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Abstract: Conventional (anthracite, calcined petroleum coke, and coke) and non-conventional
(biochar, and biocokes (3 wt.% torrefied wood, and 3 wt.% petroleum coke + 3 wt.% charcoal))
carbon-bearing sources have been studied for their use in electric arc furnace (EAF)-based steel
production. Commonly, for the use of carbon sources in EAFs, one of the important properties is the
content of fixed carbon, the release of volatiles as well as the elemental composition of inorganics.
The properties of six carbon sources were analyzed by determining the proximate analysis, X-ray
fluorescence analysis (XRF), coke reactivity index (CRI), and strength after reaction with CO2 (CSR),
Brunauer–Emmett–Teller (BET) specific surface area and Barrett–Joyner–Halenda (BJH) pore size
and volume analysis, ash chemical analysis, optical and scanning microscopy, Raman spectroscopy
and X-ray diffraction (XRD) analysis. The results indicate biocoke as a promising option to replace
conventional carbon-bearing sources. In the sample set, the fixed carbon, volatiles, and ash content of
the biocokes were similar despite the total difference in additives. Additionally, the use of additives
did not significantly affect the biocoke reactivity indices, but slightly decreased the strength after
the reaction with CO2. Carbon-bearing sources have been characterized in terms of their structural
properties. XRD analysis revealed that the amount of disordered carbon increased in the order:
coke < calcined petroleum coke ~ biocoke (3 wt.% torrefied wood) < biocoke (3 wt.% petroleum
coke + 3 wt.% charcoal) < biochar. The results obtained on the physical, chemical, and structural
properties of carbon sources are the basis for further research on the behavior of slag foaming.

Keywords: coke; biochar; biocoke; calcined petroleum coke; EAF-based steel production

1. Introduction

Operating an electric arc furnace (EAF) is a well-established way of steel production [1–4].
EAF-based steel production accounts for approximately 26% [5,6] of the global output (~42%
in the EU), according to the World Steel Association [7]. More than 40% of the energy in the
current EAFs originates from natural gas and coal [8–10], corresponding to about 5 to 15 kg/t
of liquid steel [11]. Usually, anthracite, coke (metallurgical or petroleum), or graphite is used
as the source of carbon. Carbon-bearing sources are used as charged carbon (lumped within
the basket), which consumes surplus oxygen during the melting stage and delivers heat or
injected carbon, which interacts with oxygen to produce a foamy slag.

The operation with foamy slag enables higher productivity, a reduction in electrode
consumption and arc noise reduction due to arc coverage, an increase in the average power
due to improved arc stability, a reduction in the wall thermal stress, reduction in electric
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energy consumption due to better thermal efficiency, lower nitrogen absorption, and a
reduction in harmonic electric disturbances [12–15].

To achieve the foaming process, approximately 5–10 kg of injected carbon is used in
an EAF [16]. The main requirements for carbon-bearing materials are a high carbon content
(>85 wt.%, dry basis), a low ash content, and a bulk density of about 1000 kg/m3.

However, conventional carbon sources (anthracite, coke, or graphite) are responsible
for 60–70% of direct greenhouse gas (GHG) emissions [8]. Looking for new ways to reduce
CO2 emissions [17] and achieve carbon neutrality and a circular economy [18,19], the
partial or complete replacement of conventional carbon sources with materials such as
biomass [20] or biochar has been investigated [16,21–27]. Carbon from biochar directly
reacts with iron oxide (FeO) or reduces FeO indirectly through an intermediate gasification
stage [28]. Notably, biochar usually contains a large amount of volatile matter (VM)
including hydrogen [29]. Hydrogen contributes to the reaction of FeO to Fe and H2O [30].
The indirect reaction of the water–gas conversion supports the gasification of solid carbon,
accelerating the slag and carbon reaction. Hydrogen in the gas phase also increases the
carbon gasification rate because H2 and H2O react faster with carbon and slag than CO and
CO2. In addition, FeO reacts faster with hydrogen compared to CO [16]. This provides
the advantage of using biochar instead of anthracite [31] or coke, which is characterized
by a small amount of VM and a relatively low amount of hydrogen [32–34]. In addition,
for the scrap/EAF route, charcoal was assumed to replace the charge fully, injectant, and
recarburizer carbon (85% C) in an EAF on an equivalent fixed carbon basis [35]. Partial or
complete application of biomass/biochar is considered as a good option [36,37]. However,
it is still a challenging issue in EAF-based steel production as the carbon source should
have sufficient fixed carbon. Nevertheless, EAF-based steel production with biomass can
reduce CO2 emissions by 83% [38].

Shukla [39] demonstrated the thermo-chemical conversion of biomass to renewable
fuels at a temperature below 1000 ◦C, which was lower than the steelmaking temperature
of 1550–1650 ◦C. It was concluded that in the scrap-EAF route, biomass could be used as a
slag foaming agent and in a cogeneration plant.

Demus et al. [22] assessed that biocoal from biogenic residues had great potential for
industrial-scale EAF steelmaking. However, it was noticed that there were some problems
in handling highly reactive carbonaceous materials with a high specific surface. Therefore,
they suggested the use of biocoal briquettes.

Bianco et al. [40] characterized biochar from grape seed and wood residues, anthracite,
and petroleum coke too study the slag foaming capability. It was concluded that petroleum
coke had the highest carbon value of 93% and the lowest yield of VM of 1%. Biochar from
the wood residues was characterized by the lowest carbon values and VM of 60% and
13.5%, respectively.

The thermochemical properties of two biochars obtained from the grape seed and
pumpkin seed chars were studied by Fidalgo et al. [41] as an injected and/or charged carbon.
They found that grape seed charcoal was more volatile and had a higher ash content than
the charcoal and pumpkin seed charcoal. Thermogravimetric analysis indicated that grape
seed charcoal had a higher reactivity for gasification, combustion, and slow release of VM,
which may contribute to the supply of heat and sustaining reactions in the slag phase for a
long time.

Kalde et al. [42] studied the reactivity and combustion behavior of wood produced
by hydrothermal carburization (in the form of pellets), torrefaction (in the form of pellets),
and pyrolysis as well as non-processed biomass such as palm kernel shells. Based on
the obtained results, palm kernel shells were selected for a series of tests in an industrial-
scale EAF. A study of reactivity as a function of time eliminated most materials due to a
potentially explosive reaction that is possible when introduced into an industrial furnace.
Based on the obtained results, palm kernel shells were selected for a series of tests on an
industrial scale EAF.
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Biochar produced by two different technologies (woody biomass after slow pyrolysis
technology at 900 ◦C, and biochar from woody biomass after fast pyrolysis technology
at 400 ◦C), graphite, coke, and char from tire pyrolysis were studied by Huang et al. [43].
Carbonaceous materials were characterized in terms of their chemical composition and
carbon structure by Raman spectroscopy and XRD analysis. It was shown that materials
were in the following microstructural order: graphite > coke > tire char > biochar from
woody biomass after slow pyrolysis > biochar from woody biomass after fast pyrolysis
technology at 400 ◦C. Moreover, it was found that the smooth surface of the biochar reduced
the foaming of the slag. The interaction between biochar and slag was weak compared to
other carbonaceous materials.

The reduction reactions and foaming of the slag in EAF depend not only on the
physical and chemical properties of the slag but on the physicochemical properties of the
carbon source. Indicators of proximate analysis, reactivity, micropores, and crystallinity
show the physical and chemical properties of carbon sources and determine the kinetics
of reactions with their participation. The most general indicator of the quality of carbon
sources is reactivity, the value of which depends on the ordering of the carbon structure as
well as on the proximate analysis indicators.

In this paper, anthracite, calcined petroleum coke, and high-temperature coke were stud-
ied as conventional carbon-bearing sources. Two types of biocoke and biochar were selected
as alternative carbon-bearing sources. The specific objective was to study the physicochemical
and microstructural properties of conventional and non-conventional carbon-bearing sources
to assess the requirements of the carbon materials for EAF application.

2. Materials and Methods
2.1. Sample Materials

Calcined petroleum coke (CPC) with a grain size of 0–3 mm, a by-product of the oil
refinery “MiRO” Germany, was provided by Stahl- und Walzwerk Marienhütte GmbH,
Graz, Austria. The anthracite (Anth) sample with a grain size of 0–3 mm was taken
from Vietnam; conventional coke (C) lumps as well as wood biochar pellets obtained at
approximately 600 ◦C (Bch) were provided by Voestalpine Stahl GmbH, Linz, Austria.
Samples of biocoke with 3 wt.% torrefied wood (BC1) and biocoke with 3 wt.% petroleum
coke + 3 wt.% charcoal (BC2) were provided by ThyssenKrupp Steel Europe AG, Duisburg,
Germany. It should be noted that the samples of biocoke were obtained in 2014 (BC2) and
2015 (BC1), which could have affected the quality of the biocokes. Low VM coal, medium
VM coal, and high VM coal were used to prepare the base blends. The composition of the
coal blends for BC1 and BC2 differed in additives to replace coals (Table 1).

Table 1. Composition of the blend for obtaining BC1 and BC2 (wt.%).

Blend Components

BC1 BC2

Base Blend (LV + MV + HV) + 3 wt.%
Torrefied Wood, Medium Temperature

of 235–275 ◦C

Base Blend (LV + MV + HV) + 3 wt.%
Petroleum Coke + 3 wt.% Charcoal

Low volatile (LV) coal 40 40

Medium volatile (MV) coal 30 29

High volatile (HV) coal 27 25

Petroleum coke - 3

Charcoal - 3

Torrefied wood (medium temperature of
235–275 ◦C) 3 -
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The proximate and ultimate analyses for carbon-bearing sources (Table 2) were carried
out according to ASTM D3172-13 [44]. The calorific value for the anthracite, coke, and
biocoke samples (Table 2) was determined according to ISO 1928:2020 and biochar according
to ISO 18125:2017 [45,46].

Table 2. Proximate and ultimate analyses of the carbon-bearing sources.

Carbon-Bearing
Source

Proximate Analysis (wt.%) Ultimate Analysis (wt.%) Calorific
Value (kJ/kg)M VM (db) VM (daf) Ash (db) S (db) C (db) H (db) N (db) Cfix (db)

Anthracite 5.91 3.69 4.12 10.50 0.48 82.58 2.19 0.97 85.81 27.78

Calcined
petroleum coke 0.17 0.44 0.45 0.93 0.63 97.26 0.29 1.49 98.63 32.74

Coke 2.27 1.42 1.59 10.82 0.77 90.56 0.30 1.05 87.76 29.47

Biochar 2.67 39.28 41.04 4.29 trace 72.74 4.62 0.24 56.43 26.87

Biocoke1 0.10 0.70 0.79 11.43 0.56 86.50 0.22 1.29 87.87 29.28

Biocoke2 0.10 0.30 0.34 11.54 0.61 86.40 0.18 1.41 88.16 29.30

M is moisture; C is carbon; H is hydrogen; N is nitrogen; S is sulfur; db is dry basis; daf is dry ash-free basis;
VM(daf) = VM(db)·100/(100 − ash yield (db,%)); Cfix, wt.% = 100 − (wt.% VM (db) − wt.% Ash (db)).

2.2. Methods

The coke reactivity index (CRI) and coke strength after reaction with CO2 (CSR) were
determined according to ISO 18894:2018 [47]. Pre-dried coke weighing 200 ± 3 g with
particle sizes from 19.0 to 22.4 mm was heated in a reaction vessel to a temperature of
1100 ◦C in a nitrogen atmosphere. Subsequently, the atmosphere was changed to carbon
dioxide and held for 2 h. After that, the coke was cooled in a nitrogen atmosphere to 50 ◦C.
Mass loss in the course of the CRI tests was recorded by a Mettler Toledo XP64000L balance.
To determine the CSR, the reacted coke was treated in a tumbler (Model TB 5000 of R.B.
Automazione, Genoa, Italy) for 600 revolutions in 30 min. After that, the coke was sieved,
and the sample greater than 10.0 mm was weighed. All tests were repeated.

Before the combined test method of determining the Brunauer–Emmett–Teller (BET)
specific surface area (SSA) and Barrett–Joyner–Halenda (BJH) pore size and pore volume,
the samples were degassed for 3 h at a temperature of 300 ◦C and p/po of 0.00–0.30.
Degassing of anthracite and biochar was carried out for 24 h at a temperature of 120 ◦C
and p/po of 0.0001–0.99. The measurements were carried out at 77.3 K (−195.8 ◦C) using a
Micromeritics Tristar II 3020 (Micromeritics, Norcross, GA, USA) instrument in a nitrogen
atmosphere following ISO 9277:2010 [48]. The weight of the sample was 0.5 g with a grain
size of <150 µm. All tests were repeated twice.

Images of the samples were obtained via optical microscopy Polyvar Reichert-Jung
MEF 2 and Clemex Vision PE Software version 7.0. Samples were also observed via a
scanning electron microscope SEM FEI Quanta 200 Mk2 (FEI Technologies Inc., Oregon, OR,
USA) equipped with an energy-dispersive (EDS) detector, back-scattered electron (BSE)
detector, and a digital microscope Keyence VHX-E20 (Keyence, Itasca, IL, USA). After
SEM/EDS analysis, the mineral matters were all normalized to 100 wt.%.

X-ray diffraction (XRD) spectra of the powdered samples were obtained using a Bruker
AXS D8 (Bruker Corporation, Billerica, MA, USA) advance diffractometer with a lynxeye
detector and a Cu X-ray tube with Cu Kα radiation. The crystallite height (Lc), carbon
crystallite width (La), and interlayer spacing between the aromatic planes of the carbon
crystallites (d002) were calculated using the Scherrer equation [49] and Bragg’s Law [50].
The crystalline stacking layer number N was calculated by an equation with the parameters
d002 and Lc according to [51].

A Horiba Labram HR Evolution instrument (Horiba, Ltd., Kyoto, Japan), equipped
with a 100 mW Nd: Yag (532 nm) laser, a confocal microscope (hole aperture = 100 µm), an
1800 g/mm grating, and a Peltier cooled CCD detector were used to obtain Raman spectra
as they can confidently characterize the microstructural state of the carbon materials [52].
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To assess the microstructural variability of the experimental samples within a sample, a
lump of each sample ranging in size from 19.0 to 22.4 mm was examined by analyzing
10 random spots (diameter of ca. 1.6 µm) per lump on a section through the lump using a
10× objective and laser energy of 100 mW.

X-ray fluorescence analysis (XRF) was conducted to determine the ash chemical
composition of all samples according to ASTM D4326-21 [53]. The mass fraction (%)
of chemical elements was measured using an energy-dispersive analyzer EXPERT 3L. The
detection limits of the elements ranged from 1 to 10 ppm. The resolution of the detector
(for KαMn) at nominal load did not exceed 149 eV.

3. Results

Samples of anthracite, calcined petroleum coke, conventional coke, and two samples of
biocoke were characterized by a major amount of silica and aluminum oxide (Table 3). Iron,
calcium oxide, and potassium oxide were present in smaller amounts. The biochar sample
was characterized by a significant amount of calcium oxide, chlorine, and a much smaller
amount of silica than the other carbon-bearing sources. Phosphorus oxide was present
in small amounts in the coke (0.07 wt.% db) and biochar (0.08 wt.% db) samples. The
difference in the content of phosphorus oxide was not large between the biocoke samples
and amounted to 0.41 wt.% db (BC1) and 0.34 wt.% db (BC2).

Table 3. The XRF results of ash composition of carbon-bearing sources (wt.% db).

Ash Composition
Carbon-Bearing Source

Anthracite Calcined Petroleum Coke Coke Biochar Biocoke1 Biocoke2

Fe 4.59 2.60 4.68 6.31 3.11 3.24

SiO2 52.73 56.63 52.67 5.30 59.10 60.20

Al2O3 31.26 13.57 30.79 n.d. 29.90 28.20

MgO n.d. n.d. n.d. 10.96 0.47 0.75

CaO 2.18 3.15 2.21 53.77 1.17 1.56

TiO2 1.58 1.04 1.62 0.39 1.60 1.51

K2O 4.34 15.54 4.57 n.d. 1.31 1.51

P2O5 0.56 0.31 0.07 0.08 0.41 0.34

MnO 0.05 0.39 0.05 3.36 0.05 0.05

NiO n.d. n.d. n.d. n.d. 0.02 0.02

Ni2O3 0.02 0.75 0.02 0.04 n.d. n.d.

Ash basicity (B1) 0.04 0.06 0.04 10.15 0.02 0.03
n.d., not detected; minor components were excluded.

The BC1 CRI value was lower than the CRI of BC2 and had 29.18 and 32.50 wt.%,
respectively (Table 4), being much lower compared to conventional coke.

The lowest value of BET SSA was characterized by anthracite (0.71 m2/g). A sample
of calcined petroleum coke was also characterized by a small BET SSA value of 0.95 m2/g.
The conventional coke sample had a BET SSA of 2.54 m2/g. The BET SSA for BC1 was
higher than that for BC2 and had values of 4.85 and 4.20 m2/g, respectively. Biochar was
characterized by the highest BET SSA value of 42.95 m2/g.
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Table 4. The quality properties of carbon-bearing sources.

Carbon-Bearing
Source

Quality Properties

CRI (wt.%) Std CSR
(wt.%) Std

BET N2-Specific
Surface Area

(m2/g)

BJH Adsorption
Cumulative

Surface Area of
Pores (cm3/g)

BJH Adsorption
Average Pore

Width (4 V/A), (Å)

Anthracite n.a. n.a. n.a. n.a. 0.71 0.000583 58.205

Calcined
petroleum coke n.a. n.a. n.a. n.a. 0.95 0.001434 67.439

Coke 31.68 1.31 62.87 0.94 2.54 0.002297 49.054

Biochar n.a. n.a. n.a. n.a. 42.95 0.004594 30.127

Biocoke1 29.18 1.70 52.89 0.79 4.85 0.000958 85.853

Biocoke2 32.50 1.13 50.95 0.21 4.20 0.002406 44.102

n.a., not available; std, standard deviation.

3.1. Optical Microscopy and SEM Analysis

The SEM images of anthracite showed lumped particles up to 3 mm in size, which
were used as injected carbon in the EAF (Figure 1). During the study, the presence of
mechanical inorganic contaminations on the surface of the particles was noticed.
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The surface of the particles of the calcined petroleum coke sample was smooth, flaky,
and cracked, as shown in Figure 2b.
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Biochar particles were the most porous material (Figure 3), which was confirmed by
the highest BET SSA value (see Table 4). The coke sample was a porous-fractured material
consisting of pores, microcracks, and a hard carbon matrix with organic and inorganic
inclusions (Figure 4b). It is evident from Figure 4b that this was a heterogeneous material
composed of organic carbon, mineral substances, and many pores. The microstructures of
BC1 (Figure 5a,b) and BC2 (Figure 5c,d) did not differ significantly. These were visually
characterized by the presence of large pores, unlike the conventional coke presented in
Figure 4a,b.
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Si, Al, Mg, Ca, and Fe–oxides were found in all samples (Table 5). The predominant
presence of alumina-silicates characterized the coke and anthracite samples. Potassium
was also detected for all specimens, with the highest value for calcined petroleum coke.
Sulfur was only detected in the anthracite sample. The biocoke samples did not differ in
the presence of elements such as Al, Si, Ca, and Fe.

3.2. X-ray Diffraction Analysis

The lattice distance d002 for anthracite, calcined petroleum coke, coke, and BC1 was
0.35 nm and 0.37 nm for BC2, which was slightly higher (Table 6). Biochar was characterized
by the highest value of d002 (0.45 nm). The largest value of the carbon crystallite height
was characterized by anthracite (2.08 nm) followed by coke (1.86 nm), and the lowest by
biochar (0.69 nm). The number of the crystal stacking layers was larger (6.94) in anthracite
than in the other four coke samples.
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Table 5. The SEM/EDS analysis results for the carbon-bearing sources.

Chemical
Composition, wt.%

Carbon-Bearing Source

Anthracite Calcined Petroleum Coke Biochar Coke Biocoke1 Biocoke2

O 38.51 44.49 25.66 35.42 36.73 46.73

Na n.d. n.d. 1.18 1.48 0.26 0.73

Mg 0.69 1.42 0.19 0.27 0.05 0.16

Al 21.61 7.18 0.54 23.23 23.58 23.37

Si 27.56 26.47 1.45 27.19 25.56 25.65

S 0.92 n.d. n.d. n.d. n.d. n.d.

K 4.77 12.90 1.01 1.58 0.16 2.35

Ca 0.50 2.25 0.65 7.06 0.16 0.14

Ti n.d. 0.60 n.d. 0.20 0.03 0.05

Cr n.d. 0.90 1.04 0.12 0.01 n.d.

Mn n.d. 0.30 n.d. n.d. 1.30 n.d.

Fe 4.37 2.60 6.32 3.11 5.25 5.45

Ni n.d. 0.53 2.77 0.11 0.06 0.03

Cu 1.06 0.02 0.04 0.12 n.d. n.d.
n.d., not detected; minor components were excluded.

In the anthracite sample (Figure 6a), quartz and muscovite [31] were found. In the
biochar, quartz and calcite (Figure 6b) were identified. Quartz and pyrite were found for
calcined petroleum coke (Figure 6c). In addition, a weak peak at approximately 43◦2θ
was detected in the coke, BC1, and BC2 samples and assigned to graphite (Figure 6d–f).
For coke, BC1, and BC2 (Figure 6e,f), the peak around 16.0◦2θ was specified as mullite
(3Al2O3·2SiO2), showing that the predominant crystalline phases were quartz and mullite.
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Table 6. The XRD parameters for the carbon-bearing sources.

Carbon-Bearing Source d002, nm Lc, nm La, nm N

Anthracite 0.35 2.08 1.64 6.94

Calcined petroleum coke 0.35 1.58 2.76 5.51

Biochar 0.45 0.69 1.16 2.53

Coke 0.35 1.86 3.69 6.31

Biocoke1 0.35 1.56 2.80 5.46

Biocoke2 0.37 1.32 2.08 4.57
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Figure 6. The XRD spectra of mineral matter of carbon-bearing sources: (a) anthracite; (b) biochar;
(c) calcined petroleum coke; (d) coke; (e) biocoke1; and (f) biocoke2. Q is quartz, M is muscovite, Ca
is calcite, C is graphite, P is pyrite, Mu is mullite, and Wo is wollastonite.

The minerals of the cokes were not significantly different, but wollastonite (CaSiO3)
was also found in the coke [54]. Additionally, a weak peak was observed at approximately
43◦2θ and was assigned to the (101) plane reflection of graphite.
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3.3. Raman Spectroscopy

Carbon-bearing sources were characterized by the D-STA [55] parameter describing the
microstructural order (the lower the parameter value, the better the level of microstructure
order [52]. The lowest value of the D-STA for carbonized carbon sources corresponded
to coke (Table 7). Furthermore, the most ordered carbon-bearing source was calcined
petroleum coke. If two samples of biocokes were compared, then the lowest value of the
D-STA corresponded to BC1. Biochar had the highest D-STA value, and consequently, the
worst order of the microstructure.

Table 7. Raman spectral parameters (see [50]) (median of 10 spot measurements) for the carbon-
bearing sources.

Carbon-Bearing
Source

D-STA
(Mean) Std G-STA

(Mean) Std
G Shape

Factor
(Mean)

Std
Dmax

Position
(Mean)

Std Gmax Position
(Mean) Std

Dmax/Gmax-
Ratio

(Mean)
Std

Anthracite 166.4 0.2 133.1 0.4 1.4 0.0 1325.6 0.0 1600.0 0.0 0.8 0.0

Biochar 272.4 0.2 192.2 0.6 1.4 0.0 1352.3 0.0 1591.9 0.0 0.7 0.0

Calcined
petroleum coke 219.8 0.1 204.6 0.2 1.3 0.0 1351.4 0.0 1586.7 0.0 0.9 0.0

Coke 197.0 0.2 210.3 0.1 1.2 0.0 1347.9 0.0 1593.8 0.0 1.1 0.0

Biocoke1 223.1 0.1 215.1 0.1 1.5 0.0 1351.5 0.0 1593.7 0.0 1.0 0.0

Biocoke2 248.9 0.6 233.1 0.2 1.2 0.0 1361.1 0.0 1593.4 0.0 0.9 0.0

Std, standard deviation.

Based on the results shown in Figure 7, a statistically significant structural difference
in the D-STA parameter was seen between the samples of coke and calcined petroleum
coke, coke and biochar, and between the samples of BC1 and BC2.
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Figure 7. (a) Probability distribution of the D-STA parameter of coke and calcined petroleum coke;
(b) coke and biochar; and (c) biocoke samples. The arrow indicates a statistically significant difference.
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4. Discussion

The yield of VM of the carbonized carbon materials depends on the processing con-
ditions. It is important to assess the difference in VM yield for biocokes in relation to the
other indicators. The highest yield of VM was characterized as biochar (Table 2). The low
ash content of calcined petroleum coke can be explained by the low mineral content of
oil and heavy oil residues from oil refining that have been coked. The sulfur content was
close to that of other materials. The high ash content of biocoke relative to other materials
was due to the high mineral content of the blended coal components. The ash content and
VM yield of the studied carbon-bearing sources determined the fixed carbon values. The
elemental composition of materials subjected to carbonization depends on the temperature
and the initial ratio of the main organic components of coal, oil, and biomass. Calcined
petroleum coke had the lowest ash content and the highest carbon content, followed by
coke and biocoke. Biochar had the lowest carbon content, with the highest hydrogen
content simultaneously. The elemental composition, ash content, and moisture determined
the calorific value. Obviously, calcined petroleum coke was characterized by the highest
calorific value. Conventional coke and biocokes have similar values, exceeding anthracite
and biochar.

A high fixed carbon value is essential for EAF steel production [35]. Therefore, coke
is used as a source of injection carbon as well as calcined petroleum coke and anthracite.
However, a high ash content of anthracite and coke (Table 2) excludes their recarburization,
so calcined petroleum coke is therefore preferred. However, calcined petroleum coke,
in turn, is a more limited and expensive carbon material than the other studied sources.
Biochar has the advantage of a low ash content and practically does not contain sulfur
as well as a high amount of hydrogen compared to conventional ones. However, its
use is limited as it does not have sufficient fixed carbon (Table 2). Biocoke (torrefied
wood/petroleum coke + charcoal is an alternative source for substituting conventional
carbon sources) has enough fixed carbon for use in EAF steel production. However, biocoke
is also characterized by a high ash content, and can therefore be proposed for use as a
source of injection carbon.

One of the essential parameters for using carbon-bearing sources in EAF is the amount
and nature of the minerals, as they potentially have an influence on this process (Cl and K)
and on the steel properties (P) [26]. In the case of K and Cl, their presence can cause
corrosion issues in the flue gas section of the EAF. Table 3 shows no significant difference
in the ash composition of biocokes. However, BC2 was characterized by a lower content
of phosphorus oxide. The lower value of phosphorus oxide for BC2 can be explained by
the replacement of a large amount of less phosphorus-containing additives than in the
components of the coal blend. The highest ash basicity was for biochar and was determined
by the presence of CaO. The low content of CaO in biocokes can be explained by the low
content of CaO in the coal blend and the slight influence on the change in CaO from the
addition of biomaterials. The other samples had similar small values. The SEM/EDS
analysis revealed that typical ash minerals were found in all samples [43,56,57].

The effect of the additive in the biocoke samples did not significantly influence the
CRI (Table 4), as also observed by [58]. However, the CSR was influenced negatively. A
low microstructural ordering might explain the lower CSR values due to an inert additive
(3 wt.% torrefied biomass in the case of BC2). CSR was even lower for BC2 than for BC1,
reflecting the overall higher amount of additives (3 wt.% charcoal and 3 wt.% petroleum
coke) due to the fact that petroleum coke can be considered an inert additive.

The BET SSA of carbon sources is important since the process of interaction first begins
along the surface. In addition, high BET SSA values indicate a high porosity of materials,
which leads to an increase in the reactivity [40] of carbon sources, all other things being
equal (chemical and structural properties). A mesopore structure characterized all of the
studied samples according to the International Union of Pure and Applied Chemistry
(IUPAC) definition (Table 4). Biochar was characterized by the greatest BET SSA value. It is
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worth noting that the addition of 3 wt.% charcoal and 3 wt.% petroleum coke into BC2 did
not significantly affect the BET SSA compared to BC1 with 3 wt.% torrefied biomass.

Although d002 for the four coke samples was approximately the same (Table 6), the
value of Lc was higher for coke. When comparing the BC1 and BC2 samples, 6 wt.% of total
additives in BC2 had more effect on the degree of graphitization compared to the sample
with 3 wt.% of total additives in BC1. As the XRD analysis results showed, after coking
the blend to obtain BC1, the best ordering of the structure was observed compared to BC2.
Additional confirmation was the lower CRI value, which was consistent with the results
in Table 4. In addition, it was noticed that anthracite had a more ordered carbon structure
and larger crystallite size compared to carbon sources that had been artificially ordered by
carbonization. Similar results and conclusions regarding the microstructural ordering of
anthracite and coke have been shown in [59,60].

It can be summarized that the amount of disordered carbon structure increases in
the following order: C < CPC ~ BC1 < BC2 < Bch (Figure 8) excluding anthracite, as
it is a naturally ordered carbon material compared to the other four samples subjected
to carbonization.
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Figure 8. Relationship between the crystallite height (Lc) and crystalline stacking layer number (N).

As can be seen from the results above, conventional high-temperature coke is a more
ordered material than other studied materials ordered by carbonization (Table 7). When
comparing the microstructural ordering between BC1 and BC2, in BC1, the total amount of
the additive is a more ordered carbon material, which is consistent with the results of the
XRD analysis.

According to Figure 9a, the higher the Lc, the lower the D-STA value, which char-
acterizes the carbon material as more ordered, and this relationship showed the order:
Bch < BC2 < BC1 ~ CPC < C. Figure 9b shows the relationship between Lc and the
Dmax/Gmax ratio (mean). The Dmax/Gmax ratio increased in the order of
C > BC1 > CPC = BC2 > Bch, indicating increasingly growing aromatic layers that de-
velop a local molecular orientation.

It can be summarized that the carbonization of biochar is an essential condition to
improve its properties and the possibility of its further use. Regarding ordering, the biocoke
samples were less ordered materials than coke and calcined petroleum coke.

Generally, coke is the most common metallurgical carbon source. However, for EAFs,
coke is used, which is obtained according to the requirements of the BF process, namely
with low reactivity and high strength.

During the smelting process, the carbon source should have certain reactivity, which
can be on the same level as conventional carbon sources or those more reactive. Therefore,
the use of biocoke for EAFs can have a number of advantages, namely, increased reactivity,
reduced ash content (due to lower ash content of biomaterials), sulfur content, high strength,
and reduced GHG emissions with other indicators that are not inferior to conventional
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coke (for instance, volatile matter, fixed carbon). In the case of using coke for EAFs, quality
characteristics more suitable for BF production than for EAF have to be considered.
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Thus, biocoke can be considered as a promising option to replace conventional carbon
sources since biomass/charcoal additives have less effect on changing the properties of coke
while reducing the ash content and sulfur content, and the volatile matter can be on a level
with conventional coke since this parameter depends on the severity of carbonization. In
the case of biocoke, achieving high values of fixed carbon content at the same level as coke
is possible. It has been established that up to 5 wt.% bio-additives can be used to replace
coal in the production of biocoke without a significant deterioration in the reactivity [61].
Compared to biochar, it is a less reactive and more mechanically strong material.

5. Conclusions

A comparative study investigated the properties (CRI and CSR, BET SSA, BJH pore
size and volume, ash chemical composition, microstructure) of conventional and non-
conventional carbon-bearing sources. Characteristics of the crystallinity of carbon sources
obtained using Raman spectroscopy and XRD analysis can be of scientific and practical
interest as the ordering of carbon sources determines their interaction with oxygen to create
slag foam and further influence the smelting process in EAF. The obtained results assessed
the suitability of different carbon-bearing sources for their use in EAF-based steel produc-
tion. The following conclusions can be drawn for conventional carbon-bearing sources:

(1) The use of studied anthracite has the advantage of being characterized by a relatively
low sulfur value of 0.48 wt.% and a rather high fixed carbon value of 85.81 wt.%.
However, it was characterized by an ash value of 10.50 wt.%. The disadvantages of
anthracite for use in the EAFs are less fixed carbon compared to carbonized materials
as well as a lower calorific value.

(2) Using calcined petroleum coke as a carbon source has low ash and VM content advan-
tages. In contrast, the sulfur content was similar to other carbon-bearing materials
(except biochar). Calcined petroleum coke had the highest fixed carbon content of
98.63 wt.% and calorific value of 32.74 wt.% compared to other conventional and
non-conventional carbon-bearing sources. As a result of calcination, petroleum coke
was characterized by a layered and cracked structure. This material had the highest
potassium content compared to the other studied materials. Calcined petroleum coke
had a well-ordered microstructure, predominantly inferior to coke.

(3) The use of coke was determined by low values of VM and sulfur as well as high
values of fixed carbon and calorific value. The ash composition of coke was pre-
dominantly characterized by silica and aluminum oxide. CRI and CSR were within
the requirements. In terms of microstructural ordering, coke was characterized by
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the least amount of disordered carbon structure and had the best ordering among
artificially ordered materials after carbonization.

The following conclusions were drawn for non-conventional carbon-bearing sources:

(1) The use of biochar is preferred over conventional carbon-bearing sources since it is
characterized by a low ash content, practically no sulfur, and a high hydrogen content.
However, a low fixed carbon value limits its use. Biochar was also characterized by
the highest ash basicity value and had the highest BET SSA value. Biochar also had
an inferior microstructural order. Consequently, carbonization at 600 ◦C or higher is
necessary for its use to maintain the required fixed carbon value and reduce VM.

(2) Biocoke is a good option to replace conventional carbon-bearing sources. Both biocoke
samples had high fixed carbon values but slightly higher ash values. The CSR values
were much lower, which could be explained by the influence of inert additives.
The biocoke samples were inferior to conventional carbon sources obtained after
carbonization in terms of ordering. Nevertheless, using biocoke for EAFs can have
benefits such as increased reactivity, reduced ash content (due to lower ash content of
biomaterials) and sulfur content, high strength, and reduced GHG emissions.
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