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Abstract

:

The combustion front is a crucial parameter in determining the efficiency of in situ combustion techniques during enhanced oil recovery. Nowadays, catalytic systems are widely believed to be an efficient tool to stabilize the combustion front. This study aimed to investigate the synthesis and catalytic activity of manganese (II) oxide nanoparticles in the high-temperature oxidation of heavy oils. The synthesis and catalytic activity of manganese (II) oxide nanoparticles in the high and low-temperature oxidation regions of heavy oil were investigated in this study. The obtained nanoparticles were characterized and studied by using X-ray powder diffraction (XRPD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), thermogravimetric analysis (TG), nitrogen adsorption and desorption measurements, and differential scanning calorimetry (DSC) thermal analysis combined with the Kissinger isoconversional method. The obtained results showed that the synthesized nanoparticles had an average size of 17 ± 4 nm and a specific surface area of 38.2 ± 0.1 m2 g−1, with a pore size distribution of ~8 nm. The low and high-temperature oxidation processes’ activation energies were found to be 98.9 ± 0.7 kJ/mol and 151.9 ± 0.6 kJ/mol, respectively, in the presence of nanoparticles. However, these parameters were found to be equal to 110.1 ± 1.8 kJ/mol and 142.8 ± 8.3 kJ/mol, respectively, in the absence of nanoparticles. These data were processed further by calculating the corresponding reaction rates. The obtained results indicated that the rate of heavy oil oxidation was higher in the presence of the synthesized nanoparticles, which could play a critical role in stabilizing the combustion front in the in situ combustion process.
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1. Introduction


As the need for energy continues to rise, unconventional oil resources like heavy oils and bitumen are becoming more significant [1]. These resources are crucial for supporting economic growth and providing the energy needs of a constantly growing global population. They constitute a sizable supply of power that can supplement or even take the place of conventional oil sources that are running out [2]. In order to ensure energy security and lessen reliance on a few select oil-producing nations, unconventional oil resources must be fully exploited [2]. Heavy oil extraction has a long and evolving history, dating back to the early twentieth century. Heavy oils were initially considered uneconomical to produce and were frequently left in the ground. However, technological advancements and rising energy demand have rekindled interest in these resources [3]. Various thermal recovery methods for extracting heavy oils were developed in the 1950s and 1960s, including steam injection and in situ combustion [4,5,6,7].



As a result of enabling the direct oxidation of some of the oil inside the reservoir and producing heat and pressure, in situ combustion is a crucial thermally enhanced oil recovery technique. Despite its potential, in situ combustion still has various application restrictions and knowledge gaps [8]. For instance, choosing the right combustion front is essential to the process’s effectiveness, yet forecasting the front’s movement is still difficult. Additionally, the extreme conditions inside the reservoir can eventually cause equipment to decay, which can cause problems with operation [9,10,11].



In situ combustion front stabilization by catalytic application has been thoroughly researched in the literature for a variety of reservoir types, including heavy oil and coal-bed methane [12,13,14,15]. The use of various catalysts, including zeolites, metal oxides, and noble metals, has been investigated by researchers as a way to increase combustion efficiency and lower NOx emissions. According to the findings, the catalytic effect is influenced by the catalyst’s size and type, reaction temperature, and fluid composition in the reservoir. Studies have also looked at the workings of catalytic reactions and how they affect combustion. For instance, it has been discovered that the catalytic oxidation of CO and H2 raises the temperature of the combustion front, resulting in a more reliable and effective combustion process.



Several studies have shown that the addition of clays, minerals, and metal-based catalysts can significantly enhance the combustion of oil in porous media [16,17,18,19]. Out of the various catalytic systems, the micro and nanoparticles of transition metals and metal oxides have been found to be the most promising for use in pilot tests [14,20]. For instance, oleylamine-stabilized iron oxide nanoparticles that are 80 nm in size have been shown to catalyze fuel deposition and high-temperature oxidation reactions, as well as speed up the propagation of the combustion front [21]. Additionally, research on the impact of copper, chromium, and titanium nanoparticles on the oil oxidation process revealed that these catalysts could reduce the amount of fuel deposited and consumed during combustion and increase oil production by 20% [22]. The combination of low-temperature oxidation inhibition and high-temperature oxidation acceleration was observed in experiments with copper nano and sub-microparticles. The results showed that the presence of nanoparticles leads to a higher combustion front temperature [23]. The use of NiO nanoparticles in combustion tubes was found to increase the combustion front velocity by 9%, improve oil recovery by 4%, and reduce oil viscosity by 61% [24]. The oxidation of heavy oils and their high molecular weight components was tested using Zr, Ce, and Pd compounds in the form of nanoparticles [25,26]. Research shows that catalysts made of noble and rare earth metals exhibit higher catalytic activity, but their cost makes them uneconomical for use in oil production.



Manganese-based catalysts have a crucial role in the in situ combustion process, as they enhance the oxidation of heavy oils and increase the efficiency of the process [27,28,29]. The high catalytic activity of these catalysts leads to a reduction in the activation energy required for the combustion process, making it easier for the heavy oils to ignite and burn. This results in a more efficient and cost-effective in situ combustion process, with higher yields of lighter, more valuable products and lower emissions of harmful pollutants.



Moreover, the use of manganese-based catalysts in the in situ combustion process can also improve the stability of the reaction, reducing the likelihood of unwanted side reactions and ensuring a consistent and controlled process [30,31,32]. The use of these catalysts also enhances the distribution of oxygen throughout the oil reservoir, ensuring uniform combustion and maximizing the utilization of heavy oils. Overall, the use of manganese-based catalysts in the in situ combustion process represents a significant step forward in the development of more sustainable and efficient methods for heavy oil recovery.



It is crucial to acknowledge that the size and shape of nanocatalysts have a significant impact on their catalytic activity [33]. Generally, nanocatalysts with a large specific surface area, resulting from smaller particle sizes, exhibit improved catalytic performance. However, this small particle size also reduces their aggregative stability, negatively affecting their catalytic activity. Moreover, large aggregates can obstruct pore channels, hindering oil flow [34].



This study shed light on the influence of manganese oxide nanoparticles on the process of heavy oil oxidation during the application of in situ combustion technology.




2. Results and Discussion


SEM, EDX, and TEM can be used to identify the crystal structure and internal structure of the particles, which can provide insights into the synthesis process and any potential impurities present. Furthermore, these methods of analysis can be used to determine the size distribution of the nanoparticles, which is crucial for characterizing the performance of the material in various applications. Overall, SEM, EDX, and TEM provide a valuable and comprehensive characterization of the nanoparticles and are essential tools for understanding their behavior and properties.



In this study, TEM and SEM were used to determine the average size of the synthesized nanoparticles; meanwhile, EDX was utilized to highlight the elemental content of the obtained particles. The results showed that the particles have an average size of 17 ± 4 nm (Figure 1). TEM provided a high-resolution image of the nanoscale structure, making it possible to observe the fine details and uniformity of the nanoparticles. This information is critical for understanding the properties and performance of the material.



Powder X-ray Diffraction (XRPD) analysis is a powerful tool for characterizing the structural and crystalline properties of materials. In this study, XRPD was used to examine the composition of MnO nanoparticles. The results (Figure 2A) showed the presence of a single phase of MnO with an average particle size of 5 nm, as calculated using the Scherrer equation. It is important to note, however, that the Scherrer equation may not accurately reflect the true particle size in cases where there are other factors contributing to peak broadenings, such as crystal defects and distortions. Additionally, Thermogravimetric Analysis (TG) was performed to determine the presence of oleic acid on the surface of the particles (Figure 2B). The results indicated that there was approximately 18% oleic acid present and that this coating decomposed in the temperature range of 300–400 °C. These findings provide valuable information about the structure and stability of the MnO nanoparticles and offer insights into their potential applications.



The specific surface area of the catalysts produced in this study was determined through nitrogen adsorption measurements. The BET (Brunauer-Emmett-Teller) method, which was used in this study, is a commonly used method to calculate the specific surface area from the nitrogen adsorption isotherm. The BET method is based on the adsorption of nitrogen molecules onto the surface of the material, and the subsequent measurement of the amount of nitrogen adsorbed at different relative pressures. This information is then used to calculate the specific surface area and pore volume of the material.



The obtained results showed that the specific surface area was 38.2 ± 0.1 m2 g−1 (Figure 3), demonstrating the presence of a complex network of mesopores in the bulk catalyst sample. The nitrogen adsorption isotherm obtained was a type IV isotherm with an H2-type hysteresis loop between the desorption and adsorption branches. This hysteresis loop indicates the presence of mesopores, which are pores with diameters ranging from 2 to 10 nm (Figure 4). The pore network observed in the catalyst sample is a result of the voids between the particles and not due to the porosity of the nanoparticles themselves. This is a crucial point to consider when evaluating the performance of the catalyst, as the pore network can greatly impact the accessibility of the active sites and, in turn, the efficiency of the catalytic reaction.



The size of pore channels in the aggregates of nanoparticles was estimated using a unique approach that compared their structure to that of bulk samples. This method involved assuming that the pore channels in the aggregates were similar in size to those in the bulk samples. The pore size distribution was calculated from the desorption isotherm, which provided a detailed picture of the pore structure of the aggregates. The calculation resulted in peaks at around 8 nm, as shown in Figure 4. The ability to accurately measure the pore size distribution in aggregates of nanoparticles will enable researchers to optimize their performance and properties for specific applications.



Oil oxidation is a complex process that is widely studied due to its implications in various industries, such as petrochemical and fuel production. This reaction is exothermic, making calorimetry a useful tool for analyzing its kinetics. In this study, the reaction kinetics were examined using nonisothermal differential scanning calorimetry (DSC) (Figure 5). The DSC method involves heating a sample at varying rates and measuring the heat evolved as a function of temperature. The results of this study were presented in the form of DSC curves, which displayed two distinguishable exothermic signals. The first signal, referred to as low-temperature oxidation (LTO), was due to the formation of oxygen-containing organic compounds, such as peroxides, alcohols, and carbonyl compounds. The second signal, referred to as high-temperature oxidation (HTO), was due to the oxidation of coke and the production of carbon oxides and water. The results showed that the catalytic reaction occurred at lower temperatures, indicating an acceleration of the oxidation process. This was demonstrated by the shift in the exothermic signal to lower temperatures in the catalytic oxidation curve compared to the noncatalytic oxidation curve. The results of this study provide valuable insights into the kinetics of oil oxidation, which can be applied to the optimization of various industrial processes that involve oil oxidation reactions.



Table 1 and Figure 6 present the results of a study that compares the reaction intervals and peak temperatures of noncatalytic and catalytic cycles of low-temperature and high-temperature oxidation processes. The results show that the catalyst has a significant impact on the high-temperature oxidation (HTO) process, as evidenced by the differences in the corresponding Tp values of the noncatalytic and catalytic processes depicted in Figure 6. However, the effect of the catalyst on the low-temperature oxidation (LTO) process is relatively minor. These findings highlight the importance of using a catalyst in high-temperature oxidation processes to improve reaction efficiency and enhance the final product quality. The data presented in Table 1 and Figure 6 can be used as a reference for the optimization of oxidation processes in enhanced oil recovery fields.



In order to estimate the kinetic parameters of heavy oil oxidation, the Kissinger method was employed [25]. This method allows for the calculation of the kinetic parameters of the oil oxidation process by linking the change in peak temperatures (Tp) of DSC curves with different temperature programs (β) to the Arrhenius parameters of the reaction (Equation (1)).


  l n  (   β   T p 2     )  = −    E a   R  ×  1   T p    + l n  (    A × R    E a     )   



(1)







The Kissinger method was selected over other methods used for calculating kinetic parameters [26,27,28,29] due to the complexity of the process, making it challenging to choose a baseline. The Kissinger method was deemed a reasonable alternative as the peak temperatures needed for the calculations are only weakly dependent on the baseline choice.



Figure 7 shows Kissinger plots for heavy oil oxidation in the presence and absence of manganese oxide nanoparticles. The obtained kinetic parameters for these processes are presented in Table 2.



The results from the kinetic parameters calculation demonstrate the significant impact of the synthesized nanoparticles on low-temperature oxidation. Table 2 reveals that both catalytic and noncatalytic processes have similar Arrhenius parameters, indicating comparable reaction rates. On the other hand, the high-temperature oxidation process exhibits a distinct pattern. The activation energy of the noncatalytic reaction is significantly lower, implying a faster reaction rate compared to the catalytic process. Despite this, the noncatalytic HTO has a lower pre-exponential factor A, which suggests a slower reaction rate compared to the catalytic oxidation reaction.



The combined effect of these two parameters on the reaction kinetics was evaluated by calculating the dependence of the effective rate constant (K) on the reciprocal temperature using the following equation:


  l n k = l n A −  E a  / R T    



(2)







Figure 8 illustrates that the rate constant difference between noncatalytic and catalytic combustion is smaller for LTO than for HTO. The results suggest that the acceleration of HTO’s catalytic process is primarily driven by a lower value of pre-exponential factor A.



The results show that the noncatalytic and catalytic processes have similar Arrhenius parameters, which means that the reaction rate is comparable for both processes. However, when it comes to the high-temperature oxidation process, there is a noticeable difference between the noncatalytic and catalytic reactions. The activation energy for the noncatalytic reaction is significantly lower, which implies that the reaction rate is faster than that of the catalytic process.



Despite the higher activation energy of the catalytic process, the results show that the catalytic oxidation reaction has a higher pre-exponential factor A. This indicates that the reaction rate of the catalytic process is faster than that of the noncatalytic reaction. This result is significant as it suggests that the synthesized nanoparticles play a significant role in enhancing the reaction rate of the catalytic high-temperature oxidation process.



The findings of this study highlight the impact that synthesized nanoparticles can have on the reaction rate of high-temperature oxidation processes. The results demonstrate that while the noncatalytic process may have a lower activation energy, the catalytic process has a higher pre-exponential factor A, which contributes to the overall faster reaction rate of the catalytic process. These findings have important implications for the design and optimization of catalytic processes for high-temperature oxidation.



Figure 9 shows a comparative analysis of the effect generated by the application of manganese oxide particles with different sizes and shapes. As can be seen from Figure 9, the impact generated by manganese oxide sub-microparticles, which were obtained in our previous work [27] with an octahedral shape, has been found to be less significant than the impact of the manganese oxide nanoparticles obtained in the current work. It has been shown that manganese oxide sub-microparticles shift the high-temperature oxidation peak at different heating rates by 33.7; 34.2; 36.7, and 35.3 °C for 5, 10, 15, and 20 °C/min. However, this shift in the high-temperature oxidation region peaks in the presence of manganese oxide nanoparticles was found to be equal to 41.7, 45.2, 47.6, and 48.4 °C for 5, 10, 15, and 20 °C/min, respectively.




3. Experimental Methods


3.1. Materials


Manganese (III) tris-acetylacetonate (97%, Acros Organics), oleic acid (99%, Sigma Aldrich (Taufkirchen, Germany)), 1-octadecene (90%, Acros Organics), 1-dodecanol (98%, Acros Organics), methanol (99.9%). %, Sigma Aldrich (Taufkirchen, Germany)) were purchased and used without purification. To study the process of catalytic oxidation of heavy oils, we used Ashalcha oil (Tatarstan, Russia). A detailed description of the properties of the used heavy oil is presented in Table 3.




3.2. Synthesis of MnO Nanoparticles


A total of 0.8 g of manganese (III) tris-acetylacetonate was dissolved in a mixture of 1.1 g of oleic acid, 10 mL of 1-octadecene, and 0.56 g of 1-dodecanol. The synthesis was carried out in a Parr Instruments 4560 batch reactor. The reaction mixture was heated to 270 °C in a nitrogen atmosphere and kept at this temperature for 1 h; the stirring speed was 100 rpm. Then the reaction mixture was cooled to room temperature, and 100 mL of methanol was added to precipitate the product. Target nanoparticles were isolated by centrifugation and dried in a desiccator. The UP200Ht ultrasonic homogenizer was used for all ultrasound examinations.




3.3. MnO Nanoparticles Characterization


3.3.1. X-ray Powder Diffraction (XRPD)


X-ray powder diffraction (XRPD) is a powerful analytical technique that allows for the characterization of crystalline materials. The XRPD study performed using the MiniFlex 600 diffractometer offers several advantages over other methods. Firstly, the use of Cu Kα1 radiation provides high-quality data with high resolution and sensitivity. Secondly, the D/teX Ultra detector allows for efficient detection of the X-rays scattered by the sample, providing detailed information on the structure of the material. Thirdly, the study was conducted at a controlled temperature of 25 °C, which eliminates any temperature-related effects on the sample and ensures the reproducibility of the results. Fourthly, the use of a 2θ range of 2° to 100° in 0.02° steps and an exposure time of 0.24 s at each point allows for a comprehensive analysis of the sample. Additionally, the absence of sample rotation ensures that the results accurately represent the sample’s true structure. In conclusion, the XRPD study using the MiniFlex 600 diffractometer equipped with the D/teX Ultra detector offers a highly accurate, sensitive, and efficient method for characterizing crystalline materials.




3.3.2. Electron Microscopy Analysis


Electron microscopy analysis is a powerful tool for imaging and analyzing the structure and properties of materials at the nanoscale. In this study, SEM, EDX, and TEM analyses were acquired using a Hitachi HT7700 Excellence instrument. To prepare the sample, 10 μL of the nanoparticle suspension was placed on a carbon-coated copper grid and dried. This allowed for high-resolution imaging of the individual nanoparticles. The analysis was performed at an accelerating voltage of 80 kV in TEM mode, providing clear and detailed images of the particle structure and morphology. Particle size was estimated by measuring 100 individual particles, providing quantitative information on the size distribution of the nanoparticles. The use of SEM, EDX, and TEM in this study offers several advantages, including the ability to study the internal structure of materials, to analyze small structures in great detail, and to perform microanalysis for chemical composition. These capabilities make SEM, EDX, and TEM valuable tools for a wide range of applications in the research community.




3.3.3. Measurements of Nitrogen Adsorption and Desorption


The measurement of nitrogen adsorption and desorption is a crucial technique to determine the properties of materials and catalysts at a molecular level. In this study, the measurements were conducted at 77 K using the ASAP 2020 MP instrument (Micromeritics). The samples were degassed before the measurements to ensure accurate results. The adsorption and desorption isotherms consisted of about 80 points and provided valuable information about the specific surface area and pore size distribution of the synthesized catalyst. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method, which uses the relative pressure range of 0.05–0.30. The pore size distribution was calculated using the Barrett-Joyner-Halenda (BJH) method, which employs a cylindrical pore model. The use of nitrogen adsorption and desorption measurements in combination with these methods provides a comprehensive understanding of the properties of catalysts and materials, including the surface area, pore size, and distribution, making it a valuable tool in characterizing and optimizing these materials.




3.3.4. Thermal Analysis


Thermal analysis is a powerful tool for studying the thermal behavior of materials and their physical and chemical changes during heating or cooling. The study of the thermal properties of materials provides valuable information about their behavior during processing and their stability under different conditions. The experiments were carried out using an STA 449 F1 Jupiter thermal analyzer, which is a state-of-the-art instrument with high accuracy and precision. The temperature range used in the experiments was from 30 to 600 °C, which is wide enough to cover the majority of the temperature range required for thermal analysis studies. The experiments were carried out in an air flow atmosphere, which is a commonly used environment for thermal analysis, providing a controlled and stable atmosphere for the experiments. The samples were prepared by mixing heavy oil and pure quartz sand with a fraction of 43–64 μm, and in the case of catalytic experiments, the initial oil sample contained 2.0 wt.% nanoparticles. This preparation method ensures that the sample is homogeneous and representative of the material being studied.






4. Conclusions


In conclusion, the optimization of in situ combustion with manganese (II) oxide nanoparticle-catalyzed heavy oil oxidation was studied in this paper. The synthesis and characterization of manganese (II) oxide nanoparticles were performed, and their catalytic activity in the high- and low-temperature oxidation of heavy oils was evaluated. The results showed that the synthesized nanoparticles had an average size of 17 ± 4 nm and a specific surface area of 38.2 ± 0.1 m2 g−1. The calculated reaction rates indicated that the rate of heavy oil oxidation was higher in the presence of the synthesized nanoparticles.



These findings demonstrate the potential of manganese (II) oxide nanoparticles as a catalyst for enhancing the in situ combustion process. The stabilized combustion front could improve the efficiency and effectiveness of heavy oil extraction, providing new opportunities for the development of sustainable and environmentally friendly technologies in the oil and gas industry. The results obtained in this study can also be applied to other types of fuels and combustion systems, as well as other fields, such as energy storage and conversion, catalysis, and environmental protection.



It should be noted that further research is needed to fully understand the mechanisms of the catalytic action of manganese (II) oxide nanoparticles and to optimize the synthesis process to produce nanoparticles with improved properties. The study of the long-term stability and durability of the nanoparticles under various conditions and the examination of their interactions with the environment are also essential for the practical application of these materials.



The obtained results indicated that the synthesized nanoparticles had promising catalytic activity in stabilizing the combustion front in the in situ combustion process. However, further studies are necessary to optimize the use of these nanoparticles in a commercial setting.



In future work, we plan to investigate the effects of varying the concentration and size of the nanoparticles, as well as their performance under different conditions. Additionally, we will conduct cost-benefit analyses and feasibility studies to assess the economic viability of using manganese oxide nanoparticles in in situ combustion technology on a larger scale.



Overall, this research provides a valuable contribution to the optimization of in situ combustion for heavy oil extraction and highlights the potential of using manganese oxide nanoparticles as a catalyst in this process.



This study provides a new insight into the optimization of in situ combustion by utilizing manganese (II) oxide nanoparticles as a catalyst. The results offer a promising approach to enhancing the stability of the combustion front and improving the efficiency of heavy oil extraction. The potential applications of this technology in various fields, such as energy and environmental protection, highlight the importance and relevance of this research.
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Figure 1. SEM, EDX, and TEM analysis of the obtained MnO nanoparticles. The particle size distribution is shown in the inset. 
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Figure 2. X-ray phase analysis (A) and TG curve (B) at 10 °C min−1 heating rate of the synthesized nanoparticles. 
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Figure 3. Isotherms of nitrogen adsorption and desorption of the synthesized nanoparticles. 
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Figure 4. Pore size distribution of the synthesized nanoparticles. 
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Figure 5. DSC curves for noncatalytic (top) and catalytic (bottom) heavy oil oxidation at different heating rates (5—black, 10—red, 15—blue, and 20—green) in K/min. 
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Figure 6. Differences between peak temperatures (ΔTp) for catalytic and noncatalytic heavy oil oxidation at different heating rates. 
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Figure 7. Kissinger plots for catalytic and noncatalytic oxidation for LTO (A) and HTO (B). 
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Figure 8. Change in effective rate constants depending on temperature for catalytic and noncatalytic low-temperature (A) and high-temperature (B) oxidation. 
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Figure 9. Differences between peak temperatures (ΔTp) for heavy oil oxidation at different heating rates in the presence of MnO particles with different sizes and shapes. 
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Table 1. Reaction intervals and peak temperatures for noncatalytic and catalytic oil oxidation.
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Sample

	
β, °C·min−1

	
Noncatalytic

	
Catalytic




	
Range, °C

	
Tp, °C

	
Range, °C

	
Tp, °C






	
LTO

	
5

	
264−435

	
332.9

	
264−435

	
335.3




	
10

	
290−424

	
351.6

	
290−424

	
354.3




	
15

	
314−432

	
362.2

	
314−432

	
365.7




	
20

	
282−477

	
370.2

	
282−477

	
373.9




	
HTO

	
5

	
421−480

	
475.3

	
421−470

	
433.6




	
10

	
450−512

	
495.8

	
450−484

	
450.6




	
15

	
460−516

	
510.7

	
460−501

	
463.1




	
20

	
472−525

	
518.4

	
472−510

	
470.0
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Table 2. Arrhenius parameters of oxidation processes.
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Noncatalytic

	
Catalytic




	

	
LTO

	
HTO

	
LTO

	
HTO






	
Ea, kJ/mol

	
110.1 ± 1.8

	
142.8 ± 8.3

	
98.9 ± 0.7

	
151.9 ± 0.6




	
lnA, A in min−1

	
10.6

	
11.3

	
9.5

	
14.3
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Table 3. Viscosity, density, SARA fractions, and elemental analysis of the studied heavy crude oil.
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Viscosity (mPa·s)

	
Density (g/cm)

	
SARA Fractions wt.%

	
Elemental Analysis wt.%




	
S

	
A

	
R

	
A

	
C

	
H

	
N

	
S






	
11,811

	
0.97

	
26.2 ± 0.5

	
44.1 ± 0.6

	
26.3 ± 0.5

	
4.5 ± 0.3

	
82.09

	
10.12

	
0.63

	
2.65
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