
Citation: Grudinsky, P.; Zinoveev, D.;

Kondratiev, A.; Delitsyn, L.;

Kulumbegov, R.; Lysenkov, A.;

Kozlov, P.; Dyubanov, V. Reduction

Smelting of the Waelz Slag from

Electric Arc Furnace Dust Processing:

An Experimental Study. Crystals

2023, 13, 318. https://doi.org/

10.3390/cryst13020318

Academic Editor: Xiaochun Li

Received: 26 January 2023

Revised: 6 February 2023

Accepted: 10 February 2023

Published: 15 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Reduction Smelting of the Waelz Slag from Electric Arc Furnace
Dust Processing: An Experimental Study
Pavel Grudinsky 1,* , Dmitry Zinoveev 1 , Alex Kondratiev 2, Leonid Delitsyn 3, Ruslan Kulumbegov 3,
Anton Lysenkov 1, Pavel Kozlov 4 and Valery Dyubanov 1

1 A.A. Baikov Institute of Metallurgy and Materials Science, Russian Academy of Science, 49 Leninsky Prosp.,
119334 Moscow, Russia

2 Thermochemistry of Materials Scientific Research Centre, National University of Science & Technology
“MISIS”, 4 Leninsky Prosp., 119049 Moscow, Russia

3 Joint Institute for High Temperatures of the Russian Academy of Sciences, 13 Izhorskaya st.,
125412 Moscow, Russia

4 UMMC Technical University, 3 Uspensky Prosp., 624091 Verkhnyaya Pyshma, Sverdlovsk Region, Russia
* Correspondence: pgrudinskiy@imet.ac.ru

Abstract: Waelz slag is an iron-containing waste generated during electric arc furnace (EAF) dust
processing in a rotary kiln named the Waelz process. This study focuses on the reduction smelting
of the Waelz slag to produce iron-based alloy. The thermodynamic simulation using FactSage 8.0
software was carried out to predict temperatures of the metal and slag obtained as well as their
compositions. Based on the simulation results, reduction smelting experiments were performed on
a laboratory scale using two approaches, with and without preliminary froth flotation of carbon,
respectively. The experiments have confirmed the technological possibility of reduction smelting of
the Waelz slag from EAF dust processing. The approach using preliminary flotation of carbon and re-
duction smelting at 1500 ◦C resulted in high-copper cast iron production, while the approach without
flotation, where the Waelz slag was smelted at 1650 ◦C with the addition of SiO2 flux, led to obtaining
low-silicon ferrosilicon with high Cu content, as well as slag attractive for construction industry.

Keywords: Waelz slag; electric arc furnace dust; reduction smelting; recycling; pig iron; cast iron;
ferrosilicon

1. Introduction

Steelmaking dust produced in electric arc furnaces (EAF) is a valuable material for
non-ferrous metals extraction due to high contents of zinc and lead [1]. Approximately
7.5 million tons of the EAF dust are generated in the world annually, about 45% of which is
recycled [2]. So far, the most widely used way for EAF dust treatment is the Waelz process,
which recycles about 85% of the dust [3]. The Waelz process is the pyrometallurgical
processing of the dust-containing charge with a carbonaceous reducing agent in a rotary
kiln at 1200–1300 ◦C [4]. Zinc, lead, and other volatile components during the roasting at
reducing conditions are fumed into the so-called Waelz oxide. The enriched in zinc and
lead the Waelz oxide is transported to zinc plants for further separation and extraction of
the non-ferrous metals.

About 600–650 kg of the remaining non-evaporable by-product with a high Fe content
called the Waelz slag is generated per ton of EAF dust [5]. Two types of the Waelz slag
should be distinguished: lime-rich and silica-rich, with the basicity index higher than 1 and
lower than 1, respectively [6]. The type of the generated slag depends on the composition
of slag-forming addition used in the Waelz process. It also should be noted that contents
of remaining non-ferrous metals such as Zn, Pb, Cu and other impurities such as As,
Sb, Cr, P, S can vary widely [7,8]. Basicity and contents of different impurities mainly
determine [6] ways of recycling the Waelz slag generated in different plants. Silica-rich slag
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is generally more suitable for construction industry than lime-rich slag due to the standards
compliance according to the results of leaching tests. Silicate components promote the
glass phase formation that often leads to a significant decrease in harmful heavy metals
contents in the filtrates of the corresponding leaching tests [9]. Various studies have shown
the possibility of the Waelz slag application in making of concrete [10], bricks [11–14] and
photocatalysts [15,16], as well as in road construction [17], where most of the slag samples
were silica-rich. The recycling of the Waelz slag in metallurgy is limited mainly due to a
high content of remaining zinc, which is harmful for ironmaking process [18]. Zinc content
in the Waelz slag can vary over a range of 0.2–3.8% [6]. Few authors have studied the
recycling of the Waelz slag in metallurgy, namely, in a top-blown rotary converter [19], in a
vertical retort [20,21], and as a charge to an electric arc steelmaking furnace [22]. However,
either the published results consist of calculation without experimental verification [19,22],
or even the research projects were suspended due to their inefficiency [20,21]. Nevertheless,
iron is the main element of the Waelz slag, so iron metallurgy is one of the possible ways for
its utilization. Currently, recycling of Fe-containing wastes is attractive due to a significant
depletion of high-grade iron ore reserves and mining of iron ore deposits of lower grade
and complicated mineralogy [23].

In this paper, we test a promising method of high-temperature reduction smelting of
the lime-rich Waelz slag to extract iron, zinc, and copper, as well as to obtain slag suitable
for construction industry. This approach is proved to be feasible for iron recovery from other
industrial by-products such as red mud [24–26], steelmaking slag [27–29], metallurgical dust
along with ore fines [30,31], chromite ore tailings [32], copper slag [33–35]. Based on the
thermodynamic simulation, we investigated experimentally reduction smelting of the Waelz
slag and characterized the obtained metal and slag samples to assess their applicability.

2. Materials and Methods
2.1. Waelz Slag Characterization

The lime rich Waelz slag produced via EAF dust processing was taken from JSC
“Chelyabinsk zinc plant” (Chelyabinsk, Russia). An X-ray fluorescence spectrometer PANa-
lytical AXIOSmax Advanced (Almelo, the Netherlands) was used for elemental analysis
of the Waelz slag sample. The contents of carbon and sulfur were measured by a LECO
CS-400 gas analyzer (St. Joseph, MI, USA). Potassium dichromate titration methods were
used to analyze the contents of ferrous [36] and metallic iron [37]. The content of ferric iron
was calculated as a difference between total and sum of metallic and ferrous iron. Table 1
shows the chemical composition of the sample.

Table 1. The chemical composition of the Waelz slag sample, wt.%.

Fetotal Femet Fe2+ Fe3+ Zn Cu Pb Ca Mg Al Si Mn Na K Cr As Ni Ti C P S

26.4 12.5 12.4 1.50 0.94 0.84 0.25 9.93 4.15 1.91 5.98 2.15 0.63 0.31 0.33 0.32 0.074 0.15 18.7 0.17 1.84

The mineralogical composition of the sample was analyzed by an ARL X’TRA (Waltham,
MA, USA) diffractometer with X-rays of Cu-Kα and Match 3.12 (Germany) software [38]
using the Crystallography Open Database [39]. Figure 1 shows the X-ray diffraction (XRD)
pattern of the Waelz slag sample, which indicates that the main iron-free phases of the
sample are melilite, monticellite, periclase and forsterite.
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Figure 1. The XRD pattern of the Waelz slag sample.

2.2. Thermodynamic Calculation

Thermodynamic calculation was carried out using FactSage 8.0 software with FToxide,
FactPS, and FTmisc database [40] at 1000–1800 ◦C for the slag, gas, and iron phases,
respectively. The model system was based on a simplified composition of the Waelz slag
sample (Table 1 excluding As, Sb, Ti, Ni) when all iron is supposed to be reduced from the
Waelz slag.

2.3. Experiments

Figure 2 shows a schematic of the experimental furnace. Charge (5) was placed
into a graphite crucible (4). The crucibles were put in a Tammann resistance furnace
(1) with a graphite heater (2) on a graphite stand (3). The furnace is 360 mm in height,
300 mm in diameter; the inner heater diameter is 74 mm. The temperature was set by an
automatic controller (8) with a tungsten-rhenium thermocouple (7) in an alumina sheath
(6) submerged into the charge. In order to reduce the oxidation potential of the furnace
atmosphere and to prevent burnout of the heater, the furnace was blown by argon at the
flow rate of 0.5 L/min through the bottom hose (9).

Reduction smelting experiments were carried out as follows. The Waelz slag sample
ground to −0.054 mm fraction, and reagent-grade SiO2 were mixed to a selected ratio in a
V-shell blender. The obtained mixtures were poured into graphite crucibles and placed in
the Tammann furnace. The used crucibles were 90 mm in height, 20 and 14 mm in outer
and inner diameter, respectively. The furnace was heated up to 1300 ◦C at a maximum
attainable rate, then at a rate of 10–20 ◦C/min until the required temperature in the range
of 1450–1750 ◦C was reached. The holding time at a certain temperature was 30 min in all
the experiments. After the holding, the samples were cooled down with the furnace, then
grinded and screened through a sieve of 0.054 mm.

Elemental composition of the obtained metal samples was analyzed by an atomic
emission spectrometer Horiba Jobin-Yvon Ultima 2 (Longjumeau, France), and an induc-
tively coupled mass spectrometer Perkin Elmer ELAN-6100 (Waltham, MA, USA). Carbon
and sulfur contents were analyzed by a Leco CS-400 gas analyzer (St. Joseph, MI, USA).
Elemental composition of the obtained slag samples was analyzed by an X-ray fluorescence
spectrometer PANalytical AXIOSmax Advanced (Almelo, The Netherlands). The XRD
spectra were obtained using a DRON-4 (Saint Petersburg, Russia) diffractometer with
Cu-Kα radiation.
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The froth flotation experiments to remove an excess of carbon from the Waelz slag were
carried out using a flotation machine FML-3 (Saint Petersburg, Russia). The methodology
of the flotation experiments was quite similar to extraction of carbon from fly ash of thermal
power plants as reported in [41]. The grinding fineness of the Waelz slag sample in the
froth flotation experiments was −0.16 mm. Firstly, 250 g of the Waelz slag and 1.6 L of
tap water were mixed and stirred for 10 min. Then the collecting agent was poured into
the mixture, and it was stirred another 2 min. Afterwards, the frothing agent was added
to the pulp, and the stirring continues for another 2 min. The emulsion containing 4 g of
kerosene and thermal cracking gas oil in a ratio of 1:1, as well as 0.1 L of water was used as
a collecting agent. The emulsion containing 0.4 g of Oxal T-66 flotation reagent and 0.1 L of
water was used as a frothing agent. Finally, the flotation was carried out with air flow for
12 min.
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Figure 2. Schematic diagram of experimental apparatus: 1—furnace body; 2—graphite heater;
3—graphite stand; 4—crucible; 5—charge; 6—sheath for thermocouple; 7—thermocouple wire;
8—automatic temperature controller; 9—hose for protective gas inlet.

The slag sample obtained by reduction smelting under the best conditions was tested
as an additive to Portland cement. Comparative compressive strength tests of the Portland
cement samples of CEM I 42.5 grade were carried out without additives and with the
addition of 5%, 10%, 15%, 20% of the slag after 7 and 28 days of curing. The slag for the
tests was crushed in a cast iron mortar; then iron metallic particles were magnetically
separated. Afterwards, the samples were grinded using a Fritsch Pulverisette 7 ball mill
(Idar-Oberstein, Germany) and screened through the sieve of +0.063 mm to a residue of less
than 5% wt. The tests were performed by a compression testing machine IP-1000-1 (ZIM
TOCHMASHPRIBOR, Russia). The compression strength of the samples was determined
using cubes dimensions 2 cm × 2 cm × 2 cm with the cement-to-sand (C/S) ratio of 1/3
and the water-to-cement (W/C) ratio of 0.40 according to the Russian State Standards GOST
310.1–310.3-76, GOST 310.4-81.

3. Results
3.1. Thermodynamic Calculation

Thermodynamic simulation was carried out to determine the conditions of slag-
metal separation during the Waelz slag smelting, as well as to predict the slag and metal
compositions.
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Figure 3 shows the temperature dependence of the equilibrium amounts of the metal,
slag, and gas phases. As can be seen, the amount of liquid slag sharply increases above
1150 ◦C, achieves a plateau at 1340 ◦C, then decreases gradually. The amounts of the metal
and gas phases grow up with the temperature rising. Evidently, the plateau reaching is asso-
ciated with almost full slag melting, therefore, to separate slag and metal the temperatures
above 1340 ◦C should be considered.
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Figure 3. Effect of temperature on equilibrium amounts of liquid slag, metal, and gas obtained from
the Waelz slag.

Figure 4 illustrates the calculated composition of the metal and slag phases in a
temperature range of 1340–1750 ◦C. The carbon contents in the range of 3.91–4.51% indicate
the possibility to obtain pig iron. Unfortunately, as shown in Figure 4a, the main part of
copper and phosphorous, which are usually undesirable impurities [42], can pass from the
Waelz slag sample into the obtained pig iron. In contrast to this, as follows from both the
plots, the main part of sulfur, which is also undesirable impurity [42], can be transferred in
the slag phase owing to high desulphurizing capacity of basic charge [43]. A temperature
rise causes an increasing content of silicon and manganese in pig iron due to their reduction
by carbon [44].
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3.2. Reduction Smelting Experiments
3.2.1. The Smelting of the Waelz Slag without Additions

The reduction smelting experiments were carried out with the Waelz slag sample at
1350, 1450, 1550, 1650, 1750 ◦C. Contrary to the thermodynamic calculations, metal and slag
have not fully been separated at all the temperatures. Figure 5 demonstrates the samples
after the smelting at 1450 and 1550 ◦C. It is clear that melting process have partly occurred,
but there were no separate phases of metal and slag.
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It is well-known that the separation of metal and slag depends not only on their
melting point, but also on their viscosity. In our case, a discrepancy of the thermodynamic
simulation and the experiments are probably due to the presence of a significant carbon
content in the Waelz slag sample (Table 1); it remains in the smelted charge as a solid
suspension that increases the viscosity of the slag [45] and impedes the separation of metal
and slag.

3.2.2. The Smelting of the Waelz Slag with SiO2 Additions

In order to separate metal and slag phases, the experiments with the addition of 12, 15,
18% pure SiO2 to 100% Waelz slag were carried out to decrease the melting point of the
slag phase. Figure 6 shows the liquidus projections calculated for the CaO–MgO–SiO2–8%
Al2O3 system using FactSage as well as the slag samples without and with SiO2 addition
(marked by a black square and triangles, respectively). It is clear that the SiO2 addition to
the Waelz slag sample shifts its composition to the pyroxene primary phase field, thereby
decreasing the melting point of the system by 150–200 ◦C.

Table 2 lists the results of separation of metal and slag in the experiments with the
SiO2 addition. As follows from the data, the separation has occurred only in 5 samples at
1650 and 1750 ◦C.

Table 2. The effect of temperature and the SiO2 addition on the separation of metal and slag after the
reduction smelting of the Waelz slag sample.

% SiO2
Temperature, ◦C

1350 1450 1550 1650 1750

12 5 5 5 5 3

15 5 5 5 3 3

18 5 5 5 3 3

5—no separation or insufficient separation; 3—successful separation.
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Figures 7 and 8 demonstrate the composition of the metal samples obtained at 1650 and
1750 ◦C, respectively. Table 3 includes the composition of the corresponding slag samples.
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and S, P, Cr, Ni, Sb (b) in the iron-based alloy obtained by the reduction smelting at 1750 ◦C.

Table 3. The effect of temperature and SiO2 addition on the chemical composition of slag obtained by
reduction smelting of the Waelz slag sample.

Reduction Smelting
Temperature, ◦C

Added %
SiO2

Slag Composition, wt.%

CaO SiO2 MgO Al2O3 Na2O K2O TiO2 Mn Cr P S Fe

1650
15 34.2 33.8 15.3 7.44 0.24 0.16 0.27 0.66 0.07 0.019 3.75 2.20
18 30.5 36.8 16.5 7.69 0.39 0.11 0.21 0.53 0.02 0.011 3.77 1.30

1750
12 34.3 32.2 17.1 8.58 0.31 0.09 0.18 0.72 0.03 0.017 4.74 0.61
15 33.2 34.4 16.6 8.45 0.36 0.08 0.19 0.56 0.03 0.006 4.32 0.48
18 32.5 36.5 15.8 7.63 0.51 0.15 0.25 0.71 0.02 0.005 4.03 0.49

As reflected by the bar charts, the dependences for certain elements in iron-based alloys
are ambiguous. The carbothermic reduction led to the obtaining metal phase according to
the corresponding general reactions:

Fe3O4 + C = 3FeO + CO (1)

FeO + C = Fe + CO (2)

MnO + C = Mn + CO (3)

CuO + C = Cu + CO (4)

Silicon content in all the metal samples is proved to be in the range of 11.6–15%,
but there is no correlation between the temperature and silica amount. Such Si contents
in the iron-based alloys are associated with the reduction in silica at the experimental
temperatures that occurs according to the following reactions [46]:

SiO2 + 3C = SiC + 2CO (5)

2SiO2 + SiC = 3SiO + CO (6)

SiO + 2C = SiC + CO (7)

SiO + SiC = 2Si + CO (8)

SiO2 + Si = 2SiO (9)
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A discrepancy of the calculated (Figure 4) and experimental (Figures 7a and 8a) data of
carbon content is due to substantial decreasing carbon solubility in melts with an increase
in Si content in Fe-Si system [47].

The main part of manganese is present in the alloy samples in the range from 4.45
to 5.32%. It is reported [48] that reduction in manganese at 1600 ◦C can occur not only
by carbon dissolved in liquid iron and solid carbon, but also by liquid iron and dissolved
silicon. The behavior of copper, sulfur and phosphorus in a good qualitative agreement
with the simulation results (Figure 4). It should be noted that chromium along with copper
passed into the alloy phase almost fully. The considerable contents of arsenic and antimony
in the alloy also deserves attention.

As followed from the Table 3, residual Fe content in the slag samples is rather low; it
decreases with reduction smelting temperature rise. All the slag samples are quite similar
in chemical composition.

3.2.3. The Smelting of the Waelz Slag after Carbon Excess Removal by Froth Flotation

Another way to separate metal and slag is carbon excess removal by froth flotation
from the Waelz slag sample before the reduction smelting. Table 4 shows the composition
of the products of the Waelz slag froth flotation. The presented composition of the froth
floated Waelz slag indicates a considerable decrease in carbon content compared with
initial the Waelz slag sample from 18.7% to 5.1%, while the contents of the other elements
remained at the same level or slightly increased. The obtained carbon flotation concentrate
with 68% C content can be considered for recycling into the Waelz process as a partial
substitution of coke breeze.

Table 4. The composition of the froth flotation products, wt.%.

Sample Fe Zn Cu Pb Ca Mg Al Si Mn Na K Cr As Ti Ni C P S

Froth-floated Waelz slag 26.3 0.63 0.84 0.28 10.3 6.49 2.61 7.00 2.26 0.68 0.19 0.27 0.12 0.16 0.09 5.1 0.25 1.59
Carbon flotation

concentrate 5.14 0.39 0.38 0.12 3.48 1.83 1.80 2.89 0.83 0.59 0.64 0.08 0.06 0.14 0.01 68.0 0.16 1.00

Figure 9 illustrates the XRD pattern of the froth floated Waelz slag sample. As shown
in Figures 1 and 9, the phase composition of the Waelz slag before and after the froth
flotation differs insignificantly: the major phases remain the same, there is some other
minor phases of Mg(OH)2 and FeOOH due to reactions with water during the treatment.
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The reduction smelting experiments were carried out with the froth-floated Waelz slag
sample; it was found that full metal-slag separation occurs at 1500 ◦C and above. Figure 10
demonstrates the separated samples after smelting at 1500 and 1600 ◦C. These results are
more consistent with the thermodynamic simulation (Figure 3) and the presented pseudo-
ternary diagram (Figure 6) than the previous results of the reduction smelting of the Waelz
slag without the treatment (Section 3.2.1), where there was no metal-slag separation even
at 1750 ◦C. Accordingly, it is important to emphasize that carbon content in the Waelz slag
is crucial for reduction smelting results.
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Figure 10. The samples after the reduction smelting of the froth-floated Waelz slag sample at 1500 (a)
and 1600 ◦C (b).

Figure 11 and Table 5 show the composition of metal and slag samples from the
reduction smelting of the froth-floated Waelz slag, respectively. According to carbon
content, the metal samples correspond to pig iron. The contents of C, Si, Cu are proved to
be close to the simulation results (Figure 4a). The content of Mn is lower than expected, but
the trend with the temperature is similar. Moreover, the manganese content is less than
in the samples from the smelting with SiO2 (Figures 7a and 8a) that is likely due to less
content of dissolved silicon acting in manganese reduction [48]. Phosphorus content is
proved to be significantly lower than the calculated value, which is favorable. The contents
of S, Cr, As, Sb, Ni differ insignificantly from the samples from the smelting with SiO2.
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Table 5. The effect of temperature on the chemical composition of slag obtained by reduction smelting
of the froth floated Waelz slag sample.

Reduction Smelting
Temperature, ◦C

Slag Composition, wt.%

CaO SiO2 MgO Al2O3 Na2O K2O TiO2 Mn Cr P S Fe

1-13 1500 30.85 29.87 16.02 7.43 0.11 0.12 0.78 1.35 0.05 0.01 0.60 2.30
1600 31.23 28.60 16.25 7.50 0.11 0.12 0.62 2.40 0.06 0.01 0.10 1.70

3.2.4. Optimal Reduction Smelting Conditions and Physical Testing of the Obtained Slag

Despite possible advantages of the approach with the froth flotation such as decreased
temperatures of the reduction smelting and possibility of the recycling of carbon concen-
trate, it seems to be economically unviable due to high costs and considerable energy losses
of cooling, grinding, flotation and pelletizing stages. Therefore, the reduction smelting of
the Waelz slag with SiO2-containing flux was considered as the primary approach. The
minimal smelting temperature and the SiO2 addition to obtain metal and slag were 1650 ◦C
and 15%, respectively (Table 2). However, due to a high loss of Fe with slag at those
conditions (Table 3), we have chosen the reduction smelting at 1650 ◦C with 18% SiO2 as
optimal. To elucidate the properties of the smelting slag, we repeated the treatment of
the Waelz slag sample of increased portion at the optimal conditions. Figure 12 presents
a photograph of the metal and slag sample in and out of the crucible after the reduction
smelting of 300 g of the Waelz slag sample with the addition of 54 g SiO2, which evidences
the successful separation.
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Figure 12. The samples after the reduction smelting of the Waelz slag sample at 1650 ◦C with the
addition of 18% SiO2.

Table 6 shows the chemical composition of the obtained alloy and compares it with
the selected Russian State Standards. As can be seen, there is no full compliance of the alloy
composition with the requirements. The closest chemical composition to the obtained metal
sample is proved to be ferrosilicon FeSi10, but a discrepancy by manganese, chromium and
phosphorus content was observed. It also should be noted the presence of high content
of copper, arsenic and antimony, which are not rated, but may affect the applicability of
the alloy. An adjustment of the charge can be used to obtain a standards-compliant alloy
for phosphorus and chromium contents, which slightly exceeds the requirements in our
case. The manganese content in the alloy significantly exceeds the requirements, hence it is
impossible to reduce substantially its content in the metal sample by charge dilution. It
also seems to be impossible to control the charge of the Waelz process by the content of
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manganese due to its high content in the EAF dust [1]. It is well-known that low-silicon
ferrosilicon is commonly used as a charge in the melting of foundry cast iron [49]. Taking
into account the composition of the obtained alloy, we deem expedient to use it as a charge
for the smelting of alloyed cast iron grades with a high content of copper and manganese
(see the composition of cast iron ChG8D3, Table 6).

Table 6. A comparison of composition of the metal sample after the reduction smelting of the Waelz
slag sample at 1650 ◦C with the addition of 18% SiO2 with some state standards, wt.%.

Alloy C Si Mn S P Cu Cr As Sb

Obtained 0.48 12.67 4.27 0.01 0.19 1.86 0.83 0.22 0.07
Cast iron L1 (GOST 4832-95) 3.2–3.6 3.1–3.6 0.9–1.5 ≤0.04 ≤0.7 - ≤0.1 - -
Cast iron L2 (GOST 4832-95) 2.8–3.2 2.8–3.2 0.9–1.5 ≤0.04 ≤0.7 - ≤0.1 - -

Pig iron P1 (GOST 805-95) - 0.5–0.9 >1.5 ≤0.06 ≤0.3 ≤0.3 - - -
Pig iron P2 (GOST 805-95) - <0.5 >1.5 ≤0.06 ≤0.3 ≤0.3 - - -

Pig iron PL1 (GOST 805-95) 4.0–4.5 0.9–1.5 ≤1.5 ≤0.06 ≤0.3 ≤0.3 ≤0.04 - -
Pig iron PL2 (GOST 805-95) 4.0–4.5 0.5–0.9 ≤1.5 ≤0.06 ≤0.3 ≤0.3 ≤0.04 - -

Cast iron ChS13 (GOST 7769-82) 0.6–1.4 12–14 ≤0.8 ≤0.07 ≤0.1 - - - -
Cast iron ChS15 (GOST 7769-82) 0.3–0.8 14.1–16 ≤0.8 ≤0.07 ≤0.1 - - - -

FeSi10 (GOST 1415-93) ≤2 8–13 ≤3 ≤0.06 ≤0.15 - ≤0.8 - -
Cast iron ChG8D3 (GOST 7769-82) 3–3.8 2–2.5 7–9 ≤0.1 ≤0.3 2.5–3.5 - - -

Table 7 and Figure 13 demonstrate the chemical composition and the XRD pattern of
the obtained slag, respectively.

Table 7. The chemical composition of slag obtained by reduction smelting of the Waelz slag sample
with the addition of 18% SiO2 at 1650 ◦C.

CaO SiO2 MgO Al2O3 BaO Na2O K2O TiO2 Mn Cr P S Fe

28.5 40.8 14.9 7.54 0.47 0.53 0.2 0.24 0.84 0.14 0.02 1.66 1.74
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with the addition of 15% SiO2 at 1650 ◦C.

The slag mainly consists of calcium, silicon, and magnesium oxides, while the total
content of alkali metal oxides (K2O + Na2O) is 1.13%. The main slag minerals are melilite
Ca2Mg1-xAlxSi2O7 and diopside CaMgSi2O6. The slag also contains 1.74% iron, distributed
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between pure metallic iron and iron silicide (Fe3Si). Sulfur is present both in the form of
calcium sulfide CaS and calcium sulfate CaSO4.

Figure 14 illustrates the effect of the slag sample addition to Portland cement on its
compressive strength.
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Figure 14. Effect of the Waelz slag addition to 100% of Portland cement on compressive strength of
cement-sand mixture after 7 and 28 days of curing.

As it appears from the plot, after 28 days of curing, the addition of the reduction
smelting slag up to 15% increases the Portland cement strength and then decreases at 20%
of the addition. The compression strength grew up after 7 days of curing by 56% at 10%
of the addition, while after 28 days at 15% it rose by 71%. Such results are due to the slag
mineralogical composition. Melilite, the main phase of the slag, is considered to have almost
no hydration reactivity [50], but there is no an adverse effect on Portland cement properties
when it is added up to a certain percentage [51]. Diopside has also poor hydration reactivity
under normal conditions [52]. However, the addition of hydroxides, chlorides or sulfates
of magnesium and calcium can significantly increase diopside hydration reactivity [53].
This fact likely led to a substantial increase in compressive strength (Figure 14) due to the
presence of CaSO4 in the sample (Figure 13). Thus, the results have pointed out that the
application of the slag as a mineral additive to Portland cement can improve its physical
and mechanical properties.

4. Discussion

The study has confirmed the technological possibility of reduction smelting of the
Waelz slag from EAF dust processing to produce an iron-based alloy. Two approaches
were applied: the reduction smelting with SiO2-containing flux and the reduction smelting
after the froth flotation. Figure 15 clearly demonstrates the flowsheet of two approaches
investigated in this study. Table 8 qualitatively compares the main characteristics of the
studied approaches.



Crystals 2023, 13, 318 14 of 17Crystals 2023, 13, x FOR PEER REVIEW 15 of 18 
 

 

 

Figure 15. The flowsheet of two approaches based on the reduction smelting of the Waelz slag stud-

ied in this work. 

Table 8. A comparison of two approaches for the Waelz slag processing considered in this study. 

Attribute Primary Approach Auxiliary Approach 

Essence 
Reduction smelting of the Waelz slag sam-

ple with SiO2-containing flux 

Reduction smelting of the froth floated 

Waelz slag sample with decreased carbon 

content 

Smelting temperature 1650 °C 1500 °C 

Obtained alloy Low-silicon ferrosilicon Cast iron 

Slag Attractive for construction industry Attractive for construction industry 

Zn-containing fume Recyclable in the Waelz process Recyclable in the Waelz process 

Cooling Dispensable Yes 

Grinding No Yes 

Froth flotation No Yes 

Pelletizing Dispensable Yes 

Carbon concentrate No Yes 

As mentioned above and clearly shown from the presented data, the approach with 

the froth flotation is less attractive economically due to higher cost stages. 

The primary approach vaguely resembles the PRIMUS®  process [54], where instead 

of the Waelz kiln, a multiple-hearth furnace is used, which produces direct reduced iron 

(DRI). Then DRI reduction smelting was applied to obtain impure pig iron, which is used 

as a charge along with metal scrap for another EAF to produce raw steel. To comply with 

the targeted steel quality, the charge consisting of only 25% of the impure pig iron and 

75% of metal scrap was used in the process. A similar way to comply with the standards 

for metal can be also considered in our case. 

The separation of metal and slag during the reduction smelting of the Waelz slag 

from EAF dust processing has proved to be complicated due to high carbon content. It is 

Figure 15. The flowsheet of two approaches based on the reduction smelting of the Waelz slag studied
in this work.

Table 8. A comparison of two approaches for the Waelz slag processing considered in this study.

Attribute Primary Approach Auxiliary Approach

Essence Reduction smelting of the Waelz slag
sample with SiO2-containing flux

Reduction smelting of the froth floated Waelz
slag sample with decreased carbon content

Smelting temperature 1650 ◦C 1500 ◦C
Obtained alloy Low-silicon ferrosilicon Cast iron

Slag Attractive for construction industry Attractive for construction industry
Zn-containing fume Recyclable in the Waelz process Recyclable in the Waelz process

Cooling Dispensable Yes
Grinding No Yes

Froth flotation No Yes
Pelletizing Dispensable Yes

Carbon concentrate No Yes

As mentioned above and clearly shown from the presented data, the approach with
the froth flotation is less attractive economically due to higher cost stages.

The primary approach vaguely resembles the PRIMUS® process [54], where instead
of the Waelz kiln, a multiple-hearth furnace is used, which produces direct reduced iron
(DRI). Then DRI reduction smelting was applied to obtain impure pig iron, which is used
as a charge along with metal scrap for another EAF to produce raw steel. To comply with
the targeted steel quality, the charge consisting of only 25% of the impure pig iron and 75%
of metal scrap was used in the process. A similar way to comply with the standards for
metal can be also considered in our case.

The separation of metal and slag during the reduction smelting of the Waelz slag
from EAF dust processing has proved to be complicated due to high carbon content. It
is noteworthy that carbon of coke breeze added in the Waelz kiln is used as a reductant
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and fuel, as well as inhibits processes of melting and sticking [4]. It is unfavorable in the
case of carbon excess for the subsequent reduction smelting due to an increase in the slag
viscosity and hence the impossibility of the separation of metal and slag. However, in
order to improve the separation, fluxing additives or carbon excess elimination can be
applied. Another way to improve characteristics of the reduction smelting is condition
modification of the Waelz process to obtain more favorable composition of the Waelz slag.
The enhancement of the Waelz process, especially in order to obtain a low carbon content in
the Waelz slag, should be considered as the one of the main ways to optimize the conditions
and improve the quality of the products of the subsequent reduction smelting.

5. Conclusions

Based on the thermodynamic calculation and laboratory experiments, the study of the
reduction smelting of the lime rich Waelz slag has pointed out as follows:

• The reduction smelting at 1650 ◦C for 30 min of the Waelz slag sample containing
18.7% carbon with the addition of 18% SiO2 led to obtaining low-silicon ferrosilicon
with high Cu content, as well as slag attractive for construction industry;

• The reduction smelting at 1500 ◦C for 30 min of the froth-floated Waelz slag sample
containing 5.1% carbon resulted in the production of high-copper cast iron, slag; carbon
concentrate of 68% C suitable for recycling in the Waelz process is also generated
during froth flotation.
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