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Abstract

Integrated studies of green coke have been carried out by means of X-ray diffractometry, electron micros-
copy, electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR). It is determined by EPR 
spectroscopy that two types of radical structures are present in the samples: low-molecular aromatic radicals and 
conjugated polyaromatic structures in which the unpaired electron is delocalised. Analysis of line shapes in the 
EPR spectra reveals differences between the green coke samples under investigation. EPR is shown to be highly 
sensitive method allowing one to follow the changes of molecular structure during the production of green coke. 
The results obtained in the work with the help of EPR are in good agreement with the results of NMR spectro-
scopic studies. It is concluded that evaluation of the molecular structure of intermediate coking products is neces-
sary to improve the composition of initial raw material and technological operations.
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INTRODUCTION

The sustainable development of heavy indus-
try, in particular metallurgy, needs electrodes 
with the required electrotechnical characteristics. 
One of the materials for their formation is aniso-
tropic (so-called needle-like) coke, with its eco-
nomic availability, chemical purity and high elec-
tric conductivity, which makes it most profitable 
and highly relevant [1–3]. The main criteria for 
the evaluation of coke quality for its applicability 
in electrode materials are based on the following 
factors: actual density, thermal conductivity, spe-
cific electrical resistance, ash content, composi-
tion of impurities and their concentrations, crys-
tal structure, as well as porosity and thermal co-
efficient of linear expansion [4, 5].

Relying on the known criteria of coke quality 
evaluation, one may state unambiguously that this 
is a complicated and multicomponent task requir-
ing many physicochemical methods to be involved. 
Quality evaluation relying on only one parameter 
(for example, conductivity) may result in substan-
tial errors in determining coke characteristics. It is 
noteworthy that coke quality is to a substantial 
extent determined by the choice of initial raw ma-
terial, its chemical purity and the conditions of its 
processing and preparation for coking [6–8].

The most informative parameter determining 
the quality of coke for its application in electrode 
materials is the degree of anisotropy [9], which 
allows coke classification assigning the score, 
from 0 to 7 – from isotropic (so-called shot coke) 
to completely anisotropic ones (for example, needle 
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coke) [10]. The crystal structure of cokes deter-
mines their physical, mechanical characteristics, 
as well as application areas [11].

The major factor that affects the crystal struc-
ture of coke is the chemical and molecular compo-
sition of initial raw material [3, 12–16]. Substantial 
differences in the structures of coke samples ob-
tained from the raw materials with the domination 
of definite types of organic structures, such as par-
affinic, naphthenic, or aromatic, were demonstrat-
ed in [15]. For instance, anisotropic needle coke is 
formed from oils in which prevailing structures 
are paraffins, providing the growth of carboid for-
mations in one direction during coking. A lower 
degree of anisotropy is observed in coke obtained 
from resins. These coke samples have sponge-like 
structure and not very high degree of anisotropy; 
fibrous formations are also observed in their struc-
ture. The least structured coke is formed when 
asphaltenes are used as the initial raw material, 
which results in isotropic structure arising due to 
the growth of dense colloidal formations uniformly 
in all directions.

The formation of ordered graphite-like struc-
tures during coking proceeds through consecutive 
detachments of aliphatic structures from the con-
jugated aromatic systems [17–21]. The ruptures 
of С–С bonds as a result of high-temperature 
processes take place according to the homolytic 
mechanism with the formation of unpaired elec-
trons (paramagnetic centres (PMC)) on carbon 
atoms. With an increase in temperature, the 
amount of aliphatic fragments in the total organic 
mass decreases, while the amount of conjugated 
aromatic rings increases up to the formation of 
graphite-like structure due to recombination of 
aromatic radicals [22]. It is also known [23, 24] 
that the pyrolysis of organic mass involves the 
removal of the surroundings (matrix) of radicals. 
This finally causes a decrease in the distance be-
tween polycyclic aromatic radicals with high mo-
lecular mass and leads to the formation of bonds 
between high-molecular radical structures due to 
the dipole-dipole interaction. Investigation of the 
formation of radical structures in coke and green 
coke is extremely important for the improvement 
and refinement of technological stages for obtain-
ing anisotropic coke.

The PMC formed as a result of pyrolysis may 
be localised on carbon atoms surrounded by pro-
tons (aliphatic radicals or low-molecular aromatic 
radicals) or may be delocalised over the conju-
gated aromatic system (high-molecular conjugat-
ed aromatic radicals). Evaluation of the nature of 
radical structures by EPR spectroscopy is possi-

ble with the analysis and the shape and line width 
of the signal observed in the spectrum [25, 26]. 
It is known [27–29] that the largest contribution 
into the line width of the EPR spectra of carbon 
materials is made by the spin-spin interaction be-
tween PMC localised on carbon atoms in the aro-
matic ring or on carbon atoms in aliphatic radi-
cals. At the same time, the most substantial con-
tribution into a decrease in line width is made by 
exchange interactions between PMC delocalised 
over the conjugated polycyclic aromatic system. 

It is noteworthy that it is impossible to record 
the EPR spectra of cokes with a substantial de-
gree of graphitisation because of their electrical 
conductivity (the presence of electron gas), which 
makes it impossible to find the resonance fre-
quency during tuning the EPR spectrometer. 

To optimise coking processes for obtaining an-
isotropic cokes and for improving the technologi-
cal processes of coking, in addition to the studies 
of structural and shape-size characteristics [30], it 
is also necessary to investigate the structural-mo-
lecular and radical composition at different stages 
of coking. The optimal objects for this purpose 
are green cokes that may be studied using EPR 
and NMR spectroscopy because of their relatively 
low electrical conductivity. 

EXPERIMENTAL

Methods of investigation

X-ray diffraction studies were carried out with 
a powder X-ray diffractometer Bruker D8 Ad-
vance A25 (Germany) (CuKα-radiation, with a Ni 
filter on the secondary beam) at room temper-
ature using the polycrystal method. The X-ray 
diffraction patterns were recorded by signal ac-
cumulation (2 s) with the scanning step of 0.02° 
over 2θ.

To record representative diffraction patterns, 
the green coke samples were disintegrated to 
particle size less than 0.02 mm, transferred into 
the cell, and pressed. Indexing of diffraction re-
flections was performed using the ICDD PDF-2 
database [31]. Measurements of interplane spac-
ing (d00l), the thickness of polyarene packets (Lc), 
the density of their packing (ρ), the number (N) 
and longitudinal size of structural elements (La) 
were calculated according to the procedure de-
scribed in [32].

The electron microscopic images of green coke 
particles were taken with a JEOL JSM-6390 LA 
scanning electron microscope (Japan). Sample mi-
crostructure was investigated with secondary elec-
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trons on particles ~3 mm in size. Elemental analysis 
was carried out with the energy-dispersive ana-
lyser JED 2300 (Japan) with green coke particles 
ground to a size of less than 0.2 mm. The X-ray 
fluorescence spectra were recorded from the spots 
1 mm2 in area with the accelerating voltage of 
20 kV and beam current 1 nA. The calculation of 
elemental composition was made using the stand-
ardless method ZAF.

The EPR spectra of green coke samples were 
recorded with a Bruker EMX micro 6/1 spec-
trometer (Germany) operating within the X band 
at room temperature in the air. The frequency 
of microwave radiation was ≈9.8 GHz, the power 
of MMW radiation was varied from 1.9 µW to 
200 mW; modulation signal frequency was 100 kHz 
with the amplitude of 1 G. The concentration of 
PMC was calculated by comparing with the stand-
ard sample (Mn2+ ions doped with MgO) [33]. Si
mulation of EPR spectra and shape line analysis 
were carried out using the EasySpin software [34] 
in Matlab with the Simultispin graphical inter-
face [35].

The high-resolution NMR 13С spectra in the 
solid state were recorded with a Bruker Avance 
III 300 W NMR spectrometer (Germany) at the 
frequency of 75 MHz using the standard proce-
dure with cross polarisation and magic angle spin-
ning (CPMAS). To obtain the quantitative data, 
spectra were modelled using the Dmfit software.

RESULTS AND DISCUSSION

Investigation of the structural characteristics  
of green coke 

The XRD analysis revealed the presence of in-
tense reflections characteristic of most of carbon 

materials: 002, 004 (00l), and a two-dimensional 
reflection 110 (hk0) in all diffraction patterns.

The detailed analysis of (00l) reflections shows 
that these reflections are asymmetric with the 
domination of the right shoulder, which is due not 
only to differences in the coherent length values 
but also to different interplanar spacing values; 
this may be explained by the existence of several 
crystal phases in the sample. The low intensity of 
004 reflection and the absence of 006 reflection 
indicate that the presented samples are charac-
terised by the low degree of crystallinity. The es-
timated structural characteristics are shown in 
Table 1. One can see that the green coke samples 
are poorly structured, the number of polyarene 
layers in a packet does not exceed 11, and the 
parameter La is not more than 30 Å. Almost simi-
lar values of Lc and La show that nanocrystallites 
forming the structure of green coke are isotropic.

The isotropic structure of the samples is also 
confirmed by the morphology of green coke par-
ticles (an example of SEM image of green coke is 
shown in Fig. 1). No particles with lamellar (lay-
ered) structure characteristic of anisotropic (nee-
dle) coke are observed in the sample. The parti-
cles of all samples under investigation possess 
similar structural characteristics over all direc-
tions, and the structure of fractured surface looks 
characteristic of a vitreous amorphous body.

Investigation of the chemical  
and molecular composition

Analysis of the data on the elemental composi-
tion of objects (Table 2) shows that the largest 
amount of carbon and correspondingly the small-
est amount of hydrogen is observed in sample 1. 
Quite contrary, the smallest amount of carbon is 
observed in sample 3. In addition to carbon, hy-

TABLE 1

X-ray structural parameters of the samples under investigation 

Structural 
parameter

Sample 

1 2 3 4

Phase 1 Phase 2 Phase 1 Phase 2 Phase 1 Phase 2 Phase 1 Phase 2

d002, Å 3.436 3.512 3.435 3.500 3.439 3.499 3.432 3.486

Lc, Å 31 16 34 20 32 17 32 17

Fraction of phase 0.3 0.7 0.4 0.6 0.2 0.8
2.18

0.2 0.8

ρ, g/cm3 2.22 2.17 2.22 2.18 2.22 2.22 2.19

N, sp. 10 6 11 7 10 6 10 6

La, Å 29 22 30 24 28 22 28 22

Note. d002 – interplanar spacing; Lc – packet thickness; ρ – packet packing density; N – number of pack-
ets; La – Longitudinal size of structural elements.
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drogen and oxygen, trace amounts of silicon sul-
phur and aluminium were also detected in the 
samples. 

The low degree of graphitisation (see Table 1) 
allowed us to carry out EPR and NMR spectro-
scopic studies of the samples. All EPR spectra of 
the samples under investigation (an example of 
the spectra is shown in Fig. 2) contain two lines 
with identical g-factor value: a narrow line with 
the width of 2–2.5 G against the background of a 
broad one (5–6 G). Then the effect of input MMW 
radiation power on the EPR signal of the samples 
was studied. As a result, it has been revealed that 
a central narrow band is observed to appear with 
an increase in MMW radiation power only in the 
EPR spectrum of green coke sample 1 (Fig. 3), 
while this band is not observed in the case of low 
power. The absence of a central narrow component 
in the spectrum of sample 1 is due to the overlap-
ping of the broad and narrow spectral components 
because this sample possesses the smallest width of 
the broad component among all the studied sam-
ples. The concentration of PMC and g-factors are 
almost the same over the whole set of samples, as 
shown in Table 3. 

To exclude the effect of vanadium complexes 
that may give a narrow line in EPR spectra [35], 
simulation of EPR spectra with vanadyl ion was 
carried out. Comparison of the experimental and 
simulated spectra demonstrated line mismatch-
ing (Fig. 4). So, the appearance of a central nar-

row line in the EPR spectrum may be related to 
the structural features of radicals in the organic 
mass of green coke. 

It is known from the publications [27–29] that 
the major contribution to line broadening in the 
EPR spectra is made by spin-spin interactions of 
unpaired electrons localised on isolated (non-con-
jugated) aromatic rings. A decrease in the width of 
lines in EPR spectra of carbon materials is related 
to the exchange interactions between unpaired 

Fig. 1. SEM microphotograph of a sample under investigation. 

Fig. 2. EPR spectra of green coke: sample 1 (1) and sample 4 (2).

Fig. 3. EPR spectra of sample 1, recorded at different input 
power of MMW radiation: 1.93 (1), 3.06 (2) and 4.85 mW (3).

TABLE 2

Elemental composition of samples

Sample Content, wt. %

C O Al Si S

1 92.62 7.15 0.04 0.04 0.15

2 91.58 8.22 0.06 0.04 0.11

3 90.85 9.04 – 0.03 0.07

4 91.5 8.31 – 0.04 0.15

Note. Dash means the absence.
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electrons delocalised over the conjugated high-
molecular aromatic system. So, a narrow compo-
nent of the EPR spectra of the samples under in-

vestigation may be due to the presence of conju-
gated polyaromatic radicals. A broad component 
is due to the presence of low-molecular aromatic 
radicals. 

Analysis of the line shape in the EPR spectra of 
samples (Table 4) shows that sample 1 has the 
smallest line width of the central narrow compo-
nent, which is evidence in favour of enhancement 
of the role of exchange interactions between un-
paired electrons delocalised on the conjugated sys-
tem of polyaromatic radicals that form the packets. 
As reported in [28], enhancement of this effect is 
connected with an increase in the amount of PMC 
in these structures and a decrease in the distance 
between polyarene layers in the packets. 

According to the data of NMR spectroscopy, 
the samples are mainly aromatic structures with 
a small amount of relatively short aliphatic frag-
ments (Table 5). The smallest amount of –CH2– 
groups and the largest amount of carbon atoms in 
aromatic rings (Ar–C) are observed in sample 1. 
Thus, it may be assumed that shorter terminal 
aliphatic chains promote rapprochement of poly
aromatic structures and formation of packets 
that are recorded by means of XRD. 

CONCLUSION

It has been established by means of XRD and 
microscopic analysis that the samples under study 
are green coke with isotropic structure exhibiting 
almost no differences from each other in mor-
phology and X-ray diffraction characteristics. In-
vestigation of green coke, in particular studies of 
the shape-size characteristics, does not reveal 

TABLE 3

Concentrations of paramagnetic centres (PMC)  
in green coke samples and g-factor values  
according to the data of EPR spectroscopy 

Sample PMC concentration, spin/g g-factor

1 1.24•1020 2.0032

2 1.23•1020 2.0031

3 9.37•1019 2.0031

4 1.44•1020 2.0031

TABLE 4

Results of the decomposition of EPR spectra  
recorded for the samples

Decomposition g-factor ΔHp-p, G w, %

Sample 1

Lorentzian-1 2.0046 3.16 49.65

Lorentzian-2 2.0029 1.79 29.49

Lorentzian-3 2.0023 2.07 20.86

Sample 2

Lorentzian-1 2.0054 2.85 44.69

Lorentzian-2 2.0034 2.02 34.93

Lorentzian-3 2.0023 1.95 20.39

Sample 3

Lorentzian-1 2.0058 3.12 48.92

Lorentzian-2 2.0038 1.98 31.59

Lorentzian-3 2.0023 1.95 19.49

Sample 4

Lorentzian-1 2.0056 3.18 48.93

Lorentzian-2 2.0035 2.18 32.74

Lorentzian-3 2.0023 1.95 18.33

Note. ΔHp-p – line width, measured as the distance be-
tween the extreme points on the EPR spectrum, G; w – frac-
tion of a component in the EPR spectrum, %.

Fig. 4. EPR spectrum of sample 2 (1) recorded at 1.9 mW, 
and simulated spectrum of vanadyl ion with parameters: 
g|| = 1.964±0.003, g┴ = 1.984±0.003; A|| = 17±2 mT, A┴ = 6.0±1.4 mT 
(data from [36]) (2).

TABLE 5

Parameters of the fragmentary composition of samples  
according to the data of 13С NMR spectroscopy

Sample Distribution of carbon atoms  
over structural groups, rel. %

fa n

CH3 CH2 Ar–H Ar–C

1 1.18 1.46 18.92 78.43 0.97 2.24

2 2.37 1.68 18.16 77.79 0.96 1.71

3 2.35 1.67 18.26 77.71 0.96 1.71

4 1.05 1.57 19.37 78.01 0.97 2.50

Note. fa – aromaticity degree: fa = (СarО + Сar + СНar)/100); 
n – the length of aliphatic substituents (the number of carbon 
atoms.
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the features of physicochemical characteristics of 
samples in full. At the same time, it is determined 
by EPR and NMR spectroscopy that a green coke 
sample in which coking processes have taken place 
to a higher extent has been determined among 
the entire set of samples. Thus, EPR and NMR 
spectroscopy are informative methods to study 
the evolution of carbon framework formation at 
the stage of semi-coking.
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