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and Marija Korać 2
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Abstract: Electric arc furnace (EAF) dust, together with a mill scale and coke were smelted in
a laboratory electric arc furnace. These metallurgical wastes consist of a many different phases
and elements, making the reaction process complex. Thermo-chemical analysis of the reactions in
metal, slag, and gas phases was done, and used for modeling of the mixture composition and energy
consumption required for smelting. Modelling was performed with the software named RikiAlC.
The crude ZnO, slag, and metal phase were analyzed using the atomic absorption spectrometry (AAS),
the optical emission spectrometry with inductively coupled plasma (ICP-OES), the X-ray diffraction
(XRD), the scanning electron microscopy (SEM) equipped with energy dispersive spectrometry
(EDS), and reflected and transmitted light microscopy. Also, in order to follow the behavior of this
process the exhausted gases were monitored. The synergetic effects of the designed mixture may be
recognized in minimizing energy consumption for the smelting process, improving the product yield
efficiency, and reducing the negative environmental effects.

Keywords: EAF dust; mill scale; DC electric arc furnace; synergistic waste

1. Introduction

In a secondary steelmaking process 15–20 kg of the EAF dust is generated per ton of produced
steel [1,2]. The EAF dust consists usually of zinc, iron, lead, cadmium and halogens (chlorine and
fluorine), and in some cases nickel and chromium [3]. Both the pyro and hydro-metallurgical processes
have technical and technological limitations in the processing of EAF dust. The pyrometallurgical
methods for treatment of the EAF dust are preferred, because of the difficulty in leaching of
the Franklinite (ZnFe2O4) [3–5]. Carbon reduces the leaching residue into iron and zinc at high
temperatures, so the combination of these two methods can be applied [6]. Mill scale is generated
in steelmaking industry; it mainly consists of iron oxides and relatively small amounts of the sulfur,
phosphorus, and alkalis [7].

The chemical energy provided by an optimized carbon/oxygen ratio can replace the part of
electrical energy for recovery of iron and zinc in an EAF dust. The semi-empirical thermo-chemical
model was developed and verified to determine the carbon/oxygen ratio as well as to calculate overall
needed or released process energy [8]. This model can be solved with the help of developed discrete
non-commercial software RikiAlC [8,9].
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The final products from the reduction process of the prepared mixture are the iron, the slag, and
the crude ZnO dust. In addition, carbon monoxide, as by-product, can serve as energy source or
for treating the pellets before smelting. Calculation of the mixture composition was performed to
achieve good energy efficiency and higher yields of the Fe, ZnO, Pb, and Cd from the input materials.
The mixture composition was designed taking into account:

‚ the optimal amount of reducing agent,
‚ the energy of reactions,
‚ the final composition of dust and slag.

2. Experimental Section

2.1. Set-up

The EAF dust, mill scale, coke, and lime were agglomerated on the semi-industrial pelletizing
disk at an angle of 45˝ and with rotation of 15 rpm. The mixture composition was previously modelled
based on thermodynamic calculations, using RikiAlC software (Version 1.0, 2015, The Innovation
Center at Faculty of Technology and Metallurgy, Belgrade, Serbia) [8,9]. The pellet size was in a range
between 6 and 10 mm. The green pellets were dried at 353 K for 24 h, with 7.8% of weight loss, which
is attributed to the moisture content. The weight of dried pellets, prepared for the melting process in
the furnace was 85 kg.

The laboratory scale DC electric arc furnace (EL-100, Eling, Loznica, Serbia) with a maximal power
of 100 kW and working capacity of 0.4 m3 was used for the melting of prepared pellets (Figure 1).
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Figure 1. Cross-section of the laboratory scale DC electric arc furnace.

Pellets were charged in the furnace, manually, at several time steps until depleting the prepared
amount of pellets. The operating power of furnace was 45 kW and a time step was between 10 and
15 min. At the beginning of the melting process 15 kg of starting slag was added to ensure the liquid
bath for melting the pellets. The composition of the starting slag is given in Table 1.

Table 1. The composition of the starting slag, in wt. %.

CaO SiO2 FeO MgO Al2O3 MnO Na2O K2O Cu S Zn Ni

36.9 26.6 12.5 9.6 9.8 1.6 0.60 0.60 0.10 0.20 0.10 0.30
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After leaving the furnace, the hot gas was mixed with air and cooled with a water cooling
system. Dust was collected in the bag filter; immediately after leaving the bag filter, the gas emission
was measured.

2.2. Materials and Methods

Input materials mixture consists of the EAF dust, the mill scale, the coke, and the lime.
The chemical compositions of the input materials and products were determined by AAS (Perkin-Elmer
model AANALYST 300, Perkin-Elmer, Norwalk, CT, USA) and by ICP-OES (Thermo Scientific iCAP
Qc, Thermo Scientific, Waltham, MA, USA). Chemical composition of the EAF dust is given in Table 2.

Table 2. EAF dust chemical composition, in wt. %.

Fe Si Zn C Cd Mn Ca Al Na K Pb Mg Cu

20.78 1.65 30.68 3.11 0.22 7.12 3.06 0.25 0.53 1.44 3.68 1.43 0.45

O (oxides) F (fluorides) Cl (chlorides) S (sulfides) Others

20.52 0.08 2.69 1.63 0.68

Phase compositions of the EAF dust, the mill scale, the slag and the zinc-oxide dust were
determined using XRD (PHILIPS PW-1710, Philips, Eindhoven, The Netherland) with a graphite
monochromator, using Cu-Kα radiation. This EAF dust was generated in the melting process of the
steel scrap; the selected smelting plant was situated at Sirmium Steel Ltd., Sremska Mitrovica, Serbia.

Some of the relevant phases detected with XRD of the EAF dust were: zincite (ZnO), spinels
((Fe, Zn) Fe2O4), garnets, pyroxenes, laurionite (PbCl(OH)), wurtzite (Zn0.9Fe2+0.1S) and sylvite (KCl)
(Figure 2).

Metals 2016, 6, 138  3 of 16 

 

After  leaving  the  furnace,  the hot gas was mixed with  air  and  cooled with  a water  cooling 

system. Dust was collected in the bag filter; immediately after leaving the bag filter, the gas emission 

was measured. 

2.2. Materials and Methods 

Input materials mixture consists of  the EAF dust,  the mill scale,  the coke, and  the  lime. The 

chemical compositions of the input materials and products were determined by AAS (Perkin‐Elmer 

model AANALYST 300, Perkin‐Elmer, Norwalk, CT, USA) and by ICP‐OES (Thermo Scientific iCAP 

Qc, Thermo Scientific, Waltham, MA, USA). Chemical composition of the EAF dust is given in Table 

2. 

Table 2. EAF dust chemical composition, in wt. %. 

Fe  Si  Zn C  Cd Mn Ca Al Na K Pb  Mg  Cu

20.78  1.65  30.68  3.11  0.22  7.12  3.06  0.25  0.53  1.44  3.68  1.43  0.45 

O (oxides)  F (fluorides)  Cl (chlorides) S (sulfides) Others 

20.52  0.08  2.69  1.63  0.68 

Phase  compositions  of  the  EAF  dust,  the mill  scale,  the  slag  and  the  zinc‐oxide  dust were 

determined using XRD  (PHILIPS PW‐1710, Philips, Eindhoven, The Netherland) with a graphite 

monochromator, using Cu‐Kα radiation. This EAF dust was generated in the melting process of the 

steel  scrap;  the  selected  smelting  plant was  situated  at  Sirmium  Steel  Ltd.,  Sremska Mitrovica, 

Serbia. 

Some of  the relevant phases detected with XRD of the EAF dust were: zincite  (ZnO), spinels 

((Fe, Zn) Fe2O4), garnets, pyroxenes, laurionite (PbCl(OH)), wurtzite (Zn0.9Fe2+0.1S) and sylvite (KCl) 

(Figure 2). 

 

Figure 2. XRD analysis of the EAF dust. 

A  spinel  like  phase  determined  franklinite  (ZnFe2O4), magnetite  (Fe3O4),  and  hausmannite 

(Mn3O4), marked as S‐Spinel on Figure 1. Further on, the Ca and Mn can replace the Fe ion in the 

magnetite  spinel  phase  to  form Ca0.15Fe2.85O4,  and MnFe2O4  [10,11]. A  pyroxene  phase  family  is 

presented with hedenbergite  (CaFeSi2O6), which  forms a continuous series of solid solutions with 

diopside  (CaMgSi2O6). A  garnet  phase  family,  based  on  chemical  analysis, may  contain  pyrope 

(Mg3Al2(SiO4)3),  almandine  (Fe3Al2(SiO4)3),  andradite  (Ca3Fe2(SiO4)3)  and  similar. Although  halite 

(NaCl), with  its  low  composition was  not  detected  in  the  XRD  spectra,  some  researchers  have 

reported this phase in the EAF dust [4,10,12,13]. 

The mill scale was, also, generated in Metalfer Steel Mill Ltd., Sremska Mitrovica, Serbia. The 

chemical composition is given in Table 3. The iron in the mill scale was bound as magnetite (about 40 

wt. %), wustite (57 wt. %), and hematite (3 wt. %).   

Figure 2. XRD analysis of the EAF dust.

A spinel like phase determined franklinite (ZnFe2O4), magnetite (Fe3O4), and hausmannite
(Mn3O4), marked as S-Spinel on Figure 1. Further on, the Ca and Mn can replace the Fe ion in the
magnetite spinel phase to form Ca0.15Fe2.85O4, and MnFe2O4 [10,11]. A pyroxene phase family is
presented with hedenbergite (CaFeSi2O6), which forms a continuous series of solid solutions with
diopside (CaMgSi2O6). A garnet phase family, based on chemical analysis, may contain pyrope
(Mg3Al2(SiO4)3), almandine (Fe3Al2(SiO4)3), andradite (Ca3Fe2(SiO4)3) and similar. Although halite
(NaCl), with its low composition was not detected in the XRD spectra, some researchers have reported
this phase in the EAF dust [4,10,12,13].

The mill scale was, also, generated in Metalfer Steel Mill Ltd., Sremska Mitrovica, Serbia.
The chemical composition is given in Table 3. The iron in the mill scale was bound as magnetite
(about 40 wt. %), wustite (57 wt. %), and hematite (3 wt. %).
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Table 3. Mill scale chemical composition, in wt. %.

Fe Si Cr Sn Ni C P S Mn Ca Al Mg Cu O LOI Others

70.87 0.80 0.04 0.01 0.03 0.02 0.03 0.03 0.09 0.39 0.11 0.13 0.30 25.2 1.80 0.12

The lime and the coke compositions are presented in Tables 4 and 5, respectively.

Table 4. The Lime chemical composition, in wt. %.

CaO Al2O3 MgO SiO2

95.7 1.1 2.4 0.60

Table 5. The Coke chemical composition, in wt. %.

C SiO2 Al2O3 CaO MgO Fe2O3 S

86.8 5.7 4.7 0.80 0.50 0.70 0.60

The EAF dust agglomerate size was approximately 100 µm, with mean particle size in the range
from 0.05 to 10 µm [14]. The mean mill scale particle size was 1.32 mm (85%). The mean coke particle
size was 1 mm (85%) [14].

A microscopic analysis of crude ZnO dust was done on SEM connected with INCA
energy-dispersive X-ray analysis unit EDX (JEOL JSM-5800, JEOL, Tokyo, Japan). Mineralogical
microscopic investigation of the slag was performed in reflected and transmitted light, JENAPOL-U
microscope (Carl Zeiss, Jena, Germany), using parallel profile method (interval 1 mm). The chemical
composition of the metal phase was determined by Spectromaxx arc/spark optical emission
spectrometer (SPECTRO Analytical Instruments GmbH, Kleve, Germany).

Temperature of the slag and the molten iron was measured with a Pt/Pt-10 wt. %Rh thermocouple,
which was placed at the end of the probe.

Gas emission was measured with Testo 340 flue gas analyzer (Testo INC, Lenzkirch, Germany) on
CO, NOx, and SO2, with a temperature of 315 K.

3. Designing Mixture Composition and Energy Consumption

3.1. Thermo-Chemical Considerations

3.1.1. Processes inside the Furnace

When the pellet reaches the process temperature in the range 1673–1873 K, after several minutes,
the reduction processes become completed. The gaseous phases, released from the reduction processes,
migrate, relatively fast, through the layer of non-reduced pellets. Hence, in electro reductive furnaces,
the reduction of ferrous ores with carbon monoxide occurs in the range 10%–15% compared to the
reduction with carbon [15–17].

At 1873 K the carbon and the carbon monoxide will reduce a majority of the oxides in the mixture;
it is shown following the values of Gibbs free energy changes, in Figure 3 [8,9,17].
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The reduction of ferrous-oxides are [17–19]:

3Fe2O3 `C “ 2Fe3O4 `COpgq ∆Hθ
298 “ 127.4 KJ (1)

3Fe2O3 ` COpgq “ 2Fe3O4 ` CO2pgq ∆Hθ
298 “ ´44.9 kJ (2)

Fe3O4 ` C “ 3FeO ` COpgq ∆Hθ
298 “ 203.0 kJ (3)

Fe3O4 ` COpgq “ 3FeO ` CO2pgq ∆Hθ
298 “ 30.7 kJ (4)

2FeO ` C “ 2Fe ` CO2pgq ∆Hθ
298 “ 141.1 kJ (5)

FeO ` COpgq “ Fe ` CO2pgq ∆Hθ
298 “ ´15.6 kJ (6)

These reactions occur below process temperature, at temperature range of 1373–1673 K.
The reactions of ferric oxides with carbon (Equations (1), (3) and (5)) are more favorable (in DC
electric arc furnace), and they contribute to 85%–90% of overall ferric oxides reduction [17]. The direct
reduction with carbon at solid-solid and solid-liquid interface depends on carbon diffusion in the solid
phase and/or in the liquid phase. The intermediate phases or spinel of Ca, Mg, and Si-oxides can form
layer between ferro-oxides and carbon, creating a barrier for carbon diffusion and reduction processes.
A diffusion rate of carbon increases by increasing the temperature and the contact surface between the
carbon and the metal-oxides [20]. It is important that the Equation (1) takes place with a higher rate,
otherwise the following reactions could occur [21]:

Fe2O3 ` CaO “ CaO ¨ Fe2O3 ∆Hθ
298 “ ´21.5 kJ (7)
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Fe2O3 ` 2CaO “ 2CaO ¨ Fe2O3 ∆Hθ
298 “ ´40.9 kJ (8)

In the slag phase CaO¨Fe2O3 and 2CaO¨Fe2O3 together with Si and Mg can form the spinel
structures which inhibit the diffusion of carbon to ferric ions so their reduction to metallic iron is
prevented [20,21]. At temperatures higher than 1053 K, the CaO¨Fe2O3 and 2CaO¨Fe2O3 can react with
carbon according to the following reactions [21]:

CaO ¨ Fe2O3 ` 3C “ CaO ` 2Fe ` 3COpgq ∆Hθ
298 “ 512.9 kJ (9)

2CaO ¨ Fe2O3 ` 3C “ 2CaO ` 2Fe ` 3COpgq ∆Hθ
298 “ 532.3 kJ (10)

The intense conditions in DC electric arc furnace and the sufficient amount of carbon favor
the Equations (9) and (10) rather than (7) and (8), particularly in the zone of electric arc where the
temperatures are high. Therefore, the pellets have to be introduced in the furnace at the zone close to
the electric arc.

The reduction of franklinite is very important due to its high amount in the EAF dust. There are
two main reactions for franklinite reduction:

ZnFe2O4 ` C “ ZnO ` 2FeO ` COpgq ∆Hθ
298 “ 183.3 kJ (11)

ZnFe2O4 ` COpgq “ ZnO ` 2FeO ` CO2pgq ∆Hθ
298 “ 11.0 kJ (12)

In the DC electric arc furnace, the formed carbon-monoxide quickly passes through the pellets
and fills the chamber of the furnace. Hence, the Equation (12) participates to a lesser extent than the
Equation (11), although it is kinetically favorable due to the higher rate of mass transfer between
solid-gas phases [20].

The franklinite can react with the calcium-oxide according to the exothermic reaction, which has
negative value of free energy change at elevated temperature [3]:

ZnFe2O4 ` 2CaO “ ZnO ` 2CaO ¨ Fe2O3 ∆Hθ
298 “ ´35.4 kJ (13)

The 2CaO¨Fe2O3 phase can be incorporated into the slag phase and so forms the spinel phase,
which is not convenient for recovery of iron. Despite that, at relatively high temperatures, this phase
can be decomposed by the Equation (10).

Zincite (ZnO) from the EAF dust is reduced with the carbon and carbon-monoxide, which can be
described by equations:

ZnO ` C “ Znpgq ` COpgq ∆Hθ
298 “ 370.4 kJ (14)

ZnO ` COpgq “ Znpgq ` CO2pgq ∆Hθ
298 “ 198.0 kJ (15)

The carbon will first reduce the less stable oxides, such as ZnO, then ferrous oxides. In the
literature data, the influence of the mill scale, hematite, and calcium carbonate on kinetics of zincite
reduction was studied [15]. It was shown that calcium carbonate accelerates the reduction of zincite,
significantly reducing the activation energy of Equations (14) and (15) [15]. That is not significant
in the case of the electric arc furnace, because the carbon is the main reducing agent. The CO2(g)
formed from the above reactions react with the carbon at temperatures above 1173 K according to
Boudouard equation:

CO2pgq ` C “ 2COpgq ∆Hθ
298 “ 172.4 kJ (16)

Considering the above reactions, the atmosphere in the furnace chamber will mainly contain
carbon-monoxide with small amount of a carbon-dioxide.
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3.1.2. Processes outside of the Furnace Chamber

After leaving the chamber of the furnace, the gas mixes with the air. The zinc in gaseous phase
reacts with the carbon-monoxide and carbon-dioxide if the temperature is below 1173 K, and with
oxygen when leaving the furnace chamber according to the Equations [8,9]:

Znpgq `COpgq “ ZnO`C ∆Hθ
298 “ ´370.4 kJ (17)

Znpgq `CO2pgq “ ZnO`COpgq ∆Hθ
298 “ ´198.0 kJ (18)

2Znpgq `O2pgq “ 2ZnO ∆Hθ
298 “ ´961.8 kJ (19)

The obtained ZnO is collected in the bag filter in powdered form. The carbon-monoxide will be
oxidized to the carbon-dioxide, releasing the heat as it is shown in:

2COpgq `O2pgq “ 2CO2pgq ∆Hθ
298 “ ´565.8 kJ (20)

Chlorine in the EAF dust is mainly in the form of sylvite (KCl) and PbCl2 dissociated from
laurionite. The sylvite and halite react above 873 K with PbO by equations [13]:

2KCl` PbO` 2SiO2 `Al2O3 “ PbCl2pgq ` 2KAlSiO4 ∆Hθ
298 “ 172.2 kJ (21)

2NaCl` PbO` 2SiO2 `Al2O3 “ PbCl2pgq ` 2NaAlSiO4 ∆Hθ
298 “ 174.4 kJ (22)

Therefore, chlorine has a major role in the evaporation mechanism of lead from the mixture.
When leaving the furnace, PbCl2 will react with the oxygen and carbon-monoxide, which become
more energy favorable by decreasing the temperature, this is presented by equations:

PbCl2pgq `COpgq `O2pgq “ PbO`Cl2pgq `CO2pgq ∆Hθ
298 “ ´326.9 kJ (23)

PbO`COpgq `O2pgq “ PbO2 `CO2pgq ∆Hθ
347.7 “ ´347.7 kJ (24)

Lee and Song studied the effect of chlorine on Zn, Pb, and Cd evaporation from the EAF dust [12].
They showed that at temperatures higher than 873 K, the evaporation of these elements through
chlorides rapidly increases and will finish at 1273 K [12]. Based on the thermodynamic calculations,
a diagram of vapor pressure for various components was constructed as shown in Figure 4 [8,9]. Due to
the low vapor pressure of FeCl3, a certain amount of the iron can be expected in the crude ZnO dust.

Metals 2016, 6, 138  7 of 16 

 

3.1.2. Processes outside of the Furnace Chamber 

After leaving the chamber of the furnace, the gas mixes with the air. The zinc in gaseous phase 

reacts with the carbon‐monoxide and carbon‐dioxide if the temperature is below 1173 K, and with 

oxygen when leaving the furnace chamber according to the Equations [8,9]: 

Zn(g) + CO(g) = ZnO + C 
298

H   = −370.4 kJ  (17) 

Zn(g) + CO2(g) = ZnO + CO(g) 
298

H    = −198.0 kJ  (18) 

2Zn(g) + O2(g) = 2ZnO 
298

H    = −961.8 kJ  (19) 

The obtained ZnO is collected in the bag filter in powdered form. The carbon‐monoxide will be 

oxidized to the carbon‐dioxide, releasing the heat as it is shown in: 

2CO(g) + O2(g) = 2CO2(g) 
298

H   = −565.8 kJ  (20) 

Chlorine  in  the EAF dust  is mainly  in  the  form of  sylvite  (KCl) and PbCl2 dissociated  from 

laurionite. The sylvite and halite react above 873 K with PbO by equations [13]: 

2KCl + PbO + 2SiO2 + Al2O3 = PbCl2(g) + 2KAlSiO4 
298

H    = 172.2 kJ  (21) 

2NaCl + PbO + 2SiO2 + Al2O3 = PbCl2(g) + 2NaAlSiO4 
298

H    = 174.4 kJ  (22) 

Therefore, chlorine has a major role  in  the evaporation mechanism of  lead  from  the mixture. 

When  leaving the furnace, PbCl2 will react with the oxygen and carbon‐monoxide, which become 

more energy favorable by decreasing the temperature, this is presented by equations:   

PbCl2(g) + CO(g) + O2(g) = PbO + Cl2(g) + CO2(g) 
298

H   = −326.9 kJ  (23) 

PbO + CO(g) + O2(g) = PbO2 + CO2(g) 
298

H    = −347.7 kJ  (24) 

Lee and Song studied the effect of chlorine on Zn, Pb, and Cd evaporation from the EAF dust 

[12]. They showed that at temperatures higher than 873 K, the evaporation of these elements through 

chlorides rapidly increases and will finish at 1273 K [12]. Based on the thermodynamic calculations, 

a diagram of vapor pressure for various components was constructed as shown in Figure 4 [8,9]. Due 

to the low vapor pressure of FeCl3, a certain amount of the iron can be expected in the crude ZnO 

dust. 

 

Figure 4. The vapor pressure changes with temperature. 

The cadmium will evaporate in a pure metal form rather than in a chloride form, as it can be 

seen in Figure 4. If the cadmium is in oxide form then its reduction by carbon will occur at 873 K, and 

Figure 4. The vapor pressure changes with temperature.



Metals 2016, 6, 138 8 of 16

The cadmium will evaporate in a pure metal form rather than in a chloride form, as it can be seen
in Figure 4. If the cadmium is in oxide form then its reduction by carbon will occur at 873 K, and then
it will evaporate in a metallic form and oxidize when leaving the furnace chamber by reactions [9]:

CdO`C “ Cdpgq `COpgq ∆Hθ
298 “ 260.3 kJ (25)

Cd “ Cdpgq ∆Hθ
298 “ 111.8 kJ (26)

2Cdpgq `O2pgq “ 2CdO ∆Hθ
298 “ ´741.7 kJ (27)

The zinc sulphide from wurtzite will react with the liquid copper at temperatures above 1362 K,
because it has the highest affinity toward the sulfur [9]. In addition, lead can form sulfides and
evaporate at 1643 K, together with the sulfur dioxide, which originates from the coke and the mill
scale [9]. If there is an excess of sulfur in the input materials, the matte phase with Cu and Ni can
form [22].

3.2. Mixture Composition and Energy Consumption

The simulation of the process energy consumption and material balance was realized using
RikiAlC software on the mixture of mill scale and EAF dust with the required quantity of coke.
The energy consumption was calculated based on the enthalpies of Equations (1)–(27), which are
stored in a software database together with chemical compositions and amounts of input materials.
Calculations of

ř

∆Hi for all reactions were evaluated at 298 K and the maximum temperature was
1873 K. For the selected multicomponent system, the heat needed for analyzed reactions is:

Q “
ÿ

∆Hi (28)

where ∆Hi refers to the heat needed by each reaction that occurs in the system, and can be calculated by:

∆Hi “
∆Hth ˆ

ř

mr
p

ř

mth
p

(29)

where ∆Hth is a change of theoretical enthalpy for each reaction that occur in the system with the
products mass of Σmth

p ; the Σmr
p is a real mass of products calculated based on the mass of input

materials related to the given reaction. The energy consumption results are given in Figure 5, where
different amounts of the mill scale and the EAF dust were analyzed. A higher share of the EAF dust
will increase energy consumption for each ton of produced iron. The increase of EAF dust will slow
down the rates of all reactions, because dispersed particles in the dust will inhibit contact between
reductant and oxides in the mill scale. Further on, the production of the crude zinc oxide will increase.
The optimal ratio was chosen as 55% of the mill scale and 45% of the EAF dust, which corresponds
to the energy consumption below 1660 kW/t of produced iron, including heat and electrical energy
losses. The values of heat and electrical energy losses are 9% and 8%, respectively, which is applicable
for electric arc furnaces with a low body and capacity of below 15 MVA [23].

This mixture will consume 11.79% of carbon for reduction of all reducible oxides. That is the
stoichiometric amount calculated using the software, based on Gibbs free energies of reactions in
Section 3.1 in relation with the input material amounts. The calculated carbon amount was multiply by
excess coefficient of 1.2 that takes into account the losses of carbon in real terms. The designed mixture
composition for pellet production based on the above simulations is: 37.0% of the EAF dust; 45.1% of
the mill scale; 16.2% of the coke (Cfix = 87%); and 1.7% of the lime.
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The carbon in the electro-reduction processes serves as reducing agent, while electrical energy
as a heat source. That heat is consumed by the endothermic reactions, and for the heating of the
ferrous, the slag, and the gas components. The lost part of the heat is lost by radiation and convection,
while part of electrical energy is loosed in the furnace electrical circuit. The carbon converts to carbon
monoxide, reacting with the oxygen outside of the furnace by reaction (20) and releasing a significant
amount of heat (Figure 5). The released heat can be used in a different ways, for example for production
of electrical energy, or for reduction of pellets before charging [24,25]. For designed mixture, heat
released from exothermic reactions (mainly reaction 20) is 3471 kW/t of produced iron. According to
the literature data, this heat can generate power by turbine up to 1673 kW/t of produced iron [24].
Theoretically, all electrical energy consumption can be supplied by this source of energy, so only the
coke costs enter into the process economy. Further, the carbon monoxide can reduce and heat pellets
before charging, which will replace a part of electrical consumption. These two cases can be combined
to achieve optimal conditions to achieve economic efficiency. To analyze these cases, the exergy
calculations, probably, may be convenient [24,25]. These calculations are not done here, because the
focus is on achieving the synergy of input materials. This synergy is achieved by improving products
valorization, minimizing energy consumption for a given input material (as it is shown in Figure 5),
and reducing negative environmental effects. In the proposed process, three main products appear:
crude zinc oxide, the slag from heavy metals, and iron. The crude zinc oxide could further processed
with hydro-metallurgical procedures, to remove Pb and Cd. In addition, the carbon monoxide can be
used for reduction of pellets or for energy recovery. Although, in practice, the energy recovery from
a high dust-loaded off-gas is quite difficult due to the dust sticking on the heat equipment leading to
the heavy dust settlements.

Slag Composition

The slag interacts with the molten metal, the gases, the coke, and the furnace wall, hence the slag
composition, its basicity, and viscosity is both complex and important. The basicity index of the slag
was determined using the relation [17]:

B “
%CaO`%MgO
%SiO2 `%Al2O3

(30)
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In the slag, according to designed mixture the content of CaO is in the range 39%–48%, content
of SiO2 is in the range 30%–38%, content of FeO is 10% and higher, content of MgO is in the range
8%–15%, content of Al2O3 is in the range 5%–8%, and finally, the content of MnO is not greater than 3%.

Figure 6 shows the melting points of this slag system, and they are situated between 1573 and
1773 K [26].
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The determined basicity index is set to be higher than 1.2 for two main reasons to avoid the
reaction between the furnace wall and the slag, and to provide the optimal viscosity of the slag at
the process temperature. This basicity can be achieved by adding a higher amount of lime with
5%–7%. Slag liquid viscosity was estimated using Urbain model by Mills et al. [27,28]. The calculated
slag viscosity is 1.19 Poise for temperature of 1873 K and 3.03 Poise for temperature of 1673 K.
The designed composition of the slag has to provide a foaming of the slag and the required viscosity
in order to achieve optimal refining capabilities, higher metal yield, and lower energy consumption.
A higher amount of carbon in the slag layer can enable good foaming, better arc stability, and better
electrical efficiency.

The presence of zincite and wustite in the liquid slag can imply formation of the spinels as it was
indicated in literature [29], but at temperatures higher than 1673 K the zinc will evaporate according to
Equations (11)–(15). The low viscosity of liquid slag will enable good fuming of gaseous zinc through
the slag.

4. Discussion

The melting process of the pellets with designed mixture composition lasted 80 min with
an operating power of 45 ˘ 2 kWh, which corresponds to the energy consumption of 1930 ˘ 40 kWh/t
of the produced iron. Comparing this energy consumption with the calculated energy consumption of
1660 kWh/t of produced iron, it is obvious that 270 ˘ 40 kW will be lost, mainly as heat and electrical
energy losses. This difference is expected, and occurred because a laboratory scale furnace was used.

Slag, metal, and dust phases were carefully collected, however certain material losses is inevitable,
mainly due to the adhesion of material to the furnace walls. The modeled and experimental material
balance is given in Table 6.
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Table 6. Material balance of the melting process.

Balance
Input, kg Output, kg

Pellets Starting Slag Slag Metal Dust Gas

Model 85 15 24.8 33.8 13.3 28.1
Experimental 85 ˘ 0.5 15 ˘ 0.1 23.0 ˘ 0.5 31.1 ˘ 0.6 13.1 ˘ 0.3 -

4.1. Dust Characterization

The dynamic conditions in the furnace provide a good fuming effect, as evidenced from a high
transition of Zn, Pb, and Cd into the dust. The dust weight was 13.1% ˘ 0.3% of the input materials
weight. Transition of zinc was 97 ˘ 1.9 wt. %, lead 96 ˘ 1.2 wt. %, and cadmium 95 ˘ 1.8 wt. %.
The chemical composition of the dust is given in Table 7.

Table 7. Material balance of the melting process.

Element Zn Fe Pb Cd Cl(Chlorides) O(Oxides) Others

wt. % 71.1 0.4 8.5 0.5 1.1 18.1 0.3

With XRD analysis, ZnO and PbO/PbO2 phases were found, as it is shown in Figure 7.
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The phases, based on Fe and Cd, were not found due to their low content in the dust.
With SEM-EDS analysis, a high content of lead was found in needle-like formations (Figure 8, item 2).
According to the EDS analysis, the chemical composition in item 2 is 14.9 wt. % Pb; 43.1 wt. % Zn;
4.3 wt. % Fe; 4.1 wt. % Cl; 33.1 wt. % O. The high content of Fe was found on the spherical shapes
covered with Zincite (Figure 8, item 3). The chemical composition in item 3 is 7.6 wt. % Fe; 55.3 wt. % Zn;
0.1 wt. % Pb; 17.1 wt. % Cl; 19.3 wt. % O. The small particles of ZnO form larger agglomerates in a range
from few microns to 20 µm (Figure 8, item 1). The chemical composition in item 1 is 71.1 wt. % Zn;
0.4 wt. % Pb; 0.1 wt. % Fe; 0.2 wt. % Cl; 27.8 wt. % O.



Metals 2016, 6, 138 12 of 16
Metals 2016, 6, 138  12 of 16 

 

 

Figure 8. SEM analysis of crude ZnO dust. 

4.2. Metal Composition 

Since the iron weight was 31.1% ± 0.6% of the overall input materials weight that indicates that 

the transition of Fe from the input materials to the iron is 84 ± 1.3 wt. %. The chemical composition of 

the produced material obtained  from  the melting process  is given  in Table 8. The  relatively high 

Cu‐content reduces the quality of the iron product. The tolerable content of copper in the deep draw 

quality steel plate is 0.6%, in the bar steel is 0.4%, in the shape steel 0.3%, in the hot or cold rolled 

sheet is 0.1% [30]. 

Table 8. Chemical composition of iron. 

Element  Fe  C  Mn  Si Cu S P Ni Cr Sn Zn  Others 

wt. %  90.3  2.7  5.4  0.75  0.30  0.10  0.12  0.05  0.03  0.06  0.03  0.16 

4.3. Slag Characterization 

The weight of the slag was 23.0% ± 0.5% of the input material weight. Chemical composition, 

optical microscopy in polarized light and XRD analysis confirmed the presence of mineral phases, 

characteristic for the basic slag, as it was modeled. Based on equation 3 and chemical composition 

from the Table 9, basicity of the slag is 1.25. 

Table 9. Chemical composition of the slag. 

Phase  SiO2  CaO  FeO  MgO Al2O3 MnO Na2O K2O Cu  S  Others 

wt. %  27.8  36.5  11.6  10.1  9.4  2.3  0.3  0.8  0.1  0.2  0.9 

A diffraction pattern (Figure 9) clearly shows that the most common phase is gehlenite; minor 

phases  are magnetite,  granets,  and  quartz.  The  presence  of  jacobsite  (MnFe2O4)  and  hercynite 

(FeAl2O4) is questionable because there are no independent reflections. 

 

Figure 8. SEM analysis of crude ZnO dust.

4.2. Metal Composition

Since the iron weight was 31.1% ˘ 0.6% of the overall input materials weight that indicates that
the transition of Fe from the input materials to the iron is 84 ˘ 1.3 wt. %. The chemical composition
of the produced material obtained from the melting process is given in Table 8. The relatively high
Cu-content reduces the quality of the iron product. The tolerable content of copper in the deep draw
quality steel plate is 0.6%, in the bar steel is 0.4%, in the shape steel 0.3%, in the hot or cold rolled sheet
is 0.1% [30].

Table 8. Chemical composition of iron.

Element Fe C Mn Si Cu S P Ni Cr Sn Zn Others

wt. % 90.3 2.7 5.4 0.75 0.30 0.10 0.12 0.05 0.03 0.06 0.03 0.16

4.3. Slag Characterization

The weight of the slag was 23.0% ˘ 0.5% of the input material weight. Chemical composition,
optical microscopy in polarized light and XRD analysis confirmed the presence of mineral phases,
characteristic for the basic slag, as it was modeled. Based on equation 3 and chemical composition
from the Table 9, basicity of the slag is 1.25.

Table 9. Chemical composition of the slag.

Phase SiO2 CaO FeO MgO Al2O3 MnO Na2O K2O Cu S Others

wt. % 27.8 36.5 11.6 10.1 9.4 2.3 0.3 0.8 0.1 0.2 0.9

A diffraction pattern (Figure 9) clearly shows that the most common phase is gehlenite; minor
phases are magnetite, granets, and quartz. The presence of jacobsite (MnFe2O4) and hercynite (FeAl2O4)
is questionable because there are no independent reflections.

Microscopic studies with polarized light confirm that the gehlenite (2CaOAl2O3SiO2) is the most
dominant phase, which was isolated in the regular short prismatic crystals forms (Figure 10a, item 1)
from a vitreous basis with the same composition (Figure 10a, item 2). Magnetite is also present,
formed by the reduction of the primary hematite and by decay of wustite during the cooling of
the slag (Figure 10, item 3). With the transmitted light method, the dendritic phases of merwinite
(3CaOMgO2SiO2) (Figure 10b, item 1) and melilite (Figure 10b, item 2) which represents a solid solution
of akermanite (2CaOMgO2SiO2) and gehlenite, are clearly observed. From silicate mineral, the larnite
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(β2CaOSiO2) formed by dissociation of rankinite (3CaO2SiO2) (Figure 10a, item 4 and Figure 10b,
item 3) is present.
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Slags based on the gehlenite phase are completely stable and insoluble in a basic and neutral
environment, thus they are a good replacement for traditional raw materials in civil engineering
applications [31]. On the other hand, the gehlenite phase inhibits formation of larnite, preventing
disintegration of this soluble phase in the environment [31].

4.4. Monitoring of Exhaust Gases

The gas emission monitoring from the multiphase reactive smelting process is a good way for
indirect monitoring of the process behavior. The emissions of CO, NOx, and SO2 were measured
inside the three periods of the smelting process: (1) introducing the input materials in the batch
at low temperatures in the furnace; (2) melting the batch by increasing the furnace temperature;
(3) introducing the materials in the batch at high temperatures in the furnace. Results are shown in
Figure 11. In the beginning of a smelting process, temperatures were relatively low (under 973 K),
therefore, the carbon monoxide was not produced. In this period of the process, a higher share of
NOx and SO2 was recorded. The sulphur from the input materials was released and reacted with
oxygen, but soon was exhausted due to its low content in the pellets, as it is shown in the period two,
Figure 11. In the second period the temperature was increased, the carbon-monoxide was detected and
its content was increased with time. The reduction atmosphere in the furnace does not allow formation
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of NOx. At the third period, a temperature over 1773 K was achieved, and a new amount of materials
was introduced into the furnace. The sulphur content is much lower than in the first period, indicating
that some of the sulphur reacts in the furnace, probably with the copper and the iron. Due to the
rapid carbon reaction with metal oxides, content of CO(g) was high, it was decreased with time in this
period because the carbon content in the pellets was reduced. At the end of this period new materials
were introduced, and until the end of the process the emission graph behaved as in the third period.
The emission graph is a good indicator for adjusting the material introduction periods.Metals 2016, 6, 138  14 of 16 
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As it can be seen from Figure 11 in the third period, which is the typical process period, just before
the sulphur is burned and CO is at a low level the new input materials should be introduced.

5. Conclusions

The designed mixture was pelletized and smelted in the laboratory scale DC electric arc furnace
with the energy consumption of 1930 kWh/t Fe. Transition of the Fe from waste to the metallic iron
was 84 wt. %, and transition of the Cd, Zn, and Pb to the dust was 95, 97, and 96 wt. %, respectively.
The quality of iron is poor due to the relatively high copper content, and some additional steps are
required for dust treatment [32]. The slag composition indicates that basicity was above 1.2 as it was
proven with microstructure analysis. The microstructure analysis of the slag indicates that the gehlenite
phase is dominant, which makes it favorable for use in civil engineering applications. Monitoring of
the exhausted gases was done during the three periods of material introduction; that was shown as
a good method for tracking the process flow and indicating the optimal material introduction times.
The validity of the model for multiphase reactive smelting of synergistic wastes was confirmed.

Detailed thermo-chemical analysis of major compounds from the EAF dust and the mill-scale
with reducing agent in the metal-slag-gas phases is essential for setting a model with good material
management and energy efficiency. The chemistry of the slag was designed to provide basicity
above 1.2, which will provide a good viscosity and improve the process efficiency. The optimal ratio in
the mixture is 45% of the EAF dust and 55% of the mill scale, which will require energy consumption
for its melting of 1660 kWh per ton of the produced iron. For complete reduction of oxides in this
mixture, simulation using the RikiAlC software indicated that 16.2% of the coke is necessary.
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