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Abstract: Electric arc furnaces (EAFs) are used for steel production, particularly when recycling
scrap material. In EAFs, carbonaceous material is charged with other raw materials or injected
into molten slag to generate foam on top of liquid metal to increase energy efficiency. However,
the consumption of fossil carbon leads to greenhouse gas emissions (GHGs). To reduce net GHG
emissions from EAF steelmaking, the substitution of fossil carbon with sustainable biogenic carbon
can be applied. This study explores the possibility of the substitution of fossil material with biogenic
material produced by different pyrolysis methods and from various raw materials in EAF steelmaking
processes. Experimental work was performed to study the effect of biogenic material utilization
on steel and slag composition using an induction melting furnace with 50 kg of steel capacity. The
interaction of biogenic material derived from different raw materials and pyrolysis processes with
molten synthetic slag was also investigated using a tensiometer. Relative to other biogenic materials
tested, a composite produced with densified softwood had higher intensity interfacial reactions with
slag, which may be attributed to the rougher surface morphology of the densified biogenic material.

Keywords: biogenic material; electric arc furnace; wetting; slag foaming; GHG reduction; carbon

1. Introduction

Electric arc furnace (EAF) steelmaking is primarily used for recycling of scrap steel.
An electric current passes through graphite electrodes, creating the arcs that provide the
primary energy source for the melting of the scrap metal. Carbonaceous material is used
in the EAF steelmaking process for different purposes, as shown in Table 1. Currently,
anthracite and coke are the main carbon sources used in EAFs. Due to the utilization of
fossil material, EAF steelmaking contributes to greenhouse gas (GHG) emissions in steel
production.

Table 1. Direct GHG emissions of EAF steelmaking (values taken from a study by Thomson et al. [1]).

CO2 Emission Source Purpose GHG Emissions, kg
CO2-eq/t Steel

Charge Carbon

Additional carbon added with
feedstock and combusted for

supplementary heating and slag
foaming

52.3

Injection Carbon Carbon added and reacted with Fe
oxide in slag for foaming 24.2

Natural Gas Burner Supplementary heating 12.4
Other Other 9.2
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Carbonaceous material is charged along with scrap as fuel to provide supplementary
energy in addition to electrical energy for melting. Carbonaceous material is also injected
into molten slag to generate a foam layer to protect the interior walls of the furnace against
serious damage from intense arc radiation and to improve energy efficiency [2–4]. The
charge carbon and injection carbon typically contribute over 50% of the total carbon input
for EAF operation.

For a conventional EAF, replacement of charge carbon and injection carbon by biogenic
carbon from a sustainable source has the potential to reduce the direct GHG emissions by
78%, from ~98 to ~22 kg CO2-eq/t steel (Table 1).

In fact, it was estimated that 19% of the total CO2 emissions from EAFs could be
reduced by the replacement of 60% fossil charge and injection carbon by biogenic carbon [2].
According to another assessment, the GHG reductions from using biogenic material in a
mini-mill/EAF were 28–56 kg CO2-eq/t steel without by-product credits, and 37–75 kg CO2-
eq/t steel with by-product credits [5]. Yet another study identified multiple applications
for biogenic material in Australian EAF operations, and the GHG emission reduction
potential was estimated to be around 8–12% [6,7]. A summary of estimated CO2 emissions
reductions is listed in Table 2.

Table 2. Estimated reduction of GHG emissions in EAF steelmaking via utilization of biogenic carbon.

Reduction of CO2 Emissions Replacement with Biogenic Carbon Reference

19% of total CO2 emissions Replacement of 60% fossil charge and injection carbon [2]
28–75 kg CO2-eq/t steel Using biogenic material in a mini-mill/EAF [5]

8–12% of GHG emissions Using biogenic material in Australian EAF ironmaking [6,7]

78% of direct GHG emissions Replacement of charge carbon and injection carbon of a
conventional EAF [1]

The effect of biogenic material on the resultant steel and slag composition, as well
as the slag foaming behavior, are important process aspects to consider when evaluating
the use of biogenic material. The GREENEAF project in Europe studied the potential of
substituting fossil carbon with biogenic carbon derived from different sources (forestry
and agriculture residues) as charge and injection carbon for EAF steelmaking in pilot-scale
and industrial trials [2]. For this project, it was reported that steel and slag compositions
were not significantly affected by replacing coal with biogenic material. However, it was
also reported that biogenic material utilization in EAF steelmaking is limited due to its
physical properties, high cost and inadequate supply.

Nonetheless, a deep understanding of the interaction between slag and different
biogenic materials is still lacking. The interfacial interaction between slag and biogenic
material, as well as chemical reactions, influences the chemical composition of the resultant
steel and slag, and determines the extent of slag foaming and the effectiveness of biogenic
material in EAF steelmaking. The reduction reactions and slag foaming behavior depend
not only on the physical and chemical properties of slag, but also on the carbon source [2].
The properties of biogenic material can vary depending on the parent raw material and
treatment. In addition, the availability of biogenic material in North America, especially in
Canada, differs dramatically from that in Europe.

In the present work, the feasibility of using biogenic material as charge carbon and
foaming agents to reduce GHG emissions associated with EAF steelmaking was explored.
The effect of substituting biogenic material for coke on EAF steel and slag compositions
was studied. The performance of biogenic material as charge carbon and as a foaming
agent was examined in a 50 kg capacity steel melting furnace. The biogenic materials
used in the experiments were derived from woody biomass. Lab-scale experiments were
performed to examine the interfacial interaction between bio-char and molten slag. Results
were validated in 25 kg steel-slag melting tests.
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2. Materials and Methods
2.1. Material Characterization

Proximate analyses were carried out following ASTM standard D7582 and ISO 562,
while ultimate analyses were performed following ASTM D 5373, ASTM D4239 and ISO
1928. Ash composition was measured following ASTM D4326. All the analyses were
carried out at CanmetENERGY’s characterization laboratory in Ottawa.

2.2. Charge Carbon Substitution with Torrefied Wood Pellets

Experimental work was performed to examine the effect of substituting fossil charge
carbon with biogenic charge carbon on steel and slag compositions, and on the electrical
heating requirements. In the experiments, 25 kg of low-carbon steel was melted with
approximately 0.5 kg of charge carbon (coke or torrefied wood pellets, Figure 1) in an
induction furnace. The furnace power consumption and sample temperature were recorded
and compared for the two cases charged with different materials.

Figure 1. Appearance of nut coke (left) and torrefied wood pellets (right).

The compositions of the charge carbon materials tested in this work are shown in
Table 3. The coke sample was produced by carbonization of metallurgical coal using a
pilot-scale oven. The coke that was used is called “nut” coke due to the size of the coke
(6–35 mm). This coke is not directly manufactured per se, but is a by-product of blast
furnace coke handling and screening. For this paper, nut coke will be called coke.

Table 3. Charge carbon composition.

Proximate(Dry Basis, wt.%) Ultimate(Dry Basis, wt.%)

Ash VM (Volatile
Matter)

FC (Fixed
Carbon) C H N S O (by Diff.)

Coke 9.8 0.9 89.3 89.0 0.11 1.12 0.64 0
Torrefied wood 1.9 73.5 24.6 54.2 5.7 0.24 0 37.9

Ash Composition (db, wt.% of charge carbon)
SiO2 Al2O3 Fe2O3 P2O5 CaO MgO Na2O K2O

Coke 5.31 2.64 1.02 0.03 0.21 0.10 0.05 0.19
Torrefied wood 0.50 0.12 0.11 0.02 0.48 0.08 0.06 0.14

The torrefied wood pellets were supplied by an industrial partner and were produced
by densification of wood torrefied at a low temperature. The densification procedure
cannot be divulged due to a confidentiality agreement. As a result of the pyrolysis con-
ditions, which are relatively mild at a temperature of 260 ◦C, the volatile matter content
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is significantly higher than that of coke. Moreover, the ash content of the torrefied wood
pellets is much lower than that of coke, as is the carbon content due to the torrefaction time
and temperature.

In the experiments, the charge carbon was added with steel at room temperature. The
sample temperature and the electrical power consumption of the furnace were continuously
recorded to investigate the effect of torrefied wood on melting energy consumption. When
the temperature of the liquid steel reached 1630 ◦C, 1.13 kg of solid slag obtained from
industry was added to the molten steel. The steel temperature was increased to 1660 ◦C
and held there for 5 min to complete the melting of the slag.

2.3. Interfacial Interaction between Slag and Bio-Char

Besides charge carbon, biogenic material can also be used to replace injection carbon
for slag foaming in EAF steelmaking. The interaction between the carbonaceous material
and slag will determine its suitability for slag foaming. Therefore, a detailed study on the
interfacial interaction between bio-char and slag was conducted.

The interaction between slag and carbonaceous material was observed using a sessile
drop system in a tensiometer [8]. The method involves placing a pellet of slag on a
carbonaceous material bed [9]. From this, the shape of the slag pellet and the contact angle
can be measured. The tensiometer consists of a horizontal tube furnace (Dataphysics OCA
15 LHT with HTFC 1700) allowing direct observation of a molten slag droplet sitting on
the chosen carbonaceous substrate at up to 1600 ◦C. The setup is shown in Figure 2.

Figure 2. Tensiometer setup.

The carbonaceous materials examined were ground to 100% less than 63 µm, and
0.50 ± 0.01 g of the crushed carbonaceous sample was packed and leveled in a graphite
sample holder with an inner diameter of 20 mm to produce a smooth substrate surface.
The bulk density of the substrate bed should be similar for all the cases, since the mass
and crucible volume are the same for all the cases. In order to investigate the interaction
between different bio-chars and slag, the biogenic materials were prepared with different
pyrolysis techniques. Table 4 lists sample information such as pyrolysis technique, raw
biomass type, as well as post-processing for densification. Some details have been omitted
due to a confidentiality agreement. All biogenic materials were kept at 900 ◦C for 1 h prior
to the tensiometer tests in order to release volatile matter and convert them to bio-char.
Different approaches to enhance the interaction between bio-char and slag were tried.
Details are presented in Section 3.
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Table 4. Description of bio-char substances and coke.

Substrate Description

Coke Metallurgical coke produced by pilot-scale coke oven
HFBC Bio-char produced following fast pyrolysis of Poplar hardwood sawdust at 400 ◦C
HSBC Bio-char produced following slow pyrolysis of hardwood sawdust at 475 ◦C

SSBC-1 Bio-char produced following slow pyrolysis of Black Spruce softwood sawdust at 475 ◦C
SSBC-2 Bio-char produced following slow pyrolysis of Pine softwood sawdust at 475 ◦C

SSB-Pellet Bio-pellet produced following densification of pyrolysis material for SSBC-1 and bio-oil

The chemical compositions of the bio-char substrates can be found in Table 5. As
shown, the chemical compositions and ash compositions of the five bio-char substrates
selected for analysis in this work are significantly different in order to better examine the
effect of chemical composition of the bio-char on the interfacial interaction with the slag.
Ash compositions were calculated based on a total material basis. Additionally, there are
other minor components as well as the loss of fusion not listed in Table 5.

Table 5. Chemical composition of biogenic materials, prior to heating at 900 ◦C, and coke used for interfacial interactions
experiments.

Coke HFBC HSBC SSBC-1 SSBC-2 SSB-Pellet

Proximate, wt.% (db)
FC 89.31 40.2 95.8 79.90 87.78 67.72
VM 0.9 31.1 2.4 26.56 6.01 31.16
Ash 9.79 26.9 1.7 1.43 6.21 1.12

Ultimate, wt.% (db)

C 89.00 57.60 96.20 79.90 89.2 79.2
H 0.11 3.11 0.55 3.8 0.85 4.31
N 1.12 0.55 0.72 0.29 0.51 0.11
S 0.64 - 0 0.00 0 0.00

O (by
diff) 0 11.90 0.80 14.63 3.19 15.25

Ash Composition (db, as wt.% of material)

SiO2 5.31 5.22 0.05 0.10 2.58 0.07
Al2O3 2.64 1.88 0.01 0.03 0.46 0.02
Fe2O3 1.02 0.51 0.04 0.03 0.91 0.13
P2O5 0.03 0.48 0.05 0.00 0.91 0.00
CaO 0.21 8.88 0.51 0.02 0.05 0.02
MgO 0.1 0.97 0.11 0.50 0.81 0.38
Na2O 0.05 0.11 0.01 0.08 0.19 0.06
K2O 0.19 1.75 0.38 0.01 0.06 0.02

Table 6 shows the chemical composition of slag used in this work: 0.20 ± 0.01 g of
synthetic slag prepared using analytical grade chemicals was pressed into a cylindrical
disc with a 3 mm height and 6 mm diameter. The slag disc was placed onto the substrate
and heated in the tensiometer. The entire heating was carried out under a reducing gas
atmosphere of 4 vol% H2 and 96 vol% Ar gas. Mixtures of oxides were used to avoid the
compositional variability of industrial slag. Although results from a single test with each
material are presented, a minimum of two tests with each material were conducted and
produced similar results.

Table 6. Chemical composition of synthetic slag.

Oxides CaO Fe2O3 Al2O3 MgO SiO2 MnO
Wt.% 30.1 33.9 6.1 10.7 13.0 6.2

It was estimated from thermochemical modeling using FactSage (an integrated ther-
mochemistry database and computing system) that the liquidus temperature of the slag
examined in this work is about 1450 ◦C. To ensure the slag is fully molten and to use a
temperature similar to the industrial process, experiments were conducted by heating



Fuels 2021, 2 425

the sample up to 1600 ◦C for observing the interaction between the molten slag and the
carbonaceous substrate.

In each experiment, the sample was preheated to 750 ◦C and then heated to 1300 ◦C
at 12 ◦C/min. After reaching 1300 ◦C, the sample temperature was further increased by
5 ◦C/min until reaching 1600 ◦C. During this final heating period, the shape of the slag
sample was continuously recorded at a frame rate of 1.5 frames/second to capture its
physical evolution. The recording was started when the slag shape began to change and
continued until the sample had been at 1600 ◦C for 30 min.

2.4. Slag Foaming by Bio-Char

In these experiments, 23 kg of steel was melted using an induction furnace of 100 kW.
When the temperature of the liquid steel reached 1630 ◦C, approximately 1.13 kg of indus-
trial slag was charged in the furnace crucible and the sample temperature was increased
to 1660 ◦C to melt the slag. Sixty grams of coke or bio-char (HSBC sample, as shown in
Table 5) samples with a controlled size (~0.6 mm) were added on top of the molten slag. The
slag and carbonaceous material were stirred and mixed thoroughly and quickly. The slag
heights before and after adding carbonaceous materials were measured for comparison.
The slag heights after adding carbonaceous materials were measured at 5 min intervals for
30 min. The maximum measured slag height was recorded as the slag foaming height.

3. Results and Discussion
3.1. Effect of Charge Carbon Substitution by Torrefied Wood Pellets on EAF Operation

Figure 3 shows the furnace power consumption and sample temperature during steel
melting tests. As shown, the power consumption for the coke case was not as stable as
for the bio-char case. However, the total energy supplied, i.e., the integration of power
over time (which is the area under the Figure 3a curves), is very similar for each case. The
molten steel temperature profiles are also similar between the two cases. This indicates
that the substitution of coke by torrefied wood pellets has no obvious impact on energy
demand to melt the steel.

Figure 3. Effect of torrefied wood pellets on steel melting power consumption.

Samples of steel and slag were collected for chemical composition analysis at the end
of the experiments. The results are shown in Tables 7 and 8. The replacement of coke with
torrefied wood pellets as charge carbon results in decreased carbon, sulfur and phosphorus
contents in the resultant steel. This is due to the fixed carbon, sulfur and phosphorus
content in the torrefied wood tested in this work, which is significantly lower than that of
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coke. The observation is in agreement with findings reported in the literature [2]. As the
ash content in the torrefied wood pellets is significantly lower than that of coke (1.9% vs.
9.8%, see Table 3), its influence on slag composition is small (Table 8). The contents of SiO2
and Al2O3 in slag after the addition of coke are slightly higher than in the torrefied wood
pellets case, which is due to their larger contents in the coke. Note that only a small amount
of carbon was charged on top of the slag, with a carbon-to-slag mass ratio of 0.4. Therefore,
the ash contained in charged carbon is small compared to the charged slag amount. Thus,
the experimental results obtained from this work reveal that the replacement of coke with
torrefied wood pellets as charge carbon in EAF operation has no negative impacts on both
steel and slag compositions. It should be noted that the Al2O3 crucible was eroded by slag
during the melting process within a range of 8 to 12 mm/h. The corrosion of the crucible
impacted the composition of the slag.

Table 7. Effect of torrefied wood pellets on steel composition.

Charge Carbon Steel Composition (wt.%)
C Si Mn P S

Coke 1.34 0.56 0.34 0.025 0.034
Torrefied Wood Pellet 0.89 0.54 0.32 0.011 0.012

Table 8. Effect of torrefied wood pellets on slag composition.

Charge Carbon Slag Composition (wt.%)
FeO CaO SiO2 Al2O3 MnO MgO

Coke 3.1 39.3 31.4 14.3 2.3 9.7
Torrefied Wood Pellet 3.5 42.7 30.0 11.1 2.1 10.6

During the melting experiments, it was observed that intense smoke was generated
in the test with torrefied wood pellets when the temperature of the sample reached about
400 ◦C, as illustrated in Figure 4. This is due to the high volatile matter content in torrefied
wood pellets, which is significantly higher than that of coke. It is hypothesized that upon
reaching 400 ◦C, the torrefied wood pellets started to devolatilize, resulting in intense
smoke generation. The rapid release of volatile matter may impose challenges in an
industrial operation. Another possible cause for the smoke may be vaporization of alkalis
from torrefied wood or combustion near the top of the furnace. Nonetheless, the challenges
may be overcome by adjusting torrefied wood pyrolysis conditions, i.e., opting for higher
idle temperatures and longer residence times. As the pyrolysis severity increases, the
volatile matter content in the resultant torrefied wood decreases, and this should reduce
the amount of volatile matter that can be released when used in the EAF. This should also
delay the volatile matter release, due to a higher temperature that is needed to initiate the
devolatilization, and produce a torrefied wood with a higher carbon content. Furthermore,
using densified torrefied wood might delay the volatile matter release due to its higher
density and larger particle size, which can reduce operational risks. However, this could
also influence the interaction of the torrefied wood with slag.
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Figure 4. Observations of smoke production.

3.2. Interfacial Interaction between Slag and Bio-Char
3.2.1. Enhancement of Interaction between Bio-Char and Slag by Ash
Composition Modification

Our previous research demonstrated that the interaction between bio-char and slag
was poor compared to the interaction between coke and slag [9]. It was reported that the
content and chemical composition of minerals in the carbonaceous substrate can change the
chemical composition of slag and affect interactions [4]. Hence, the content and chemical
composition of ash in bio-char has been modified in some of our tensiometer experiments
to explore a proper approach for improving interactions between slag and bio-char (see
Table 9). The slag used in HSBC-slag is the same slag used to prepare the slag disc. Ash
content in typical metallurgical coke is about 10 wt.%, and that of the studied slow pyrolysis
bio-char (HSBC) is approximately 2 wt.% (see Table 5). Thus, adding 10 wt.% of Fe(NO3)3
or slag to the HSBC sample will result in an ash content value closer to that of coke.

Table 9. Modification of the substrate’s chemical composition.

Substrate Description

HSBC Bio-char produced following slow pyrolysis of hardwood
sawdust at 475 ◦C

HSBC-Fe(NO3)3
Bio-char derived from mixing 90 wt.% HSBC (prior to 900 ◦C

heating) and 10 wt.% Fe(NO3)3

HSBC-Slag Bio-char derived from mixing 90 wt.% HSBC (prior to 900 ◦C
heating) and 10 wt.% slag

Our previous study also showed that the crystallinity and graphitization degrees of
coke are higher than those of bio-char [9]. The greater interaction of coke may be due to its
higher crystallinity. Note that in order to make the reactive properties of bio-char similar to
metallurgical coke, the degree of crystallinity and structural order of bio-char may have
to be increased. It was reported that the carbon’s structural order in woody material
can be increased by Fe catalysts during high-temperature pyrolysis [10,11]. Since a high
temperature was employed during our tensiometer tests, Fe may induce crystallization
of bio-char and consequently enhance its reaction with slag. Iron nitrate (Fe(NO3)3) was
selected as an additive to mix with bio-char, since it will not introduce impurities to the
system.

Figure 5 compares the appearance of the slag pellet after the sample temperature
reached 1450 ◦C to highlight the effect of the substrate on the behavior of the molten slag.
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Figure 5. Comparison of the interaction between slag and carbonaceous substrates, with a focus on bio-char ash modification.

With reference to Figure 5, the observed interaction between the slag and different
substrates is summarized in Table 10.

Table 10. Summary of interfacial interaction observations.

Substrate Observations

Coke

• The slag melted and formed a nearly spherical droplet at approximately 1520 ◦C
• The slag droplet was pushed and rolled on the coke substrate surface due to continuous gas

release at the interface
• Small gas bubbles moved through the slag droplet

HSBC
• Almost no interaction between slag and substrate
• Slag pellet shape only slightly changed when reaching melting temperature

HSBC-Fe(NO3)3

• Interaction between slag and substrate improved in comparison to HSBC substrates
• Pulsing movement of molten slag droplet occurs, indicating interaction between slag and

substrate

HSBC-Slag
• Relative to the HSBC substrate, slight improvement in interaction
• Slag maintains pellet shape for more than 20 min after reaching 1600 ◦C

Due to the fact that the slag pellet did not form a droplet on the three bio-char
substrates, the contact angle between the molten slag and the substrates could not be
measured for these materials. The entrapment of gas in the slag causes the slag to foam
in an industrial EAF operation. In the above experiments, it is assumed that part of the
Fe2O3 placed in the slag mix had already been reduced to FeO [12,13]. The gas formation
at the slag/substrate interface arises from the reaction between carbon and FeO in the
slag to form CO2 or CO gas. As observed, the interaction between the hardwood bio-char
substrate is drastically weaker than that of coke examined in this work. It signifies that
the foaming capacity of bio-char is relatively much weaker [9]. By blending Fe(NO3)3 or
slag with bio-char, an improvement in interactions with slag can be observed compared to
the original bio-char. However, the slag shapes on both modified bio-char substrates are
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still close to the pellet shape, indicating that the blends resulted in limited enhancement of
this interaction. Moreover, bio-char with added slag or Fe(NO3)3 possesses a higher ash
content, and the amount of additional elements other than carbon in bio-char materials
will introduce impurities to the steelmaking process, which in turn can increase operation
issues and costs. Further investigation is required to determine why the slag does not
appear to melt in the case of bio-char.

3.2.2. Enhancement of the Interaction between Bio-Char and Slag by Raw
Biomass Selection

Using the tensiometer, the interaction between the synthetic slag and the different
bio-char substrates was examined (Table 4). The results were compared with coke as
the reference case. Figure 6 compares the appearance of the slag pellet after the sample
temperature reached 1450 ◦C to highlight the effect of the substrate on the behavior of the
molten slag.

Figure 6. Interaction between slag and coke, and between slag and different bio-char substrates.

Although the slag’s liquidus temperature was estimated to be about 1450 ◦C according
to thermodynamic calculations, the actual liquidus temperature appeared to be different
with different carbonaceous substrates. The reason is still unclear and is under investiga-
tion. It is possible that the reduction of FeOx within the slag pellets raised the liquidus
temperature. Comparing the evaluation of slag droplets at different moments shown in
Figure 6, the observed interaction between the slag and different substrates is summarized
in Table 11.
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Table 11. Summary of interfacial interaction observations.

Substrate Observations

Coke

• Slag melted and formed a nearly spherical droplet at approximately 1520 ◦C
• Slag droplet was pushed and rolled on coke substrate surface due to continuous gas release at the

interface
• Small gas bubbles moved through slag droplet

HFBC
• Almost no interaction between slag and substrate
• Slag pellet shape only slightly changed upon reaching melting temperature

HSBC
• Almost no interaction between slag and substrate
• Slag maintained pellet shape temperature for more than 20 min after reaching 1600 ◦C

SSBC-1

• Slag melted and changed shape at 1450 ◦C and formed a nearly spherical droplet
• Few gas bubbles were observed in slag
• No movement of slag droplet
• No continuous formation of gas bubble

SSBC-2 • Similar to SSBC-1

As the slag pellet did not form a droplet on the two hardwood bio-char substrates,
the contact angle between the molten slag and the substrates could not be measured.
The contact angles for the softwood bio-char substrates at temperatures >1450 ◦C were
measured by image analysis, and are presented in Figure 7 and compared to the contact
angle on the coke substrate. Due to the continuous rolling movement of the slag droplet on
the coke bed surface, the contact angle of the slag droplet varies between measurements. For
the coke substrate, there was no obvious trend for contact angle as a function of temperature.
For the slag on the softwood bio-char samples, as the temperature increased, the contact
angles were reduced. Smaller contact angles indicate increased wetting. Our experiments
indicate that the wettability of molten slag using softwood bio-char is somewhat similar to
that on coke at temperatures greater than 1550 ◦C.

Figure 7. Contact angle of molten slag on coke and loose bio-char substrates.

In these experiments, the gas formation (CO2 or CO) at the slag/substrate interface
arises from the reaction between carbon and FeO in the slag. As observed, the degree
of slag interaction with the hardwood bio-char substrate is drastically weaker than the
interaction with coke. The slag shapes on both hardwood substrates are close to the initial
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slag pellet’s shape, signifying that the foaming capacity of bio-char is relatively weaker
than that of coke [14,15]. Using softwood bio-char, there was an improvement in wettability
with slag in comparison to the hardwood bio-char. However, as the concentration of gas
bubbles formed in the slag on softwood bio-char is still very low, the softwood bio-char
may have limited interaction with the slag.

3.2.3. Enhancement of Interaction between Bio-Char and Slag by Densification of Bio-Char

A possible factor influencing the slag–carbon interaction is the morphology of the
substrate surface [9]. The roughness of the particle surface appears to affect the interaction
between liquid and solid phases. The gas is formed at the slag/substrate interface from
the reduction of FeO in the slag by carbon in the substrate. The progress of this reaction is
determined by the heterogeneous gas bubble nucleation, followed by growth and even-
tually detachment of gas bubbles at the interface. Heterogeneous gas bubble nucleation
depends on the wetting between the liquid and solid phase, as well as the roughness of
the solid surface. It is reported in the literature that bubble formation in water is enhanced
by a hydrophobic surface [16]. However, the enhancement in bubble nucleation is only
observed on rough hydrophobic surfaces [17].

The surface morphologies of loose bio-char and densified bio-char were studied using
scanning electron microscopy (SEM) (Figure 8). Based on the visual examination of the
SEM images, the surfaces of the loose bio-char are smooth in comparison to densified
bio-char substrates examined in this work.

Figure 8. Surface morphology of: (a) coke, (b) loose softwood bio-char and (c) densified softwood bio-char.

The rough surface of densified bio-char may provide more bubble nucleation sites
for gas bubbles to be formed, grow and then detach. The formation of gas bubbles at the
interface allows the reduction of FeO in slag to progress. As indicated in Table 3, SSB-
Pellet, produced by densification of SSBC-1 and bio-oil, was also used in the tensiometer
tests. It can lead to a more intense initial interaction between the slag and substrate, as
observed in tensiometer experiments, i.e., refer to the photo for the SSB-Pellet at 1550 ◦C in
Figure 9. Consequently, the contact angle of molten slag on the densified bio-char substrate
is relatively smaller compared to those on coke and loose bio-char (Figure 10).
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Figure 9. Slag droplets on loose (SSBC-1) and densified (SSB-Pellet) bio-char substrates.

Figure 10. Contact angle of molten slag on coke, loose bio-char (SSBC-1) and densified bio-char
(SSB-Pellet) substrates.

Metallic Fe is also produced during the interaction between slag and densified bio-
char, as seen in Figure 11. According to thermodynamic simulations using FactSage, it
is possible for solid metallic Fe to be formed at the carbon–slag interface for this system
at 900 ◦C. However, solid Fe is unlikely to form at the temperatures of interest in this
study as the Fe produced at the substrate–slag interface is likely to be near saturation with
carbon. The eutectic for the Fe-C system is 1147 ◦C at 4.3 wt.% C, so the iron should be
in a liquid state. Nonetheless, the metallic Fe may act as a barrier to reaction. The lack
of rolling movement of the slag droplet on the SSB-Pellet substrate may impede contact
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between active slag and bio-char, thus restricting the reduction reaction of FeO. This can
lead to limited gas bubble generation and weak interactions between slag and the densified
bio-char substrate at late stages of the tensiometer experiment, as seen in Figure 9. In actual
EAF operation, the interaction between injected carbonaceous material and the slag could
be more dynamic than in the static system in the tensiometer, with the interface being
constantly renewed, as in the case of the rolling liquid slag on coke. Perhaps the bio-chars
would not be as disadvantaged by metallic iron in this case.

Figure 11. Metallic Fe from the reaction between slag and densified bio-char.

To determine whether the metallic Fe acts as a barrier to reaction, or rather as an
accelerator to promote it, additional research is required.

It can be speculated that once the slag melts and reacts with the carbon in the substrate,
a layer of molten metallic iron-carbon alloy would form and settle between the slag and
substrate. Thus, further reaction could depend on the wetting of the substrate by the alloy,
dissolution of carbon by the liquid iron alloy and then reduction of the FeOx in slag by the
alloy via CO/CO2 at the interface [6,7,18]. The presence of a higher level of surface-active
sulfur in the coke tends to affect the wetting of coke by the molten iron alloy and may be a
key reason for the observed behavior. The C-to-slag ratio is much higher in the tensiometer
experiments than in an EAF, so the degree of reduction could be much greater. Nonetheless,
the focus of this study was on the initial interaction between the slag and carbonaceous
material. Furthermore, it would be useful to know the iron content of the slags formed in
the experiments, and to measure the relative amounts of Fe3+, Fe2+ and Fe0 via titration or
Mossbauer spectroscopy; unfortunately, the system and procedure used did not allow us
to collect the slag drops after experiments.

3.2.4. Enhancement of Interaction between Bio-Char and Slag by Blending with Coke

As discussed above, the lack of interaction between bio-char and slag may arise from
the smooth bio-char particle surface. In order to enhance the behavior of bio-char in slag
foaming, the effect of blending bio-char with coke was explored.

A series of tensiometer experiments was conducted to examine the interaction between
slag and HSBC/coke mixtures with different compositions. Figure 12 summarizes the
experimental observations. By increasing the coke content in the HSBC/coke substrate
from 0 to 50 wt.%, the interaction between slag and the substrate is significantly improved,
and similar to 100 wt.% coke.
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Figure 12. Enhancement of substrate interaction with slag by blending with coke.

The small-scale tensiometer experiments revealed that blending bio-char with coke
has the potential to improve slag foaming reactions. In order to validate the small-scale ex-
perimental observations, larger-scale experiments, described in Section 2.3, were conducted
to measure foam height. Softwood bio-char SSBC-2, as shown in Table 5, was selected for
the larger-scale experiments.

3.3. Slag Foaming at a Larger Scale

The measured increase in slag layer thickness with various coke and bio-char mixtures
is summarized in Table 12. By blending the bio-char with coke, the slag layer height does
increase due to foaming compared to the case with 100 wt.% bio-char. However, the slag
layer thickness is significantly lower than the 100 wt.% coke case. This implies that the
enhancement in foaming capacity of bio-char by blending with coke may be limited.

Table 12. Slag layer thickness measurements.

Coke (wt.%) Bio-Char (wt.%) Slag Thickness Increase (%)

- 100 20
50 50 88
60 40 47
70 30 50

100 - 369

The difference in behavior between the large-scale melting tests and small-scale
tensiometer tests likely arises from the low density of bio-char. It was observed during the
large-scale tests that the added bio-char floated on the slag surface even when the bio-char
and coke were pre-mixed before addition. The floating of bio-char on the slag surface
partially prevents contact between coke and slag from occurring. As a result, the foaming
capacity of carbonaceous material is not fully utilized.

4. Conclusions

In this investigation, different effects were observed by replacing fossil carbon material
with biogenic carbon materials.

1. Substitution of charge material with bio-char:

# No detrimental effect was found on molten steel and slag chemical composition
as well as furnace efficiency.

2. Substitution of injection material with bio-char:

# The addition of slag or an Fe-additive in bio-char substrates was not effective
for enhancing the interaction between bio-char and slag.

# Bio-chars derived from softwood and hardwood had very different interactions
with slag.
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# Wettability of bio-char with slag improved upon modifying the surface mor-
phology of bio-char through densification, likely due to a smaller contact angle
for slag on densified bio-char. A hypothesis was proposed that highly reactive
bio-char leads to metallic Fe formation, preventing further interactions and
slag foaming.

# Mixing bio-char with coke improved the slag foaming capability relative to
100 wt.% bio-char, but did not improve its slag foaming capacity to near what
coke delivers.

Overall, the enhancement of interactions between slag and bio-char requires further
study.
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