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Abstract. Russia is one of the world's leading steel producers, while about 33 % of production comes from the scrap 
remelted in arc steelmaking furnaces. The graphitized electrodes of SHP and UHP grades, mainly consisting of needle 
coke, are used for high current loads and temperatures in furnaces. USA, Japan, Korea, and China are focused on needle 
coke production, where coal (tar and pitch) and petroleum (decantoil), by-products of metallurgical factories and oil 
refineries, are used as raw materials. Russia's annual demand for needle coke is approximately 100 thousand tons, but 
all of it is covered by imports. Russia's raw material potential, established by the authors of the article, is more than  
5 million tons per year and includes decantoil, coal tar and pitch, and heavy pyrolysis tar. The results of obtaining 
needle coke from decantoil and heavy pyrolysis tar are given below. The prototypes of needle coke were produced on 
specially designed delayed coking laboratory units (loading up to 0.25 and 80 kg). Raw materials were modified ac-
cording to the original technology of Saint Petersburg Mining University, the convergence of target properties of which 
is confirmed by the results of quality analysis of the obtained needle coke, including after 100-fold scaling. The elec-
trodes were molded from the obtained coke. After standardized stages of firing, mechanical processing and graphitiza-
tion at 2,800-3,000 °C, the coefficient of linear thermal expansion was less than 1  10–6 К–1, and the value of specific 
electrical resistance was 7.1-7.4 μOhm, which proves that the obtained carbon material corresponds in quality to Japa-
nese analogues and Super Premium needle coke.  
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Introduction. Needle coke is a purposely structured carbon material with a high proportion of 

graphite phase used for the manufacture of SHP (super-high power) and UHP (ultra-high power) 
graphitized electrodes for high and ultra-high power arc steelmaking furnaces [1-3]. Graphitized elec-
trodes are the main material in the production of steel in arc steelmaking furnaces (consumption is 
about 5 kg per 1 ton of steel), which are about 85 % needle coke [4, 5]. Due to its oriented structure 
only such carbon material is able to withstand high current loads (current density up to 35 A/cm2) and 
temperatures up to 2,800 °C, generated in the end part of the electrode in the process of steel scrap 
remelting [6-8]. In the past two decades, with the development of alternative fuel transportation, the 
application of needle coke as a raw material1 for lithium-ion batteries of electric vehicles has been 
increasing [9]. However, the defining need for needle coke for seven decades has been driven primarily 
by the production of high-grade steel. According to the World Steel Association, in 2021 around  
560 million tons (28.9 %) of steel in the world is produced in arc steelmaking furnaces (in Russia and 
CIS countries – about 33 %)2.  

                                                   
1 Qiao W., Yoon S.H., Mochida I. KOH activation of needle coke to develop activated carbons for high-performance EDLC. 

Energy and Fuels. 2006. Vol. 20, p. 1680-1684. DOI: 10.1021/ef050313l 
2 World Steel Association. URL: https://worldsteel.org/steel-topics/statistics/world-steel-in-figures-2022/ (accessed  

17.05.2023). 
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Needle coke is industrially produced from two types of raw materials – petroleum and coal. The 
oil raw material is decanted heavy catalytic cracking gas oil (decantoil) that is produced at refineries 
as a by-product of the production of the high-octane component of motor gasoline at catalytic cracking 
units3,4 (e.g., FCC) [10]. Needle coke was first commercially produced from oil raw material in the 
1950s in the USA (Great Lakes Carbon Corporation). Coal raw material is a coal pitch purified from 
quinoline insoluble impurities, which is produced at coke plants of metallurgical plants as a by-product 
[11, 12]. Needle coke was produced for the first time from coal raw material in the 1970s in Japan 
(Mitsubishi Chemical) (Fig.1). 

The global needle coke market is continuously growing (from USD 3.54 billion in 2017 to  
USD 4.15 billion in 2021). In 2022, manufacturing capacity is represented by 23 companies, seven 
of which are located in three countries – three in the US, three in Japan and one in Korea, the rest are 
in China (Table 1). Such a market for needle coke producers was established by the 1980s, and no 
new capacity was introduced after that (except in China). However, the raw material base and perma-
nent growth of needle coke demand, driven by leadership in steel output (1.03 billion tons in 2021), 
allowed China to increase its actual production to 44 % of the world total (about 1.8 million tons per 
year) over the last 10 years. At the same time, the power shortage is a constraint [13, 14], which does 
not allow to commission the completed capacities of Chinese enterprises to produce 2.8 times more 
needle coke. 

 

 
 

Fig.1. Block diagram of the complete cycle of needle coke production and application 
 

1 – production of steel products; 2 – coke and chemical shop; 3 – oil refinery plant;  
4 – delayed coking unit;  

5 – coke calcination unit; 6 – production of graphitized electrodes;  
7 – SHP and UHP arc steelmaking furnaces 

 
 

                                                   
3 Mochida I., Oyama T., Korai Y. Formation scheme of needle coke from FCC-decant oil. Carbon. 1988. Vol. 26. Iss. 1, p. 49-55. 

DOI: 10.1016/0008-6223(88)90008-5 
4 Eser S., Wang G. A laboratory study of a pretreatment approach to accomodate high-sulfur FCC decant oils as raw material for 

commercial needle coke. Energy and Fuels. 2007. Vol. 21. Iss. 6, p. 3573-3582. DOI: 10.1021/ef060541v 
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 Table 1 
 

World production of needle coke, thousand tons 
 

Country Company Raw material type 2019 2021 

USA Asbury Carbons Oil No data No data 
GrafTech International Oil 140 140 
Phillips 66 Company Oil 370 450 

Japan Mitsubishi Chemical Holdings Corporation Coal 80 80 

Nippon Steel Chemical &  
Material Co. Ltd. (including C-Chem) 

Oil 90 95 
Coal 110 110 

Sumitomo Corporation Oil 70 70 
Korea Posco Chemical Coal 50 63 

Total 910 1,008 
China* 16 companies in 2021 

15 companies in 2019 
Oil 195 (360) 501 (1,180) 

Coal 250 (610) 261 (1,000) 

Total worldwide 1,355 1,770 
 

* For China, production capacity is indicated in parentheses. 
 
Along with China, the leading steel producing countries – India (118.2 million tons), Russia 

(75.6 million tons) and Iran (28.5 million tons), which are ranked (in 2021) second, fifth and tenth in 
the world respectively – are striving to start needle coke production, mainly to meet their domestic 
needs. Russia's need for needle coke to meet the needs of its own steelmaking enterprises is approx-
imately 100 thousand tons per year. The Russian company OOO El 6 (formerly Energoprom) is a 
monopolist in the production of graphitized electrodes of SHP and UHP grades, which annually con-
sumes up to 40 thousand tons of imported calcined needle coke.  

The constantly growing demand and high market price of needle coke, which varies from 1,500 
to 3,500 dollars per ton (2019-2022)5 with energy consumption for processing of one ton of raw 
material in the delayed coking process of 27-40 kWh, makes the organization of industrial production 
of needle coke not only strategically important, but also economically feasible. The volume of invest-
ments allocated for the implementation of projects on organization of oil needle coke production by 
India (Indian Oil Corporation Ltd., Paradip Refinery), Russia (PAO Gazprom Neft, Omsk Refinery) 
and Iran (Shazand Petrochemical Company, Imam Khomeini Shazand Oil Refinery) amounts to 1506, 
74-1007 and 3128 million dollars respectively. At the same time, the coke production volumes planned 
as a result of the projects' implementation are 56, 38 and 90 thousand tons per year for India, Russia 
and Iran respectively. 

The prospect of organization of needle coke production in Russia, in addition to economic and stra-
tegic factors, as well as for other objects of mineral and fuel and energy complex, is determined by the 
availability of raw material resource base [15-17]. The assessment of raw material potential of Russia 
showed that it is represented both by traditional types of raw materials – decantoil [18] and coal pitch 
(together with coal tar) [19, 20], and promising one, not typical for the world market – heavy tar of natural 
gas pyrolysis9,10,11 (Fig.2). 

                                                   
5 Federal Customs Service. Foreign Trade Customs Statistics of the Russian Federation. URL: http://stat.customs.ru/analysis 

(accessed 17.05.2023). 
6 IndianOil. URL: https://iocl.com/MediaDetails/56594 (accessed 17.05.2023). 
7 Neftegaz.RU news agency. URL: https://neftegaz.ru/news/neftechim/772669-omskiy-npz-gazprom-nefti-poluchil-krupnoton-

nazhnoe-oborudovanie-dlya-proizvodstva-igolchatogo-koksa/ (accessed 17.05.2023). 
8 National Iranian Oil Refining & Distiribution Company. URL: https://en.niordc.ir/index.aspx?pageid=358&newsview=12864 

(accessed 17.05.2023). 
9 Zaporin V.P., Valyavin G.G., Rizvanov I.V., Akhmetov A.F. Decant-oil coking gasoils for production of industrial carbon. 

Chemistry and Technology of Fuels and Oils. 2007. Vol. 43, p. 326-329. DOI: 10.1007/s10553-007-0058-y 
10 Cheng X., Zha Q., Zhong J., Yang X. Needle coke formation derived from co-carbonization of ethylene tar pitch and polysty-

rene. Fuel. 2009. Vol. 88. Iss. 11, p. 2188-2192. DOI: 10.1016/j.fuel.2009.05.006 
11 Mochida I., Fei Y.Q., Korai Y. A study of the carbonization of ethylene tar pitch and needle coke formation. Fuel. 1990.  

Vol. 69. Iss. 6, p. 667-671. DOI: 10.1016/0016-2361(90)90026-M 
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Russia's raw material potential is represented by 48 technogenic sources and totals more than 

5 million tons per year. Theoretically speaking, this amount is sufficient to produce up to 800,000 
tons of needle coke per year, with Rosneft, Gazprom Neft, LUKOIL, Tatneft, Gazprom, NLMK, 
PAO SIBUR Holding, MMK, and EVRAZ taking the leading positions in terms of the volume of 
raw materials produced. However, most of this raw material cannot be directly utilized to produce 
needle coke in the delayed coking process. Differentiation by hydrocarbon composition, sulfur 
content and quinoline insoluble substances requires special preparation or modification of raw 
material. The world practice of technology implementation shows that for each raw material 
source it is necessary to develop an individual scientific and technical solution to obtain a high 
quality product [21-23], while the state regulation should be implemented in relation to the  
objects of mineral and raw material complex [24, 25]. 

The purpose of this work is to develop experimentally substantiated scientific and technical so-
lutions for the creation of industrial production of needle coke in Russia. 

Methods. Optimization of coking process and analysis of product quality. The research me-
thodology of needle coke and electrodes obtained on its basis is developed at Saint Petersburg Mining 
University and is based on the knowledge of international [26, 27] and domestic scientific schools 
[28, 29].  

Distribution of raw material resources  
of needle coke in Russia 
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Coal tar 
Coal pitch 
Heavy pyrolysis tar 
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Fig.2. Assessment of raw material potential for needle coke production in Russia 
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It is necessary to note the significant contribution of scientists of the Ufa State Petroleum Tech-
nical University and the Institute of Petrochemical Refining of the Republic of Bashkortostan, the 
representatives of which back in the 1980s12,13,14 conducted pilot tests on the production of needle 
coke at the Krasnovodsk refinery (Turkmenistan) and the Novo-Ufimsky  refinery, and currently pro-
vide scientific and technical support for the project of PAO Gazprom Neft at the Omsk refinery [30]. 
At Saint Petersburg Mining University, scientific work related to needle coke began in the mid-2010s 
under the leadership of V.Yu.Bazhin and N.K.Kondrasheva [31, 32], although the formation of the 
scientific school of carbon-graphite compounds was started in the middle of the 20th century by 
M.B.Rapoport15. 

To perform experimental studies on physical modeling of the process of needle coke production 
in the Scientific Center “Issues of Processing Mineral and Technogenic Resources” of Saint Peters-
burg Mining University two laboratory units of delayed coking with different volumes of raw material 
loading were specially developed (Fig.3). 

The main task of the units is to select thermobaric conditions of the technological process and  
to produce laboratory (pilot) samples of products to evaluate their quality indicators. The basic pro-
cess flow scheme for both designed units is identical. UZK-1 unit with 0.25 kg loading is used for 
kinetic studies and establishment of optimal mode of coking process, and LUZK unit with loading up 
to 80 kg is used for scaling of the process and development of pilot batch of needle coke of high 
quality.  

The liquid phase raw material (base or modified) is placed in the reactor in a volume not exceeding 
2/3 of the reactor to minimize the possibility of overflow during the process. Then the system is sealed, 
pressurized with inert gas (nitrogen), after which the raw material is heated to the temperature of coking 
mass (490-500 °C) for 12 h and kept at the set temperature to complete the process of obtaining raw needle 
coke. The pressure in the system is autogenous and is controlled by venting the generated gas-liquid prod-
ucts during delayed coking to the value of 0.35 MPa (ev.). The flow rate of waste hydrocarbon gases is 
monitored using a gas flow meter, and the mass of liquid distillates formed is recorded at the end of the 
experiment. After switching off the heating and complete cooling of the reactor, mechanical unloading of 
raw needle coke is performed. Then, the mass of carbon material obtained is recorded and the material 
balance of the process is summarized. 

 

 
                                                   
12 Zaporin V.P., Valyavin G.G., Rizvanov I.V., Akhmetov A.F. Decant-oil coking gasoils for production of industrial carbon. 

Chemistry and Technology of Fuels and Oils. 2007. Vol. 43, p. 326-329. DOI: 10.1007/s10553-007-0058-y 
13 Fryazinov V.V., Ezhov B.M., Goryunov V.S. et al. Production of needle coke. Chemistry and Technology of Fuels and Oils. 

1980. Vol. 16, p. 163-165. DOI: 10.1007/BF00729209 
14 Vesirov R.R., Sultanov T.K., Telyashev E.G. Trends in the development of a slow-coking process and prospects for production 

of electrode coke. Chemistry and Technology of Fuels and Oils. 2009. Vol. 45, p. 226-229. DOI: 10.1007/s10553-009-0137-3 
15 Rapoport M.B., Naumchik A.N. On the main conditions for the interlayer penetration of foreign substances into carbon-

graphite materials and into structural analogues of graphite. Journal of Mining Institute. 1975. Vol. 55, p. 26-34. 

а b 

 

Fig.3. Delayed coking laboratory units: a – UZK-1 (up to 0.25 kg); b – LUZK (up to 80 kg) 
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An obligatory stage of obtaining commercial needle coke is its calcination at temperatures from 
1,100 to 1,500 °C, at which the removal of the remaining volatile substances and partial desulfuriza-
tion occur and the degree of graphitization increases [33]. The calcination is carried out for one hour 
in a Nabertherm LTH 08/17 high-temperature muffle furnace. 

The surface morphology of needle coke was studied by scanning electron microscopy (SEM) on 
a Tescan Vega 3 LMH. Images were obtained in secondary electron (SE) in Resolution scan mode, 
field of view 16, 66 μm and 1 mm. The accelerating voltage was 20 kV and the emission current was 
120 μA. Coke samples were identified and described according to the nomenclature16. 

Evaluation of needle coke microstructure by optical microscopy was carried out according to 
GOST 26132-84 “Petroleum and pitch cokes. Microstructure evaluation method” on the m-Vizio-
MET-222 device [34, 35]. 

The crystal structure of needle coke was investigated on a Shimadzu XRD-7000 X-ray powder 
diffractometer (CuKα radiation 2.7 kW) at room temperature. Radiographs were taken with a long 
accumulation time (2 s) and a scanning step of 0.02°. From the obtained peaks with the maximum at 
the doubled Bragg diffraction angles 2θ, the interplanar distances by the value of diffraction maxima 
(002) and (100) as well as the average crystallite height Lc and the average diameter of hexagonal 
layers La were determined [28, 36]. 

Raman spectroscopy of needle coke samples was performed on a Renishaw inVia Raman  
Microscope with an excitation wavelength of 780 nm and using a 50-fold objective; the spectrum 
accumulation time was 10 s and each sample was imaged five times. The obtained Raman spectra 
(CR spectra) were normalized (by 100 units) and decomposed into five characteristic peaks (D1, D2, 
D3, D4, G) by Lorentz transformation17,18. 

Determination of sulfur content was performed on a Shimadzu XRF-1800 sequential wave  
X-ray fluorescence spectrometer. The apparatus is equipped with a 3.6 kW Rh anode X-ray tube; 
cathode current is 90 mA; tube voltage is 40 kV. The analysis was performed without prior ashing of 
the samples using the additive method (Ca in the form of CaCl2 was added) [37].  

The coefficient of linear thermal expansion (CTE) of calcined needle coke samples was deter-
mined on a Netzsch DIL 402 C dilatometer at temperatures from 40 to 500 °C with a heating rate of 
5 °C/min and blowing with an air stream (flow rate of 50 ml/min). 

The effect of raw materials and coking conditions on the quality indicators of needle coke and 
properties of graphitized electrodes, which determine the necessary sequence of research and methods 
used, is presented in Fig.4. 

Two types of base raw material, oil and gas, decantoil and heavy pyrolysis tar (HTP) respec-
tively, were taken as the study material. A thermoplastic polymer of aromatic series was used as a 
modifier of the base raw material. 

Fabrication of electrodes in a blind die. After analyzing the quality of the obtained needle coke 
on the UZK-1 unit, the primary assessment of the possibility of forming a carbon coke electrode from 
it by pressing in a blind die was carried out. The electrodes were prepared by mixing initial calcined 
needle coke with different proportion of medium-temperature pitch. The amount of pitch varied from 
12 to 14 % by weight. 

Mixing of needle coke with medium-temperature pitch (corresponding to GOST 10200-2017 
grade B1) was carried out at elevated temperature and constant stirring (Fig.5) necessary to ensure 
effective distribution of binder throughout the volume of coke charge and pore filling [38], and in-
cluded the following stages: 

• mixing of needle coke with medium-temperature pitch; two fractions of needle coke were used – 
less than 0.5 mm (50 %) and 0.5-1.0 mm fraction – 50 %; 

                                                   
16 Pysz R.W., Hoff S.L., Heintz E.A. Terminology for the structural evaluation of coke via scanning electron microscopy.  

Carbon. 1989. Vol. 27. Iss. 6, p. 935-944. DOI: 10.1016/0008-6223(89)90045-6 
17 Sadezky A., Muckenhuber H., Grothe H. et al. Raman microspectroscopy of soot and related carbonaceous materials: Spectral 

analysis and structural information. Carbon. 2005. Vol. 43. Iss. 8, p. 1731-1742. DOI: 10.1016/j.carbon.2005.02.018 
18 Cuesta A., Dhamelincourt P., Laureyns J. et al. Raman microprobe studies on carbon materials. Carbon. 1994. Vol. 32.  

Iss. 8, p. 1523-1532. DOI: 10.1016/0008-6223(94)90148-1 
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• heating of the obtained mixture to a temperature of 125 °C under constant stirring; 
• mixing of needle coke with pitch for 40 min at a temperature of 125 °С (Fig.5, a, b); 
• pressing of the obtained composite mix-

ture at a temperature of 125 °C for 10 min un-
der a pressure of 300 kg/cm2; 

• extrusion of blanks – tablets with a di-
ameter of 3.2 cm and a height of 6.2 cm. 

The obtained blanks were further sub-
jected to high-temperature firing in a layer of 
coke to create a reducing environment and re-
duce the burnup fraction of the calcined elec-
trode. The maximum firing temperature was 
1,100 °C with a total firing time of 540 min, 
isothermal holding was carried out at 1,100 °C 
for 240 min (Fig.5, c).  

Manufacturing of electrodes by extru-
sion. Extrusion was used to evaluate the feasi-
bility of forming electrodes from calcined nee-
dle coke samples obtained from an 80 kg 
LUZK unit. The process mode, raw material 
type, and modification method were prelimi-
narily established at UZK-1. Manufacturing of 
the electrode by extrusion included the follow-
ing steps: 

Hydrocarbon composition  
of raw materials  
for needle coke 

Properties of raw materials  
for needle coke 

Thermobaric conditions  
of coking and calcination 

 

Determination of needle coke quality 

Physical and chemical properties  
of needle coke: 

• actual density; 
• ash content; 
• volatile yield; 
• humidity; 
• coefficient of linear 
  thermal expansion 
  (dilatometry); 
• specific electrical  
  resistance 

 

Degree of structuring  
(morphology): 

• microstructure score  
  (optical microscopy); 
• fraction of amorphous and graphite  
  phase (Raman spectroscopy); 
• surface morphology  
  (scanning electron microscopy); 
• lattice size  
  (X-ray powder diffractometry) 

 

Composition: 
• content of carbon, hydrogen,  
  nitrogen (CHN-analysis); 
• sulfur content  
  (X-ray fluorescence analysis); 
• nickel and vanadium content  
  (X-ray fluorescence analysis)   

 

Determination of the quality of graphitized electrode and nipples: 
• electrode flow rate;                  • coefficient of linear thermal expansion; 
• elemental composition;            • specific electrical resistance 

 

Determination of arc steelmaking furnace efficiency 

Fig.4. Influence of raw materials and coking process conditions on quality indicators of needle coke  
and properties of graphitized electrodes 

а 
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Fig.5. Preparation of annealed carbon coke electrode:  
a – charge for composite; b – hot mixing for molding;  

c – temperature mode of composite firing 
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• charge dosage according to the requirements for nipples at OOO El 6; 
• mixing of coke fractions with heating, addition of electrode medium-temperature pitch to the 

heated carbon mass and mixing again; 
• hot pressing of the obtained mass in an extruder; 
• cutting of extrudates for subsequent firing and machining; 
• firing of the obtained extrudates at 850 °C, isothermal holding at 850 °C was 1 h; 
• mechanical processing of the obtained annealed electrodes; 
• graphitization of annealed electrodes at a temperature of 2,800-3,000 °C. 
Discussion of results. Preliminary assessment of the possibility of using the base raw material 

for needle coke production was determined by experimental results of hydrocarbon composition 
(SARA analysis) [39] and basic physical and chemical properties (Table 2).  

 
 Table 2 

 

Physical and chemical properties and composition of basic coking raw material 
 

Indicator Decantoil HTP Requirements 
of the Mining University19 

Saturates, wt.% 8.00 8.00 8.0-28.0 

Aromatic, wt.% 88.00 53.46 Min 61.4 

Resins, wt.% 4.00 24.14 1.0-14.0 

Asphaltenes, wt.% 0.10 14.54 Max 2.8 

Density at 15 °C, kg/m3 1,046.1 1,073.3 – 

Sulfur content, wt.% 0.142 0.086 Max 0.7 

Ash content, wt.% 0.012 0.010 0.0013-0.018 

Dynamic viscosity (at 50 °C  
and different polymer concentration), mPa·s  

at 0 wt.% 130.8 61.2 – 

at 5 wt.% 1,000.0 301.6 – 

at 10 wt.% 7,350.0 2,533.0 – 

at 15 wt.% 98,200.0 10,107.0 – 
 
The comparative analysis of physical and chemical properties showed that the composition of 

the decantoil under study fully meets the requirements for needle coke raw material. 
In order to select the optimal thermobaric conditions and modifier for the base raw material, experi-

mental coking tests were initially carried out on the laboratory unit UZK-1 with a raw material loading of 
0.25 kg. The coking mode was selected based on the capabilities of existing industrial delayed coking 
units – on the thermal load on the tube furnace and reactor, as well as on the maximum allowable pressure 
in adiabatic reactors (Table 3). 

The obtained carbon samples (green coke) were calcined at 1,250-1,300 °C in a nitrogen current 
for one hour to evaluate the morphology of the obtained coke. Physical and chemical properties of 
calcined needle coke, parameters of its crystal lattice and coefficient of linear thermal expansion are 
presented in Table 4. 

Linear dimensions and interplanar distances correspond to the values of needle coke samples 
obtained in the world. A slight increase in the interplanar distance d002 (3.4822-3.5161 Å) is observed 
with increasing modifier fraction in the raw material with a maximum at 10 wt.%. The obtained dif-
fractogram shows a symmetrical shape of peak (002), which indicates the formation of a structure 
approaching the graphite one. According to the results of X-ray phase analysis, the character of the 
microstructure of petroleum coke can be judged by the ratio of the average height Lc and the average 

                                                   
19 Gabdulkhakov R.R., Rudko V.A., Pyagay I.N. Methods for modifying needle coke raw materials by introducing additives of 

various origin. Fuel. 2022. Vol. 310. Part A. N 122265. DOI: 10.1016/j.fuel.2021.122265 
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diameter La of crystallites. Thus, the further the value of this ratio is from unity, the more elongated is the 
character of the unit cell. When the modifier concentration increases from 0 to 10 wt.%, the ratio of Lc to 
La decreases, moving away from unity, and at 15 % it increases significantly (Table 4).  

 
 Table 3 

 

Material balances of coking at the UZK-1 unit with 0.25 kg loading 
 

Experi-
ment 

number 

Taken, wt.% Received, wt.% 

Base raw 
materials Modifier 

Total 
raw  

materials 
Coke Coking  

distillates 
Gas  

and losses 
Total 

products 

Decantoil 

1 100.0 0.0 100.0 44.8 36.2 19.0 100.0 
2 97.5 2.5 100.0 46.0 36.6 17.4 100.0 
3 95.0 5.0 100.0 45.6 37.2 17.2 100.0 
4 90.0 10.0 100.0 44.4 39.2 16.4 100.0 
5 85.0 15.0 100.0 45.2 42.2 12.6 100.0 

Heavy pyrolysis tar 
6 100.0 0.0 100.0 28.4 56.4 15.2 100.0 
7 90.0 10.0 100.0 29.6 63.6 6.8 100.0 
8 85.0 15.0 100.0 30.0 66.0 4.0 100.0 

 
 Table 4 

 

Results of physical and chemical properties determination  
and calculations of structural characteristics of synthesized calcined needle coke 

 

Indicator 
Experiment number 

1 2 3 4 5 6 7 8 

Microstructure score 5.40 5.70 6.10 6.15 5.70 4.80 5.30 5.40 
Actual density, g/cm3 2.09 2.12 2.13 2.14 2.14 2.06 2.10 2.12 
Volatile yield, wt.% 5.27 4.33 4.86 5.14 4.33 5.11 5.12 5.09 
Ash content, % 0.05 0.05 0.05 0.04 0.04 0.06 0.07 0.07 
Moisture, % 0.05 0.05 0.06 0.06 0.05 0.12 0.13 0.20 
Sulfur content, wt.% 0.18 0.15 0.15 0.14 0.32 0.11 0.11 0.11 
X-ray structure analysis         

Reflex score (002):         
2θ, degrees 25.56 25.54 25.45 25.31 25.49 – – – 
β, degrees 2.24 2.23 2.42 2.37 2.20 – – – 
d002, Å 3.48 3.48 3.49 3.51 3.49 – – – 
Lc, Å 36.03 36.19 33.33 34.03 36.68 – – – 

Reflex score (100):         
2θ, degrees 43.04 42.88 42.69 42.76 42.94 – – – 
β, degrees 2.23 2.21 2.11 1.97 2.24 – – – 
d100, Å 2.09 2.10 2.12 2.11 2.10 – – – 
La, Å 78.44 77.35 82.82 88.76 78.06 – – – 
La/Lc 0.45 0.45 0.40 0.38 0.46 – – – 

CTE index (ASTM D 6745) at  
different temperature values, 1 10–6 K–1: 

        

at 40 °C 25.09 – 24.45 7.33 –10.43 – – – 
at 200 °C 4.81 – 14.00 14.14 11.87 – – – 
at 300 °C –19.20 – 8.92 5.73 6.95 – – – 
at 400 °C 10.51 – 12.51 8.15 11.32 – – – 
at 500 °C 4.35 – 5.31 5.14 9.58 – – – 
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The main indicator determining the quality of needle coke is the coefficient of linear thermal ex-
pansion; as a result of the tests performed, the tendency of decreasing the degree of deformation of 
carbon material under thermal influence with increasing the proportion of modifier in the initial raw 
material is observed (see Table 4). The minimum CTE 5.73  10–6 К–1 (at 300 °C) corresponds to a 
modifier concentration of 10 wt.%.  

Since the long existence of the plastic state of the liquid phase and its low viscosity are necessary for 
the formation of the needle-like structure, the extreme dependence can be explained by a significant in-
crease in the viscosity of the system due to the addition of a large concentration of the modifier – 15 wt.% 
(see Table 2). The limiting stage for liquid-phase thermolysis is diffusion, which is hampered by a signif-
icant increase in the viscosity of the system, while deterioration of growth and development of mesophase 
due to the termination of coalescence of mesophase spheres and inhibition of deformation of these spheres 
by convective flows are observed. Thus, a highly viscous medium is unfavorable for the formation of a 
striated structure. For confirmation, the dynamic viscosity of the mixture at 50 °C of decantoil with dif-
ferent concentrations of modifier was determined (see Table 2). 

The combined study of physical and chemical properties and morphology of calcined coke by 
scanning electron microscopy and spectroscopy in plane polarized light (microstructure score) al-
lowed to identify the best quality samples from both types of basic raw materials at its polymer mod-
ification: for decantoil it is experiment 4 with addition of 10 wt.% of modifier, and for heavy pyrolysis 
tar it is experiment 8 with addition of 15 wt.% of modifier. The most characteristic morphology for 
synthesized calcined needle coke with the highest microstructure score for the two types of raw ma-
terials is presented in Table 5. However, the samples obtained from HTP have a lower microstructure 
score and density, in morphology they represent a transitional structure with a relatively high propor-
tion of isotropic phase. Therefore, further studies on needle coke production were carried out using 
only decantoil as a base raw material. 

Raman spectroscopy of the needle coke sample obtained in experiment 4 (Fig.6) was carried out 
to quantify the fraction of graphitic phase and hard-to-graphite amorphous phase. Based on the results 
of integration of the obtained peaks, their areas were calculated (D1 = 1,312.53; D2 = 1,609.00;  
D3 = 1,498.00; D4 = 1,154.77; G = 1,584.31) and semi-quantitative estimation of the fraction of each 
phase in the sample of the calcined needle coke under study from experiment 4 was performed. The 
sample consists mainly of a misoriented graphite phase – 69.33 wt.%, which is typical for the  
turbostratic structure of needle coke, while the proportion of the ideal graphite phase is 6.10 wt.%, 
and of the amorphous phase – 24.59 wt.%.  

 
Table 5 

 

Scanning electron microscopy 
 

Experi-
ment num-

ber 

Field of view, µm 
Microstructure score 

1,000 66 16 

4 

    

8 

    

6.15 

4.40 



 

 

Journal of Mining Institute. 2023. Vol. 263. P. 795-809 
© Vyacheslav A. Rudko, Renat R. Gabdulkhakov, Igor N. Pyagai, 2023 

EDN KYNHWL 

805
This is an open access article under the CC BY 4.0 license

 

 

 
 

Fig.6. Decomposition of Raman spectra:  
a – for sample 4 under study; b – for carbon material 

 

D1 – disordered graphite lattice (edges of the graphene layer);  
D2 – disordered graphite lattice (surface layers of graphene);  

D3 – amorphous carbon (Lorentzian line shape); D4 – disordered graphite lattice20,21;  
G – ideal graphite lattice 

 
To clarify the convergence and reliability of the established optimal parameters of the coking 

process and to establish the possibility of realizing these data on an enlarged scale, the studies were 
carried out on the LUZK unit with simultaneous loading of up to 80 kg, which corresponded  
to 100-fold scaling (for each reactor). Decantoil with a modifier, which content in the base raw  
material was 10 wt.%, was used as base raw material. Two tests were conducted at LUZK to produce 
pilot batches of coke – without application of the modifier (experiment 9) and with its application 
(experiment 10). Material balances of the scaled pilot tests are presented in Table 6. 

 
 Table 6 

 
Material balances of coking process scaling at LUZK unit 

 

Substance 
Experiment 9 Experiment 10 

Mass, g 
Content,  

wt.% 
Mass, g Content,  

wt.% 

 Inflow 
Decantoil 20,900.00 100.00 19,140.00 90.00 
Modifier 0.00 0.00 2,126.10 10.00 

Total 20,900.00 100.00 21,266.10 100.00 
 Yield 
Amount of distillates 10,880.00 52.06 11,460.00 53.89 
Needle coke 7,060.00 33.78 7,460.00 35.08 
Hydrocarbon gas 2,419.00 11.57 2,126.00 10.00 
Losses 541.00 2.59 220.10 1.03 

Total 20,900.00 100.00 21,266.10 100.00 
 
The analysis of the obtained results showed that at large-scale increase of the volume of one-

time loading, the main technological parameters of the process do not go beyond the assumed  

                                                   
20 Sadezky A., Muckenhuber H., Grothe H. et al. Raman microspectroscopy of soot and related carbonaceous materials: Spectral 

analysis and structural information. Carbon. 2005. Vol. 43. Iss. 8, p. 1731-1742. DOI: 10.1016/j.carbon.2005.02.018 
21 Cuesta A., Dhamelincourt P., Laureyns J. et al. Raman microprobe studies on carbon materials. Carbon. 1994. Vol. 32. Iss. 8,  

p. 1523-1532. DOI: 10.1016/0008-6223(94)90148-1 
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corridor of the experiment error, in addition, there is a noticeable convergence of the product quality 
with the values of analogs of premium quality. At the same time, the yield of carbon material de-
creased and the yield of distillates increased. The change of material balance is caused by higher 
decomposition depth at thermolysis of small volume of raw materials and, consequently, higher 
coke yield. 

At the comparative analysis of material balances of thermolysis of modified and unmodified raw 
material, a slight increase in yield of carbon material, distillate fractions and decrease in the share of 
gaseous fraction due to the increase in molecular weight of raw material due to the introduction of 
modifier is observed. 

Needle coke samples obtained during experiments 9 and 10 were subjected to calcination in a 
nitrogen current at 1,400 °C for one hour with subsequent evaluation of the morphology of the modified 
sample by scanning electron microscopy [40, 41]. According to the results of evaluation of the  
obtained SEM images, it is possible to note the presence of a developed lamellar structure of the 
modified sample (experiment 10), while the total field of view practically does not include the iso-
tropic amorphous phase, which is characteristic of high-quality needle coke. 

Further study of the needle coke samples of basic and modified raw materials obtained during 
pilot tests at the LUZK unit was carried out on the basis of the engineering laboratory of OOO El 6 
(Novocherkassk) to assess the quality of batches by the main consumer in Russia (Table 7). 

 
 Table 7 

 
Results of research of physical and chemical properties of needle coke at OOO El 6 

 

Indicator Method 
Needle coke Imported  

needle coke 
(Japan) Unmodified  

(experiment 9) 
Modified  

(experiment 10) 

Actual density, g/cm3 GOST 22898 2.14 2.14  Min 2.13 
Mass fraction of ash, % GOST 22692 0.2 0.2  Max 0.3 
Mass fraction of total sulfur, % GOST 32465 0.12 0.05  Max 0.40 
Mass fraction of nitrogen, % GOST 32979 0.24 0.22  Max 0.40 
Microstructure score GOST 26132 5.3 5.8 – 
CTE 20-520 °C on an annealed 
electrode, 1  10–6 К–1  GOST R 54253 2.08 1.96 – 

 
According to the main physical and chemical properties, needle coke based on modified raw 

material is superior to the sample from basic decantoil, especially in terms of microstructure score 
and CTE, which indicates a greater degree of structurization of needle coke from modified raw ma-
terial and also confirms the work of the modifier. 

To obtain reliable results in practice, the estimation of CTE and specific electrical resistance of 
needle coke is carried out on a prepared graphitized electrode. Electrode samples were made from the 
worked needle coke and then sent for graphitization. The obtained samples of raw and annealed me-
chanically treated electrodes are presented in Fig.7, a, b, and samples of electrodes after graphitization 
at temperatures of 2,800-3,000 °C are presented in Fig.7, c. 

Based on the results of the study of the obtained graphitized electrodes, the main quality indicator – 
coefficient of linear thermal expansion – for the sample from needle coke obtained by modification 
of raw materials with thermoplastic polymer takes lower values and meets the requirements for pre-
mium grades (CTE < 1  10–6 К–1). The required degree of graphitization of the two obtained electrode 
samples was estimated by the specific electrical resistance value, which was 7.1-7.4 μOhm  m and 
met the requirements for the electrodes of high and ultra-high power arc steelmaking furnaces. 
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Fig.7. Samples of electrodes manufactured by extrusion:  
a – raw electrodes; b – annealed and mechanically processed electrodes; c – graphitized electrodes 

 
Conclusion. The following results were achieved during experimental studies on needle coke 

production at Saint Petersburg Mining University: 
• The analytical assessment of raw material resources necessary for organization of industrial 

production of needle coke in Russia has been performed – a total of 48 technogenic sources: decantoil 
(58 %), heavy pyrolysis tar (7 %), coal tar (24 %) and coal pitch (11 %). Together, this amounts to 
more than 5 million tons per year, which is theoretically enough to produce up to 800,000 tons of 
needle coke annually. However, requirements to hydrocarbon composition, sulfur content and quin-
oline insoluble substances necessitate special preparation or modification of raw material and neces-
sarily reduce the amount of practically possible needle coke production. 

• A unique laboratory complex including two delayed coking units – UZK-1 (loading up to 0.25 kg) 
and LUZK (loading up to 80 kg) was created on the basis of the Scientific Center “Issues of Pro-
cessing Mineral and Technogenic Resources” of Saint Petersburg Mining University, allowing to 
establish the influence of raw materials and technological parameters of the process on the quality 
indicators of needle coke and properties of graphitized electrodes. 

• The best base hydrocarbon raw material for polymer modification is decantoil with its low 
content of sulfur (up to 0.7 %) and asphaltenes (not more than 2.8 %) as well as high content of 
aromatic hydrocarbons (more than 66 %). 

• Heavy pyrolysis tar is a potentially more promising base raw material for needle coke produc-
tion in Russia than decantoil, as it is practically free of sulfur, and no additional technological opera-
tions are required in the production chain to achieve this indicator. However, the needle coke from 
heavy pyrolysis tar, just like the one from decantoil, also requires pre-polymer modification to in-
crease its structurization. 

• It is established that the decomposition of Raman spectra is potentially the most informative 
method for estimating the degree of structurization of needle coke, since it allows quantifying the 
fractions of ideal graphite and amorphous phases. This type of analysis can be used in laboratories 
alongside microstructure score or can replace it, being less time-consuming. 

а b 

c 
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• A needle coke raw material modifier, a thermoplastic polymer of aromatic series, has been 
experimentally proven to work for both decantoil and heavy pyrolysis tar. This is confirmed by  
100-fold process scaling (based on CTE and microstructure score). 

• It is established that the developed samples of needle coke after raw material modification  
in charge composition are well formed in the process of electrode manufacturing by extrusion and 
after standardized procedures of firing, mechanical treatment and graphitization at temperatures of 
2,800-3,000 °C meet the requirements for this type of products (CTE < 1  10–6 К–1 and specific elec-
trical resistance 7.1-7.4 μOhm). 

• Highly structured needle coke obtained by the original technology of Saint Petersburg Mining 
University using 10 wt.% of modifier has an increased microstructure score of 5.8, compared to 5.3 
without modification (on an enlarged batch of LUZK), lamellar structure with a low proportion of 
amorphous phase, low value of CTE of the electrode 0.897  10–6 К–1 (at the evaluation temperature 
of 20-520 °С), which corresponds to the quality of imported Japanese analogs and needle coke of 
Super Premium brand. 

 
The authors express their deep gratitude to the Rector of Saint Petersburg Mining University, Pro-

fessor V.S.Litvinenko, for the opportunity to perform this work, as well as to the team of OOO El 6  
(Novocherkassk), especially the Chief Technologist T.V.Butakova. 
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