficulties in the ignition step and process control [20]. It has 
been proposed that the usage of catalysts can significantly improve the 
ignition rate and create a self-sustained combustion front [24]. Various 
catalysts based on transition metals (TM) and their oxides particles are 
commonly used for this purpose because they can effectively adsorb and 
activate oxygen or oxygen species as well as they can get involved in the 
propagation step where radicals are (re)generated [24–26]. Moreover, 
the high heat transfer coefficient of metals has a significant effect on the 
efficiency of thermal EOR [27,28]. For example, it has been documented 
that the use of iron and copper nanoparticles plays an important role in 
improving the combustion process, maintaining temperature in LTO, 
and reducing water produced in the ISC process [24,28,29]. Neverthe
less, insolubility of metals and their oxides in oil causes their aggrega
tion, which decrease the efficiency of the catalytic system. Therefore, 
the research has been focused on oil-soluble catalysts in recent years 
because they can provide higher distribution degree in crude oil 
[26,30,31]. Oil-soluble catalysts consisted of one or more TM and an 
organic ligand such as fatty acids. Thus, they form a complex in which 
the organic ligand dissolves the metal in the crude oil and prevents the 
aggregation of metal particles [26,32,33]. Carboxylate TM with the 
chemical formula (R-COO − )n (TM)n+ is the most basic oil-soluble 
catalysts for thermal EOR because of its low cost and easy access to 
sub-acids [26,33,34]. Furthermore, they are readily prepared by ion 
exchanging of sodium carboxylate with metal salts or neutralizing car
boxylic acids with metal hydroxides at low temperatures [35–37]. A 
maximum reduction of 74 % in heavy oil viscosity was observed using a 
catalyst composed of oleic acid and iron [38]. Suwaid et al. [39] 
developed copper-stearate (CS) and copper-oleic (CO) as oil-soluble 
catalysts for thermal EOR application. The results of saturate, aro
matic, resin, and asphaltene (SARA) analysis showed that in presence of 
CS and CO the amount of aromatics compounds decreased from 44.32 % 
to 40.01 % and 38.05 %, and asphaltenes decreased from 5.91 % to 4.82 
% and 3.98 %, respectively. Khelkhal et al. [40] investigated the effect of 
nickel talattes and cobalt talattes on the oxidation kinetics of heavy oil. 
They found that both catalysts decreased the activation energy in the 
HTO region and enhanced the reaction rate. Although, different oil- 
soluble catalysts based on fatty acids have been studied to enhance 
the reaction rate of heavy oil oxidation, the interaction of ligands with 
metals is poorly understood. In the present research, we introduce 
sunflower oil as a renewable biomass source to develop scalable ligands 
to design effective oil-soluble catalysts. The synthesized ligand has a 
more complex structure than fatty acids, providing new insight into the 
effect of ligand–metal interactions on heavy oil oxidation process in the 

oil-soluble catalysts. The ligand-metals interaction in addition to the 
physical properties of the obtained catalytic systems were investigated 
by a set of physical and chemical analysis (FT-IR, XRD, SEM) combined 
with computational study. 

2. Experimental section 

2.1. Materials 

A sample of Aschalcha heavy crude oil, HCO was provided by PSJ 
Tatneft, Republic of Tatarstan, Russia and its physical–chemical prop
erties are summarized in Table 1. The inorganic salts and the 43–64 µm 
pure quartz sand fraction were obtained from Sigma-Aldrich. Sunflower 
oil (SFO) was supplied from supermarket. Formic acid (FA), hydrogen 
peroxide (H2O2), dichloromethane (DCM), magnesium sulfate (MgSO4), 
Perchloric acid (PA), and tetrahydrofuran (THF) were purchased from 
Sigma CO. 

2.2. Synthesis of sunflower oil-based ligand (SFOL) 

The epoxidation/oxirane ring-opening approach was used to prepare 
SFOL. Epoxidized sunflower oil (ESFO) was synthesized according to 
literature [41–43]. Following, 100 g of ESFO and 200 mL of THF were 
mixed in a 1000 mL flask, and 400 mL of 20 wt% PA was added dropwise 
to the flask at 25 ◦C. After 20 h, the aqueous solution was decanted and 
THF was evaporated to attain SFOL. The chemical structure of SFOL is 
shown in Fig. 1. 

2.3. Preparation of oil-soluble catalysts (OSCs) 

Metal salts (FeCl2⋅4H2O, Cu (NO3) 2⋅.3H2O, CoCl2⋅6H2O, and Ni 
(NO3) 2⋅.6H2O) and SFOL were used to prepare OSCs in a 1:3 M ratio. 
The ligand was first dissolved in ethanol and mixed well with a me
chanical stirrer for 20 min. The pH of the ligand solution reached 9 by 
adding NaOH. Then, a mixture of metal salt-ethanol was added to the 
ligand solution dropwise and was stirred for 45 min. Finally, the 
resulting solids were filtered and washed three times to remove ligand 
and excess salt. The obtained OSC was dried at room temperature for 18 
h. The synthesized OSCs represent by following abbreviations:  

Fe + ligand → Fe-OSC, Co + ligand → Co-OSC                                        

Ni + ligand → Ni-OSC, Cu + ligand → Cu-OSC                                        

2.4. Sample preparation for thermal analysis 

A sample of HCO was mixed with pure quartz sand fraction in a 1:9 
ratio to perform the non-catalytic experiments of HCO oxidation pro
cess. Additionally, all HCO catalytic oxidation experiments were carried 
out using 2 wt% of OSCs. 

2.5. Thermal analysis 

The kinetic and thermodynamic behavior of the HCO oxidation in 
presence and absence of OSCs was studied by an STA 449 F1 Jupiter 
(Netzsch) thermoanalyzer at a temperature range of 30–600 ◦C with 
heating rates of 5, 10, 15, 20 ◦C min− 1 and 50 mL min− 1 air flow. This 
instrument provides simultaneous differential scanning calorimetry 
(DSC) and thermogravimetric (TGA) analysis data. These data were 
processed and interpreted by Proteus Analysis v5.2.1, NETZSCH Kinetics 
Neo 2.1.2.2 program package. 

2.6. Kinetic analysis 

To understand the relation between OSCs and the processes of heavy 
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oil oxidation kinetics and its thermodynamic behavior, the isoconver
sional and model approaches of non-isothermal kinetics were applied 
[44,45] by taking into consideration the recommendations of the In
ternational Confederation for Thermal Analysis and Calorimetry 
(ICTAC). According to the isoconversional principle, the reaction rate of 
HCO oxidation process at a constant conversion can be a function of 
temperature only. Thereby, Friedman’s analysis [46] and the Kissinger- 
Akahira-Sunose methods were used to calculate the thermodynamic and 
kinetic parameters of the HCO oxidation in presence and absence of 
OSCs. However, providing accurate results requires combining the 
calculated kinetic and thermodynamic parameters from the isoconver
sional methods to those obtained by model-based methods. Therefore, 
minimizing experimentally measured and calculated data differences on 
the reaction rate was used to select the appropriate model for the process 
of HCO oxidation [44]. The models used in this study are shown in 
Table 2 [47–49]. Thus, the conversion times at different conversion 
degrees were predicted to estimate the catalysts efficiency [50,51]. 

2.7. Computational method 

Computational studies including molecular dynamics (MD), quan
tum methods (QM), and hybrid quantum mechanics/molecular me
chanics (QM/MM) [52,53] are essential for predicting the electronic 
structure, bonding nature, and interactions of molecules. The electronic 
structure of SFOL was investigated with respect to properties such as 
partial charge distribution, electron density and molecular electrostatic 
potential (MEP). These properties predict which parts of SFOL most 
likely interact with the metals. In the next step, the interaction and 
formation of bonds between these points with metals (Co, Cu, Fe, and 
Ni) and the strength of these bonds were examined. Finally, the bond 
strength between the metal and SFOL was determined for the strongest 

bond at different temperatures. All initial structures of SFOL and the 
metals were drawn by Gaussview06 [54] program and fully optimized 
using Gaussian09 [55] software. A common method of density func
tional theory with hybrid exchange–correlation B3LYP functional [56] 
was used for all calculations. The Dunning [57] double-zeta correlation- 
consistent basis sets plus diffusion functions (aug-cc-pvdz) for all 
structures were applied. All calculations were performed in the heptane 
medium by implicit solvent model [58]. Some useful properties and 
energies related to the optimized structures were obtained. The binding 
Gibbs free energy (ΔGb) of the metal- SFOL complex is defined as 
following equation [59]: 

ΔGb = ΔGMetal− SFOL − (ΔGMetal + ΔGSFOL) (1)  

where ΔGMetal-SFOL, ΔG Metal and ΔG SFOL are the Gibbs free energy of the 
Metal- SFOL complex, metal, and SFOL, respectively. Gibbs free energies 
were obtained by frequency calculations. 

3. Results and discussion 

3.1. Characterization of OSCs 

Hydroxyl groups of SFOL are the main functional group of the ligand 
to coordinate with different metals and form a complex. Therefore, any 
change in intensity or displacement in the position of hydroxyl peaks 
indicates the formation of a complex between the ligand and the metal. 
In FT-IR spectrum, a hydroxyl group can be characterized by peaks at 
3100–3600 cm− 1, 1020–1200 cm− 1, and 1087–1124 cm− 1 related to 
–OH, C-OH, and C–O, respectively. As can be seen in Fig. 2, a significant 
shift is observed in the position of hydroxyl peaks for OSCs compared 
with SFOL. 

XRD analysis was also performed to further confirm the complex 
formation. Fig. 3 displays XRD pattern of the synthesized OSCs. As seen 
in Fig. 3, no obvious traces of the metal salts and the corresponding 
oxides were observed in their related patterns. These results confirm the 
successful synthesis of complexes between the ligand and metals. 

Additionally, the morphology and the size of metals in OSCs was 
investigated by SEM and the corresponding images are shown in Fig. 4. 
It is seen that Cu nanoparticles are more spherical than Fe, Ni, and Co, 
providing higher contact surface with HCO and enhancing the efficiency 
of oxidation. Moreover, most of Fe, Ni, Co, and Cu nanoparticles in Fe- 
OSC, Ni-OSC, Co-OSC, and Cu-OSC have a particle size in the range of 

Table 1 
Properties of Ashalcha heavy crude oil.  

Viscosity at 20 ◦C (mPa × s) Density at 20 ◦C (g × cm− 3) API gravity Elemental content (%) SARA analysis (%) 
C H N S saturated aromatic resins asphaltenes 

11 811  0.97  13.8  82.09  10.12  0.63  2.65 26.2 ± 0.5 44.1 ± 0.6 26.3 ± 0.5 4.5 ± 0.3  

Fig. 1. Molecular structure of SFOL.  

Table 2 
Models used for the calculation of kinetic parameters.  

Model Equation 

Reaction of nth order (Fn) f = (1-α)n 

N-dimensional nucleation according to Avrami- 
Erofeev (An) 

f = n⋅(1-α)⋅[-ln(1-α)](n-1)/n 

Expanded Prout-Tompkins equation (Bna) f = (1-α) n⋅αAutocatOrder 

Reaction of nth order with m-Power autocatalysis by 
product (Cnm) 

f = (1-α)n⋅(1 + AutocatOrder 
⋅αm)  
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37–127 nm, 66–138 nm, 86–333 nm, and 22–70 nm, respectively. 
It has been reported [33,60] that nanoparticles with a smaller size 

considerably increase heat transfer coefficient of the system, intensi
fying the random motion and collision between fluid molecules and the 
nanoparticles. These results suggest that Cu-OSC with smaller nano
particles of Cu may have a greater effect on the HCO oxidation process 
than other nanoparticles. 

3.2. Computational investigation 

The interaction energy between SFOL and metals as well as the sta
bility of SFOL-metal bonds at different temperatures were studied using 
computational methods to investigate the effect of ligand–metal in
teractions on in-situ oxidation of HCO. Generally, molecular dynamics 
method or alternative molecular model are used to reduce the compu
tational costs of large molecular systems with a large number of atoms 
[61,62]. Since SFOL is a branched macromolecule and has several 
functional groups (Fig. 5a), it is difficult to predict the points that tend to 
interact and bind to the metals. 

Due to the lack of symmetry in SFOL structure, the electronic prop
erties vary in different parts of the molecule. One of these properties is 
related to the partial charge distribution on the atoms, which causes the 
asymmetry of the electronic density distribution. Natural bond orbital 

(NBO) [63] method was used to calculate partial charge distribution and 
the results are displayed in Fig. 5b. Additionally, the energy gap is 
usually considered a measure of the stability of a structure [64]. The 
greater energy gap indicates a more stable structure and vice versa. The 
gap energy shows the energy difference of highest-occupied molec
ular orbital (HOMO) and lowest-unoccupied molecular orbital (LUMO), 
which are depicted in Fig. 6. These orbitals represent the active area that 
are mostly involved in reactions and interactions. The value of energy 
gap for SFOL is 0.27 eV. 

In addition, molecular electrostatic potential (MEP) energy level that 
depends on electron density, is another important parameter for un
derstanding the relationship between potential energy and molecular 
structure as well as the positioning of structures for interactions with 
each other [65]. Fig. 7 shows the three regions of SFOL with different 
electron density. It can be predicted that the interaction of SFOL occurs 
between its hydroxyl groups and the metal cluster. The results of partial 
charge distribution, molecular orbital, and MEP predict that the most 
probable interaction of metals with SFOL takes place in regions a, b, and 
c. 

In a comparative study, the bond strength between oxygen of regions 
a, b, and c with Fe, Co, Ni, and Cu was evaluated individually. The re
sults of the bonding energy between oxygen in different parts of SFOL 
with the metals are presented in Fig. 8. 

According to Fig. 8, regarding the bond strength between part a (Pa) 
and the metals, it is predicted that the highest value is related to Pa-Cu >
Pa -Ni > Pa-Co > Pa-Fe. Moreover, the bond strength for part b (Pb) and 
part c (Pc) are in the following order: Pb-Cu > Pb-Ni > Pb-Fe ≈ Pb-Co and 
Pc-Cu > Pc -Ni > Pc-Co > Pc-Fe, respectively. It is worthwhile noting that 
the bond strength between Cu and different parts of SFOL is significant 
and it has the highest tendency to bond with SFOL. There is no signifi
cant difference in the bond tendency between Pa and Pc for all metals, 
but in general, Pc shows a greater bonding energy, which is probably 
more related to the active molecular orbital region and low electrostatic 
repulsion. As mentioned, three regions of SFOL can form bonds with the 
metals, which have a favorable energy. Therefore, there is a possibility 
of synergy in the bonds between SFOL and the metals. According to sum 
values of binding energy, this synergy occurs in all the studied metals, 
but with varying degrees of intensity. The synergistic effect in the for
mation of bonds between different parts of SFOL with the metals in
creases the bond strength between them in the complex. The highest 
synergy effect for Cu was observed for Pc as compared to Pa and Pb. 
Furthermore, the change in the bond strength between SFOL and 
different metals was investigated at high temperatures (250 ◦C, 350 ◦C, 
and 450 ◦C) using frequency calculations. The results are shown in 
Table 3. 

Table 3 demonstrates that the bond strength between the metal and 
SFOL decreased as temperature increased from 25 ◦C to 450 ◦C and it is 
practically negligible at 450 ◦C. The highest and lowest reduction in the 
bond strength were observed for Cu and Ni, respectively. This can be the 
main reason for the best efficiency of Cu-OSC on oxidation process of 
HCO as it kept most of Cu until 250 ◦C and released the metal at 350 ◦C. 
This behavior results in a sudden release of 35.6 kcal/mol at 350 ◦C 
(Fig. 9), which significantly enhanced the oxidation process. However, 
Fe and Co more easily separated from the ligand at temperature lower 
than 250 ◦C. These results signify that if the interaction between a ligand 
and metal is high, their complex would break at higher temperature, 
resulting in a better efficiency on oxidation process of HCO. These ob
servations confirm that the structure of ligand plays a significant role on 
the HCO oxidation process through its interaction with metals in OSC 
systems. 

3.3. Thermal analysis of heavy oil oxidation in presence and absence of 
the obtained catalysts 

To understand the behavior of HCO oxidation processes in the 
absence and presence of OSCs, thermal analysis was performed. It is 

Fig. 2. FT-IR spectrum of SFOL and OSCs.  

Fig. 3. XRD patterns of synthesized OSCs.  
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Fig. 4. SEM images and particle size frequency of OSCs.  
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common knowledge that TG/DSC is a reliable, less time consuming, and 
effective method for studying the heat effects and mass change variation 
throughout the process of HCO oxidation [66]. Moreover, the process of 
HCO oxidation is classified into two main regions: low temperature 
oxidation region (LTO) and high temperature oxidation region (HTO). 

During LTO region, the oxygen reacts with oil components to form 
oxygenated compounds such as hydrogen peroxides, alcohols, ketones, 
aldehydes, and other hydrocarbons. The LTO ends up usually with the 
formation of a solid condensed product known in the literature as fuel 
deposition or coke. During HTO, the oxidation of the obtained fuel 

Fig. 5. Optimized structure of SFOL (a) and schematic partial charge distribution of SFOL (selected small portion of SFOL for clarity) (b).  

Fig. 6. HOMO (a) and LUMO (b) molecular orbitals of SFOL.  

Fig. 7. MEP of SFOL and some points with most probability interaction with the metals.  
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deposit is occurred and leads to the formation of combustion front which 
is the main key for a successful in-situ combustion. Figs. 10 and 11 shows 
the DSC (a), TGA, and DTG curves (b) for oxidation of HCO without and 
with OSCs at different heating rates. The effect of the used OSCs was 
clearly showed by peak temperature shifting in both LTO and HTO 
oxidation. Interestingly, the effect of Cu-OSC was more significant 
compared with other metals whether in heat effect variation (DSC), 
where it was able to shift the HTO region by almost 120 ◦C from 500 ◦C 
in the absence of catalyst to almost 380 ◦C at 20 ◦C /min, or in terms of 
mass loss (TG/DTG) peaks where the peak shifted as well from 500 ◦C in 
the absence of catalyst to almost 380 ◦C at 20 ◦C/min. To the best of our 

knowledge, this is the first highly OSC that provided a highest temper
ature shift of 120 ◦C in HTO region compared with other reported OSCs 
in literature. 

3.4. Analysis of OSCs transformation during and after HCO oxidation 
process 

The transformations of OSCs in absence and presence of HCO under 
isothermal conditions at 350 ◦C and 500 ◦C for 4 h were carried out. The 
resulting solid products after the oxidation were analyzed by XRD and 
SEM. SEM images of solid products obtained after oxidation of OSCs in 
absence and presence of heavy oil at 350 ◦C and 500 ◦C are depicted in 
Fig. 12. 

The morphologies of the products are different at 350 ◦C and 500 ◦C 
in presence or absence of HCO. For all samples, products with higher 
porosity were observed at 500 ◦C compared with 350 ◦C. At 350 ◦C, 
shape of Fe nanoparticles in Fe-OSC was changed from spherical to 
nano-tubes because of octahedral space group of Fe. In addition, tem
perature has a significant effect on the average of particle size. In all 
systems, the average of particle size at 500 ◦C was much lower than at 
350 ◦C. For example, the average of particle size of Cu at 350 ◦C was in 
the range of 49–175 nm; however, its average size considerably 
decreased to the range of 19–82 nm at 500 ◦C. Co nanoparticles showed 
higher average of particle size of 53–113 nm and 47–185 nm at 350 ◦C 
and 500 ◦C, respectively (Fig. S3). These results point toward the idea 
that smaller Cu nanoparticles in Cu-OSC would generate an excellent 
performance on HCO oxidation kinetics and thermal behavior. XRD 
patterns of the products after the isothermal oxidation of OSCs with HCO 
are presented in Fig. 13. 

A different set of reflections in XRD patterns of HCO + OSCs was 
observed after oxidation compared with those of pure OSCs (Fig. 3). 
Reflections of metal oxides appeared and the reflections of OSC phases 
almost were vanished at 500 ◦C. For Fe-OSC, Ni-OSC, Co-OSC, and Cu- 
OSC, XRD patterns of the residues correspond to α-Fe2O3 and γ-Fe2O3, 
NiO and Ni2O3, Co3O4, CuO, and Cu2O, respectively. The obtained re
sults from both SEM and XRD reveal that OSCs were decomposed into 
nano-sized metal oxides during oxidation, which preliminary leads us to 
expect a higher catalytic performance on the process of heavy oil 
oxidation in their presence. 

Fig. 8. Bonding energy (kcal/mol) between oxygen with the metals in different 
parts of SFOL. 

Table 3 
Bond strength (kcal/mol) of SFOL-metal at high temperatures.  

Temperature (◦C) Fe Co Ni Cu 

25  − 20.3  –23.7  –33.7  − 56.8 
250  − 13.0  − 14.2  − 26.6  − 46.5 
350  − 9.7  − 11.2  –23.3  − 21.2 
450  − 6.4  − 9.3  − 20.0  − 16.3 
ΔE(SFOL-metal)  13.9  14.4  13.7  40.5  

Fig. 9. Trend of bond energy changes with increasing temperature.  
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3.5. Kinetic calculations 

The results of TG, DTG and DSC curves are in good agreement with 
the computational results; however, additional evidence should be 
provided to support the hypothesis about the effect of ligand structure 
on HCO oxidation and effectiveness of the opted catalysts especially the 
Cu based one (Cu-OSC). For this reason, it is worthwhile to calculate 
kinetic and thermodynamic parameters of the process of HCO oxidation 
in presence and absence of OSCs. 

It is common knowledge that heavy oil oxidation occurs in a complex 
multiphasic medium accompanied by different parallel and multistep 
reactions. This complicates the kinetic study of such processes 
comparing to kinetic calculations in homogeneous mediums. Therefore, 
the use of non-isothermal analysis facilitate the kinetic calculation of 
heavy oil oxidation based on the isoconversional principle which states 
that the kinetic parameters of solid phase thermal decomposition is a 
function of temperature only at constant conversion rate as expressed by 
the following equation [67]: 

dα
dt

= k(T)Pa
O2
(1 − α)b

(2)

where k(T) is the reaction rate constant, expressed by Arrhenius law 
k(T) = Ae−

E
RT(3), PO2 is the oxygen partial pressure, and (1 − α)b is the 

reaction model function. 
The oxygen partial pressure is generally considered constant during 

DSC experiments because of sample size (less than 1 mg in each run), the 

high of air flow rate (50 mL/min) and the large furnace volume (approx. 
250 mL). Moreover, Fassihi et al. [68,69] have found out that the heavy 
oil oxidation reactions follow the first order (b = 1) in the model func
tion f(α) = (1 − α)b, which transforms equation (2) to: 

dα
dt

= keff (1 − α) (4),

where keff = kPO2 

The activation energy and pre-exponential factor values de
pendencies on HCO conversion in our research were analyzed by using 
Friedman’s [46] and Kissinger-Akahira-Sunose approaches based on the 
International Confederation for Thermal Analysis and Calorimetry 
(ICTAC) recommendations. It is worthy to note that these methods are 
considered among the first isoconversional methods proposed for non
isothermal kinetics treatment. The Friedman method is based on the 
following equation: 

ln(
dα
dt
)∝,i = ln[f (α)A∝] −

E∝

RT∝,i
(5)

where i presents individual heating rate and T∝,i is the temperature at 
which conversion degree α is reached under the associated heating rate. 

The Kissinger-Akahira-Sunose method is based on the equation (6): 

ln(
βi

T2
∝,i
) = Const −

E∝

RT∝,i
(6)

Fig. 10. DSC curves for oxidation of HCO in presence of OSCs at different heating rates.  
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Fig. 11. TGA and DTG curves for oxidation of HCO in presence of OSCs at different heating rates.  

Fig. 12. SEM images of solid products obtained after oxidation of OSCs in absence and presence of HCO at 350 ◦C and 500 ◦C.  
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The calculated values of activation energy and pre-exponential factor 
are presented in Fig. 14. 

The evidence from Fig. 14 points toward the significant effect 
generated by the opted OSCs on HCO oxidation kinetic behavior for both 
KAS and Friedman analyses. In other words, all OSCs decreased the 
energies of activation of low and high temperature oxidation regions. 
The low temperature oxidation activation energy values in presence of 
OSCs were found to be less than those of the process of non-catalytic 
HCO oxidation. The lowest energy of activation of low temperature 
oxidation region was associated to Ni based catalyst Ni-OSC. At low 

temperature range, Ni metal species highlight a higher activity 
compared with other metals due to the formation of nickel oxide species 
(Figs. 12 and 13) which have a more tendency to oxygenated com
pounds such as hydrogen peroxide, carboxylic acids, aldehydes, and 
ketones (the main products of the first stage of HCO oxidation process) 
[70]. Moreover, the higher bonding energy between Ni and SFOL (Fig. 8 
and Table 3) demonstrates thermal stability of Ni at this stage to exhibit 
its catalytic properties on HCO components in this zone. However, Cu- 
OSC provided the lowest energy of activation during the high temper
ature oxidation regions, which is the main region during the process of 
in-situ combustion as shown by Friedman and KAS analyses compared 
with other OSCs and pure HCO. Fe-based catalyst comes in the first place 
after Cu-OSC regarding activation energy decreasing followed by Ni- 
OSC and Co-OSC, from an efficiency point of view compared with the 
non-catalytic oxidation of HCO energy of activation. It is worthwhile 
noting that the higher metal dispersion in Cu-OSC (Fig. 4), the formation 
of the smallest particle size of copper oxide (Figs. 12 and 13) and the 
higher bonding energy with the SFOL at higher temperatures (Fig. 8) 
distinguish it among other OSCs where it allowed their higher contact 
with oil components during all the stages of HCO oxidation in both low 
and high temperature oxidation regions. Moreover, the higher thermal 
stability of SFOL guarantees a stable environment for metal trans
formation and oxidation in addition to creating the properties of anti
aggregating for the obtained copper oxide nanoparticles which results in 
small particle sizes. These nanoparticles possess a significant catalytic 
activity on high temperature oxidation region and stabilize the com
bustion front during in-situ combustion due to their high surface specific 
area. Moreover, Fig. 14 demonstrates two main regions as shown by two 
shoulders of the obtained curves, indicating the presence of LTO and 
HTO regions. Moreover, this exhibits the multistep trait of HCO oxida
tion in presence and absence of the used OSCs. However, no double 
shoulder behavior was observed in presence of Cu-based catalyst which 
signified contrarily-one shoulder instead of two. This again indicates the 
unique properties of Cu-OSC which is found to improve the hypotheses 
about the higher catalytic activity of Cu-based catalyst. To further sup
port the obtained activation energy values by isoconversional approach, 
it is worthy to illustrate them by applying the model-based approach 
which predicts the kinetic behavior of HCO oxidation in presence and in 
the absence of OSCs (Fig. 15). A total of 36 two-step models were 
selected for the analysis by applying the F-test [71], which allowed 
optimal model selection and described the two-step reactions. Table 4 
presents the kinetic parameters of HCO oxidation process obtained by 
the model approach of non-isothermal kinetics. A detailed consideration 
of each of the calculated models is presented in supplementary 
materials. 

The resulting kinetic parameters indicate a similar tendency toward 
activation energy decreasing for the experiments with OSCs. Once again, 
the obtained results showed a significant impact of the opted catalysts 
on the process of HCO oxidation kinetic parameters. Additionally, Cu- 
OSC improved the process of HCO oxidation significantly where it 
allowed a considerable decrease in the value of activation energy. It was 
even less than the activation energy value of the LTO region of HCO 
oxidation in absence of catalysts or even for those experiments in 
presence of Ni-OSC and Co-OSC. The activation energy of HCO high 
temperature oxidation in presence of Cu-OSC was found to be 69.3 kJ/ 
mole compared with LTO of non-catalytic oxidation, Fe-OSC, and Ni- 
OSC which were equal to 91.8, 81.9, and 85.3 kJ/mole, respectively. 
Given that our findings are based on activation energies dynamics, the 
kinetic study of such complicated processes in heterogenous media 
should therefore be treated by considering the whole equation of 
Arrhenius. In other words, unlike the positive effect generated by OSCs 
on the activation energy values of the HCO oxidation processes, the 
results seem to be contradictory in terms of their effect on the values of 
the preexponential factors of HCO high and low temperature oxidation 
regions. As can be seen from Table 4, OSCs have a negative effect on the 
values of the preexponential factors, which were expected to raise in 

Fig. 13. XRD patterns of OSCs without and with HCO after oxidation at 500 ◦C.  

Fig. 14. Activation energy dependency on conversion of HCO oxidation pro
cess in presence and absence of OSCs obtained by Friedman and KAS methods. 
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their presence as a complementary sign of significant impact on HCO 
oxidation reactions. Unfortunately, these results indicate that pre
exponential factor values decrease in presence of OSCs which leads to a 
reduction in the values of the reaction rates of the occurring reactions. It 
can be a negative factor for the function of OSCs. Thus, the total effect of 
the kinetic parameters on oxidation reaction rates should be estimated 
by calculating oil conversion time dependency on time at different 
conversion degrees based on the models obtained in Table 4 to confirm 
the positive effect of the catalysts. 

3.6. Kinetic predictions 

The role of OSCs in the processes of HCO oxidation from a kinetic 
point of view was further investigated by calculating the times corre
sponding to 10 %, 50 %, and 90 % of HCO oxidation based on the 
applied models. It is common knowledge that 10 % of HCO oxidation 
conversion is associated to LTO process as the beginning stages, mean
while 50 % conversion is related to the LTO end stage and HTO starting 
stage, and 90 % conversion time is associated to the HTO peak [33]. The 
obtained HCO oxidation conversion times in OSC systems are presented 

Fig. 15. DSC model fit curves for HCO oxidation in presence and absence of OSCs at different heating rates.  
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in Fig. 16. The aim of calculating the oxidation times at different reac
tion conversions is to confirm the positive effect generated by OSCs at 
HTO, which is basically the most important stage in the application of 
in-situ combustion projects because it is responsible for promoting the 
combustion front propagation throughout the reservoir volume. All 
OSCs exhibited their higher catalytic activity at HTO as illustrated by the 
short conversion times especially at temperatures lower than 500 ◦C 
which is commonly known as the temperature of combustion end for 
HCO. Moreover, the obtained results are in good agreement with the 
previous hypotheses about the significant effect of Cu-OSC on the pro
cess of HCO oxidation where it showed the least oxidation conversion 
time that is associated to the highest reaction rate compared with the 
non-catalytic oxidation of HCO and other OSCs. 

3.7. Thermodynamic study 

Thermodynamic functions of the activated complexes formation 
during HCO oxidation in presence and absence of OSCs were studied to 
provide more insight into the effect of the catalysts. In general, reactants 
are found usually in equilibrium with activated complexes in chemical 
processes according to the transition state theory. Studying thermody
namic functions during the HCO oxidation improves the knowledge 
about the thermal dynamics and heat exchange processes. In fact, the 
thermodynamic functions characterize the equilibrium of decomposi
tion process and can be calculated using the following equations: 

Δ‡H0 = Eα − RTst (7)  

Δ‡S0 = R
(

ln
hAα

KBTst
− 1

)

(8)  

Δ‡G0 = Δ‡H0 − TstΔ‡S0 (9)  

where KB and h are the Boltzmann and Planck constants, respectively, 
Δ‡G0, Δ‡S0, and Δ‡H0 represents Gibbs’s energy standard, entropy, and 
enthalpy of activated complex formation, respectively. Tst is an arbitrary 
chosen temperature which was defined as the first peak temperature at 
the minimum heating rate (613 K). The equations (7)-(9) require the 
knowledge of the activation energy and pre-exponential factor to 
calculate the thermodynamic functions of equilibrium. Friedman 
method was used to calculate these parameters as it requires minimum 
assumptions. The Gibbs energies, enthalpies and entropies calculated at 
different oxidation conversion are presented in Fig. 17 and Table S2. 

As can be seen from Fig. 17, the thermodynamic functions that 
describe equilibrium between the reactants and activated complex 
depend strongly on the conversion. This indicates that oil oxidation is a 
complex process including various consecutive and parallel reactions. 
The change in the enthalpy (Δ‡H0) characterizes the amount of the en
ergy required to reach the activated state. In all cases this change was 
found to be positive which indicates that the energy comes from the 
surrounding of the activated complex formation. Thus, if the required 
energy is high, the reaction rate is slow. Moreover, Fig. 17a highlights 
less values for HCO oxidation process enthalpy of activation in presence 
of OSCs at different conversions. This witnesses the positive effect of the 
catalysts especially in presence of Cu-OSC which exhibited the lowest 
enthalpy at higher conversion (HTO). Furthermore, the entropy Δ‡S0 

change is known to be an accurate parameter for describing the disorder 
difference between oil components and the activated complex during 
HCO oxidation process. As shown in Fig. 17b, Δ‡S0values for the pro
cesses of the catalytic and non-catalytic oxidation are negative. This 
indicates that the activated complex is more ordered than the initial 
state in all systems. It should be noted that in presence of OSCs, the 
entropy of activation in most cases showed a more negative value 
compared with the non-catalytic oxidation of HCO. This indicates that 
more ordered complexes were formed in presence of the opted catalysts. 
The obtained entropy and enthalpy values confirm the results of 

Table 4 
Kinetic parameters of HCO oxidation process in presence and absence of OSCs 
obtained by the model approach of non-isothermal kinetics.  

Kinetic parameters Sample LTO HTO 

Ea, kJ⋅mole-1 HCO  91.8  149.1 
Fe-OSC  81.9  105.5 
Ni-OSC  85.3  102.9 
Co-OSC  66.5  119.7 
Cu-OSC  85.4  69.3 

logA, A in s− 1 HCO  5.2  8.2 
Fe-OSC  4.6  5.3 
Ni-OSC  1.2  5.2 
Co-OSC  3.3  6.2 
Cu-OSC  3.3  2.7  

Fig. 16. Calculated oxidation times of HCO in presence and absence of OSCs at 
10% (a), 50% (b), and 90% (c) of oxidation conversion. 
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computational calculation (Fig. 8 and Table 3), which calculated the 
strength of bond energy between the SFOL and metals and found that Cu 
has the strongest bond energy with SFLO followed by Ni, Co and Fe. The 
values of the enthalpies related to these metals-based catalysts showed 
the same trend in terms of system order. In other words, the highest 
system order represents the strongest bond energy between the metal 
and SFOL as observed for Cu-OSC. Fig. 17b suggests the strongest energy 
bond between Cu and SFOL in presence of HCO at higher temperatures 
as shown by the lowest negative values of the system of HCO with Cu- 
OSC. In addition, the highest system order provided by Cu-OSC cor
roborates as well with the kinetic findings and the associated values of 
reaction rates obtained (Fig. 17). There is a satisfactory agreement be
tween the SEM analysis, XRD patterns, and the computational investi
gation about the stability of the HCO-Cu-OSC system at higher 

temperatures which allowed the formation of non-aggregated nano
particles of copper oxide at HTO and exhibit their catalytic activity on 
the process of HCO combustion without losing their electric and physical 
properties. This allows them to destruct and break down heavy com
ponents and coke product at this stage to improve heat generation, and 
therefore stabilize the combustion front. Fig. 17c presents the obtained 
results of Gibbs free energy of activation. In the literature, the Gibbs free 
energy of any process is usually used for expressing the amount of the 
activated complex being formed. More complex is formed in a system 
with lower Gibbs energy; therefore, the process will proceed faster. 
Thus, comparing Gibbs’s free energy in the catalytic and non-catalytic 
oxidation of HCO demonstrate the efficiency of the OSCs and could 
provide more details on the individual roles of each metal interaction 
with the associated ligand and oil components. The values of Gibbs’s 
free energy of HCO oxidation in presence and absence of OSCs are shown 
in Fig. 17c. The y-axis represents the difference between Gibbs’s free 
energy (Δ‡G0(non-cat)) associated to HCO non-catalytic oxidation pro
cess and the Gibbs’s free energy corresponding to HCO oxidation process 
in presence of OSCs (Δ‡G0(cat)). 

According to Fig. 17c, it can be concluded that OSCs accelerate HCO 
oxidation rate significantly with conversion increment especially at HTO 
region. Moreover, Ni-OSC and Co-OSC have insignificant effect on the 
reaction rate at conversions below 0.5. However, the catalytic effect was 
significantly enhanced at higher conversions (HTO region), which gives 
up to 10 kJ mol− 1 gain in the Gibbs energy. On another hand, Fe-OSC 
showed a similar trend as Ni-OSC and Co-OSC at lower conversion 
rates (less than 0.5) but with a linear increase in Gibbs energy at higher 
conversions rates (more than 0.5). It is worthy to note that Cu-OSC 
demonstrates the maximum catalytic activity where the Gibbs’s free 
energies started at the beginning of the process and increased immedi
ately in a linear manner. These observations reveal a significant effect of 
Cu-OSC especially on HTO and basically confirmed the results of the 
highest system order, the highest reaction oxidation, and the highest 
ligand–metal bonding energy, making it as a promising material for 
industrial application of in-situ-combustion for enhanced oil recovery. 

4. Conclusions 

This paper investigated the role of ligand structure and its interaction 
with different metals in oil soluble catalysts for enhancing heavy crude 
oil recovery by the in-situ combustion technique. Sunflower oil as a 
green and cheap source was used to synthesize a novel ligand for the 
preparation of effective oil soluble catalysts. The obtained results 
showed a strong bonding energy of the used metals with the ligand 
which provides a stable thermal property for the catalytic systems. The 
strongest bonding energy with ligand was found for Cu (40.5 kcal/mol) 
at different temperatures compared with Ni (13.7 kcal/mol), Co (14.4 
kcal/mol), and Fe (13.9 kcal/mol). Moreover, the resulting metal oxides 
nanoparticles showed less sizes for copper oxide particles (49–175 nm), 
providing higher specific surface area during the high temperature 
oxidation region. The findings about the copper-based catalyst appeared 
to be well supported by non-isothermal kinetics and thermodynamic 
study which highlighted the impact of the obtained oil soluble catalysts 
with different metals on the process of HCO oxidation. As expected from 
computational results and formed metals oxides nanoparticles at high 
temperatures oxidation region, the synthesized catalysts exhibited 
excellent catalytic activity on decreasing the activation energy of high 
temperature oxidation from 149.1 KJ/mol in non-catalytic system to 
105.5, 102.9, 119.7, and 69.3 KJ/mol in presence of Fe, Co, Ni, and Cu, 
respectively. These results were in a perfect agreement with the values 
of activation enthalpy, entropy and Gibbs’s free energy of HCO high 
temperature oxidation at 0.7 conversion degree which were found to be 
equal to 122.3 KJ/mol, − 131.9 J/mol, and 203.2 KJ/mol, respectively, 
for non-catalytic system compared with 85 KJ/mol, − 175.3 J/mol, and 
192.5 KJ/mol for Fe-OSC; 106.0 KJ/mol, − 151.1 J/mol, and 198.6 KJ/ 

Fig. 17. Activation enthalpy dependency (a), activation entropy dependency 
(b) on conversion of the catalytic and non-catalytic HCO oxidation, and Gibbs’s 
free energy of HCO oxidation in presence and absence of OSCs (c). 

A. Tajik et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 453 (2023) 139813

14

mol for Co-OSC; 108.4 KJ/mol, − 147.9 J/mol, and 199.1 KJ/mol for Ni- 
OSC, and 58.5 KJ/mol, − 207.7 J/mol and 185.8 KJ/mol for Cu-OSC. 
Even though all the synthesized catalysts generated a positive effect 
on HCO oxidation kinetics and thermodynamics functions, our findings 
suggest that the use of Cu-OSC could hypothetically lead to revolutionize 
the application of catalytic systems in the petroleum industry and would 
show a considerable effect on the worldwide economy which is directly 
related to the petroleum industry. These results clearly indicate that the 
structure of ligand has a predominant effect on efficiency of OSC and a 
stronger interaction of metal with ligand guarantees a highly effective 
catalytic system for HCO oxidation. We propose that further research 
should be undertaken in ramped temperature oxidation cells and com
bustion tubes at larger scales in presence of the obtained catalysts. It is 
expected that this research would be helpful in solving the combustion 
front propagation problem during the process of in-situ combustion and 
the obtained copper-based catalyst would be valuable in other enhanced 
oil recovery methods. 
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