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Abstract

:

The specific branches of industry utilize needle coke, a carbon form with a highly anisotropic structure. Searching for novel raw materials for its production is now rigorously studied. In the present work, we use low-sulfur gasoil for this purpose, namely its high-boiling fractions. We study their chemical and physicochemical parameters with the set of physicochemical and spectral methods. The data of FT-IR and UV-Vis spectroscopies with a phenomenological method (that allows assessing average electronic structure parameters) indicate that the gas oil of the West Siberian origin contains polycyclic aromatic hydrocarbons (PAHs) with 3–5 condensed benzene rings. The maximum amount of PAHs with molecular masses of 400–600 a.u. is contained in the fractions with boiling points higher than 450 °C. According to the data of polarized-light optical microscopy, the higher boiling point of the gasoil fraction the higher anisotropy of the produced coke. This occurs as a result of an increase in the amount of PAHs capable of condensation with the formation of a mesophase. Thus, low-sulfur gas oils from thermally processed West Siberian oil are promising raw materials for the production of needle coke in delayed coking processes.
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1. Introduction


Structural features and especially anisotropy play important roles in the chemistry of carbon (nano)materials and their applications, including fullerenes and their derivatives [1,2,3,4,5], nanotubes [6], carbon nanoclusters [7,8,9,10], carbon-rich PAHs [11], coke [12,13], other crystalline forms of carbon [1,2], etc. Targeted syntheses of the carbon forms with tunable structure allows, in turn, tuning physical and chemical properties relevant to the applications.



As is known, carbon is a typical source for electrode materials required in electrometallurgy [14]. High-quality graphite electrodes are usually produced by roasting and graphitizing coke [14]. Here, the high-quality implies the high-crystallinity of the used graphite, and needle coke is typically used in this field [15]. The better the structure of needle coke, the higher the thermal stability and electrical properties of graphite electrodes made from it [16]. Needle coke is an anisotropic carbon form with a high carbon–hydrogen ratio, low content of sulfur, heteroatoms and metal impurities, high density, electrical conductivity, enhanced texture, and low thermal expansion coefficient [15]. Coke produced in a delayed coking setup from petroleum feedstock is crucially interesting [17]. As found, the hydrotreated fractions of catalytic cracking (low-sulfur petroleum gas oils from thermal cracking and decantoils) are promising as raw materials, as such low-sulfur hydrocarbon fractions contain larger amounts of condensed polycyclic aromatic hydrocarbons (PAHs) with 3–7 aromatic rings [18,19]. Such PAHs are able to form pitches and liquid crystal spheres of the mesophase upon the thermal condensation at the temperatures above 400–500 °C [20,21] (this was first discovered by Brooks and Taylor [22]). It was shown [23] that the sizes of PAHs appropriate for the formation of mesophase spheres are 6–15 Å and the molecular weight reaches 150–800 a.u. It should be noted that the formation of highly ordered liquid crystal structures at high temperatures >300 °C is thermodynamically favorable. Furthermore, it is a general feature of self-organization of various carbon (nano)forms [9,10,11].



Due to the above, in the present work, we have studied the structural and chemical characteristics of the fractions of low-sulfur gasoil having a destructive origin and their effect on the structure of the produced needle coke.



Notably, the properties of the gasoil depend on the original row material, viz. oil, and we use the products obtained from the Western Siberia oil in this work. Thus, the corresponding objects of the research are low-sulfur gasoil and narrow fractions obtained from it and having the boiling points of 200–500 °C. The physicochemical properties of the starting gasoil, determined with standard techniques (see below), and the group composition (the liquid chromatography data) are shown in Table 1 and Table 2.




2. Experimental Part


The fractional composition of the samples of high-viscosity oils was performed using ASTM D2892-18 Standard Test Method for Distillation Crude Petroleum (15-Theoretical Plate Column). The narrow fractions (<350 °C, 350–400 °C, 400–450 °C, and >450 °C) were produced with the Automaxx ASTM D5236-2018 Standard Test Method for Distillation of Heavy Hydrocarbon Mixtures (Vacuum Potstill Method). We additionally used apparatus I-Fisher DIST D-2892/5236 CC (Waldbüttelbrunn, Germany) in the temperature range 200–400 °C, which allows separating oil fractions with the difference in boiling points of 20 °C.



We perform coking in a laboratory setup with an ampoule-type quartz isothermal microreactor with a capacity of 70 mL (Figure 1). The conditions of the process are 480 °C for 2 h and atmospheric pressure.




3. Results and Discussion


The yields and properties of the narrow fractions of the original gasoil are collected in Table 3.



We have studied the original gasoil with the set of absorption spectroscopy techniques, UV-vis and FTIR, using spectrometer Shimadzu IRAffinity-1S. Gas oil and its fractions with the boiling points <450 °C were deposited as a thin film on the KBr plates. In the case of the fraction >450 °C, its toluene solution was applied to the transparent plate, which was then dried at 100 °C. The IR spectrum of the gasoil is shown in Figure 2. The IR features of the gasoil fractions are presented in Figure 3. The associated numerical data are collected in Table 4 and Table 5.



The informative IR measurements relate to the fingerprints ranges: 3600–3200, 1900–1500, 1400–1300, and 1160–800 cm−1. The attributions of the bands are shown in Table 4. In general, the IR spectra of the gasoil contain the bands attributed to the vibrations characteristic of C–H bonds where carbon atoms are parts of the mono- and polycyclic aromatic cores [24]. Notably, the band at 1600 cm−1 is characteristic of the ‘pulsating’ vibrations of the carbon skeleton of condensed benzene rings. Its intensity increases with the boiling point of the fraction. This fact suggests that the highly boiling fractions contains larger amounts of PAHs. Thus, the IR data indicate aromatic compounds as the main component of the gasoil. This agrees well with the results of the liquid-chromatography estimates of aromatic fraction equal to ~70% (Table 2).



Optical electronic absorption spectra of the gasoil and its fractions were studied by phenomenological methods without isolating individual bands from a wide spectrum signal [25,26]. In line with these techniques, we focused on the broadband signals, which could be informative for assessing the average parameters relating to the electronic structure of the molecules. The UV-vis spectra in the absorption range 280–580 nm were registered with spectrophotometer SF 2000-1, which allows measurements in the UV and visible regions (Figure 4).



The following regularity was found for all spectra of the original gasoil and its narrow fractions (Figure 4 and Figure 5). There is a pronounced bathochromic shift of the spectra with increasing boiling point of the samples is observed. In addition, with an increase in the boiling point, a hyperchromic effect is observed. It consists in the intensity increase in the entire absorption range.



It is known [24] that the optical absorption of the three-ring peri- and catha-condensed aromatic molecules is usually observed in the range before 380–400 nm. The absorption of the four- and five-ring polycyclic aromatic hydrocarbons (PAHs) of the peri-type relates to the region >400 nm [24]. This allows attribution of the band at 500–580 nm we observe in the spectrum of the high-boiling gasoil fraction (>450 °C) to the light absorption and scattering of small amounts of resinous substances containing 5 or more condensed benzene rings. Table 6 summarizes characteristic pictures of the studied gasoil and its fractions.



Bathochromic shift is usually observed in the relevant aromatic hydrocarbon systems when alkyl substituents or substituents with double/triple bonds or a lone electron pair is boned with the benzene ring [27]. This is observed in our case. When the boiling point increases, the band shifts to longer wavelengths up to 500–580 nm. In the residue with the boiling point >450 °C, a bathochromic shift occurs up to 580 nm. Such a shift in the spectra of high-boiling fractions can be explained by the appearance of K-bands relating to the π → π* chromophores of conjugated organic systems of polycyclic aromatic compounds and asphalt-resinous substances [27,28,29].



Additionally, we found that weak hyperchromism is typical for medium-boiling fractions (350–400 °C). It can be numerically described with the integral dipole oscillator strength (DOS), which is the area under the signal in the its absorption range. Integral DOS was assessed by numerical integration of the spectrum in the range of 280–420 nm and calculated using the following formula:


   θ k  =    ∫    λ 1     λ 2     k   λ ,   n   d λ ,  



(1)




where    θ k    is integral DOS calculated with the use of the absorption coefficients,    λ 1    and    λ 2    are the upper and lower bounds of the spectral range, and  n  is the number of the peaks. Note that    θ k    and λ1 are expressed in g nm L−1 cm−1 and nm, respectively.



The average molecular mass (   M  a v    ) of PAHs with the number of the rings greater than three was estimated with the empirical relation [20]:


   M  a v   = 289.4033 + 0.9845  θ  380 – 420   ,  



(2)




where    θ  380 – 420     is integral DOS in the range of 380–420 nm. According to Equation (2), the average molecular mass of the original gasoil equals 368 a.u. The    M  a v     values of the fractions are shown in Table 7.



The average ionization potentials (IP) and electron affinities (EA) of the molecules were deduced from the electronic absorption spectra in the range of 380–420 nm. Here, we also used the known empirical dependences [19], linking these parameters with the logarithmic integral molar absorptivity    θ  l g    :


  E =  α 1  +  α 2   θ  l g   ,  



(3)




where  E  is the energy (in eV) of the frontier orbital corresponding to IP or EA;    α 1    and    α 2    are empirical coefficients (eV/nm) dependent on the type of the orbital. These values remains constant for the molecules of the same series (Table 6). The    θ  l g     values (in nm) are calculated as:


   θ  L g ε   =   ∫  λ  l g         ε  λ    d λ ,  



(4)




where   ε  λ    is the molar absorbance at the wavelength  λ , 10−1 m2 mol−1; and  λ  are wavelengths (in nm) defining the bounds of the spectra in UV and/or visible regions.



We numerically calculated the integral function of Equation (4) as the square under the absorption curve as:


   θ  l g   =   ∫    λ 0     λ k    lg ε  λ  d λ ≈    λ k  −  λ 0   k      lg  ε 0  − lg  ε k   2  + lg  ε 1  + … + lg  ε  k − 1     ,  



(5)




where    λ 0    and    λ k    denote the margins of the spectrum whereas k is the number of the studied points on the spectral curve.



The IP and EA values are estimated via the empirical equations below known from [22,23]:


  I P = 9.495 − 0.00238  θ  280 – 480   ,  



(6)






  E A = 0.11 + 0.00098  θ  280 – 480   ,  



(7)




where    θ  280 – 480     is the integral logarithmic molecular absorbance corresponding to the range of 280–480 nm. Table 6 summarizes the results of the estimates of IP and EA deduced from as described above. In general, such empirical techniques allows fast estimating average electronic properties of the gasoil fractions.



The obtained frontier orbital estimates suggest that the components of the low-boiling fraction (<350 °C) have average IP equal to 8.84–9.04 eV. This is typical range for aromatic hydrocarbons with 1–2 benzene rings. Similar structural indications (up to 2 benzene rings in the molecules) are in the case of fraction 350–400 °C that contains the components with the average IP = 8.37–8.47 eV. The number of benzene rings increase for the next fraction, 400–450 °C: average IP values (8.10–8.30 eV) correspond to up to 3 benzene rings per molecule. Expectedly, in the case of the high-boiling fraction, average IP goes down (7.60–7.76 eV), which corresponds to the PAHs with up to 4 benzene rings. Thus, high-boiling fractions contain maximal content of PAHs necessary for the coking process with enhanced yield and properties of coke. Notably, only high-boiling fractions of the gasoil are worthy to use in the coke process due to high contents of aromatic precursors.



We have applied our laboratory setup to the original gasoil and its fractions to convert it to coke. The process of coking was performed at 480 °C in 2 h. The results are shown in Table 8.



To study the structural features of the formed coke, we have applied the polarizing microscopy using polarizing microscope Axio Observer Carl Zeiss Microscopy. Using this technique, we have found that the obtained coke samples have anisotropic microstructure. Additionally, the amount of mesophase increases with the boiling point of the fractions. The corresponding microscopy images of cokes are shown in Figure 5.



Visually analyzing the photographs (Figure 6), we found the following regularity: the higher boiling point of the gasoil fraction the higher anisotropy of the produced coke. This result is due to the fact that mesogenic PAHs capable of condensation reactions required for coke structure formation increase with the boiling points of the fractions.




4. Conclusions


We have studied the samples of low-sulfur gasoil from Western Siberian oil and its narrow fractions with the set of relevant physicochemical techniques. Based on them, we have identified the content of the naphthene and benzene aromatic hydrocarbons as well as their alkylated derivatives. PAHs have molecular masses 250–400 a.u. These aromatic structures contain 3–5 condensed benzene rings and their number increases for the fraction boiling at >450 °C. We see this fact is responsible for enhancing carbonization process and we have demonstrated that the anisotropy of coke increases with the boiling point of the fraction as the fraction contains higher amounts of PAHs capable for condensation reactions.



We propose that the results of the study will be useful for developing technological approaches to production of needle coke having highly anisotropic structure.
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Figure 1. The laboratory setup for coking heavy oil residues: reactor and coking oven (1); furnace mounting bracket (2); step-down voltage transformer (3); relay switch (4); temperature control controller (5); receiving container for distillate (6); container for loading raw materials (7); and thermocouple (8). 
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Figure 2. IR spectrum of the original gasoil. 
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Figure 3. IR spectra of the gasoil fractions with boiling points: <350 °C (a), 350–400 °C (b), 400–450 °C (c), and >450 °C (d). The comparison of the optical densities at the characteristic IR bands are collected in Table 5. 
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Figure 4. UV-vis spectra of the gasoil fractions: lower 350 °C (1); fraction 350–400 °C (2); and fraction 400–450 °C (3). 
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Figure 5. (Line 1) UV-vis spectra of the original gasoil versus (Line 2) its fraction with boiling point higher than 450 °C. 
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Figure 6. The photographs of the coke mesophases obtained in the polarized light, scale 100 μm: (a) coke produced from the low-sulfur gasoil (b) coke produced from the gasoil fraction boiling at 400–450 °C and (c) coke produced from the gasoil high-boiling fraction (>450 °C). 
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Table 1. Physicochemical parameters of original low-sulfur gasoil.
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	Parameter
	Value





	Density (g/cm3)
	1.0379



	Sulfur content (% mass)
	0.15



	Coking capacity (% mass)
	3.6



	Mechanical impurities (% mass)
	0.023



	Viscosity (sSt) at 50 and 80 °C
	19.37 and 6.57
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Table 2. Group hydrocarbon content of original gasoil.
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	Fractions
	Contents (% Mass)





	Paraffin-naphthenic
	22.3



	Aromatic, including:
	70.6



	light
	2.3



	medium
	6.2



	heavy
	62.1



	Resins, including:
	6.1



	type I
	2.6



	type II
	3.5



	Asphaltene
	1.0
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Table 3. Physicochemical properties of the narrow fractions of the original gasoil.
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Fraction

	
Parameters




	
Yield (% Mass)

	
Density ρ204

	
Sulfur Content (% Mass)






	
<350 °C

	
28.73

	
0.9868

	
0.090




	
350–400 °C

	
42.77

	
1.0343

	
0.190




	
400–450 °C

	
17.52

	
1.0792

	
0.080




	
>450 °C

	
10.98

	
1.1827

	
0.120
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Table 4. Chemical deciphering the IR spectrum of the gasoil.
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	Chemical Groups
	Bands (cm−1)





	Aliphatic hydrocarbons
	3000–2845



	Condensed aromatic hydrocarbons
	900–650



	Alkyl chains
	1460, 2853, 2923, 1380, and 2960 (strong peaks)



	–CH2–
	1460 and 2920



	–CH3–
	1380



	HC–H bonds (C is the aromatic carbon atom)
	3050



	C–H bonds (C belongs to polycyclic aromatic system)
	870, 810, and 745



	Isolated benzene reings
	880



	Double bonds at the benzene rings
	1600
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Table 5. IR spectral features of the gasoil fractions.
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ν (cm−1)

	
Optical Density




	
Fraction

<350 °C

	
Fraction

350–400 °C

	
Fraction

400–450 °C

	
Fraction

>450 °C






	
710–720

	
–

	
0.038

	
0.036

	
–




	
745–754

	
0.072

	
0.07

	
0.075

	
0.10




	
784

	
0.050

	
–

	
–

	
–




	
811–814

	
0.075

	
0.065

	
0.065

	
0.08




	
833

	
0.048

	
–

	
–

	
–




	
874–876

	
0.045

	
0.058

	
0.065

	
0.098




	
953

	
–

	
–

	
0.018

	
–




	
1033–1034

	
0.025

	
0.03

	
0.028

	
0.058




	
1173

	
–

	
–

	
0.022

	
–




	
1376–1377

	
0.056

	
0.065

	
0.078

	
0.10




	
1455–1456

	
0.10

	
0.12

	
0.124

	
0.14




	
1508

	
0.04

	
–

	
–

	
–




	
1601–1604

	
0.047

	
0.048

	
0.044

	
0.082




	
2855–2856

	
0.13

	
0.17

	
0.188

	
0.18




	
2923

	
0.23

	
0.31

	
0.34

	
0.30




	
2954–2956

	
0.18

	
0.22

	
0.24

	
–




	
3019–3048

	
0.58

	
0.055

	
0.055

	
0.10




	
3448

	
0.08

	
0.01

	
0.01

	
0.035
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Table 6. Parameters of the broad lines of the absorption spectra of the gasoil and its narrow fraction studied in the work *.
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	Gasoil and Its Fractions
	λmax (nm)
	kmax

(g cm−1 L−1)
	k438

(g cm−1 L−1)
	k380

(g cm−1 L−1)
	λR (nm)
	θk

(g nm cm−1 L−1)





	<350 °C
	378
	0.37
	n/a
	0.37
	455
	3.85



	350–400 °C
	310
	6.01
	n/a
	0.97
	450
	14.02



	400–450 °C
	312
	9.49
	0.81
	3.83
	475
	83.15



	>450 °C
	289
	91.52
	n/a
	28.23
	550
	883.19



	Gasoil
	295
	25.36
	0.94
	3.04
	480
	79.93







* Designations: λmax is wavelengths at the absorption maxima; kmax are the absorption coefficients when the absorption is maximal; λR denotes bathochromic shifts and characterizes the shift of the margin of the spectrum toward the IR range; k438 and k380 are the absorption coefficients corresponding to the wavelengths 438 and 380, respectively; θk is the integral oscillator strength calculated for the range 380–420 nm (see Equation (1)).
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Table 7. Effective ionization potentials (IP) and electron affinities (EA) of the studied gasoil fractions.






Table 7. Effective ionization potentials (IP) and electron affinities (EA) of the studied gasoil fractions.





	Fraction
	Average Molecular Mass, Mav (a.u.)
	Average IP

(eV)
	Average EA

(eV)
	Average Number of Aromatic Rings in the Molecules





	<350 °C
	293
	9.04
	0.30
	1



	350–400 °C
	303
	8.47
	0.53
	2



	400–450 °C
	371
	8.12
	0.67
	2–3



	>450 °C
	n/a
	7.62
	0.88
	3–4
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Table 8. The yield of coke measured on the laboratory setup.






Table 8. The yield of coke measured on the laboratory setup.





	Raw Material for Coking
	Yield (% Mass)





	Original gasoil
	24.86



	Fraction < 350 °C
	2.31



	Fraction 350–400 °C
	7.95



	Fraction 400–450 °C
	64.65



	Fraction > 450 °C
	81.86
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