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Abstract: Electric arc furnace dust (EAFD) includes mainly Zn, Fe, Pb, Ca and 
Mn-bearing compounds. Thus, EAFD is classified as a hazardous waste. The 
dissolution behavior of Zn- and Fe-bearing compounds in EAFD in nitric acid 
solutions was investigated in this work. The composition of Zn- and Fe-bearing 
compounds in the EAFD was determined as 28.58, 37.96 and 11.33 % for ZnO, 
ZnFe2O4 and Fe2O3, respectively. The effect of stirring speed, temperature and 
HNO3 concentration on the dissolution rate of ZnO, ZnFe2O4 and Fe2O3 were 
investigated and optimum leaching conditions determined. While ZnO was dis-
solved rapidly, the dissolution rate of ZnFe2O4 increased with increasing tem-
perature and HNO3 concentration. Fe2O3 was not soluble in 0.5 M HNO3 solut-
ion at 40 °C, whereas it was dissolved completely in 4 M HNO3 solution at 80 °C. 

Keywords: environmental protection; zinc recovery; leaching; zinc oxide; zinc 
ferrite. 

INTRODUCTION 
One of the most important issues with which steel producers are faced is the 

question of environmental protection. For example, it refers to the necessity to 
utilize dusts resulting from the process of steel production from scrap in electric 
arc furnaces, which mainly contain of Zn, Fe, Pb and a considerable amount of 
harmful elements, such as Cd, As, Cr and F.1,2 The world generation of EAFD is 
estimated to be around 3.7 million tons per year. Plants from Europe generate 
around 500.000–900.000 tons of dusts per year.1 Turkey is Europe’s 2nd and the 
world’s 8th largest crude steel producer with an annual steel production of 37.3 
million tons. While 30 % of the world’s steel production (1.7 billion tons) is 
made in EAF as secondary production, this ratio reaches to 80 % in Turkey. 

During the production of 1 ton of steel, 14–20 kg of EAFD is generated as 
hazardous waste. Recovery of valuable metals from EAFD is important from the 
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economic and environmental points of view. EAFD is an important source for the 
production of zinc and zinc–bearing chemicals for paint, rubber, natural rubber, 
cosmetics, stock farming, petroleum products, ceramic, glass and plating.3 The 
content of the main elements in EAFD varies in the range of 25–45 % of Zn,  
20–35 % of Fe, 0.3–6 % of Pb, 1–10 % of Ca, 0.01–0.2 % of Cd, 0.2–0.7 % of 
Cr, etc., depending on the scrap processed, type of steel to be produced and oper-
ating conditions. Zinc is present in EAFD as ZnO and ZnFe2O4, and possibly as 
a complex ferrite, e.g., (Zn,Mn)Fe2O4. ZnO is an easily workable form for both 
the pyrometallurgical and the hydrometallurgical method, but the ferrite form is 
considerably complex and difficult.1,4 

In the literature, different processes (hydrometallurgical or pyrometallurgical 
method) have been used for the processing of EAFD. The pyrometallurgical pro-
cessing is usually represented by impure ZnO, which has minimal commercial 
value.5–7 This product has to be further processed by the hydrometallurgical 
method in order to obtain high purity zinc. Pyrometallurgical methods require 
some reducing agents and relatively high temperatures to produce raw zinc oxide 
of low commercial value.4 Particular attention is devoted to specific technical 
challenges emerging in the pyrometallurgical processing of the EAF dust and to the 
corresponding potential measures for improving the dust recycling by promoting 
the processing efficiency with the elimination of secondary hazardous pollutants.8 
Hydrometallurgical processes are mainly based on acid (H2SO4, HNO3, HCl or 
combined) or alkaline (usually NaOH) leaching.1,2,4,9–22 The alkaline leaching 
processes offer the potential advantage that iron remains largely insoluble. Such 
processes are limited, however, by their inability to recover zinc from zinc ferrite 
unless a reducing roast is performed first. Both approaches result in halide–con-
taining solutions. This kind of processing is difficult.15 

Caravaca et al. investigated the dissolution of Zn from the EAFD in basic 
solutions (NaOH), acidic solutions (HCl, HNO3 and H2SO4) and solutions con-
taining ammonia ((NH4)2SO4, NH4OH, NH4Cl, (NH4)2CO3) and determined 
that the recovery of zinc is limited when alkaline leaching is applied due to the 
presence of zinc ferrite. However, a relatively low iron containing leach solution 
is obtained.11 Havlik et al. studied the recovery of Zn from the EAFD in H2SO4 
solutions by the hydrometallurgical method and obtained optimum zinc leaching 
conditions from the EAFD at a leaching temperature of 70–90 °C and an H2SO4 
concentration of 0.5 M.4 Orhan investigated leaching of EAFD in NaOH solut-
ions and reported optimum leaching conditions, at which 85 % of Zn and 90 % of 
Pb were recovered, as 95 °C, 1/7 solid/liquid ratio, 10 M NaOH and a 2 h leach-
ing time.17 Peng et al. used a reductive roasting method to destroy the ZnFe2O4 
phase in order to obtain ZnO and Fe3O4 under a CO atmosphere and then per-
formed leaching experiments in H2SO4 solution at 30–70°C. The shrinking core 
model was found to be the best to describe the dissolution of iron and zinc from 
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roasted zinc calcines at 750 °C and activation energies were calculated as 51.40 
and 10.01 kJ mol–1 for the leaching of Fe and Zn.21  

The aim of this work was to investigate the dissolution behavior of ZnO, 
ZnFe2O4 and Fe2O3 compounds in the EAFD in HNO3 solution and to determine 
the selective leaching conditions. The effect of stirring speed, HNO3 concen-
tration and temperature on the dissolution were determined. 

EXPERIMENTAL 
EAFD with a particle size fraction of –150 µm obtained from a steel company was used 

in the leaching experiments. X-ray fluorescence (XRF, Panalytical Axios–Minerals) and X-ray 
diffraction (XRD, Rigaku D/Max-2200) analyses were used for the determination of elemental 
and phase composition of the EAFD. SEM–EDS analyses were performed for the semi quan-
titative and image analysis of the EAFD and the leach residue. 

Dissolution experiments were performed in a water–heated, jacketed borosilicate glass 
reactor (HWS DN 100, Germany) having a volume of 1 L. A thermostate with water circul-
ation (Julabo MV4, Germany) was used to heat the reactor and to achieve isothermal condit-
ions. The solution in the reactor was stirred with a mechanical stirrer (IKA RW 20 DZM, Ger-
many). The solution temperature in the reactor was measured with a PT100 temperature sen-
sor. A glass pipe including G-3 porous alumina disk at the end was used as a sampler. The dis-
solution experiments were performed using 5 g of the sample, 0.5–4 M HNO3 solution, at 40– 
–80 °C and stirring speed of 300 rpm for the determination the effect of the HNO3 concen-
tration, temperature and stirring speed on the dissolution behavior of the EAFD in HNO3 sol-
utions. In addition, the dissolution experiments of pure ZnO (Merck) and Fe2O3 (Merck) were 
also performed using 1 g of ZnO, 1 g of Fe2O3 (Merck), 0.5 M HNO3 solution, at 40 °C and 
stirring speed of 300 rpm for the determination of the ZnO, ZnFe2O4 and Fe2O3 composition 
in the EAFD. When isothermal conditions were obtained, the sample weighed in a ceramic 
crucible was added to the reactor. Liquid samples were taken from the reactor at certain time 
intervals (5–180 min) and analyzed in an ICP–OES instrument. 

RESULTS AND DISCUSSION 
Characterization of the EAFD 

The results of XRF analysis of the EAFD used in this work are given in 
Table I. The EAFD mainly includes oxides of Zn, Fe, Pb and Mn. 

TABLE I. Chemical composition of the EAFD 
Compound ZnO Fe2O3 PbO CaO C MnO SiO2 MgO SO3 Cl, F Othersa 
Content, wt.% 41.4 36.5 4.9 3.1 3.0 2.7 1.7 1.5 2.0 0.7 < 2 
aK2O, Al2O3, Cr2O3, CuO, P2O5, SnO, TiO2, BaO, NiO, V2O5 

The XRD diagram of the EAFD and the leach residue obtained from the exp-
eriment performed for 180 min using 0.5 M HNO3 solution at 40 °C and a stir-
ring speed of 300 rpm is presented in Fig. 1. It is seen from the Fig. 1a that the 
EAFD includes ZnFe2O4 (ICDD 22–1012), ZnO (ICDD 36–1451), Fe2O3 (ICDD 
39–1346) and PbO2 (ICDD 52–0752). ZnO was not detected in the XRD diagram 
(Fig. 1b) due to the rapid leaching reaction of ZnO in HNO3 solution. 
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Fig 1. a) XRD diagram of the EAFD, b) the leach residue obtained from the experiment 

performed for 180 min using 0.5 M HNO3 solution at 40 °C and a stirring speed of 300 rpm. 

After completion of dissolution experiments, it was seen that 38 % of Fe and 
86 % of Zn were extracted in the experiment performed for 180 min using 0.5 M 
HNO3 solution at 40 °C (Fig. 2). It is possible to determine only the total amount 
of Fe and Zn in the leach solution using the ICP–OES instrument but not the 
exact source of Fe and Zn individually. While ZnO and ZnFe2O4 are sources for 
Zn extracted, Fe can be extracted from ZnFe2O4 and Fe2O3.  

 
Fig. 2. Dissolution, content-time diagram for Fe and Zn from the EAFD, Zn from Fe2O3 and 

Zn from ZnO. (0.5 M HNO3, 40 °C and 300 rpm). 

The disappearance of peaks of ZnO in the XRD diagram (Fig. 1b) and the 
low Fe extraction rate obtained from the experiment performed at the lowest tem-
perature (40 °C) and HNO3 concentration (0.5 M) initiated the question of 
whether it is possible to determine the composition of ZnO, ZnFe2O4 and Fe2O3 
in the EAFD. Therefore, two separate dissolution experiments were performed 
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for 180 min using 1 g of Fe2O3 (Merck), 1 g of ZnO (Merck), 0.5 M HNO3 sol-
ution at 40 °C and a stirring speed of 300 rpm for the investigation of dissolution 
behavior of ZnO and Fe2O3 (Fig. 2). 

ICP-OES analysis shows that ZnO was dissolved totally in 5 min of the 
reaction, while Fe2O3 was insoluble after 180 min of reaction time (no dissolved 
Fe was measured within the detection limit of the ICP-OES instrument). Thus, 
source of Fe passed to the leach solution is determined as ZnFe2O4 using these 
findings and dissolution of ZnFe2O4 in HNO3 solutions.23 It is possible to deter-
mine the composition of ZnO, ZnFe2O4 and Fe2O3 in the EAFD using the results 
of XRF and ICP-OES analysis as 28.58, 37.96 and 11.33 %, respectively. 
Dissolution behavior of the EAFD in nitric acid solutions 

Since the dissolution of ZnO in the EAFD was very rapid, the results of the 
dissolution experiments are presented for ZnFe2O4 and Fe2O3 as ZnFe2O4 dis-
solved, content–time and Fe2O3 dissolved, content–time. The dissolution, con-
tent–time diagrams are plotted using the results of the ICP-OES analysis of leach 
solutions taken from the reactor at defined time intervals. 
The effect of stirring speed on the dissolution of EAFD 

Dissolution experiments were performed using a 4 M HNO3 solution at 80 °C 
for the determination of the effect of stirring speed on the dissolution rate of the 
EAFD in HNO3 solutions. The ZnFe2O4 dissolved, content-time diagram is shown 
in Fig. 3. 

 
Fig. 3. ZnFe2O4 dissolved, content–time diagram for different stirring speeds (4 M HNO3  

and 80 °C). 

As could be seen from Fig. 3, the stirring speed had no significant effect on 
the dissolution rate of ZnFe2O4 in the EAFD. Therefore, it was determined that a 
stirring speed of 300 rpm is adequate to eliminate the resistance of the liquid film 
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layer around the solid EAFD particles. Thus, a stirring speed of 300 rpm was 
used in all dissolution experiments. 
The effect of temperature and HNO3 concentration on the dissolution of EAFD 

Dissolution experiments were performed using 0.5–4 M HNO3 solution at 
temperatures of 40–80 °C and a stirring speed of 300 rpm for the determination 
of the effect of temperature on the dissolution rate of the EAFD in HNO3 sol-
utions. ZnFe2O4 dissolved, content-time and Fe2O3 dissolved, content-time dia-
grams are shown in Figs. 4 and 5, respectively. As seen from Fig. 4a–d, the dis-
solution rate of ZnFe2O4 increased with increasing temperature and total dissol-
ution of ZnFe2O4 was obtained in the experiment performed using 4 M HNO3 
solution at 80 °C and stirring speed of 300 rpm (Fig. 4d). 

 

 
Fig. 4. ZnFe2O4 dissolved, content–time diagrams for different temperatures at constant 

HNO3 concentration: a) 0.5, b) 1, c) 2 and d) 4 M (stirring speed: 300 rpm). 

As shown in Fig. 5a–d, the dissolution of Fe2O3 in the EAFD was more 
dependent on the temperature than that of ZnFe2O4 and therefore the dissolution 
rate of Fe2O3 increased with increasing temperature. A dissolution of 99 % was 
obtained for Fe2O3 in the experiment performed using 4 M HNO3 solution at 80 
°C and a stirring speed of 300 rpm (Fig. 5d). However, obtaining high dissolution 
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rates for Fe together with Zn results in difficulties in the subsequent purification 
process of Zn in the leach liquor. 

 

 
Fig 5. Fe2O3 dissolved–time diagrams for different temperatures at constant HNO3 

concentration: a) 0.5, b) 1, c) 2 and d) 4 M (stirring speed: 300 rpm). 

A literature survey showed that H2SO4 solutions are generally used for the 
acidic leaching of EAFD. HCl solutions are not preferred due to difficulties in the 
electrowinning process of leach liquors since Cl2 gas is generated. Although, it is 
fact that the use of H2SO4 solutions at moderate temperatures lowers the Fe con-
tent (1–10 %) in the leach solutions, relatively low Zn dissolution rates (about 60 
%) were obtained under these experimental conditions.1,4,24–26 Concentrated 
H2SO4 solutions and high temperatures should be used to obtain high Zn dissol-
ution rates. However, dissolution rate of Fe also increases rapidly in this case.  

Caravaca et al. recovered 70.6 % of Zn and 14.5 % of Fe from EAFD using 
5 M HNO3 solution at 25 °C in 2 h and stated that the presence of zinc ferrites 
makes acidic leaching more attractive than alkaline leaching in terms of Zn rec-
overy.11 Although, the acidic leach liquor includes a relatively high amount of Fe 
compared to an alkaline leach liquor, Fe is separated from leach liquor by goe-
thite precipitation at a pH near 2 or by solvent extraction. In this work, 93 % of 
Zn (100 % of ZnO and 72 % ZnFe2O4) and 45 % of Fe (72 % of ZnFe2O4 and 
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17.53 % of Fe2O3) were extracted from the EAFD in the experiment performed 
using 0.5 M HNO3 solution at 80 °C. 

Since the same experimental data were used for plotting the diagrams to deter-
mine the effect of the HNO3 concentration on the dissolution rate of the EAFD in 
HNO3 solutions, ZnFe2O4 dissolved, content-time (Fig. 6) and Fe2O3 dissolved, 
content-time (Fig. 7) diagrams are plotted only for 60 °C are shown to avoid repe-
tition.  

 
Fig. 6. ZnFe2O4 dissolved, content–time diagram for different HNO3 concentrations at 60 °C. 

 
Fig 7. Fe2O3 dissolved, content–time diagram for different HNO3 concentration at 60 °C. 

While the dissolution rate of ZnFe2O4 was not affected significantly by the 
increase in HNO3 concentration at lower experimental temperatures; increasing 
temperature resulted in a rise in the effect of the HNO3 concentration on the dis-
solution rate of ZnFe2O4 (Fig. 4a–d). On the other hand, the dissolution rate of 
Fe2O3 strongly depends on HNO3 concentration and the dependency increases sig-
nificantly with increasing temperature (Fig. 5a–d). Therefore, Figs. 6 and 7 show 
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that the dissolution rate of Fe2O3 is more dependent on the HNO3 concentration 
than that of ZnFe2O4. 
SEM–EDS analysis of the EAFD and the leach residue 

SEM–EDS analysis of the EAFD and the leach residue obtained from the 
experiment performed using 0.5 M HNO3 at 40 °C are presented in Fig. 8a and b. 
It could be seen from Fig. 8a that the EAFD consisted of spherical particles with 
different sizes and fine agglomerated particles with irregular shapes. 

 
Fig. 8. SEM–EDS analysis of the EAFD and: a) the leach residue and b) obtained from the 

experiment performed for 180 min using 0.5 M HNO3 at 40 °C and a stirring speed 
of 300 rpm. 

It was determined from EDS analysis of the EAFD that the particles with 
spherical shape were rich in iron (Fig. 9b), whereas the particles with irregular 
shapes were rich in zinc and iron (Fig. 9c). These findings are in good agreement 
with the XRD analysis of the EAFD (Fig. 1a) and the literature.27 SEM-EDS 
analysis of the leach residue (Fig. 8b) shows that after the leaching experiment, 
the particles with spherical shape become more visible and number of the par-
ticles with irregular shapes decreases due to higher dissolution rate of particles 
rich in zinc (ZnO and ZnFe2O4) than those rich in Fe2O3. 

CONCLUSIONS 

It was determined that Fe2O3 was not dissolved in 0.5 M HNO3 solution at 40 
°C during a reaction time of 180 min while ZnO reacted rapidly with HNO3 and was  
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Fig. 9. EDS analysis of the EAFD. 

totally dissolved in 5 min reaction time. Thus, it is possible to determine the com-
position of ZnO, ZnFe2O4 and Fe2O3 in the EAFD as 28.58, 37.96 and 11.33 %, 
respectively. 

Total dissolution of the ZnFe2O4 was obtained from the experiments per-
formed at 80 °C. Although, temperature is effective on the dissolution rate of 
both ZnFe2O4 and Fe2O3, dissolution rate of the Fe2O3 was more temperature 
dependent than that of the ZnFe2O4. 

While the concentration of HNO3 has slight effect on the dissolution rate of 
ZnFe2O4, the dissolution rate of Fe2O3 increased significantly with increasing 
HNO3 concentration. 
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A low HNO3 concentration (0.5 M) and high experimental temperatures 
(60-80 °C) should be chosen for the dissolution of the EAFD in HNO3 solution 
to minimize the dissolution rate of Fe2O3. 

SEM–EDS analysis of EAFD showed that the Fe2O3 particles were spherical 
in shape whereas the shape of ZnO and ZnFe2O4 were irregular.  

Acknowledgements. This work is a part of research project supported by the Scientific 
and Technological Research Council of Turkey (TUBITAK, Project No. 118M376). The 
authors would like to thank TUBITAK for financial support. This work was also supported by 
the Scientific Research Projects Coordination Unit of Istanbul University–Cerrahpasa (Project 
No. FDP–2018–31847). 

И З В О Д  

ИСПИТИВАЊЕ УСЛОВА СЕЛЕКТИВНОГ ЛУЖЕЊА ZnO, ZnFe2O4 И Fe2O3 У HNO3 
ИЗ ПРАШИНЕ ЕЛЕКТРОЛУЧНЕ ПЕЋИ  

MERT ZORAGA, TUGBA YUCEL, SEDAT ILHAN и AHMET ORKUN KALPAKLI 

Istanbul University–Cerrahpasa, Engineering Faculty, Metallurgical and Materials Engineering Department, 

34320, Avcilar, Istanbul, Turkey 

Прашина електролучне пећи (EAFD) углавном укључује једињења која садрже Zn, 
Fe, Pb, Ca и Mn. Дакле, EAFD је класификован као опасан отпад. У овом раду је испи-
тано понашање растварања једињења која садрже Zn и Fe из EAFD у растворима азотне 
киселине (HNO3). Састав једињења која садрже Zn и Fe у EAFD утврђен је као 28,58 % 
ZnO, 37,96 % ZnFe2O4 и 11,33 % Fe2O3. Испитан је утицај брзине мешања, температуре и 
концентрације HNO3 на брзину растварања ZnO, ZnFe2O4 и Fe2O3 и утврђени су оптимал-
ни услови лужења. Док се ZnO брзо растварао, брзина растварања ZnFe2O4 се повећавала 
са повећањем температуре и концентрације HNO3. Fe2O3 није био растворљив у 0,5 М 
раствору Fe2O3 на 40 °C, док је био потпуно растворен у 4 М раствору HNO3 на 80 °C. 

(Примљено 23. маја 2020, ревидирано 16. децембра, прихваћено 17. децембра 2021) 
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