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Abstract: This paper investigates the influence of biochar, either as an individual component or in
combination with high-temperature coke, on the slag foaming behavior. High-temperature coke
serves as a reference. Three scenarios were considered to study the slag foaming behavior, each
characterized by different slag chemical compositions. The results indicate that biochar can promote
steady foaming for specific slags when the basicity (CaO/SiO2) falls within a range of 1.2 to 3.4.
Experimental findings also reveal that stable foaming can be achieved when a mixture containing
biochar and coke with a ratio of 1:1 is employed, with a minimum slag basicity of 1.0 and FeO content
of 25 wt.%. The foaming range obtained using different FeO contents (15 wt.% to 40 wt.%) in the
mixture surpasses the range observed with the individual application of coke or biochar. The X-ray
diffraction (XRD) analysis showed that unrelated to the carbon source applied, the general pattern was
that the phases larnite (Ca2SiO4) or dicalcium silicate were detected for slag foams with high basicity.
Monticellite (CaMgSiO4) and magnesium iron oxide (Fe2MgO4) were predominant in slag foam
samples, with the highest MgO content. The presence of monticellite and merwinite (Ca3MgSi2O8)
occurred in samples with the lowest basicity. Eventually, the application of the mixture of coke and
biochar showed the potential to obtain stable foaming across a wide range of slag compositions.

Keywords: biochar; coke; slag foaming; electric arc furnace; X-ray diffraction analysis

1. Introduction

For the electric arc furnace (EAF) process, the phenomenon of slag foaming is im-
portant because it not only improves reaction kinetics by increasing the effective surface
area in electric steelmaking but also impedes the transfer of heat from the electric arc to
the refractory lining [1–6]. In the slag foaming process, a carbon source is injected into
the slag and reacts with FeO in the slag to form carbon monoxide (CO). In cases where
CO gas bubbles cannot exit through the slag, the slag is considered to be undergoing a
foaming [5]. At the same time, some iron in the slag will be reduced [2,7]. Fossil fuel
carbon sources [8], namely, coal or cokes (metallurgical or petroleum), are commonly used
as injected and charged carbon in the EAF process [9,10]. Applying conventional carbon
sources has been extensively studied [10–13], and the main results have been analyzed in
previous studies [14].

The practice of replacing fossil fuels with biomass-derived biochar by EAF has the
potential to enhance environmental performance. This is because it avoids introducing
additional carbon dioxide (CO2) emissions into the atmosphere [15,16]. With the increasing
emphasis on sustainable practices and the utilization of alternative carbon sources [17–19],
it has turned to studying the feasibility of biochar as a potential substitute for conventional
carbon sources in slag foaming applications. Biochar is a carbon-rich material produced
by torrefaction [20,21] or pyrolysis [22,23] of biomass, such as wood chips, agricultural
residues, or organic waste [24]. In the past, studies have been conducted to investigate
using non-conventional carbon sources for slag foaming. The purpose of these studies
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was to measure and evaluate the impact of these sources, both in quantitative and quali-
tative terms. Additionally, these studies aimed to develop strategies and approaches for
effectively utilizing these non-conventional carbon sources [25–27]. Moreover, multiple
investigations have been undertaken to study the phenomenon of slag foaming by utilizing
non-conventional carbon sources either independently or in combination with conventional
sources. Herein, a summary overview of the main outcomes is presented.

Robinson et al. [28] investigated two variants of biochar derived from woody biomass,
along with synthetic graphite and anthracite coal. The study findings indicated that
substituting a portion of conventional carbon sources with biochar from woody biomass did
not lead to any deviations from the operational conditions observed when using traditional
carbon sources in the EAF. Moreover, the researchers emphasized that biochar derived
from biomass should possess certain characteristics, such as undergoing torrefaction and
pyrolysis, to meet the specific requirements for its application in EAF.

Demus et al. [29] investigated residuals from a wood gasification plant and a product
from pyrolysis of agricultural residuals as substitutes for fossil coal used in EAF steelmaking.
Melting tests in the pilot EAF showed that the agglomerated biochar reacted similarly to
the reference anthracite coal. Briquetting results in reduced reactivity and slower burnout
compared to fine biochar.

Cirilli et al. [16] carried out long-term industrial trials employing two types of biochar,
namely, biochar derived from TORR COAL (obtained in the process of torrefaction at a tem-
perature of 300–350 ◦C) and biochar obtained from thermal pyrolysis (800 ◦C). Anthracite
was used as a reference carbon source. FeO content in the slag was set to 30.5 wt.% (stan-
dard) and 29.1 wt.% (biochar). The outcomes of these trials demonstrated the practicability
of incorporating biochar as a carbon source, with no significant alterations observed in the
analysis of steel and slag properties.

Yunos et al. [30] investigated the interactions of palm shells with EAF slag (34.9 wt.%
Fe2O3, 30.4 wt.% CaO, 6.9 wt.% Al2O3, 10.9 wt.% MgO, 11.6 wt.% SiO2, and 5.0 wt.% MnO),
quantitatively estimating changes occurring in the slag volume as a function of time. In
the case of palm char application, an increase in the slag volume and fluctuations has been
observed. However, coke showed a low degree of fluctuations and poor volume ratios.

Hoikkaniemi et al. [31] studied slag foaming applied as carbon sources of coke dust
(reference) and biochar, namely, spruce wood chips, after pyrolysis at 800 ◦C. The chemical
composition of slag comprised 33.34 wt.% CaO, 16.59 wt.% SiO2, 7.06 wt.% Al2O3, 7.72 wt.%
MgO, 0.85 wt.% MnO, 1.08 wt.% TiO2, 1.15 wt.% V2O5, and 29.02 wt.% FeO. According to
the authors, biochar behaved comparably to coke dust as a foaming agent, suggesting its
potential as a replacement for foaming agents derived from fossil fuels.

Contrariwise, several studies have reported that using biochar as an individual car-
bon source does not significantly impact slag foaming. DiGiovanni et al. [32] studied the
feasibility of using biochar as an injection carbon material and establishing a methodol-
ogy for ranking different injection carbon materials based on increased slag foam height.
The composition of the slag was set to 23.0 wt.% FeO, 39.0 wt.% CaO, 14.0 wt.% SiO2,
10.0 wt.% MgO, and 8.0 wt.% Al2O3. This study evaluated the potential of various carbon
sources, namely, industrial injection coal, loose biochar, and bio-briquettes for slag foaming.
Initially, loose biochar individually did not show significant slag foaming. Therefore, it was
mixed with nut coke at a ratio of 70% nut coke and 30% loose biochar, and the height of
the resulting slag was measured. The results indicated that the mixture of 70% nut coke
and 30% loose biochar showed a noticeable increase in slag height, suggesting effective
slag foaming.

Conversely, studying the effect of using biogenic material (torrefied wood pellets)
on the composition of steel and slag (30.1 wt.% CaO, 33.9 wt.% Fe2O3, 6.1 wt.% Al2O3,
10.7 wt.% MgO, 13.0 wt.% SiO2, and 6.2 wt.% MnO) using an induction melting furnace,
Huang et al. [27] concluded that the potential increase in foaming when using biochar mixed
with coke might be limited compared to the foaming achieved with coke individually.
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Based on the analysis, it can be deduced that achieving a stable slag foam proves to
be challenging when biochar is employed as the individual carbon source. Biochar shows
limitations in its application compared to conventional carbon sources. Nevertheless,
previous research results [14,33,34] have shown favorable effects of using a mixture of
coke and biochar in slag foaming. Adding a mixture of coke and biochar to the slag has
enhanced foam stability and increased slag foaming characteristics compared to applying
biochar as an individual source.

The objective of this study is to quantify the foaming behavior based on the foaming
characteristics of slag by analyzing foam height, foam volume, relative foam volume,
and volumetric gas fraction using the slag samples prepared with different chemical
compositions and carbon sources, including 100 wt.% high-temperature coke, 100 wt.%
biochar, or a mixture of coke and biochar with a ratio of 1:1. Additionally, the influence
of utilizing different carbon sources on the composition of the resulting slag foams is
evaluated qualitatively by estimating the general chemical and phase composition of foam
samples. This enables a practical explanation of the way the biochar application, either as
an individual carbon source or in combination with conventional carbon sources, results in
comparable outcomes to those achieved based on traditional carbon sources.

2. Materials and Methods

The slags used in this study were produced from powders consisting of specific chem-
ical components, including FeO, CaO (at least 96% purity), SiO2 (at least 99% purity), MgO
(at least 98% purity), and Al2O3 (at least 99% purity). Since the main chemical composites
of EAF slags can vary and generally consist of FeO (10–40 wt.%), CaO (22–60 wt.%), SiO2
(6–34 wt.%), Al2O3 (3–14 wt.%), and MgO (3–13 wt.%) [35], this study of the application of
different carbon sources considered the following three scenarios with compositions:

(1) In the first scenario, the slags had a constant FeO content of 25 wt.%, and the basicity
(B2) was varied within the range of 1.0 to 3.4. Basicity was defined as the ratio of CaO
to SiO2. Additionally, another basicity (B3) was defined as the ratio of CaO to the sum
of SiO2 and Al2O3, and it varied between 0.8 and 2.0. The MgO content ranged from
15.0 to 6.0 wt.%, as shown in Table 3;

(2) In the second scenario, the slags had a constant basicity B2 of 1.4 and basicity B3 of 1.0,
as well as the content of Al2O3 8 wt.%. Nevertheless, the FeO content varied between
24.0 and 30.7 wt.%, and the MgO content varied between 9.34 and 16.03 wt.%, as
shown in Table 2;

(3) In the third scenario, the slags have a constant basicity B2 of 3.8 and a basicity B3 of
2.0. However, the FeO content varied between 10 and 50 wt.%, and the MgO content
varied between 5.72 and 11.16 wt.%, as shown in Table 1.

Table 1. Slag compositions with stable basicity.

Sample FeO,
wt.%

CaO,
wt.%

SiO2,
wt.%

MgO,
wt.%

Al2O3,
wt.% Total B2 B3 µ,

Pa·s
ρ,

g/cm3
σ,

N/m
Σ,
s

S11 10.0 53.1 14.0 10.9 12.0 100.0 3.8 2.0 0.0466 3.20 0.58 3.94

S12 15.0 53.1 14.0 6.1 12.0 100.0 3.8 2.0 0.0420 3.24 0.58 3.52

S13 23.0 43.6 11.6 11.2 10.6 100.0 3.8 2.0 0.0348 3.43 0.59 2.81

S14 25.0 43.3 11.4 10.3 10.0 100.0 3.8 2.0 0.0328 3.45 0.59 2.64

S15 27.0 43.2 11.4 8.4 10.0 100.0 3.8 2.0 0.0314 3.47 0.60 2.51

S16 30.0 43.1 11.2 5.7 10.0 100.0 3.8 2.0 0.0291 3.51 0.60 2.31

S17 40.0 33.1 8.8 10.1 8.0 100.0 3.8 2.0 0.0023 3.72 0.61 0.18

S18 50.0 28.1 7.4 7.5 7.0 100.0 3.8 2.0 0.0018 3.89 0.62 0.13

µ, viscosity; ρ, density; σ, surface tension; Σ, foaming index.
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Table 2. Slag compositions with stable basicity and Al2O3.

Sample FeO,
wt.%

CaO,
wt.%

SiO2,
wt.%

MgO,
wt.%

Al2O3,
wt.% Total B2 B3 µ,

Pa·s
ρ,

g/cm3
σ,

N/m
Σ,
s

S8 24.0 30.0 22.0 16.0 8.0 100.0 1.4 1.0 0.044 4.41 0.73 2.83

S9 26.5 30.0 22.0 13.5 8.0 100.0 1.4 1.0 0.041 3.40 0.56 3.42

S10 30.7 30.0 22.0 9.3 8.0 100.0 1.4 1.0 0.038 3.44 0.56 3.15

µ, viscosity; ρ, density; σ, surface tension; Σ, foaming index.

Table 3. Slag compositions with stable FeO content.

Sample FeO,
wt.%

CaO,
wt.%

SiO2,
wt.%

MgO,
wt.%

Al2O3,
wt.% Total B2 B3 µ,

Pa·s
ρ,

g/cm3
σ,

N/m
Σ,
s

S1 25.0 27.2 27.2 15.0 5.5 100.0 1.0 0.8 0.0475 3.33 0.54 4.07

S2 25.0 28.3 23.2 14.2 9.3 100.0 1.2 0.9 0.0465 3.38 0.54 3.95

S3 25.0 35.6 22.9 9.7 6.8 100.0 1.6 1.2 0.0412 3.34 0.56 3.48

S4 25.0 38.5 19.0 8.0 9.4 100.0 2.0 1.4 0.0391 3.37 0.57 3.25

S5 25.0 41.5 15.5 7.5 10.5 100.0 2.7 1.6 0.0363 3.40 0.58 2.97

S6 25.0 44.5 14.3 6.4 9.8 100.0 3.1 1.8 0.0341 3.40 0.59 2.78

S7 25.0 45.7 13.5 6.0 9.8 100.0 3.4 2.0 0.0333 3.40 0.59 2.71

µ, viscosity; ρ, density; σ, surface tension; Σ, foaming index.

The slag density and surface tension have been calculated according to [36]. Slag
viscosity has been determined via FactSage v.8.2. Since the foaming index is supposed to
be a function of the physical properties of the slag, it was calculated according to [37,38].

At the same time, two carbon sources (Table 4) were used in this study: high-
temperature metallurgical coke (as a reference); wood biochar (Bch) obtained after pyrolysis
at 600 ◦C [34]; and the mixture of coke and biochar with a ratio of 1:1 based on fixed carbon
(Cfix) with stable grain size from 0.5 to 1.0 mm.

Table 4. Characters of carbon sources used for slag foaming, wt.%.

Characters Coke Bch

Proximate analysis

M 1.04 2.67

VM (daf) 1.57 41.04

Ash (db) 10.88 4.29

Elemental analysis

S (db) 0.77 n.d.

C (db) 86.25 72.74

H (db) 0.29 4.62

N (db) 1.21 0.24

* Others, mainly O (db) 0.60 18.11

Cfix (db) 87.70 56.43
M, moisture; C, carbon; H, hydrogen; N, nitrogen; S, sulfur; db, dry basis; daf, dry ash-free basis; VM(daf) =
VM(db)·100/(100 − ash yield (db,%)); Cfix, wt.% = 100 − (wt.% VM (db) − wt.% Ash (db)); * Calculated by
difference; n.d., not detected.

The Fourier transform infrared (FTIR) spectroscopy equipped with attenuated total
reflectance (ATR) for two samples of carbon sources was performed by an Agilent Cary
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630 FTIR spectrometer manufactured by Agilent Technologies, USA. The biochar or coke
samples were scanned 32 times in the wavenumber range of 4000–650 cm−1 with a spectral
resolution of 2 cm−1 and wavenumber accuracy of 0.05 cm−1. OriginPro 2016 (9.3) software
was used to evaluate the peaks of the spectra.

Proton nuclear magnetic resonance (1H NMR) spectroscopy for coke and biochar
samples was performed via Bruker Ascend 400 MHz with Automation. The 1H 90◦ hard
pulse was optimized for each sample. The duration of the low-power pulse for mixing was
400 ms in every case. Both NMR experiments were performed at 25 ◦C.

For slag foaming experiments, the carbon content was determined using stoichio-
metric calculations based on the required reduction described by the following equation
FeO(slag) + C = Fe(1) + CO [12] and is presented in Table 5.

Table 5. Amount of carbon source for required reduction, g.

Sample Coke Biochar Coke + Biochar

S1–S7 4.75 7.38 2.38 + 3.69

S8 4.56 7.09 2.28 + 3.55

S9 5.04 7.83 2.52 + 3.92

S10 5.83 9.07 2.92 + 4.54

S11 1.90 2.95 0.95 + 1.48

S12 2.85 4.43 1.43 + 2.22

S13 4.37 6.79 2.19 + 3.40

S14 4.75 7.38 2.38 + 3.69

S15 5.13 7.97 2.57 + 3.99

S16 5.70 8.86 2.85 + 4.43

S17 7.60 11.81 3.80 + 5.90

S18 9.50 14.77 4.75 + 7.40

All foaming experiments were conducted using an induction high-temperature fur-
nace MU-900 (Indutherm Erwärmungsanlagen GmbH, Walzbachtal, Germany). Prior to
experiments, approximately 5 g of ultra-low carbon (ULC) steel (containing 0.007 wt.%
carbon) was placed at the bottom of the crucible of alumina (with an inner diameter of
63 mm, wall thickness of 4 mm, and height of 99 mm). Subsequently, 100 g of slag powder
was added to the crucible. The filled alumina crucible was placed inside a graphite crucible
(with an inner diameter of 70.3 mm, wall thickness of 20 mm, and height of 202 mm).
Throughout each test, the system was continuously flushed with nitrogen at a rate of
1000 L/h. Once the temperature reached 1600 ◦C, it was held constant for a duration of
30 min. The height of the molten slag was measured by inserting a molybdenum stick
into the slag and observing the resulting mark, which was then measured using a ruler.
Afterward, a carbon source was added to the molten slag to initiate the foaming process.
The carbon-slag reaction was enhanced by mixing the molten slag and carbon source using
a molybdenum stick at the beginning of the foaming process. The foaming process was
over after reaching a steady foam height and no subsequent changes in slag foam height,
alongside a complete carbon material reaction. Following the conclusion of the test, the
alumina crucible was extracted from the graphite crucible and subjected to cooling using
liquid nitrogen. This cooling process served to solidify the slag foam, facilitating further in-
vestigation. The foaming continued depending on the carbon source and slag composition
for 2 to 4 min in the case of biochar and 4 to 9 min for coke or a mixture of coke and biochar.

The height of the slag foam was determined by calculating the difference between the
upper surface of the foam and the non-foamed layer located at the bottom of the crucible
(Figure 1). This measurement was repeated at three different positions within the crucible,
and the resulting values were averaged to obtain the mean height of the slag foam.
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Based on the foam height, the volume of slag before (Vslag) and after foaming (Vfoam)
was calculated using Equations (1) and (2):

Vslag =
d2·π

4
·hslag, (1)

Vf oam =
d2·π

4
·h f oam, (2)

where d is the inner diameter of the crucible, cm; hslag is slag height before foaming, cm;
hfoam is slag height after foaming, cm.

Additionally, the slag weight (Table 3), the inner diameter of the alumina crucible,
slag density (Table 3), and Equation (1) were used to calculate the initial slag height
without foaming.

The relative foaming volume ( ∆V
V0

)
was calculated by Equation (3):

∆V
V0

=
Vf oam − Vslag

Vslag
, (3)

The foaming height was estimated after the experiments, and the volumetric gas
fraction contained in the foam

(
Xgas

)
was also calculated using Equation (4), according

to [39,40].

Xgas =
h f oam − hslag

h f oam
, (4)

where hfoam is slag height after foaming, cm; hslag is slag height before foaming, cm.
The powdered slag foam samples were subjected to X-ray diffraction (XRD) analysis

using a Bruker AXS D8 advance diffractometer. The XRD spectra were recorded using a
lynxeye detector and a Cu X-ray tube emitting Cu Kα radiation.

General chemical compositions of powdered slag foam samples were measured us-
ing EDS.

3. Results and Discussion
3.1. Evaluation of Carbon Sources via Fourier Transform Infrared Spectroscopy and Proton Nuclear
Magnetic Resonance Spectroscopy

The two carbon sources, namely, coke and biochar, are investigated using an FTIR
spectroscopy, and the spectra are presented in Figure 2.
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Figure 2. FTIR spectra of two carbon sources. Assignments of peaks are given within the text.

Figure 2 evidences the chemical differences between biochar and coke. It is seen that
various functional groups in the FTIR spectra of coke and biochar are represented by the
peaks located at 3520–3200 cm−1 -OH stretching (alcohols), 2915–2842 cm−1 C-H stretching
(aliphatic), 1870–1540 cm−1 (oxygen-containing functional group), and 900–700 cm−1 C-Har
out-of-plane deformation (aromatic group). In the coke samples, the stretching of –OH
and other volatile groups was reduced compared to their presence in the corresponding
biochar (3278 cm−1). This decrease in -OH stretching in coke is likely due to the loss of -OH
during carbonization. Additionally, the C-H functional groups (2920 and 2851 cm−1) were
found in biochar but were lacking in coke, as they were released as gaseous products (CO,
CO2, and CH4) during carbonization. These agree with the conclusion reported by [41,42].
Nevertheless, the most pronounced peaks in coke samples were identified at 2307 cm−1

as an O=C=O stretching (carbon dioxide), at 2115 cm−1 C triple-bond (alkyne), and
1908 cm−1 C=C=C stretching (allene). In the case of biochar, approximately at position
2311 cm−1, O=C=O stretching (carbon dioxide) was found; at 2016 cm−1, C=C=N stretch-
ing (ketenimine) was identified, and at 1884 cm−1, C-H bending (aromatic compound)
was determined.

Furthermore, stretching vibration peaks in the range of 1500 to 600 cm−1 were more
evident in biochar compared to coke. The breakage of C-H and C-O bonds, corresponding
to the formation of general gases, occurs during carbonization. The peaks related to oxygen-
containing functional groups are attributed to the presence of an aromatic C double-bond
and possibly other O-containing functional groups. The intensity of these peaks in coke
is reduced due to the breaking of the C double-bond compared to the biochar sample
(1575 cm−1) or the loss of O-containing functional groups caused by the higher carboniza-
tion temperature used in coke production. Additionally, the out-of-plane deformation of
C-Har (aromatic group) stretching in biochar appeared more intense compared to coke.

Figure 3a,b present the proton nuclear magnetic resonance spectra for biochar and
coke. It can be observed that nearly all peaks (A–E) are presented as singlets (s) both for
biochar and coke. Only one peak F as multiplet (m) was detected for the biochar sample.
Peaks (A–F) with chemical shifts in the region from 0.5 ppm to 3.0 ppm are evident, with
the most common aliphatic proton [43]. Protons at the position around 1.0 ppm could be
associated with alkyl groups, such as methyl (CH3) or methylene (CH2) groups, in organic
compounds. The chemical shift range from 3.98 to 4.64 ppm generally corresponds to the
region associated with proton signals near the region of aliphatic (saturated) hydrogens
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(biochar). Notably, most aliphatic groups disappeared after carbonization, as shown in the
coke sample spectrum and as observed in FTIR results (Figure 2).
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Protons attached to aromatic rings usually appear in the region from 6.0 ppm to
8.0 ppm. A pronounced peak at 8.0 ppm in the biochar sample suggests the presence of
protons in an aromatic environment. The decrease in this peak can be observed for the coke
sample.

The presence of more oxygen-containing functional groups and aliphatic groups
indicates that biochar is a more reactive carbon source compared to coke, which may have
an impact on the different foaming behavior of the slag.
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3.2. Evaluation of Slag Foaming Behavior: The Case of 100 wt.% Coke as a Carbon Source

Before assessing the foaming of the slag, the initial height of the molten slag was
estimated through calculations and measured during experiments. The slag weight, the
inner diameter of the alumina crucible, and slag density were used to calculate the initial
slag height without foaming. The slag volume was estimated using the calculated and
measured heights obtained from the experiments. Figure 4a,b shows the combined results
of comparing the difference between the calculated and measured values for slag height
and the calculated and measured values for slag volume.
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Figure 4. (a) Comparison between calculated slag height and measured slag height. (b) Comparison
between calculated slag volume and measured slag volume.

As has been reported in some papers [44,45], generally, foam height should decrease
with the increase in the foaming index of slag and an increase in viscosity µ, a decrease
in density ρ, and surface tension σ. Table 6 presents the results of evaluating the foaming
characters of slags with a stable FeO content of 25 wt.%. These experiments utilized coke
as the carbon source. The findings indicate that as the basicity increases, the viscosity
decreases while the density and surface tension increase. Consequently, the foam height
and volume of the slags also increase, ranging from 3.5 cm to 11.0 cm for foam height and
from 109.05 cm3 to 342.72 cm3 for foam volume. However, for slags S6 and S7, further
increases in basicity 3.1 and 3.4 resulted in a slight decrease in both the height and volume of
the slag foam, measuring 8.5 cm and 8.0 cm for foam height and 264.83 cm3 and 249.25 cm3

for foam volume, respectively. Notably, the slags with basicity 1.0 had unstable foaming,
with several collapses oscillating up and down. In Table 6, the value for slag with basicity
1.0 represents not so much a foam height as the highest point of oscillation after adding coke.

Table 6. Slag foaming characters (coke as a carbon source; stable content of FeO 25 wt.%).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam, cm3

Relative Foaming
Volume, ∆V/V0

Volumetric Gas
Fraction,

Xgas

S1 3.5 * 109.05 3.32 0.77

S2 7.0 218.10 6.45 0.87

S3 9.6 299.10 10.85 0.92

S4 10.6 330.26 11.33 0.92

S5 11.0 342.72 11.22 0.92

S6 8.5 264.83 8.04 0.89

S7 8.0 249.25 7.60 0.88
* height of oscillation.
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Since the characters of the relative volume of foaming and the volumetric gas fraction
are dependent parameters on the height and volume of foam of the slag, a similar tendency
was noticed for them: an increase in values and reaching the maximum value for S5 slag
with basicity 2.7 and then a decrease.

All slag foam samples underwent qualitative assessment via XRD analysis, revealing
different phases in each sample. Mainly, it detected such phases as silicates, namely, larnite
Ca2SiO4 (00-033-0302) or dicalcium silicate (00-002-0843), gehlenite Ca2(Al(AlSi)O7) (01-
079-2421), merwinite Ca3MgSi2O8 (01-074-0382), and monticellite CaMgSiO4 (01-084-1320);
ferrite, namely, brownmillerite Ca2(Al,Fe)2O5 (00-030-0226); metal oxide, namely, wuestite
FeO (00-046-1312); spinels, namely, magnesium iron oxide Fe2MgO4 (01-077-2367) and
magnesium aluminum oxide Mg0.4Al2.4O4 (01-084-0378); and some presence of metallic
iron (00-003-1050), which are the common phases [46–48].

Among the slag foams S1–S7, the commonly identified phase is gehlenite (Figure 5).
It can be concluded that monticellite and magnesium iron oxide are predominant in slag
foam samples, with the highest MgO content. The presence of monticellite is detected only
for slag foam samples where the lowest basicity was applied. Additionally, merwinite
occurs in samples with the lowest basicity it aligns with [49].
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Figure 5. XRD patterns of slag foams obtained by applying slags with different basicity, stable content
FeO 25 wt.%, and coke as a carbon source.

Slag foams S6 and S7 showed similar phases, including gehlenite, wuestite, metallic
iron, and a phase identified as calcium magnesium aluminum oxide silicate CaO-MgO-
Al2O3-SiO2 (00-017-0736). This phase was detected only in slag foam samples where the
highest basicity was set. Furthermore, the presence of larnite was found in samples S5–S7,
where basicity from 2.7 to 3.4 was the highest among other slag foams. For slag foams S6
and S7, it could be one of the reasons for a decrease in foam height.

The slag foam samples were examined using SEM/EDS analysis to understand their
chemical composition. The EDS study detected the presence of various elements, including
aluminum (Al), silicon (Si), calcium (Ca), magnesium (Mg), iron (Fe), and oxygen (O) (as
shown in Table 7). This analysis confirmed the findings of the XRD analysis and established
correlations between these elements, confirming the identified phases. The general chemical
composition range of the slag foams is as follows: 35.76–39.62 wt.% O; 2.27–7.48 wt.% Mg;
6.57–14.04 wt.% Al; 4.92–10.32 wt.% Si; 15.32–30.62 wt.% Ca; and 13.11–20.30 wt.% Fe.
These elements align with oxygen distribution and are consistent with the mineral phases
identified through XRD, which mainly consist of oxide compounds. An apparent decrease
in the Mg content characterizes this group of slag foam. The Al content is increased, which
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is reasonable by using Al2O3 crucibles. This is observed for all samples unrelated to the
slag foams or the carbon source used.

Table 7. SEM/EDS analysis results of general chemical composition for slag foam obtained by
applying slags with different basicities, stable content FeO 25 wt.%, and coke as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S1 39.62 7.38 6.57 10.32 15.82 20.30

S2 37.98 7.48 13.11 8.25 15.32 17.86

S3 38.26 4.50 8.56 9.92 24.35 14.41

S4 35.76 3.17 10.60 6.46 30.62 13.38

S5 36.31 2.71 10.68 5.41 27.37 17.52

S6 36.41 2.27 14.04 4.93 29.23 13.11

S7 38.16 2.27 13.72 4.92 26.08 14.85

Table 8 shows the result of slag foaming where stable basicity and Al2O3 content were
applied. The highest value of the foam height and the foam volume of slag was achieved
using 26.5 wt.% FeO, and the content of MgO 13.52 wt.% and were 8.5 cm and 264.83 cm3,
respectively. For the other two samples, the foam height and volume differ insignificantly.
However, the lowest value of foaming characters is characterized by a sample of 24.0 wt.%
FeO, and 16.03 wt.% MgO was used. In all three cases, stable foaming was observed during
the experiments, although the foaming time varied and was about 8, 5.5, and 4 min for
samples S8, S9, and S10, respectively. The foaming was faster with increasing content
of FeO.

Table 8. Slag foaming characters (coke as a carbon source; stable basicity and Al2O3 content).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam, cm3

Relative
Foaming Volume,

∆V/V0

Volumetric Gas
Fraction,

Xgas

S8 7.1 221.21 6.89 0.87

S9 8.5 264.83 8.44 0.89

S10 7.9 246.14 8.29 0.89

Figure 6 illustrates detected phase patterns in slag foam samples with stable basicity
and Al2O3 content. The relatively high content of MgO likely influenced the formation
of two spinels (magnesium iron oxide and magnesium aluminum oxide) in all three slag
foam samples.

Additionally, it was observed that merwinite is present in samples with low basicity,
as mentioned earlier. Sample S10 is also distinguished by the presence of wuestite, which
can be attributed to the fact that the highest FeO content was applied among this group.

Table 9 presents values of general chemical composition for slag foam obtained by
applying slags with stable basicity and Al2O3 content. An increase in the content of Fe
and a decrease in the content of Mg were distinctive. The rest of the elements had similar
values with slight fluctuations.

Table 9. SEM/EDS analysis results of general chemical composition for slag foam obtained by
applying slags with stable basicity and Al2O3 content and coke as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S8 38.82 7.06 5.20 9.87 21.40 17.65

S9 35.80 7.80 4.79 10.69 20.71 20.21

S10 36.07 5.43 4.48 10.52 21.18 22.32
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Figure 6. XRD patterns of slag foams obtained by applying slags with stable basicity and Al2O3

content and coke as a carbon source.

Table 10 presents the results of foaming slags with consistent basicity 3.8 but varying
FeO content ranging from 10 to 50 wt.%. Increasing the FeO content from 10 wt.% to
30 wt.% increased both the slag foam height, from 2.3 cm to 10.1 cm, and the slag foam
volume, ranging from 71.66 cm3 to 314.68 cm3. The viscosity decreased at higher FeO
content, and foaming became significant, causing a decrease in the foaming index (Table 1).
Additionally, increasing the FeO content within the slag results in a notable increase in
slag density. These changes induce swifter drainage of the foam bubbles [50]. However,
further increases in the FeO content (50 wt.%) led to a slight loss of foaming. Moreover, an
increase in the FeO content leads to a decrease in the foaming index. The last two types of
slag show a notable decrease in the foaming index. However, for the foaming, this was not
reflected by a sharp change in the foaming characters. Based on experimental observations,
it was noted that the last two types of slag exhibited a fluid-like behavior. This observation
aligns with the findings mentioned in [51], which indicates that increased FeO content in
the slag leads to higher fluidity. After adding coke, several slag foam collapses occurred,
and a stable foam was formed.

Table 10. Slag foaming characters (coke as a carbon source; stable basicity).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam, cm3

Relative Foaming
Volume, ∆V/V0

Volumetric Gas
Fraction,

Xgas

S11 2.3 * 71.66 1.37 0.58

S12 8.0 249.25 7.25 0.88

S13 9.0 280.41 8.68 0.90

S14 9.3 289.76 9.33 0.90

S15 9.8 305.34 9.43 0.90

S16 10.1 314.68 9.74 0.91

S17 9.6 299.10 10.03 0.91

S18 9.4 292.87 9.80 0.91
* height of oscillation.

Conversely, at a low FeO content (10 wt.%) after adding coke to the molten slag,
instead of bubbles distributed, chaotic behavior of foaming was observed where the slag
surface collapsed. Indeed, the height of this slag foam represents the highest point reached
by the oscillation. This could be attributed to the high viscosity of the slag, preventing
significant foaming [51,52]. The foaming index decreases with increased FeO content,
which aligns with this study [12].
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Based on the results shown in Table 10, the critical FeO content was obtained with
30 wt.% of this oxide within slag composition, below which foaming increased with in-
creasing FeO content and above which the slag was too fluid, the foam became less stable,
and multiple collapses occurred. Nevertheless, even with an increase in FeO content
from 30 wt.% to 50 wt.%, the foaming characters did not significantly deteriorate. For the
slags containing 40 wt.% FeO, the foam height and volume were measured at 9.6 cm and
299.10 cm3, respectively. Similarly, for the slags containing 50 wt.% FeO, the foam height
and volume were 9.4 cm and 292.87 cm3, respectively.

Figure 7 depicts the correlation between the ratio of the slag heights and the weight
ratio of coke/slag for a series of slags with varying FeO content, with coke utilized as the
carbon source. The data reveal a general tendency for the weight ratio of coke/slag to
increase as the ratio of slag heights increases; for slag containing 50 wt.% FeO, a slight
decline in this tendency is observed.
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Figure 7. Correlation between the ratio of slag heights and weight ratio of coke/slag.

The main crystallized phases in slag foams S11–S13 and S16–S18 are gehlenite, wuestite,
metallic iron, and a calcium magnesium aluminum oxide silicate phase (Figure 8). In the
case of S11 and S13–S18, there is a correlation between the amounts of calcium and silica,
suggesting the presence of dicalcium silicate or larnite phases. Moreover, when analyz-
ing slag foam S11 and S12, S14, and S15, and S18, they were observed to contain spinel
magnesium iron oxide. Slag foams S14 and S15 represent the following phases: gehlenite;
wuestite; calcium magnesium aluminum oxide silicate; larnite; and magnesium iron oxide.
The difference only in slag foam S15 also consists of brownmillerite.
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Figure 8. XRD patterns of slag foams obtained by applying slags with different FeO content, stable
basicity, and coke as a carbon source.
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Table 11 presents the general chemical composition range of the slag foams as fol-
lows: 31.72–39.74 wt.% O; 1.36–6.18 wt.% Mg; 5.75–13.72 wt.% Al; 2.53–8.25 wt.% Si;
15.30–37.56 wt.% Ca; and 6.59–31.81 wt.% Fe. A characteristic of this group is an increase in
Fe content; however, it is somewhat irregular.

Table 11. SEM/EDS analysis results of general chemical composition for slag foam obtained by
applying slags with different content FeO, stable basicity, and coke as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S11 39.74 3.49 13.01 4.57 31.15 8.03

S12 38.34 1.36 12.54 3.61 37.56 6.59

S13 34.50 1.80 12.55 5.18 35.13 10.83

S14 33.94 3.61 9.43 3.29 30.44 19.28

S15 32.26 2.49 13.72 4.95 30.09 16.49

S16 37.48 6.18 5.75 8.25 22.39 19.95

S17 31.72 2.03 9.86 2.53 27.23 26.63

S18 31.98 4.81 13.24 2.87 15.30 31.81

To quantify slag foaming as a function of basicity or FeO content and foaming charac-
ters (foam height and foaming index), graphs were plotted with different basicities and
FeO content, as shown in Figure 9a,b. In the case of basicity, the foaming characters initially
increased as basicity increased. The group of slags with a stable FeO content demonstrated
this tendency, with the S5 slag achieving maximum height and volume values. How-
ever, beyond this point, there was a subsequent decrease in the height and volume of the
slag foam.
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Figure 9. Foam height (coke as a carbon source) and foaming index as a function of (a) basicity and
(b) FeO content of slags; relationship between relative foaming volume and gas fraction of slags with
stable FeO content (c) and basicity (d).
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In the case of variation of FeO content, the foaming characters initially increased
until reaching maximum values for the group of slags with stable basicity. The slag with
30 wt.% FeO reached the highest height and volume values in this group. However, further
increases in FeO content resulted in a decrease in the height and volume of the slag foam.

Figure 9c,d summarizes the calculation results and represents the relationship between
the gas fraction indicator and the relative volume of foam.

These dependencies are presented for both groups of slags, namely, for both stable FeO
content and stable basicity. It has been observed that the lower the value of the volumetric
gas fraction, the lower the relative foaming volume. Additionally, when using coke with
an increase in the content of FeO from 15 wt.% to 50 wt.%, a significant change in the gas
fraction was not observed (Figure 9d).

When using coke as a carbon source, the most optimal foaming characters were
obtained for a group of slags with different basicities from 1.2 to 2.7 and for group slags
with different FeO content from 15 to 30 wt.%.

3.3. Evaluation of Slag Foaming Behavior: Case of 100 wt.% Biochar as a Carbon Source

Table 12 shows the foaming characters for 100 wt.% biochar and slag samples with
different basicities. The foaming was unstable when using slag with a basicity of 1.0, and the
value of 3.1 cm characterizes the highest oscillation point during the experiment. Distinctive
from the coke case is that the increase in basicity did not affect the foaming behavior, and
in cases with slag foams S2–S6, the foaming values did not change and were within the
experimental error corresponding to the average value of the foam height of 8.7 cm (±0.12)
and the average foam volume of 270.61 cm3 (±24.5). The absence of change in foam height
with increasing basicity could be due to the low interaction between highly reactive biochar
and slag, as was reported in [27]. Despite some disadvantages of using biochar, in this case,
stable foaming was achieved when a group of slag with different basicities from 1.2 to 3.4
was applied. The highest foaming values were achieved when using slag with a basicity of
3.4 and are 10.0 cm (foam height) and 311.56 cm3 (foam volume).

Table 12. Slag foaming characters (100 wt.% biochar as a carbon source; stable content of FeO 25 wt.%).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam, cm3

Relative
Foaming

Volume ∆V/V0

Volumetric Gas
Fraction

Xgas

S1 3.1 * 96.59 2.30 0.70

S2 8.7 271.06 8.70 0.89

S3 8.6 267.94 7.60 0.88

S4 8.7 271.06 8.00 0.89

S5 8.9 277.29 7.90 0.89

S6 8.6 267.94 7.60 0.88

S7 10.0 311.56 9.10 0.90
* height of oscillation.

To summarize, the typical phases among the given slag foam samples are gehlen-
ite, calcium magnesium aluminum oxide silicate, merwinite, and magnesium iron oxide
(Figure 10). The presence of larnite is typical for samples with higher basicity, which was
also observed for samples of slag foam (coke case). Only the S1 slag foam is characterized
by the vast majority of peaks assigned to monticellite since this phase is notable for slags
with low basicity, as noted in the case of coke. Additionally, metallic iron is present only in
sample S5.
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Figure 10. XRD patterns of slag foams obtained by applying slags with different basicities, stable FeO
content, and biochar as a carbon source.

The general chemical composition range of the slag foams obtained using biochar
(Table 13) is as follows: 35.23–38.50 wt.% O; 2.09–9.08 wt.% Mg; 5.65–16.15 wt.% Al;
3.72–12.23 wt.% Si; 20.82–29.89 wt.% Ca; and 13.33–20.59 wt.% Fe. These samples of slag
foam exhibit a decrease in the levels of Mg and Si, while there is an increase in the content
of Ca.

Table 13. SEM/EDS analysis results of general chemical composition for slag foam obtained by apply-
ing slags with different basicities, stable content FeO 25 wt.%, and biochar as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S1 37.53 9.08 5.65 12.23 20.82 14.69

S2 35.23 2.09 10.98 3.72 27.40 20.59

S3 38.50 2.71 11.43 7.03 23.07 17.25

S4 36.15 4.69 10.68 7.62 26.72 14.15

S5 37.73 2.35 16.15 5.49 24.95 13.33

S6 38.25 2.53 13.33 4.35 23.92 17.61

S7 37.25 2.29 12.22 3.97 29.89 14.38

Table 14 shows the result of slag foaming using slags with stable basicity and content of
Al2O3. In the case of biochar, the foaming characters are lower than with coke, and it is also
noteworthy that there was no significant foaming change, and it was within experimental
error. Furthermore, the foaming was fast in this case and ranged from 2 to 3 min.

Table 14. Slag foaming characters (biochar as a carbon source; stable basicity and Al2O3 content).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam, cm3

Relative
Foaming

Volume, ∆V/V0

Volumetric Gas
Fraction,

Xgas

S8 6.7 208.75 6.20 0.86

S9 6.9 214.98 6.34 0.86

S10 6.8 186.94 5.67 0.85
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The XRD analysis results for slag foams indicated no difference in the phase compo-
sition when using biochar as a carbon source compared to using coke. All the detected
phases observed in the coke case are also present in the samples with biochar, as shown in
Figure 11.
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Figure 11. XRD patterns of slag foams obtained by applying slags with stable basicity and Al2O3

content and biochar as a carbon source.

The general chemical composition of slag foam samples (Table 15) using biochar is not
much different from the point where coke was used, and the elemental contents are close
to this case.

Table 15. SEM/EDS analysis results of general chemical composition for slag foam obtained by
applying slags with stable basicity and Al2O3 content and biochar as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S8 36.24 9.08 4.39 10.14 21.28 18.87

S9 37.65 6.34 4.76 10.37 20.01 20.87

S10 37.12 5.22 5.23 10.09 19.29 23.05

Table 16 presents the results of using 100 wt.% biochar for slag compositions with
different FeO content. The lowest value of the foam height is distinctive for a sample with
a FeO content of 10 wt.% and is 2.5 cm, as with coke. This is the value for the highest point
of the oscillation height. Stable foaming was obtained for samples containing FeO from 15
to 27 wt.%. In cases with a FeO content of 30–50 wt.%, very fast, uncontrolled foaming was
observed, which exceeded the sizes of the crucible.

Figure 12 shows the correlation between the ratio of slag heights and the weight ratio
of biochar/slag for a series of slags with varying FeO content, with biochar utilized as the
carbon source. The data reveal a general tendency for the weight ratio of biochar/slag to
increase as the ratio of slag heights increases; however, for slags containing 40 and 50 wt.%
FeO, a slight decrease in this trend is observed. Furthermore, there is a visible decrease for
samples S8–S10. The overall behavior is similar in the case of coke.
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Table 16. Slag foaming characters (100 wt.% biochar as a carbon source; stable basicity).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam,

cm3

Relative
Foaming

Volume ∆V/V0

Volumetric Gas
Fraction,

Xgas

S11 2.5 * 77.89 2.60 0.72

S12 6.7 208.75 5.80 0.85

S13 10.1 314.68 9.20 0.90

S14 8.0 249.25 7.90 0.89

S15 9.5 295.99 9.00 0.90

S16 11.0 343.66 11.70 0.92

S17 10.4 324.03 10.60 0.91

S18 10.8 336.49 10.60 0.91
* height of oscillation.
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Figure 12. Correlation between the ratio of slag heights and weight ratio of biochar/slag.

The phase composition analysis (Figure 13) showed that most samples contained
gehlenite, except for the slag foam sample with 10 wt.% FeO. Larnite was detected in
samples S11 (10 wt.% FeO), S13 (23 wt.% FeO), S15 (27 wt.% FeO), S16 (30 wt.% FeO), and
S17 (40 wt.% FeO). Remarkably, metallic iron was only found in samples S14 (25 wt.%
FeO), S15, S17, and S18 (50 wt.% FeO). Out of all the samples, only sample S14 exhibited
the presence of magnesium aluminum oxide along with magnesium iron oxide. Spinel
magnesium iron oxide was detected in the slag foam samples with FeO content ranging
from 10 to 30 wt.%.

Additionally, the phase of brownmillerite was detected in slag foams S11, S13, S15,
S16, and S18. Some samples, specifically S12 and S14, were characterized by the presence
of monticellite and merwinite. Peaks corresponding to wuestite were observed in samples
S13, S15, S17, and S18. Furthermore, calcium magnesium aluminum oxide silicate was
present in samples S11, S13, and S16–S18.

The general chemical composition range of the slag foams obtained using biochar
by applying slags with different content FeO, stable basicity (Table 17) is as follows:
31.72–39.74 wt.% O; 1.36–6.18 wt.% Mg; 5.75–13.72 wt.% Al; 2.53–8.25 wt.% Si;
15.30–37.56 wt.% Ca; and 6.59–31.81 wt.% Fe. Nonetheless, with the carbon source applied,
these slag foams are characterized by an increased content of Fe, as previously observed
for this kind of slag group.
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Figure 13. XRD patterns of slag foams obtained by applying slags with different FeO content, stable
basicity, and biochar as a carbon source.

Table 17. SEM/EDS analysis results of general chemical composition for slag foam obtained by
applying slags with different content FeO, stable basicity, and biochar as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S11 39.74 3.49 13.01 4.57 31.15 8.03

S12 38.34 1.36 12.54 3.61 37.56 6.59

S13 34.50 1.80 12.55 5.18 35.13 10.83

S14 33.94 3.61 9.43 3.29 30.44 19.28

S15 32.26 2.49 13.72 4.95 30.09 16.49

S16 37.48 6.18 5.75 8.25 22.39 19.95

S17 31.72 2.03 9.86 2.53 27.23 26.63

S18 31.98 4.71 13.24 2.87 15.30 31.81

Figure 14a–d shows the relationship between foam height, foaming index, and basicity
or FeO content of slag samples. Notably, gas formation increases despite the absence of a
change in the foam height in samples S2–S6 (Figure 14c,d). It can be concluded that when
applying biochar as a carbon source, the most optimal foaming characters were obtained
for a group of slags with different basicities from 1.2 to 3.4.

In the case of using biochar in the group of slags in which the content of FeO changed
(Figure 14b), it was noticed that with an increase in the content of this oxide and with the
addition of biochar, foaming occurred faster. Most likely, this is explained by the fact that
biochar is a highly reactive carbon material (judging by FTIR and 1H NMR results) with a
high content of volatile matter compared to coke. These experiments were characterized
by a rather high biochar reactivity with air and CO2 and, as a result, a high reactivity with
FeO, which is confirmed by the results, where FeO from 30–50 wt.% were applied, and
uncontrolled foaming occurred. These conclusions have also been made in [32].

A significant disadvantage when using biochar was that when this material was added,
some parts burned and did not contribute to the foaming process, which indicates that this
material should be granulated [32] or should be subjected to a higher pyrolysis temperature.
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Figure 14. Foam height (biochar as a carbon source) and foaming index as a function of (a) basicity
and (b) FeO content of slags; relationship between relative foaming volume and gas fraction of slags
with stable: FeO content (c) and basicity (d).

3.4. Evaluation of Slag Foaming Behavior: The Case of Coke and Biochar Mixture with a Ratio of
1:1 as a Carbon Source

Table 18 shows the results of slag foaming with a stable content of FeO 25 wt.% and
using a mixture of coke and biochar with a ratio of 1:1 as the carbon source. Unexpectedly,
the foaming behavior differed from coke or biochar when the mixture was applied as a
carbon source. With increasing basicity, the height and volume of the slag foam increased
from 6.4 cm and 199.40 cm3, respectively, and reached a maximum value for slag with
basicity of 2.7 at 10.5 cm for the slag foam height and 327.14 cm3 for the slag height volume.
A subsequent increase in basicity led to a slight decrease in these indicators for the last two
slag samples. However, from experimental observations, the last two samples, S6 and S7,
were characterized by fast foaming compared to other slag samples. As with the use of
coke or biochar, for slag with basicity 1.0, the lowest foaming characters for this group of
slags were obtained. However, foaming characters’ values are higher than coke or biochar
cases. This foam was stable during the test, which, in turn, leads to the conclusion that,
somehow, the use of a mixture of coke and biochar mitigates the disadvantages of using
coke or biochar as individual carbon sources.
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Table 18. Slag foaming characters (mixture of coke and biochar with a ratio of 1:1 as a carbon source;
stable content of FeO 25 wt.%).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam, cm3

Relative
Foaming

Volume, ∆V/V0

Volumetric Gas
Fraction,

Xgas

S1 6.4 199.40 6.11 0.86

S2 7.3 227.44 6.40 0.87

S3 9.7 302.22 9.66 0.91

S4 10.6 330.26 10.91 0.92

S5 10.5 327.14 8.55 0.90

S6 9.7 302.22 8.70 0.90

S7 9.3 289.76 8.30 0.89

For samples of slag foam in the case of using slags with different basicities and stable
FeO content, the following main phases were identified and presented in Figure 15. The
typical phases among the given samples are gehlenite, metallic iron, merwinite, and larnite.
Magnesium iron oxide is also present in samples S1, S2, and S6. Monticellite is present in
samples S1 and S2, as previously detected for slag foam samples with the lowest basicity
and high content of MgO. Wuestite is present in samples S3–S5 and S7. Calcium magnesium
aluminum oxide silicate is present in samples S6 and S7. Notably, this phase was seen
mainly for samples where higher basicity prevails. However, the exception is XRD patterns
of slag foams by applying slags with different basicities, stable FeO content, and, in the
case of using biochar, as a carbon source. The phase of larnite is detected for slag foams
with high basicity. Lastly, brownmillerite is present only in sample S5.
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Figure 15. XRD patterns of slag foams obtained by applying slags with different basicities, stable FeO
25 wt.%, and a mixture of coke and biochar with a ratio of 1:1 as a carbon source.

The general chemical composition range of the slag foams obtained using a mixture of
coke and biochar by applying slags with different basicities and stable FeO (Table 19) is
as follows: 31.90–40.70 wt.% O; 2.16–6.16 wt.% Mg; 7.05–15.42 wt.% Al; 4.55–9.25 wt.% Si;
21.39–30.71 wt.% Ca; and 14.61–18.05 wt.% Fe. It should be noted that the Mg content is
relatively stable, and only for the slag foam sample, its content is 6.16 wt.%.
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Table 19. SEM/EDS analysis results of general chemical composition for slag foam obtained by
applying slags with different basicities, stable content FeO 25 wt.%, and mixture of coke and biochar
with a ratio of 1:1 as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S1 37.80 3.75 15.42 4.62 22.99 15.42

S2 38.24 6.16 10.35 9.25 21.39 14.61

S3 34.72 3.48 7.05 8.81 27.89 18.05

S4 40.70 2.16 12.69 5.32 25.08 14.06

S5 34.06 2.55 11.21 7.35 26.98 17.84

S6 31.90 2.68 13.24 5.52 30.71 15.95

S7 34.66 2.32 12.13 4.55 29.66 16.68

Table 20 presents the results of slag foaming with stable basicity and Al2O3 content.
When biochar was used along with coke in the mixture, a foaming tendency was observed
to be analogous compared to using only coke. It is worth noting that the foaming characters
of the slag were practically similar to those of when coke was used as the individual carbon
source. The foaming time was the longest, lasting approximately 9 min when using S8 slag.
This longer duration could be attributed to the higher viscosity of the S8 slag compared to
the other samples. In contrast, the foaming time for the remaining two samples was around
5 min.

Table 20. Slag foaming characters (mixture of coke and biochar with a ratio of 1:1 as a carbon source;
stable basicity and Al2O3 content).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam, cm3

Relative Foaming
Volume, ∆V/V0

Volumetric Gas
Fraction,

Xgas

S8 7.5 233.67 7.06 0.88

S9 8.6 267.95 8.15 0.89

S10 8.0 249.25 8.52 0.90

In all three samples, the following common phases were identified: gehlenite; merwi-
nite; magnesium iron oxide; magnesium aluminum oxide; and metallic iron (Figure 16).
The slag sample, which had the highest amount of FeO at 30.7 wt.%, also contained wuestite
in the slag foam. This tendency was observed in all samples with stable basicity and Al2O3.
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Figure 16. XRD patterns of slag foams obtained by applying slags with stable basicity and Al2O3

content and a mixture of coke and biochar with a ratio of 1:1 as a carbon source.
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Table 21 shows the content of elements for slag foams obtained using a mixture of
coke and biochar as a carbon source. As in the previous cases, this group is characterized
by a decrease in the content of Mg and an increase in Fe.

Table 21. SEM/EDS analysis results of general chemical composition for slag foam obtained by
applying slags with stable basicity and Al2O3 content and a mixture of coke and biochar with a ratio
of 1:1 as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S8 38.86 9.88 5.08 9.16 19.15 17.87

S9 39.79 7.83 4.60 10.84 18.78 18.16

S10 40.76 5.05 4.82 9.09 20.22 20.06

Table 22 shows the foaming characters of slag with different FeO content. It should be
noted that when using a mixture of coke and biochar with a ratio of 1:1, foaming characters
were obtained that were either close to or slightly higher than those obtained using coke.
A higher FeO content led to a proportional increase in the height and volume of the slag
foam. Precisely when the slag contained 40 or 50 wt.%, FeO showed a maximum foam
height of 10.0 cm and 10.1 cm and foam volume of 311.57 cm3 and 314.68 cm3, respectively.
However, it is important to note that using 50 wt.% FeO reached a critical point in the
experiment. Only this specific test lasted approximately 3 min because, after adding a
mixture of coke and biochar, the foaming exceeded the capacity of the crucible in which
the slag was initially placed. This behavior can be explained by the fact that, in contrast to
the use of 100 wt.% coke, in this case, part of the coke was replaced by biochar, which, in
terms of its physicochemical properties, is more reactive, has a greater porosity and specific
surface area in comparison with high-temperature coke, which is influenced by excessive
and non-controlled foaming. Along with this, according to [52], an increase in FeO content
enhances gas generation, thereby increasing foam height. Combining the increase in FeO
content with the use of biochar could have a notable impact on the foaming process.

Table 22. Slag foaming characters (mixture of coke and biochar with a ratio of 1:1 as a carbon source;
stable basicity).

Sample Foam Height
hfoam, cm

Foam Volume
Vfoam, cm3

Relative
Foaming Volume,

∆V/V0

Volumetric Gas
Fraction,

Xgas

S11 3.4 * 105.93 2.58 0.72

S12 8.1 252.37 7.35 0.88

S13 8.2 255.48 7.37 0.88

S14 8.4 261.72 8.33 0.89

S15 9.6 299.10 8.60 0.90

S16 9.6 299.10 9.67 0.91

S17 10.0 311.57 9.75 0.91

S18 10.1 314.68 11.16 0.92
* height of oscillation.

The utilization of 50 wt.% FeO may be unfavorable due to two main reasons. Firstly, it
results in the significant generation of a gas fraction, which may not be desirable for the
specific application. Secondly, the low viscosity of the liquid resulting from this composition
allows for the easy removal of the formed bubbles [53]. Slag S11 containing the smallest
amount of FeO 10 wt.% had a limited foam height, as it was too viscose.

Figure 17 shows the correlation between the ratio of slag heights, the weight ratio of
coke and biochar/slag, and a set of slags with different FeO content. Generally, as the ratio
of slag heights increases, there is a tendency for the weight ratio of coke and biochar/slag



Energies 2023, 16, 6325 24 of 29

to slag heights to also increase. However, it is noteworthy that for slags containing 50 wt.%
FeO, unlike the behavior observed with coke, the weight ratio sharply increases in this case.
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Figure 17. Correlation between the ratio of slag heights and weight ratio of coke and biochar/slag.

For samples of slag foam in the case of using slags with different content FeO and
stable basicity, it was identified that slag foams S11, S13, S14, S16, and S17 consist of
gehlenite, calcium magnesium aluminum oxide silicate, larnite, magnesium iron oxide, and
brownmillerite (Figure 18). Additionally, the presence of the wuestite phase was detected
for samples S12, S13, and S18. The peak corresponding to metallic iron was detected for
slag samples S14, S15, and S18.
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Figure 18. XRD patterns of slag foams obtained by applying slags with different FeO content, stable
basicity, and a mixture of coke and biochar with a ratio of 1:1 as a carbon source.

Noteworthy, the phase magnesium iron oxide was not found for samples of slag foam,
where the FeO content was set to 40 and 50 wt.% both in the case of using biochar and a
mixture of coke and biochar. These samples are characterized mainly by the presence of
brownmillerite, wuestite, and metallic iron.

The general chemical composition range of the slag foams obtained by applying slags
with different content FeO, stable basicity (Table 23) is as follows: 26.16–47.17 wt.% O;
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1.16–4.35 wt.% Mg; 7.86–13.64 wt.% Al; 1.77–4.27 wt.% Si; 14.83–41.59 wt.% Ca; and
7.31–32.12 wt.% Fe. Unlike the previous results observed for this group, where the iron con-
tent showed a consistent change for samples S13–S17, the pattern of change was irregular
in this case. Notably, slag sample S11 shows the lowest value among all the samples.

Table 23. SEM/EDS analysis results of general chemical composition for slag foam obtained by
applying slags with different content FeO, stable basicity, and mixture of coke and biochar with a
ratio of 1:1 as a carbon source, wt.%.

Sample O Mg Al Si Ca Fe

S11 41.58 3.35 11.47 3.88 32.39 7.31

S12 31.85 1.42 8.86 2.78 41.59 13.49

S13 37.24 4.35 10.16 4.27 26.14 17.83

S14 47.17 3.03 13.64 3.39 14.83 17.93

S15 28.49 1.43 9.58 2.43 35.43 22.63

S16 26.16 1.16 13.04 2.81 30.05 26.77

S17 33.61 2.67 10.94 2.65 24.81 25.33

S18 27.11 1.69 7.86 1.77 29.44 32.12

Figure 19a–d shows the summarization of the results of slag foaming using a mixture
of coke and biochar. For a group of slags with a stable FeO content, the maximum values
of foaming character (foam height) were achieved for slags with basicity 2.0 and 2.7, the
values of which are nearly similar. Then, there was a decrease in foam height.
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In contrast to the coke case, a different foaming behavior was observed for a set of
slags with consistent basicity but varying FeO content (as shown in Figure 19b). As the
FeO content increased, the foaming characters showed a corresponding increase, with the
maximum values reached at 50 wt.% FeO. Notably, unlike the tests conducted with coke,
gas formation (as shown in Figure 19d) continued to increase.

Similarly, the third group, comprising slags with different FeO content of 15 to 30 wt.%,
showed optimal foaming properties. Particularly, the partial substitution of coke with
biochar in the mixture showed that in the case of basicity variations, stable foaming was
achieved with a minimum basicity value of 1.0 and a FeO content of 25 wt.%. For different
FeO content, stable foaming was obtained from a range of 15 wt.% to 40 wt.% of this oxide,
with a basicity of 3.8.

The results showed that adding biochar to the coke positively affects the foaming
process. When a mixture of coke and biochar with a ratio of 1:1 was used, it produced a
different foaming behavior than coke or biochar as carbon sources. Firstly, the reaction
FeO + C = Fe + CO is of great importance in the slag foaming [12,53]; therefore, after
adding the mixture to the molten slag, the biochar component, possessing greater porosity,
surface area [34], and higher reactivity relative to coke, as evidenced by FTIR results, could
react fast enough at the initial stages of foaming. It should be taken into account that
the volatile matters of biochar (41.04 wt.% daf) could also contribute to the gasification
C(s) + CO2(g) = 2CO(g) via the Boudouard reaction [54], as well as in the reaction of the
water vapor [30] in accordance with H2O(g) + C(s) = CO(g) + H2. However, experimental
results showed that the foaming time with 100 wt.% biochar was 3–4 min, indicating its fast
reactivity. On the other hand, when using the mixture, the foaming time ranged from 6 to
9 min depending on the slag composition (the only exception is one test, which lasted about
3 min in the case of 50 wt.% FeO and was disregarded). This leads to the conclusion that
even with a partial replacement of coke, it could have a major effect throughout the entire
foaming process. Additionally, using a mixture of biochar and coke probably generated
more CO/CO2 than using 100 wt.% coke or 100 wt.% biochar, resulting in a longer reaction
time compared to biochar use and enhancing the foaming process.

4. Conclusions

The foaming behavior of slags with chemical composition variations and three carbon
sources, namely, 100 wt.% high-temperature coke as a reference, 100 wt.% biochar and a
mixture of coke and biochar with a ratio of 1:1 has been evaluated both quantitively and
qualitatively. The main findings can be emphasized:

(1) FTIR analysis indicates clear chemical distinctions between biochar and coke, with
different functional groups in each carbon source. The reduction in certain functional
groups of coke can be attributed to the higher carbonization temperature, leading
to the loss of volatile and oxygen-containing functional groups. These results were
confirmed judging by the 1H NMR spectra;

(2) Employing 100 wt.% coke as the carbon source resulted in optimal foaming characters
for slags with different basicity values ranging from 1.2 to 2.7 and FeO content from
15 to 30 wt.%. For stable basicity (B2) at 1.4 and consistent Al2O3 content, the highest
foam height and volume were achieved with 26.5 wt.% FeO and 13.52 wt.% MgO;

(3) When using 100 wt.% biochar as a carbon source, the most optimal foaming characters
were obtained for a group of slags with different basicities from 1.2 to 3.4. Notably,
the influence on foam height was not observed with the increase in basicity B2 from
1.2 to 3.1. For group slags with different FeO content, stable foaming was obtained
for samples containing this oxide from 15 to 27 wt.%. In the slag group, where stable
basicity of 1.4 and Al2O3 content were used, foaming characters were lower than coke,
there were no significant changes, and the characters were within experimental error;

(4) A mixture of coke and biochar led to stable foaming with a minimum basicity value of
1.0 and 25 wt.% FeO content. Unlike the other carbon sources, this mixture provided
stable foaming across all slag compositions with varying basicity values. Stable
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foaming was observed in the presence of 15 wt.% to 40 wt.% FeO, presenting a
broader range compared to individual applications of coke or biochar. For slags
with stable basicity and Al2O3 content, similar foaming tendencies were observed
compared to using coke.

(5) XRD analysis revealed consistent trends in the composition of slag foam samples
unrelated to the carbon source used. Higher MgO content was associated with
predominant phases such as monticellite and magnesium iron oxide. Slag foam
samples with the lowest basicity showed the presence of monticellite and merwinite,
while those with the highest basicity contained calcium magnesium aluminum oxide
silicate, larnite, or dicalcium silicate;

(6) When a mixture of coke and biochar was used, it produced different foaming behavior
than coke or biochar. From experimental observation, biochar reacts fast enough at
the initial stages of foaming, and, probably, coke has a major effect throughout the
entire foaming process. It could be assumed that this mixture might generate more
CO/CO2 than using 100 wt.% coke or 100 wt.% biochar individually. Consequently,
this increased gas generation could lead to a prolonged reaction time compared to
using 100 wt.% biochar, thereby enhancing the overall foaming process.

In summary, the utilization of different carbon sources influenced the foaming behav-
ior, with the coke and biochar mixture demonstrating unique characteristics and potential
for improved foaming outcomes.
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