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Abstract

:

Heavy oils are characterized by a high content of resins and asphaltenes, which complicates refining and leads to an increase in the cost of refinery products. These components can be strongly adsorbed on the acid sites of a supported catalyst, leading to its deactivation. Currently, various salts of group 8 metals are being considered for such processes to act as catalysts during oil cracking. At the same time, the nature of the precursor often has a significant impact on the process of refining heavy oil. In this work, catalytic cracking of heavy oil from the Ashalchinskoye field using different precursors (nanodispersed catalysts formed in situ based on NiO) has been studied. The cracking was carried out at 450 °C with a catalyst content from 0.1 to 0.5 wt.%. The catalytic cracking products were analyzed via SARA, GC, XRD and SEM. Nickel acetate and nitrate promote similar yields of by-products, while formate promotes higher yields of gaseous products. Formate and nickel acetate were shown to produce 1.8 and 2.8 wt.% more light fractions than nickel nitrate. When heavy oil is cracked in the presence of Ni(NO3)2∙6H2O, the maximum decrease in sulfur content (2.12 wt.%) is observed compared to other precursors. It has been found that the composition and morphology of the resulting nickel sulfides and compaction products are influenced by the nature of the catalyst precursor. XRD and SEM analyses of coke-containing catalysts indicate the formation of Ni9S8 and Ni0.96S phases during cracking when nickel nitrate is used and the formation of NiS and Ni9S8 when nickel acetate and formate are used.
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1. Introduction


The world’s growing population has resulted in a significant increase in demand for energy, leading to the continuous development of the global economy and industrialization. Historically, this demand has been met by utilizing low-viscosity crude oil resources. Due to the limited availability of these reserves, it is imperative to develop technologies that can enhance the exploration, transportation, and processing of unconventional hydrocarbons such as shale oil, bitumen, heavy oil, and extra-heavy oil. These resources account for 60–70% of the world’s proven crude oil reserves [1].



Although unconventional hydrocarbon raw materials have enormous potential, their use is limited due to their high density and viscosity [2,3]. This is because of the high content of resinous asphaltene substances (RASs), which can make up to 50 wt.% of the total. Such hydrocarbon raw materials are often characterized by a significant amount of heteroatoms, such as S, N, and O, as well as transition metals like V, Ni, Fe, Co, and Mo. Resins and asphaltenes are thermally unstable and reactive compounds, rendering traditional refining methods and catalysts ineffective [4,5,6]. RASs can adsorb to the surface of zeolite or aluminosilicate catalysts and form coke during the process, deactivating such catalyst systems [7].



In this regard, new catalysts for the processing of unconventional hydrocarbon feedstocks capable of selectively converting high-molecular-weight components with a low coke yield are being actively researched worldwide. Promising catalytic systems are in situ-formed transition metal compounds [8,9]. These catalysts are more efficient due to their smaller particle size [10,11]. Catalyst precursors can include various salts, such as nitrates, oleates, naphthenates, acetates, molybdenum, iron, nickel, cobalt formates, etc. [12,13,14,15,16]. All studies mentioned in the text report a decrease in viscosity, density, molecular weight, sulfur content, resins, and asphaltenes, as well as an increase in hydrogen content and the formation of light hydrocarbons [17,18,19,20]. Nickel-based catalytic systems are of particular interest due to their high activity in various reactions and their proven effectiveness in processing activities [21,22,23,24]. However, many questions remain regarding the influence of the anions of the studied salts on the process of upgrading heavy oils. The aim of this study was to investigate the effect of different nickel catalyst precursors on the heavy oil upgrading process.




2. Research Methods


Heavy oil from the Ashalchinskoye field was taken as the object of study (Table 1). The analyzed oil has a high sulfur content of 4.74%, as well as high levels of resins (30.8%) and asphaltenes (5.9 wt.%). Additionally, the content of aromatic hydrocarbons (AHs) is almost twice as high as that of saturated hydrocarbons (SHs), and the H/C atomic ratio is 1.52.



The autoclave used for cracking had a volume of 12 cm3 and the heavy oil loading was 7 g. The precursor amount varied from 0.10 to 0.50 wt.% in terms of NiO. The catalyst precursor used was high-quality Ni(NO3)2∙6H2O, Ni(CH3COO)2∙4H2O, and Ni(HCOO)2∙2H2O supplied by OOO “Reakhim” (Moscow, Russia). The operating temperature was 450 °C, and the heating rate was 10 °C/min. The experiment began when the temperature inside the reactor reached 450 °C. To confirm the formation of NiO during oil cracking, the original nickel nitrate salt was calcined at 250 and 450 °C (Figure 1). It can be seen that at 450 °C (process temperature), nickel nitrate completely decomposes to form nickel oxide.



The yield of gaseous cracking products was determined by measuring the loss in reactor mass after their removal. Gaseous products were analyzed using a Kristall-5000 gas chromatograph («Chromatec» Yoshkar-Ola, Russia) in accordance with GOST 31371.3-2008 [25]. The content of hydrogen and CO + CO2 was determined using a column filled with NaX molecular sieves. The content of hydrocarbons C1–C5 was determined using a column filled with polymeric sorbent Porapak R.



Liquid cracking products (LPs) were collected and tested using ASTM-D287 [26], ASTM D4124 [27], ASTM-D4294 [28], and ASTM-D2887 [29] methods. Saturated hydrocarbons (SHs), aromatic hydrocarbons (AHs), resins and asphaltenes were determined according to ASTM D4124 [27]. Next, the reactor was washed with chloroform, dried to remove residual solvent, and weighed. All experiments measured the yield of solid products (coke) and catalyst by determining the difference between the mass of the reactor before and after the experiment. Elemental analysis of the original oil, liquid cracking products, and coke was conducted using a Vario EL Cube CHNS analyzer («Elementar» Langenselbold, Germany). The analyzer’s absolute error did not exceed ±0.1% for each element determined. The oxygen content was estimated by subtracting the sum of the elements C, H, N, and S from 100%.



To determine the phases formed from nickel oxides during cracking, coke-containing catalysts were analyzed using X-ray phase analysis on a D8 Advance powder diffractometer («BRUKER» Karlsruhe, Germany) and scanning electron microscopy on an LEO EVO 50 («Karl Zeiss Group» Oberkochen, Germany) device coupled with an INCA Energy-250 energy-dispersive spectrometer. The sizes of coherent scattering regions (CSRs), also known as nanocrystallite sizes, were determined using the classical Debye–Scherrer formula. The annealing temperature for the compaction products of the coke-containing catalyst was determined using thermogravimetric analysis data (STA 449 F1 Jupiter (NETZSCH, Selb, Germany)).




3. Results and Discussion


Table 2 presents the material balance of Ashalchinskaya oil cracking at temperatures ranging from 350 to 450 °C and process times of 60 to 120 min, as well as the composition of the resulting liquid products. The yields of gaseous and compacted products (coke) slightly increase from 0.1 to 0.4 wt.% and from 0.7 to 1.1 wt.%, respectively, with a process duration of 60 min and an increase in temperature from 350 to 450 °C. The liquid products (LPs) exhibit a decrease in resin content from 30.8 to 20.7–27.5 wt.% and an increase in asphaltenes by 1.0 wt.% compared to the original oil. The results suggest that, under the specified conditions, the contribution of bond-breaking processes is insignificant compared to condensation reactions during cracking.



Increasing the process duration at 450 °C results in higher yields of gaseous and solid products. The maximum total yield of 6.0 wt.% is observed after 120 min of cracking. The amount of resins decreases from 20.7 to 18.0%, while the amount of asphaltenes decreases from 7.4 to 7.1 wt.%.



Based on the fractional composition data, it is evident that raising the cracking temperature from 350 to 400 °C (for a duration of 60 min) reduces the gasoline, diesel, and vacuum distillate fractions in comparison to the original oil. These fractions undergo condensation reactions, resulting in the formation of fractions that boil away above 500 °C. A slight increase in light fractions (5.3 wt.%) is observed at a cracking temperature of 450 °C and a duration of 60 min due to the destruction of the components included in the 360–500 °C and >500 °C fractions compared to the original heavy oil.



Based on the data presented in Figure 2b, it is evident that increasing the thermal cracking time from 60 to 120 min at 450 °C results in a slight increase in the content of valuable components (gasoline and diesel fractions) in the cracking products, from 37.8 to 39.9 wt.%. However, the yield of by-products increases fourfold. The changes observed in cracking products are the result of destructive transformation processes that occur via a radical reaction of the high-molecular-weight hydrocarbon components of crude oil, such as high-molecular-weight oils, resins, and partly asphaltenes, into lighter components.



Table 3 shows that the presence of a catalyst speeds up the destruction reactions of heavy oil components. Compared to thermal cracking, an additional 13.3 wt.% of gasoline and diesel fractions are formed. When 0.1% Ni is used, the gas and coke yield is 11.2% and 2.6 wt.%, respectively. Changing the duration of cracking with a given amount of catalyst from 60 to 100 min has a negative effect on the composition of the products. The amount of coke formed increases almost threefold, from 2.6 to 7.3 wt.%.



The total yield of by-products (gas and coke) decreases from 13.8 to 10.0% when the amount of catalyst increases from 0.1 to 0.2 wt.%. However, when 0.3% catalyst is used, the content of by-products increases to 13.2 wt.%, mainly due to greater gas formation. In experiment no. 7, a minimum gas yield of 5.8% and coke yield of 3.4 wt.% are observed.



A decrease in sulfur content by more than 2 wt.% is observed in liquid cracking products due to the formation of sulfur-containing gases and the concentration and binding of sulfur in compaction products, as well as sulfidation of the catalyst surface. It is worth noting that an increase in the amount of catalyst used results in a decrease in the degree of sulfur removal, from 48.5% to 34.4% relatively.



Furthermore, liquid products resulting from catalytic cracking are considerably richer in gasoline and diesel fractions compared to those from thermal cracking (Table 3). In experiment no. 2, the yield of light fractions was 13.3 wt.% higher, for a total of 51.1 wt.%, with gasoline fractions accounting for up to 15.1 wt.%. This is because components boiling above 360 °C were destroyed. The overall amount of these constituents decreases by 21.2% and 11.2%, respectively, in comparison to the original oil, and by 10.2% and 15.4 wt.%, respectively, in comparison to thermal cracking. Experiments no. 4 and no. 7 yielded the highest amount of target products, at 55.0% and 56.0 wt.%, respectively. Notably, experiment no. 4 resulted in the greatest decrease in the content at 360–500 °C and >500 °C, with a reduction of 18.7 wt.% and 16.1 wt.%, respectively, compared to the original heavy oil.



In Figure 3 shows data on changes in the content of resin and asphaltene components in liquid cracking products with increasing durations (Figure 3a) and an increasing amount of catalyst (Figure 3b). The yield of asphaltenes decreases linearly with an increasing process duration, while the resin content increases after 80 min of cracking due to condensation reactions occurring in the chain: hydrocarbons → resins → asphaltenes → coke.



In all experiments, the catalytic upgrading of heavy oil resulted in a decrease in the content of resins and asphaltenes compared to the original oil (Figure 3). However, the level of destruction of RASs changes nonlinearly when the amount of catalyst increases from 0.10 to 0.50 wt.%, passing through the minimum point in experiment no.4. Catalytic cracking in the presence of 0.10 and 0.15 wt.% NiO resulted in a decrease in the RAS content to 13.1 and 9.1 wt.%, respectively. When increasing the NiO content from 0.15% to 0.20%, there is a predominance of condensation processes of high-molecular-weight components over their destruction. This is evidenced by the highest resin content in the experiment with 0.20% NiO, which is equal to 13.6 wt.% Increasing the catalyst loading in experiment 5–7 does not lead to a noticeable decrease in asphaltene content compared to the original oil, and their content remains in the range of 3.9–4.2 wt.%. From the data obtained, we can conclude that the optimal amount of catalyst, at which maximum conversion of resins and asphaltenes, sulfur removal and yield of light fractions is observed, is 0.15 wt.%.



Previous experiments have demonstrated the positive effects of catalytic cracking of heavy oil in the presence of nickel oxide. The high rates of upgrading heavy oil are due to the high adsorption affinity of nickel oxide for asphaltenes, as well as the formation of O2 and NO2, which promote oxidative cracking reactions [6]. However, an undesirable effect of the increased asphaltene conversion is the condensation of compaction products, which reduces the catalyst’s activity. To reduce the amount of coke formed, one solution is to use organic nickel salts as catalyst precursors. The decomposition products of these salts can prevent the recombination of asphaltenes into coke.



Based on the data presented in Table 4, the yield of by-products is similar when using nickel acetate (NiAc) and nitrate (NiNit), while the use of nickel formate (NiFor) increases the gas yield. This is likely due to the involvement of Ni(HCOO)2 decomposition products in the formation of gaseous alkanes, such as methane, via the Sabatier reaction [30,31].



The fractional composition of the resulting liquid products indicates that the nature of the precursor also affects the composition of the resulting light fractions. The formation of predominantly gasoline fractions is helped by the presence of formate and acetate, as evidenced by the ibp–200/200–360 °C ratio of 0.76 and 0.59. In contrast, the experiment using nickel nitrate resulted in a ratio of 0.45. When using organic precursors of nickel oxide, trace amounts of metallic nickel may form, which can act as a catalyst for cracking and isomerization of C8–C16 alkanes [32,33,34,35,36]. The use of nickel nitrate results in a more profound destruction of the components of fractions that boil away at temperatures above 500 °C and the accumulation of predominantly vacuum distillates (360–500 °C) in liquid cracking products, compared to experiments with nickel formate and acetate. It is important to note that nickel nitrate is more effective than formate and acetate at removing sulfur from liquid products.



The data presented in Figure 4 show that the yield of resins and asphaltenes during heavy oil cracking is also influenced by the nature of the nickel catalyst precursor. Nickel nitrate reduces RAS content in liquid cracking products by 75%, formate reduces it by 63% and acetate reduces it by 61%. It is important to note that the destruction of asphaltenes in the presence of formate and acetate does not exceed 51%. The level of RAS conversion may depend on the intermediate compounds formed during the decomposition of nickel salts [32,33,34,35,37].



It has been established that there is less destruction of resins and asphaltenes when using nickel acetate and formate; these components are characterized by lower values of the H/C atomic ratio compared to nickel nitrate. The high yield of gasoline fractions, in combination with this observation, may suggest that hydrogen from the resin and asphaltene components is being disproportionated to lighter fractions.



Based on the data regarding the composition of gaseous cracking products, the use of nickel nitrate results in the formation of 1.75–2.20 times more CO + CO2 compared to the use of nickel acetate and formate (Table 5). It is possible that the decomposition products of nickel nitrate oxidize the hydrocarbons in oil, which are then broken down to release carbon oxides. When nickel formate is used, high yields of C1–C3 gases are observed, while the amount of CO + CO2 decreases. This is due to the participation of decomposition products of nickel formate in the Fischer-Tropsch process [38]. On the other hand, when cracking in the presence of nickel acetate, a greater yield of C4–C5 gases is observed compared to previous experiments. The participation of acetone molecules in the formation of methane and C4–C5 gases in the presence of NiO may be the cause of this phenomenon [39]. During catalytic cracking, a sulfur content reduction occurs mainly due to its removal in the form of gaseous products. The highest yield of sulfur-containing gases was observed during cracking in the presence of nickel nitrate. This result is also due to oxidative cracking in the presence of nickel nitrate decomposition products [21].



Figure 5 displays X-ray diffraction patterns of spent Ni-containing catalysts with compaction products. Catalytic upgrading of heavy oil is accompanied by sulfidation of the decomposition products of nickel salts, resulting in the formation of non-stoichiometric nickel sulfides. When nickel nitrate is used as a catalyst precursor, the X-ray diffraction patterns show reflections of the Ni9S8 (PDF 01-078-1886) and Ni0.96S (PDF 00-050-1791) phases. The average CSR value (coherent scattering region) for Ni9S8 and Ni0.96S was 19 nm and 20 nm, respectively (Figure 5a). Cracking heavy oil in the presence of organic nickel oxide precursors results in the formation of Ni9S8 (PDF 01-078-1886) and NiS (PDF 00-002-1280) phases (Figure 5b,c). Stoichiometric nickel sulfide can form due to the presence of trace amounts of metallic nickel, which undergoes sulfidation according to the scheme outlined in Richard D. Tilley’s article [40]. The size of Ni9S8 and NiS crystallites when using nickel acetate as the precursor is comparable to the size observed in the experiment where nickel nitrate was used. The crystallites measure 17 nm and 18 nm. Nickel formate produces nickel sulfides Ni9S8 and NiS with average CSR values of 20 nm and 9 nm, respectively. The literature suggests that NixSy sulfides have catalytic properties in hydrotreating, and NiS is favorable for cleaving C-C bonds and isomerization reactions [41]. Therefore, the higher yield of fuel fractions when using NiFor and NiAc, compared to NiNit, may also be attributed to the presence of NiS. According to [20], the level of desulfurization of heavy oil is affected by the phase ratio of nickel sulfides due to phase transitions between NiSlow and NiShigh [42].



The effect of the catalyst precursor on the morphology of the spent catalyst and coke was evaluated via scanning electron microscopy. The presence of a nickel nitrate precursor during the cracking of heavy oil leads to the formation of irregularly shaped particles containing Ni. In contrast, the use of nickel formate and acetate leads to the observation of submicron catalyst particles on the carbonaceous material. This suggests that the organic anion enhances the adhesion of the catalyst precursor and coke. A rise in temperature leads to the full decomposition of nickel formate and acetate, resulting in the formation of systems that resemble supported catalysts [43]. The compaction products in all cases are angular and porous particles. However, the edges of the coke produced by cracking oil in the presence of nickel nitrate exhibit fractures. According to [44], the presence of significant cracks is linked to the quick elimination of volatile substances from within the compacted particle.



To remove coke completely, the catalyst containing coke was calcined in air at a temperature of 800 °C for 6 h. The annealing temperature for the coke was determined using thermogravimetric data from the coke-containing catalyst. The data showed that the sample experienced weight loss in the temperature range of 400–800 °C (Figure 6a). X-ray diffraction of the powder formed after calcination confirmed that under the specified conditions, the coke burns out completely and nickel sulfide is converted into oxide (Figure 6b). The nickel oxide obtained was subsequently treated with nitric acid to yield the nickel nitrate salt (Figure 6c). Cumulative evidence suggests that the precursor can be regenerated and reused.




4. Conclusions


Research has shown the utility of cracking heavy crude oil from the Ashalchinskoye field via a catalyst precursor containing 0.15% by weight of nickel nitrate and heating to 450 °C for 60 min. The use of a catalyst results in an increase of 22.5 wt.% and 17.2 wt.% in the total content of gasoline and diesel fractions (ibp–360 °C) in liquid cracking products compared to original heavy oil and cracking without a catalyst, respectively. The use of this precursor promotes the destruction of high-molecular-weight components in heavy oil, including resinous asphaltene components (more than 75% relatively), of which asphaltenes are the most undesirable.



It has been shown that the nature of the catalyst precursor significantly affects the resulting cracking products. Nickel formate and acetate lead to a higher production of light fractions (by 1.8% and 2.8 wt.%, respectively, compared to nickel nitrate). However, the presence of these precursors also results in an increase in by-products of 0.2% with acetate and 1.6 wt.% with nickel formate (compared to nickel nitrate). It was found that when nickel nitrate is used, more extreme destruction of resin and asphaltene components and a higher degree of sulfur removal are observed than in the presence of acetate and formate.



It was found that the nature of the catalyst precursor affects the particle composition and morphology of the formed nickel sulfides and compaction products. When heavy oil is cracked in the presence of a precursor of nickel nitrate, irregularly shaped nickel-containing particles are formed on the surface, on which coke is deposited. When nickel formate or acetate is used, submicron catalyst particles are formed on the carbonaceous material. The formation of coke and the size and phase of the resulting nickel sulfides during cracking with heavy oil are influenced by the anion of the metal salts (precursors). Nickel nitrate salt has been found to be recoverable and reusable.
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Figure 1. Phase composition of the nickel oxide precursor (nickel nitrate). 
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Figure 2. Fractional composition of liquid cracking products: (a) at a duration of 60 min and different cracking temperatures; (b) at a temperature of 450 °C and various durations. 
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Figure 3. The content of resin and asphaltenes was analyzed under two different conditions: (a) with a fixed amount of 0.10 wt.% catalyst and varying durations; (b) with a fixed duration of 60 min and varying amounts of catalyst. 
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Figure 4. Content of resins and asphaltenes in liquid cracking products depending on the catalyst precursor used. 
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Figure 5. X-ray diffraction and SEM images of a coke-containing catalyst using (a) nickel nitrate; (b) nickel formate; (c) nickel acetate. 
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Figure 6. TG analysis of coke-containing catalyst (NiNit precursor) (a); XRF analysis of the resulting powder after calcination of the coke-containing catalyst (b); XRF analysis of the resulting sample after treatment with nitric acid (c). 
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Table 1. Physical and chemical characteristics of heavy oil.






Table 1. Physical and chemical characteristics of heavy oil.





	
Characteristics

	
Heavy Crude Oil






	
°API gravity at 15 °C

	
13.1




	
Viscosity at 20 °C, mm2/s

	
1999.8




	
Sulfur content, wt.%

	
4.74




	
H/C ratio

	
1.52




	
Elemental composition, wt.%




	
C

	
82.10




	
H

	
10.41




	
N

	
1.00




	
S

	
4.74




	
O

	
1.75




	
Component composition, wt.%




	
Saturated hydrocarbons

	
22.2




	
Aromatic hydrocarbons

	
41.1




	
Resins

	
30.8




	
Asphaltenes

	
5.9




	
Fractional composition, wt.%




	
ibp–200 °C

	
4.6




	
200–360 °C

	
27.9




	
360–500 °C

	
41.6




	
>500 °C

	
25.9











 





Table 2. Material balance of heavy oil thermal cracking.
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Indices

	
Initial Heavy Oil

	
Experiment




	
No. 1

	
No. 2

	
No. 3

	
No. 4

	
No. 5

	
No. 6






	
Process time, min

	

	
60

	
60

	
60

	
80

	
100

	
120




	
Temperature, °C

	

	
350

	
400

	
450

	
450

	
450

	
450




	
Gas yield, wt.%

	

	
0.1

	
0.1

	
0.4

	
0.6

	
1.0

	
2.6




	
Coke yield, wt.%

	

	
0.7

	
1.1

	
1.1

	
1.5

	
1.8

	
3.4




	
LP yield, wt.%

	
100

	
99.2

	
98.8

	
98.5

	
97.9

	
97.2

	
94.0




	
Content, wt.%




	
Sulfur

	
4.74

	
4.72

	
4.63

	
4.59

	
4.50

	
4.41

	
4.25




	
SH

	
22.2

	
21.5

	
23.3

	
24.8

	
24.2

	
23.4

	
22.9




	
AH

	
41.1

	
43.8

	
45.9

	
45.6

	
46.1

	
46.8

	
46.0




	
Resins

	
30.8

	
27.5

	
23.0

	
20.7

	
20.2

	
19.7

	
18.0




	
Asphaltenes

	
5.9

	
6.4

	
6.6

	
7.4

	
7.4

	
7.3

	
7.1











 





Table 3. Material balance of catalytic cracking of oil in the presence of a nickel nitrate precursor.
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Indices

	
Initial Heavy Oil

	
Experiment




	
No. 0

	
No. 1

	
No. 2

	
No. 3

	
No. 4

	
No. 5

	
No. 6

	
No. 7






	
Catalyst

	

	
0.0

	
0.1

	
0.1

	
0.1

	
0.15

	
0.20

	
0.30

	
0.50




	
Process time, min

	

	
60

	
60

	
80

	
100

	
60

	
60

	
60

	
60




	
Gas yield, wt.%

	

	
0.4

	
11.2

	
11.6

	
11.8

	
8.0

	
6.2

	
9.7

	
5.8




	
Coke yield, wt.%

	

	
1.1

	
2.6

	
4.3

	
7.3

	
4.3

	
3.8

	
3.5

	
3.4




	
LP yield, wt.%

	
100

	
98.5

	
86.2

	
84.1

	
80.7

	
87.7

	
90.0

	
86.8

	
90.8




	
Fractional content, wt.%




	
ibp–200 °C

	
4.6

	
7.7

	
15.1

	
17.9

	
22.7

	
17.1

	
17.1

	
15.4

	
18.8




	
200–360 °C

	
27.9

	
30.1

	
36.0

	
35.5

	
35.7

	
37.9

	
36.6

	
37.5

	
37.2




	
360–500 °C

	
41.6

	
30.6

	
20.4

	
18.4

	
14.5

	
22.9

	
17.7

	
20.3

	
21.9




	
>500 °C

	
25.9

	
30.1

	
14.7

	
12.3

	
7.8

	
9.8

	
18.6

	
13.6

	
12.9




	
Sulfur content, wt.%




	
Gas

	

	
0.04

	
2.15

	
2.18

	
2.19

	
1.81

	
1.56

	
1.49

	
1.31




	
Coke

	

	
0.11

	
0.15

	
0.25

	
0.33

	
0.31

	
0.27

	
0.24

	
0.32




	
LP

	
4.74

	
4.59

	
2.44

	
2.31

	
2.22

	
2.62

	
2.91

	
3.01

	
3.11











 





Table 4. Material balance of catalytic cracking of oil in the presence of various precursors of nickel-containing catalysts.
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Indices

	
Initial Heavy Oil

	
Experiment




	
Without Catalyst

	
NiNit

	
NiFor

	
NiAc






	
Gas yield, wt.%

	

	
0.4

	
8.0

	
9.6

	
8.0




	
Coke yield, wt.%

	

	
1.1

	
4.3

	
4.3

	
4.5




	
LP yield, wt.%

	
100

	
98.5

	
87.7

	
86.1

	
87.5




	
Fractional content, wt.%




	
ibp–200 °C

	
4.6

	
7.7

	
17.1

	
24.6

	
21.4




	
200–360 °C

	
27.9

	
30.1

	
37.9

	
32.2

	
36.4




	
360–500 °C

	
41.6

	
30.6

	
22.9

	
14.8

	
14.7




	
>500 °C

	
25.9

	
30.1

	
9.8

	
14.5

	
15.0




	
Sulfur content, wt.%




	
Gas

	

	
0.04

	
1.81

	
1.63

	
1.24




	
Coke

	

	
0.11

	
0.31

	
0.29

	
0.29




	
LP

	
4.74

	
4.59

	
2.62

	
2.82

	
3.21











 





Table 5. Composition of gaseous products depending on the catalyst precursor.
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Precursor

	
Content, wt.%




	
C1

	
C2

	
C3

	
C4

	
C5

	
H2

	
CO + CO2

	
H2S






	
NiNit

	
2.67

	
1.29

	
0.81

	
0.37

	
0.16

	
0.03

	
0.75

	
1.92




	
NiFor

	
3.42

	
1.87

	
1.33

	
0.56

	
0.23

	
0.04

	
0.43

	
1.73




	
NiAc

	
2.68

	
1.55

	
1.21

	
0.62

	
0.25

	
0.03

	
0.34

	
1.32
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