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Abstract

:

Heavy oil was divided into different pseudo-components according to their boiling ranges through a real-boiling point distillation process, and the oxidation products for pseudo-components with a boiling range higher than 350 °C were systematically investigated during low temperature oxidation (LTO). Kinetic cell (KC) experiments were conducted under different ambient pressure conditions and temperature ranges, and the oxidation products were characterized using Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). The results indicate that the oxygen addition and cracking reactions typically occur in the temperature intervals of 140–170 °C and 180–220 °C, respectively, at the given heating rate of 3.83 °C/min. Components with the mass-to-charge ratio in the region of 250–450 Da mainly evaporate in the temperature regions of 25–150 °C, which results in losses from the fraction. Considering the gas-liquid multi-phase reaction, the pseudo-components with low boiling range distributed on the surface of the liquid film are prone to generate high molecular weight compounds through oxygen addition. In contrast, the high boiling point range fractions increase in molecular weight through oxygen addition and are then subject to further cracking processes that generate lower molecular weights in the region of 200–400 Da. N1O3- and N1O4- containing compounds were determined by high resolution mass spectra, and these compounds were generated through oxygen addition of basic N1-containing compounds. On the basis of these reactions and the experimental results obtained, some insights related to the LTO of heavy oil, which are highly valuable for ISC field applications, are summarized.
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1. Introduction


Considering the issues of increasing energy demand of mankind and the challenge of renewable energy development, the profitable exploitation of unconventional oil and gas resources with less energy consumption is more imperative at present than before. As a typical unconventional fossil fuel, heavy oil is widely distributed with large amounts of underground resources, especially in Canada, Venezuela and China, etc. (Lovett et al. 2015; Ashraf et al. 2021; Safaei et al. 2022) [1,2,3]. Therefore, the development of heavy oil is of great strategic significance to adjust the energy structure and alleviate the energy crisis. However, the steam method used in the development of heavy oil is traditionally considered as a high energy consumption process. In situ combustion (ISC) is acknowledged as one of the most attractive alternatives for heavy oil recovery due to its higher displacement efficiency and better cost-effectiveness [4]. The ISC process is essentially a complex thermochemical reaction, which occurs simultaneously in multiphase flow in heavy oil reservoirs. It is generally divided into three stages according to the local temperature environment: low temperature oxidation (LTO), oxidative cracking and high temperature oxidation (HTO) [5,6].



The LTO process is defined as the beginning of the ISC, which generates a certain amount of oxygenated compounds with multi-oxygen groups (Ox, x ≥ 2). Then the second stage, known as oxidative cracking, begins under atmospheric conditions when temperature rises to around 260 °C. Oxygenated compounds are continually cracked into lower molecular weight hydrocarbons mainly through decarbonation processes [7]. The residue called “coke” serves as fuel and is burned through the HTO process in the even higher temperature region of around 380 °C. Hence, the LTO process can be regarded as the first stage in “coke” preparation, and many researchers name these mixtures as ‘coke1’ [8]. The oxidative cracking process is regarded as the second or final phase of the “coke” preparation, which generates thermal cracking products defined as ‘coke2’ [9]. Although numerous studies have reported on the LTO mechanism of heavy oil, the correlation between the production evolution and molecule distribution at different temperature regions is unclear.



Traditionally, most researchers characterized the reaction kinetics of heavy oil during the ISC process solely according to the content variation of saturates, aromatics, resin and asphaltene (abbreviated as SARA) analysis [10,11]. The degree of LTO was intensified with the oxidation temperature, during which gas compositions and the content of elements, saturates-aromatics-resins-asphaltenes (SARA) fractions, free radicals, and hydrogen groups of oils that were produced changed obviously [12,13]. However, the relationship between variation in the SARA fractions and the reaction kinetics as well as fuel consumption have been studied using qualitative or semiquantitative analysis methods, and the conclusions drawn by different researchers are contradictory. Saturated hydrocarbons have a higher reactivity during the LTO process and tend to be more readily oxidized than other components [14]. However, aromatic hydrocarbons have greater reactivity during oxidation [15]. Therefore, the traditional method of separating the heavy oil with a wide carbon number distribution and varying functional groups into SARA fractions according to its polarity variation is not suitable for explaining the effect of the ISC processes which involve intense distillation effects and large temperature differences.



The true boiling point distillation (TBPD) experiment is normally used to divide the heavy oil into different fractions according to the different true boiling points of the components rather than polarity [16]. In contrast to using the SARA fraction, the method of dividing heavy oil into different pseudo-components according to distillation range may help to reveal the relationship between the component consumption and distillation range distribution. Hence, it can be inferred that serious separation of components would occur in the reservoir during the ISC process due to the distillation effect [17]. The components with lower boiling points evaporate more readily and are flushed away by flue gases rather than oxidized, whereas the higher boiling range fractions would burn as fuel in three reaction periods. A study of the reaction kinetics of different pseudo-components suggests that the fractions with higher boiling point range are consumed more as fuel, and therefore, contribute more to heat generation [18]. Hence, the method of dividing the heavy oil into different pseudo-components according to their different boiling ranges is more reasonable than SARA. The variation of the components with boiling ranges higher than 350 °C should be considered most as the main contribution of LTO.



In order to characterize the variation of components in the LTO process, gas chromatography (GC) [19], thermo-gravimetry (TG) [20], Fourier transform infrared spectroscopy (FT-IR) [21] and other advanced apparatus have been widely used recently. The oxidation products through the GC analysis during the ISC process, and a significant pyrolysis reaction was verified according to the variation in the carbon number distribution [22]. In addition, an important marker called anthracene was also detected, from which can be inferred that the thermal cracking of heavy oil is an essential reaction path in the successful ISC process [23]. Since the analysis of effluent oil in peaks spectrum varying with the wavelength or retention time, which were automatically plotted by the FT-IR and GC apparatus, separately demonstrated the light absorption versus wavelength and total ionize intensity versus retention time. Neither of the two methods can precisely determine the concentration or the total amount of compounds. A greater deviation may occur when serious baseline drift is encountered in heavy oil gas chromatography [24]. Therefore, according to the changes of molecular functional groups and carbon number distribution, the comprehensive characterization method of analyzing the complex components of crude oil at the molecular level is very important to revealing the reaction scheme in the ISC process [25]. FT-ICR MS has proved to be an efficient method for providing quantitative information on crude oil, especially concerning the molecular composition with different carbon number distributions and functional groups variation [26,27]. The fraction variation in oil samples can be assessed using FT-ICR MS assisted with multiple ionization sources, and the results indicate that the basic nitrides and PAHs in heavy oil are relatively stable, whereas the acidic compounds undergo significant changes [28].



In this work, the oxidation behavior of heavy crude oil and its distillate fractions were investigated using KC experiments and FT-ICR-MS, which were expected to offer some new insights into the oxidation mechanisms of crude oils during the LTO process.




2. Apparatus and Methodology


2.1. Materials


The oil sample was collected from Xinjiang Oil field and was dehydrated prior to use. A HAAKE RS6000 Rotor Rheometer (Thermo Scientific, Karlsruhe, Germany) was used to determine the viscosity of the oil sample at a constant temperature of 40 °C. The oil sample was characterized with a density of 0.959 × 103 kg/m3 and the viscosity of 14,582 mPa·s.



The true boiling point distillation experiments were conducted under atmospheric and vacuum conditions to fractionate the oil sample into many pseudo-components with different boiling ranges. The mass distribution of the pseudo-components of the oil sample is presented in Table 1. It can be seen that the content of collected components with a boiling point greater than 350 °C exceeds 68% of the oil sample. These fractions were regarded as major sources of fuel formation during the ISC process due to their poor mobility (or higher viscosity) and smaller distillation effect.




2.2. Apparatus


A true boiling point distillation apparatus (Petroleum Analytical Instrument Company, Dalian, China) was used for preparation of the pseudo-components, and the kinetic cell (KC) experiment was conducted to investigate the LTO process of heavy oil in porous media. A detailed description of the apparatus and experimental operations has been presented in previous research [29]. A Bruker’s Apex-Ultra model Fourier transform ion cyclotron mass spectrometer (FT-ICR MS) was then utilized to characterize the functional groups and carbon number distribution of the heavy oil.




2.3. Kinetic Cell Experiment


The kinetic cell (KC) experiment device consists of four units: the temperature monitoring unit, the air flow rate control unit, the gas concentration measurement unit, and the data transportation and logging unit. In order to investigate the LTO reaction at different environmental temperatures, the furnace heating was pre-programmed to increase a linear manner from room temperature to the different target set-points. The other experimental conditions and procedures remained unchanged. Quartz sand particles with the mesh size of 40–60 were mixed adequately with the pseudo-components at a mass ratio of 10 to 0.5 and placed into the cell. Details of the KC experiment procedure were also reported in the previous research [30]. The test process was as follows: the whole system was flushed with nitrogen at the rate of 2 L/min to calibrate the gas analyzer after the completion of the leak check process, and then altered to air injection at the same rate. The furnace was triggered with a heating rate of 3.83 °C/min while the oxygen concentration was maintained at a constant value of 20.80%. At the same time, the gas concentration produced was monitored on-line by the gas analyzer. The parameters of the KC experiments are shown in Table 2.




2.4. FT-ICR MS Characterization


The FT-ICR MS instrument has a magnetic field strength of 9.4 T and is equipped with a negative ion electrospray ionization (-ESI) source to ionize compounds containing polar heteroatoms. After the LTO process, the oil sand was removed from the kinetic cell and the oxidation products were extracted with toluene according to the national standard SYT 5118–2005. The mixture was then dissolved continuously with more toluene diluted to 10 mg/mL. Methanol and toluene were mixed at a volume ratio of 3:1 and used to dilute the above solution to 0.2 mg/mL. In addition, a 20 µL NH4OH solution was spiked into the 1 mL analyte to promote the ionization.



The mass spectrum peak data with a signal-to-noise ratio greater than 5.5 was then imported into Excel, and the relative molecular mass (IUPAC Mass) of the compound was converted into Kendrick mass by Equation (1):


  K e n d r i c k M a s s = I U P A C ×   14   14.01565    



(1)







In this calculation, the relative molecular mass of the compounds with the same parent structure differs by an integer multiple of 14, while the decimal portion remains the same the same. Therefore, the same type of compounds can be quickly identified according to the Kendrick mass.



Negative-ion electrospray ionizes petroleum acids and weakly acidic, neutral nitrogen compounds, by which the atomic groups of C, H, O, N and S in molecules can be determined accurately. Therefore, the chemical formula (CcHhNnSs) can be accurately determined according to the exact molecular weight corresponding to the mass spectrum peaks [31]. The equivalent double bond (DBE) is defined as the sum of the number of double bonds and the number of cycloalkyl moieties in the molecular structure. The formula is provided as follows:


  D B E = c −  h 2  +  n 2  + 1  



(2)








2.5. Total Oxygen Consumption and Carbon Oxides Production


The molar amounts of O2 consumption and COx (equal to the sum of CO and CO2) production for different pseudo-components were calculated according to the on-line measurement of the gas analyzer. In past studies, two peaks have been found in both the O2 and COx concentration curves, which also correspond to the two temperature humps designated as low temperature oxidation (LTO) and high temperature oxidation (HTO), respectively [32]. The accumulation amount of carbon oxides production during the HTO period was defined as the amount of fuel consumption.



The gas analyzer produced data in the form of percent concentration of the vent gas per second. The total production of COx and consumption of O2 in the kinetic cell experiment were calculated using Equations (3) and (4):


   n     co + co   2     = q  ⋅   ∫    t 1     t 2         Cco + co   2    dt  



(3)






   n   o 2     = q  ⋅   ∫    t 1     t 2       C ′     o   2  −    Co   2    dt  



(4)




where q represents the gas flow; t1 and t2 represent the moments that different reaction processes start and end, respectively. The concentrations of O2, CO and CO2 were detected by the gas analyzer.





3. Results and Discussion


3.1. Oxidation Degree at Different Temperature Regions


The molar amounts of oxygen consumption and carbon oxides production for the four distillate fractions (350–420 °C, 420–450 °C, 450–500 °C and 500+ °C) of oil sample 1 increased with the ambient temperature; the calculated results are listed in Table 3 and Table 4. The results indicate that the higher the environment temperature, the greater the oxygen addition and cracking degree of LTO, which is consistent with the previous research [33].



RCOx/O2 designates the ratio of carbon oxides production to oxygen consumption. Table 5 lists the calculated values of each pseudo-component. Significantly, the value of RCOx/O2 increases directly with the carbon oxides production, which indicates that the degree of decarboxylation of pseudo-components increases in the LTO process. The RCOx/O2 of four pseudo-components is low and varies in the range of 0–0.33 when the temperature falls in the region of 25–200 °C. The pseudo-components of the 350–420 °C and 420–450 °C ranges are susceptible to being oxidized into oxygen-containing compounds to a higher degree due to their higher concentration in the gas phase. However, the pseudo-components of 450–500 °C and 500+ °C have a lower oxidation degree with a lower conversion. Although these four components present different reaction behaviors, the RCOx/O2 of each pseudo-component continues to increase to about 50% when the temperature increases to 300 °C. This indicates that the oxygen addition and decarboxylation or cracking reaction become faster with even greater conversion of heteroatom compounds. During this process, the oxygenated products containing Ox (x ≥ 2) groups continue to react with oxygen through two different processes, namely decarboxylation and dehydrogenation reactions. The rates of both the reactions vary directly with the temperature, resulting in a greater amount of carbon oxides production.



Figure 1 shows that the temperature that triggers the LTO process for the four pseudo-components varies directly with their boiling range. The temperature that triggers the oxidation and cracking reactions is higher for pseudo-components with higher boiling range when all other factors are the same. The oxidation reaction monitored by the oxygen consumption for the four pseudo-components occurs when the ambient temperature reaches 145.43 °C, 155.95 °C, 162.20 °C and 167.63 °C, respectively. However, the carbon oxides production, which is normally considered as the indicator of cracking reactions, was not initiated until the temperature reached even higher values of 184.32 °C, 193.21 °C, 197.83 °C and 210.23 °C, respectively. According to the variation of COX and O2 concentrations in different temperature ranges, it can be inferred that the pseudo-components mainly undergo oxygen addition in the range of 140–170 °C, whereas the cracking and dehydrogenation occur simultaneously at 180–220 °C. Furthermore, it can be predicted that for the whole crude oil, oxidation and cracking reactions occur when the ambient temperature varies in the regions of 150–200 °C and 200–300 °C, respectively.




3.2. Evolution of Relative Molecular Weight Distribution


In order to characterize the molecular weight distribution of the pseudo-components at different temperature regions, the mass spectra variation before and after oxidation were superimposed to identify any differences, as is shown in Figure 2 and Figure 3. The blue and red curves represent the mass spectrum peak distributions for different components before and after oxidation, respectively. The x-axis represents the variation in relative molecular weight, and the y-axis is the total ion current intensity, which is regarded as relatively abundance.



Figure 2 shows the high-resolution mass spectrogram of four pseudo-components before and after the reaction in the 25–150 °C temperature range. Notably, the amount of low molecular weight compounds is reduced, which might be attributed to the oxidation and evaporation processes. Considering the initial reaction temperature varying from 145.43 to 167.63 °C for different fractions, the amount of oxygen consumption should be the lowest or even zero (for the component 500+ °C) if the ambient temperature is set in the range of 25–150 °C (shown in Table 4). The carbonaceous gas production for pseudo-components in the 450–500 °C and 500+ °C ranges were also measured as zero (shown in Table 5), which confirms the absence of decarboxylation or cracking reaction. In addition, a high precision resolution gas analyzer was used to monitor the compositions of the effluent gas and a small amount of C1-C4 production was found, which was attributed to either the cracking reaction or distillation effect during the LTO process [34]. Consequently, the reduction in the content of low-molecular-weight compounds distributed in the left side of the spectrum for each pseudo-component is mainly caused by the serious distillation effect. In the temperature interval 25–150 °C, compounds withmolecular weight distributions in the range of 250–300 Da, 250–320 Da, 350–430 Da and 300–450 Da, which were initially characterized as the four pseudo-components, were found only at low levels. According to the evolution of the relative molecular weight distribution in the 25–150 °C temperature region, it can be inferred that the pseudo-components with molecular weights of 250–450 Da were mainly evaporative fractions, which were volatilized and flushed by the flue gases.



Figure 3 shows the variation in the high-resolution mass spectra for the four pseudo-components before and after the reaction in the temperature region of 25–200 °C. These results indicate that the molecular weight distribution centers for the pseudo-components 350–420 °C and 420–450 °C shifted to the right during the oxidation reaction, and the number of mass spectra peaks found increased significantly in the 400–500 Da and 450–550 Da intervals. Conversely, the mass spectra of the pseudo-components 450–500 °C and 500+ °C showed no obvious changes before and after oxidation. The pseudo-components 350–420 °C and 420–450 °C consumed 6.36 × 10−3 mol and 6.56 × 10−3 mol of oxygen, respectively. They also produced lower amounts of carbonaceous gases: 3.73 × 10−4 mol and 1.19 × 10−4 mol, respectively. Similarly, the pseudo-components 450–500 °C and 500+ °C possess more viscous liquid films which substantially decrease the oxygen transportation speed; as a result, the oxygen consumption of these pseudo-components is greatly decreased (1.64 × 10−4 mol and 3.60 × 10−5 mol, respectively). Consequently, the pseudo-components with low boiling point range mainly generated high molecular weight compounds through the oxygen addition process. In the temperature interval 25–200 °C, the number of compounds with small molecular weights are slightly decreased, and are primarily distributed in the intervals of 350–430 Da and 300–460 Da. Additionally, the viscosity of crude oil after the LTO process may increase dramatically due to the reduction of some volatile fractions by distillation.



Figure 4 provides a high-resolution mass spectra of the four pseudo-components before and after the reaction in the 25–300 °C temperature range. The centers of the molecular weight distributions were significantly shifted to the left after oxidation due to the characterization of additional small molecular substances, which suggests a cracking process. Similarly, together with the carbonaceous gas production results shown in Table 5, it can be speculated that the oxidized products of oxygen addition continue to react with O2, leading to an even wider molecular weight distribution and lower molecular weight compounds. It has been reported that the cracking of weak C-C bonds within the branch chain is prone to occur under the attack of oxygen atoms during the LTO process, resulting in the formation of small molecule acid substances, CO2 and CO [35]. Figure 4 shows that the newly generated substances obtained from the oxidation reaction of four pseudo-components exhibit a molecular weight distribution in the intervals of 200–320 Da, 150–330 Da, 200–400 Da and 200–430 Da, respectively. The compounds within the pseudo-components 350–420 °C have broad molecular weight distributions, containing high-mass and low-mass compounds, which suggests that the main reaction transferred from oxygen addition to thermal cracking accompanied by oxygen addition. Therefore, a more intense degree of cracking for the 500+ °C component was detected, which is attributed to the weak C-C bonds that are mainly connected to the main carbon chain as a branch and weak C-heteroatoms bonds.




3.3. Evolution of Functional Groups of Oxygen and Nitrogen-Containing Compounds


The degree of oxygen addition and cracking reactions is normally characterized by the conversion of functional groups. Therefore, the changes in functional groups of the pseudo-components were analyzed. Figure 5 presents the data for temperature and two kinds of functional groups. It proves to be free of the LTO process at the origination point. The relative contents of N1 and O2 substances decreased significantly with the increase of temperature, whereas those of other compounds with the polar groups N1O3, N1O4, O3 and O4 increased directly. The initial proportions of O2-containing compounds in the four pseudo-components were measured as 98.38%, 94.38%, 95.37% and 48.43%, respectively. As the temperature increased to 300 °C, the proportion of the 500+ °C pseudo-components showed little change with the value of 45.79%, whereas the proportions of the other three pseudo-components decreased sharply with values of 20.44%, 15.72% and 21.79%, respectively. The results also show a slight increase in compounds containing N1O3 from 0.65% to 2.82%, and of N1O4 from 0.14% to 1.11%. Therefore, the reduction in O2-containing compounds and the increase in the N1O3- and N1O4-containing compounds were much less than that of other pseudo-components. The results indicate that pseudo-components of the highest boiling point range (500+ °C) exhibit low oxidation activity during the LTO process.



Since the generated N1O3 and N1O4 compounds have been detected in the reaction products for the four pseudo-components, a possible reaction scheme describing the evolution of N1-containing compounds is proposed. N1-containing compounds might be oxidized into N1O3-containing and N1O4-containing substances. Due to the complex molecular branches and high degree of aromatization, the nitrogenous heterocyclic compounds possess strong polarity and are more susceptible to be oxidized. On the one hand, the C-C bonds between the alkyl side chain and the aromatic ring on the nitrogenous ring could easily be activated, making the side chains susceptible to breaking. On the other hand, the weak C-N bonds are easily cleaved at a higher temperature, through which the heavy components are cracked into different branch parts and then generate free radicals with much greater reactivity, with the formation of more stable hydroxyl or carboxyl groups quickly following [36].



The KC experiments were conducted to confirm the existence of N1O3- and N1O4-containing compounds based on the -ESI ionization source, which is reactive to basic nitrogen-containing compounds. In the experiments, two compounds named 9-azafluorene (C12H9N) and 10-azaanthracene (C13H9N) were used as standard materials with a purity of 99% and 98%, respectively [37]. The temperature of the KC experiments was set from 25 °C to 200 °C according to the flash point of C12H9N of 220 °C. The high-resolution mass spectra of C12H9N and 4-hydroxyacridine (C13H9NO) are shown in Figure 6. It shows that the basic nitride C13H9N is more easily oxidized to C13H9NO than C12H9N during the LTO process. A large number of N1O3- and N1O4-containing compounds were detected in the experiments, which indicates a decrease in N1 substances and is evidence that N1O3− and N1O4−containing compounds are generated from basic rather than neutral N1−containing compounds.



To analyze the conversion mechanism of N-containing compounds, the evolution of O-containing compounds was studied. The acidic compounds detected were generated through the oxidation reaction of non-acidic substances. The relative content of O3-, O4-, and O5-containing compounds increases directly with the temperature, and these compounds are likely to be generated by the oxidation of non-acidic substances such as naphthenic hydrocarbon and aromatic hydrocarbon. This is also verified by the decrease in O2-containing compounds. The variation in O2-content, which mainly exists in petroleum acid compounds, is attributed more to the oxygen addition mechanism of heavy oil. Hence the reaction scheme for the conversion of O2-containing compounds into O3-, O4-, and O5-containing compounds has been verified and could directly suggest the oxygen addition mechanism. Figure 7 shows the relationship between the carbon number and DBE distribution of compounds containing O2 during the oxidation of the four pseudo-components in different temperature regions. As is shown in Figure 7, the carbon number and DBE of the O2-containing compounds remained almost unchanged, even when the ambient temperature rose to 200 °C during the oxidation of the four pseudo-components. When temperature continued to rise to 300 °C, however, the relative content of O2-containing compounds sharply decreased (shown in Figure 5), thus causing the dramatic variation in the carbon number and DBE.



The compounds within the pseudo-components 350–420 °C were detected and characterized with carbon numbers and a DBE distribution of 13–25 and 1–14, respectively, at 300 °C, which indicates that the main reaction transferred from oxygen addition to thermal cracking accompanied by oxygen addition. As for the pseudo-components 420–450 °C, the detected carbon number distribution is mainly in the region of 10–25, and the DBE varies mainly from 1 to 7, which indicates a cracking reaction at the given temperature range of 25–300 °C. For the 450–500 °C pseudo-components, a large number of compounds with the DBE of 2–8 and carbon numbers of 25–40 were detected, which confirms the dominant reaction of oxidation at 300 °C. A wider carbon number distribution of the 500+ °C pseudo-component compounds, mainly from 10 to 50, was measured, indicating a cracking reaction that includes the ring-opening between heteroatoms and carbon as well as the C–C bond scissoring of the carbon main chain.





4. Conclusions


In this work, pseudo-components of heavy oil in its initial state and its oxidation products were characterized with FT-ICR-MS combined with KC experiments. The detailed data, including the variation in functional groups, molecular weights, and DBE versus carbon number distribution, were analyzed, and the following conclusions can be drawn:




	(1)

	
The pseudo-components were subjected to two different reactions during the LTO process: oxygen addition and thermal cracking. The two reactions were detected and both occurred sequentially and simultaneously in different pseudo-components.




	(2)

	
The pseudo-components with a low boiling point range generated high molecular weight compounds through the oxygen addition process. Then the fractions of high boiling point range could be oxidized into other compounds with greater molecular weight through oxygen addition reactions. As the temperature increased, the products continued to endure cracking reactions, through which new kinds of compounds with lower molecular weight were generated.




	(3)

	
The variation in functional groups serves as an proximate indicator of the reaction scheme. N1O3- and N1O4-containing compounds are generated through oxygen addition of basic N1-containing compounds rather than of neutral N1-containing compounds.
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Figure 1. Kinetic cell experiments of different pseudo-components: (a) 350–420 °C; (b) 420–450 °C; (c) 450–500 °C; (d) 500+ °C. 






Figure 1. Kinetic cell experiments of different pseudo-components: (a) 350–420 °C; (b) 420–450 °C; (c) 450–500 °C; (d) 500+ °C.



[image: Energies 15 05201 g001]







[image: Energies 15 05201 g002 550] 





Figure 2. High-resolution spectra of pseudo-components in the range of 25–150 °C: (a) 350–420 °C; (b) 420–450 °C; (c) 450–500 °C; (d) 500+ °C. 
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Figure 3. High-resolution spectra of pseudo-components in the range of 25–200 °C: (a) 350–420 °C; (b) 420–450 °C; (c) 450–500 °C; (d) 500+ °C. 
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Figure 4. High-resolution spectra of pseudo-components in the range of 25–300 °C: (a) 350–420 °C; (b) 420–450 °C; (c) 450–500 °C; (d) 500+ °C. 
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Figure 5. Heteroatom types and relative abundances of pseudo-components: (a) oxygen-containing compounds; (b) nitrogen-containing compounds. 
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Figure 6. High resolution mass spectra of C12H9N and C13H9NO at 200 °C. 
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Figure 7. Carbon number and DBE diagram of O2 compounds. 
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Table 1. Mass distribution of pseudo-components in different boiling ranges of the sample.
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	Boiling Range (°C)
	Content (%)





	<200
	1.312



	200–300
	9.544



	300–350
	9.783



	350–420
	11.436



	420–450
	9.277



	450–500
	14.163



	500+
	44.485
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Table 2. Parameters of the kinetic cell experiments.
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	Inlet Pressure (MPa)
	Outlet Pressure (MPa)
	Gas Injection Rate (L/min)
	Heating Rate (°C/min)
	Temperature Range (°C)
	Oil Sand Quality (g)





	1.70
	1.50
	2.00
	3.83
	25–150

25–200

25–300
	10.50
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Table 3. Oxygen consumption of pseudo-components at different temperature ranges (mol).
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Boiling Range

	
350–420 °C

	
420–450 °C

	
450–500 °C

	
500+ °C




	
Temperature Range

	






	
Room temperature—150 °C

	
1.33 × 10−4

	
5.42 × 10−5

	
4.73 × 10−5

	
0




	
Room temperature—200 °C

	
6.36 × 10−3

	
6.56 × 10−3

	
1.64 × 10−4

	
3.60 × 10−5




	
Room temperature—300 °C

	
0.0247

	
0.0259

	
0.0266

	
0.0119
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Table 4. Carbonaceous gas production of pseudo-components at different temperature ranges (mol).
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Boiling Range

	
350–420 °C

	
420–450 °C

	
450–500 °C

	
500+ °C




	
Temperature Range

	






	
Room temperature—150 °C

	
2.96 × 10−5

	
9.23 × 10−6

	
0

	
0




	
Room temperature—200 °C

	
3.73 × 10−4

	
1.19 × 10−4

	
4.12 × 10−5

	
1.19 × 10−5




	
Room temperature—300 °C

	
0.0116

	
0.0124

	
0.0135

	
0.00581
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Table 5. RCOx/O2 of pseudo-components at different temperature ranges.
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Boiling Range

	
350–420 °C

	
420–450 °C

	
450–500 °C

	
500+ °C




	
Temperature Range

	






	
Room temperature—150 °C

	
0.223

	
0.170

	
0

	
0




	
Room temperature—200 °C

	
0.059

	
0.018

	
0.251

	
0.330




	
Room temperature—300 °C

	
0.470

	
0.478

	
0.508

	
0.488
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