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Hydrometallurgical processing of carbon steel EAF dust
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Abstract

In this study, the hydrometallurgical processing of electric arc furnace (EAF) steelmaking dust is investigated on a laboratory scale under normal
temperature and pressure conditions. The behaviour of zinc and iron under the influence of sulphuric acid as the leaching agent is discussed. The
dependence between the temperature and acid concentration is investigated. The main aim is the transfer of zinc into the solution while iron ought
to remain as a solid residue.
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The hydrometallurgical recovery of zinc from EAF dust is feasible with relatively high recovery yield, while iron mostly remains in the solid
hase. It results from the use of sulphuric acid in low concentration. This way, it is possible to set up the conditions for the EAF dust leaching,
djusting sulphuric acid concentration in order to achieve an optimum zinc yield to the solution without iron dissolution. However, the problem is
hat the chemical and mineralogical composition of each steelmaking dust is individual.

2005 Elsevier B.V. All rights reserved.
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. Introduction

During the production of steel from scrap in electric arc fur-
aces, a considerable degree of dust is recovered in gas cleaning
nits. Iron oxides are the main component of this dust. By smelt-
ng of scrap, also considerable amounts of volatile components
re transferred into the dust. These are zinc, lead, cadmium and
ther metallic compounds. Zinc and iron contents in EAF dust is
n wide range according to various authors as shown in Table 1
1–19].

The content of other components in EAF steelmaking dust is
hown in Table 2.

Such amounts of admixtures are unacceptable for simple
ecycling to iron or steel production and at the same time these
mounts of heavy metals define the EAF dust as hazardous
aste. That is why it is necessary to submit this material to

urther treatment.

∗ Corresponding author. Tel.: +421 55 6022428; fax: +421 55 6330790.
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Zinc is present in EAF dust as franklinite, ZnFe2O4,
or franklinite with isomorphously substituted metals,
(Znx,Mey)Fe2O4, where Me = Mn, Co, Ni, Cr, Ca, etc., and
zincite, ZnO. Iron is present, except of franklinite, mostly as
magnetite, Fe3O4.

There are three possible processes to manage EAF dust:
hydrometallurgical, pyrometallurgical and hybrid in nature.
They consist in extraction of nonferrous metals, such as zinc
or lead, in order to recycle dust in steelmaking industry.

Pyrometallurgical methods require some reducing agents and
relatively high temperatures to produce raw zinc oxide of low
commercial value. Most of these installations are based on rotary
Waelz kiln technology [20,21], which works in a large-scale
and therefore the dust must be collected from numerous sources
and transported to the relatively large processing plant. Plasma-
based [22] treatment processes are currently developed, and they
are custom-designed for the capacity of specific steelmaking
location. Several pyrometallurgical processes are currently at
commercial level, like Enviroplas (South Africa), Allmet (USA),
Metwool (USA), and Ausmelt (Austrália) [17].

The treating of EAF dust, directly in the primary hydromet-
B.V.e. Souza), amb@ufrgs.br (A.M. Bernardes), ivoandre@ct.ufrgs.br
I.A.H. Schneider), andrea.miskufova@tuke.sk (A. Miškufová).

allurgical zinc production, has the advantage of low energy con-
sumption, which has led to various process developments [23]. In
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Table 1
Zinc and iron contents in EAF dust according to various authors

Zn amount (wt.%) Fe amount (wt.%) Reference

18.54 45 [1]
19.4 24.6 [2]
23 30 [3]
13–22 11–45 [4]
2–46 10–45 [5]
34.6 42.5 [6]
20 30 [7]
22.3–24.35 30.37–35.3 [8]
39 22.1 [9]
15.9–26.7 32.3–37.7 [10]
21.1 31.25 [11]
20 30 [12]
15–25 31–40 [13]
13.6 29.8 [14]
21.8–32 19.3–25.5 [15]
18.5 29.1 [16]
15–25 30–45 [17]
21.3 21.3 [18]
20.9 27.8 [19]

22.14 30.8 Average value

alkaline leaching processes as Amax or Cebedau [24,25] heavy
metals like zinc, lead and other are leached in alkaline media
whereas iron is not. In acidic processes, the EAF dust is leached
by acetic acid [18,26], sulphuric acid [27,28] or hydrochloric
acid [29,30]. Several pilot plants were built to test hydrometal-
lurgical technologies such as the Ezinex process [31].

An excellent overview of present status of EAF dust treatment
is reported by Zunkel [17]. Hydrometallurgical methods of EAF
dust treatment are discussed in [27].

The form how zinc is found is the biggest problem of its
release. The ZnO does not cause any problems to neither alka-
line nor acid leaching. However, the majority of zinc is present as
zinc ferrite (franklinite) and it is considerably refractory against
leaching. Alkaline leaching seems to be advantageous because
heavy metals are leached whereas iron is inert. These meth-
ods, however, require relatively concentrated leaching medium,
regardless of the fact that zinc present in franklinite is hardly
accessible to leaching and that is why an intermediate thermal
treatment is requested.

Acid leaching needs not so concentrated solution as the alka-
line one, but iron is partially transferred into solution in this

Table 2
Other components amount in EAF dust

Element Amount (wt.%)

P
C
C
C
A
M
N
S
C
F

Table 3
Chemical analysis of EAF dust from Gerdau S.A.

Element Amount (mass %)

Zn 33
Fe 26.5
Pb 2.17
Mn 2.3
Ca 0.9
Cu 0.2
Cr 0.2
Ni 0.1
C 3.99
S 2.69
O2 16
Insoluble rest 8.0

case. The franklinite is considerably refractory in this case,
too.

Except of operational cost, used leaching medium also
decides what method of acid leaching will be suitable – rela-
tively cheap acetic acid [18], cheap and available sulphuric acid
[27,28], or aggressive chloride medium [30,31].

Dissolved metals from leaching medium are obtained from
what is a relatively cheap process, when the sulphuric acid is
used for the leaching. The chloride solutions treatment is fairly
complicated. The additional cost from iron removal is on record
in both cases. Obtained solid product can be dumped as harmless
waste or it can be recycled into primary iron or steel production.

The most suitable is, however, the process in which the heavy
non-ferrous metals would be transferred into solution by a cheap
method, whereas the iron remains in solid rest. These metals
should be obtained from the leaching solution by simple method.
The purged solution would be recycled in a leaching step. Such
idea is also the aim of this work.

2. Experimental

2.1. Material

The EAF dust sample that was used was given by Gerdau
SA (Siderúrgica Riograndense), Brazil, and is originated from
smelting of carbon steel scrap. The following values of the chem-
i

i
P

t
F
i

T
P

D

D
D
D
M

b 0.5–2
d 0.1–03
a 1–7
u 0.01–0.2
l 0.1–1
g 0.1–3
a 0.1–1
i 0.1–2
l 0.5–3

0.05–0.1
cal analysis for some elements (Table 3) were obtained.
The amount of 3.7% of soluble components was recorded

n the sample. Particle size distribution made by CILAS 1180
article Size Analyzer was as given in Table 4.

The sample of EAF dust is also examined by an X-ray diffrac-
ion qualitative phase analysis (Fig. 1). The results are shown in
ig. 1, from which the presence of compounds such as franklin-

te Zn2FeO4, zincite ZnO, and magnetite Fe3O4 can be inferred.

able 4
article size distribution

iameter (�m)

iameter at 10% 0.21
iameter at 50% 0.85
iameter at 90% 8.07
ean diameter 2.83
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Fig. 1. XRD pattern of the Gerdau S.A. sample.

Other phases, which, on the basis of the chemical analysis, could
be present, (Table 1), are probably below the detection limit.

3. Experimental set-up and procedure

Leaching experiments were performed in the apparatus and
the project is shown in Fig. 2.

The leaching experiments were performed in a glass reactor
of 800 ml provided with a cap in the central hole in which the axis
of a glass stirrer for adjustable revolutions is placed (300 rev/min
in each experiment). Openings for a mercury thermometer, a

F
3
E

Fig. 3. E-pH diagram of the system Zn–Fe–S–H2O at 25 ◦C.

sampling liquid specimen, and an input of the powdered sam-
ple were situated in cap. The reactor was placed in a water bath
controlled by a thermostat. This allowed the conducting of the
leaching at the desired temperature. Leaching tests were per-
formed with a solution of 500 ml of 0.1–1.0 mol L−1 H2SO4.
The sample weight was 20 and 40 g, respectively. A solution
with an acid-to-EAF dust ratio of 12.5 and 25 was used. The
temperatures being used were 30, 50, 70, and 90 ◦C, under nor-
mal atmospheric pressure.

The samples for the chemical analysis were taken accord-
ing to a fixed-schedule after 2, 10, 15, 30, 45 and 60 min. The
samples were then filtered and inserted into test tubes. A clear
solution was obtained. The solution was colourless, weakly yel-
low or weakly emerald depending on the leaching conditions.
In some samples, a white precipitate of calcium sulphate had
appeared after some time.

The chemical analysis, carried out in order to determine Zn
and Fe, was made by means of AAS method. No other com-
pounds in the rest solutions were traced as well as no chemical
analysis of solid leaching rests were made. All results were recal-
culated because of the change of the pulp volume due to the
sampling and evaporation.
ig. 2. Schematic view of the leaching apparatus. 1 – stirrer engine; 2 – propeller;
– pulp; 4 – sampler; 5 – thermometer; 6 – feeder; 7 – water thermostat; 8 –
AF sample.
 Fig. 4. E-pH diagram of the system Zn–Fe–S–H2O at 100 ◦C.
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Fig. 5. (a)–(d). Extraction of zinc from EAF dust using sulphuric acid of various concentrations as leaching agent.

4. Theoretical

The reactions of the main species occurring in the sample and
their stoichiometry can be stated as follows:

ZnO + H2SO4 → ZnSO4(aq) + H2O (1)

ZnFe2O4 + 4H2SO4 → ZnSO4(aq) + Fe2(SO4)3(aq) + 4H2O

(2)

Fig. 6. Extraction of zinc depending on temperature and acid concentration after
1

ZnFe2O4 + H2SO4 → ZnSO4(aq) + Fe2O3 + H2O (3)

ZnFe2O4 + H2SO4 + H2O → ZnSO4(aq) + 2Fe(OH)3 (4)

Reaction (2) is thermodynamically preferable to Eqs. (3) and
(4) within the temperature that was used on the experiments.

This assumption can be seen at a thermodynamic study using
E-pH diagrams [32] (Figs. 3 and 4):

There is an area of stability of Zn2+
(aq) and Fe2+

(aq) dissolved
ions. The increase of pH and decreasing of the potential cause

Fig. 7. Extraction of zinc depending on acid concentration after 10 min of leach-
i
0 min of leaching.
 ng.
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the precipitation of ferrous ion whereas zinc remains in the
solution. In very acidic area (pH ∼ 0) exists also an area of
ferric stability ions. These ions participate on leaching as an
oxidative agent. After consumption of acid by leaching reaction
and increase of pH, they will precipitate from the solution
as FeOOH. Increasing the temperature, the area of stability
of Fe3+

(aq) is enlarged and the potential limit Fe2+
(aq)/Fe3+

(aq) is
shifted towards higher redox potential values. The boundary
limit of Zn2+

(aq) precipitation is shifted towards a lower pH
value, from pH25 4.55 to pH100 3.91. This value is, however,
still sufficiently high compared to boundary limit of iron ions
precipitation.

The thermodynamic study shows the possibility of transfer of
zinc into solution, whereas iron remains in the solid rest by pH
control. Of course, also other components of EAF dust will react,
but for rough estimation the following consideration could be
used.

Forty grams of EAF sample containing 13.2 g of zinc were
leached for total reacting of this zinc amount, 11.12 mL of con-
centrated H2SO4 are theoretically necessary. 500 mol L−1 of
acid solution was the volume used for each experiment. Dif-
ferent acid concentrations were used, as shown in Table 5.

It follows from the thermodynamic presumption, that the acid
will react preferentially with zinc and that is why the iron will
precipitate from the solution.

Table 5
Amount of sulphuric acid in the solution depending on its concentration

H2SO4 concentration (M) H2SO4 amount (mL)

0.1 2.76
0.25 6.88
0.5 13.77
1.0 27.55

Hydrometallurgical processing of carbon steel EAF dust.

5. Leaching experiments

Fig. 5a–d shows the kinetic curves of zinc leaching from EAF
dust depending on temperature and sulphuric acid concentration.

It follows that the leaching process is very fast and practi-
cally immediately after starting all amount of zinc from EAF
dust is leached at the given conditions. Even though the amount
of extracted zinc slightly reduced with time, what is probably
related to the effort of the system to achieve the dynamical equi-
librium as follows from the thermodynamic study.

The concentration of acid influences the leaching of zinc
preferentially, whereas the temperature only marginally affects
the process. It can be seen, however, that the increase of tem-
perature at the individual concentrations reduces the amount
of leached zinc. The differences are rather small, although by
Fig. 8. Extraction of iron from EAF dust using sulphuric
 acid of various concentrations as leaching agent.
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Fig. 9. Temperature dependence on the pH change of leaching solutions.

using 1 mol L−1 acid the slope is sharper and at the end of the
experiment the leached zinc amounts are lower than by using of
0.5 mol L−1 acid.

Fig. 6 shows the dependence of zinc leached on temperature
and acid concentration, from which it follows that by using rel-
atively concentrated acid the leached zinc amount is almost the
same, as shown in Fig. 7.

F
c

Fig. 11. Temperature dependence on iron leaching after 60 min. Leaching tem-
perature: 70 ◦C; H2SO4 concentration: 0.5 M.

Fig. 8a-b shows the kinetic curves of iron depending on tem-
perature and sulphuric acid concentration.

Practically, no iron is transferred into solution by leaching
in 0.1 mol L−1 H2SO4 within the temperature range used. The
increase of acid concentration causes the transfer of iron into
solution, but this amount, in contrary to zinc, depends consider-
ably on temperature. The amount of leached iron is relatively
high at lower temperatures, but the use of higher tempera-
tures, like 70 and 90 ◦C, makes the iron contents in the solution
smaller.

From leaching kinetic curves of iron and zinc it is also possi-
ble to estimate the mechanism of this process. Initially the iron
amount in the solution arises, but later it decreases. Also zinc
amount is slightly decreased with leaching time. This is related to
the theoretical assumption of precipitation of ZnFe2O4 from the
leaching solution. The necessary acid amount for given EAF dust
follows also from the dependence of temperature on the change
of pH as in Fig. 9. While original leaching solutions of low
acid concentration increased their pH values almost into neu-
tral values, more concentrated solutions (0.5 and 1.0 mol L−1)
increased their pH values only into values 0.5 and 1.5, respec-
tively.

The change of L:S ratio towards higher values, using a lower
sample charge in the same leaching solution volume, will cause
a shift on the absolute amount of zinc and iron leaching due to
the fact that there will be a bigger amount of free acid available.
T

a
a

E

ig. 10. (a)–(b). Leaching kinetic curves of zinc and iron by using various sample
harges. Leaching temperature: 70 ◦C; H2SO4 concentration: 0.5 M.

o

6

d

he opposite situation is also true.
This situation can be seen in Fig. 10. From the beginning

lmost 100% zinc extraction is achieved, but iron extraction is
lmost 35%. This was not the aim of this work.

Fig. 11 shows the shift of the boundary of iron leaching from
AF dust when the charge amount for leaching is lowered to
ne half.

. Conclusions

From the experimental study of leaching of carbon steel EAF
ust (Gerdau S.A.) the following conclusions could be derived:
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(1) the leaching of zinc from steel EAF dust in water solution
of sulphuric acid is a very fast process (minutes);

(2) the leaching of zinc depends on sulphuric acid con-
centration. The maximum extraction (around 75%) was
achieved by using concentrations higher than 0.5 mol L−1

H2SO4;
(3) the leaching of zinc is relatively independent on temper-

ature, but at individual sulphuric acid concentrations, the
maximum extractions of zinc were achieved at lower tem-
peratures;

(4) no iron from EAF dust is leached at low sulphuric
acid concentrations as follows also from thermodynamic
study;

(5) the amount of extracted iron is increased with the increase
of sulphuric acid concentration;

(6) the amount of extracted iron at the individual sulphuric acid
concentrations depends on the temperature used;

(7) the optimal conditions for zinc removal from used EAF dust
at the minimal iron extraction are: temperature 70–90 ◦C and
0.5 mol L−1 H2SO4;

(8) the decrease of L:S ratio causes also a decrease on the rela-
tive amount of leached zinc.

Acknowledgements

The authors wish to thank CNPq/Brazil, Gerdau S.A.,
B
n
w

R

[9] Menad N., Yang Q., Thermal reduction of EAF dusts by using BF dusts
as reducting agent, REWAS’04, in: I. Gaballah, B. Mishra, R. Solozabal,
M. Tanaka (Eds.), Global Symposium on Recycling, Waste Treatment
and Clean Technology, vol. III, Madrid, Spain, September 26–29, 2004,
pp. 2751–2760.

[10] D.S. Baik, D.J. Fray, Recovery of zinc from electric arc furnace dusts by
leaching with aqueous hydrochloric acid, plating of zinc and regeneration
of electrolyte, Trans. Inst. Min. Metall. Sect. C: Min. Process. Extr.
Metall. 109 (2000) C121–C128.

[11] J.M. McClelland, G.E. Metius, Recycling ferrous and nonferrous waste
streams with FASTMET, J. Met. (2003) 30–34.

[12] N. Leclerc, E. Meus, J.-M. Lecuire, Hydrometallurgical recovery of zinc
and lead from electric arc furnace dust using mononitrilotriacetate anion
and hexahydrated ferric chloride, J. Hazard. Mater. B91 (2002) 257–
270.

[13] M. Cruells, A. Roca, C. Nunez, Electric arc furnace flue dusts: charac-
terization and leaching with sulphuric acid, Hydrometallurgy 31 (1992)
213–231.

[14] C. Jarupisitthorn, T. Pimtong, G. Lothanghum, Investigation of kinetics
of zinc leaching from electric arc furnace dusts by sodium hydroxide,
Mater. Chem. Phys. 77 (2002) 531–535.

[15] F.G. Prado, F.L. Prado, EAF Dust: a viable complete minimization,
extraction and processing for the treatment and minimization of wastes,
TMS (1993) 543–553.

[16] I. Palencia, R. Romero, N. Iglesias, F. Carranza, Recycling EAF dust
leaching residue to the furnace: a simulation study, J. Met. (1999) 28–
32.

[17] A.D. Zunkel, Recovering zinc and lead from electric arc furnace
dust: a technology status report, available on http://hometown.aol.com/
dzunkel/myhomepage/index.html.

[18] F. Castro, E. Marques, Some studies on the leaching behaviour

[

[

[

[

[

[

[

[

[

[

razil, and VEGA Ministry of Education, Slovakia, Grant
o. 1/2643/05 and 1/0397/03 for the financial support of this
ork.

eferences

[1] J. Antrekowitsch, H. Antrekowitsch, Hydrometallurgically recovering
zinc from electric arc furnace dust, J. Met. (2001) 26–28.

[2] C. Caravaca, A. Cobo, F.J. Alguacil, Considerations about the recy-
cling of EAF flue dust as source for the recovery of valuable metals
by hydrometallurgical process, Resources Conserv. Recycl. 10 (1994)
35–41.

[3] M. Mordogan, T. Cicek, A. Isik, Caustic soda leach of electric arc
furnace dust, Trans. Eng. Environ. Sci. 23 (1999) 199–207.

[4] T. Feencczi, A. Enyecli, L. Becze, T. Torok, J. Rozinyak, Recycling
possibilities of zinc containing electric arc furnace dust, Acta. Metall.
Slovaca 7 (2001) 21–26.

[5] T. Sofilic, A. Rastovcan-Mioc, S. Cerjan-Stefanovic, V. Novosel-
Radovic, M. Jenko, Characterization of steel mill electric arc furnace
dust, J. Hazard. Mater. B109 (2004) 59–70.

[6] G. Ye, E. Burstrom, Phase relations in the system of ZnO–Fe2O3–CaO
and its importance for elimination of zinc ferrite in EAF dust,
REWAS’04, in: I. Gaballah, B. Mishra, R. Solozabal, M. Tanaka (Eds.),
Global Symposium on Recycling, Waste Treatment and Clean Tech-
nology, vol. III, Madrid, Spain, September 26–29, 2004, pp. 2103–
2111.

[7] T. Furukawa, H. Sasamoto, S. Isozaki, Direct separation of iron and
zinc metals in EAF Gas, REWAS’04, in: I. Gaballah, B. Mishra, R.
Solozabal, M. Tanaka (Eds.), Global Symposium on Recycling, Waste
Treatment and Clean Technology, vol. III, Madrid, Spain, September
26–29, 2004, pp. 1873–1882.

[8] F. Tedjar, T. Prezeau, F. Juif, Recupac process, a new friendly environ-
ment solution for recycling EAF dust, REWAS’04, in: I. Gaballah, B.
Mishra, R. Solozabal, M. Tanaka (Eds.), Global Symposium on Recy-
cling, Waste Treatment and Clean Technology, vol. III, Madrid, Spain,
September 26–29, 2004, pp. 2153–2157.
of electric arc furnace steelmaking dusts with water and with
acetic acid, Acta Metall. Slovaca 4 (Special Issue 4) (2001) 36–
38.

19] T. Havlik, B. Friedrich, S. Stopic, Pressure leaching of EAF dust with
sulphuric acid, Erzmetall 57 (2) (2004) 113–120.

20] M. Matsuno, Y. Ojima, A. Kaikake, Recent developments of EAF dust
treatment operation at Sumitomo Shisaka Works, in: T. Azaskamii, N.
Masuko, J.E. Dutrizac, E. Obzerk (Eds.), Proceedings of the Symposium
on Extraction and Applications of Zinc and Lead, Zinc and Lead ’95,
Sendai, Japan, May 1995, pp. 432–441.

21] G. Harp, R. Klima, R. Steffen, Examination and assessment application
possibilities of various processes for treatment of iron and steelwork
residual and waste materials, Report of Luxembourg Commission of the
European Communities, 1990.

22] S. Polsilapa, D.R. Sadedin, A.K. Kyllo, D.R. Swinbourne, N.B. Gray,
Zinc and iron recovery from EAF dust by hydrogen reduction, ISWA
2003 Conference Proceedings, 2003.

23] T. Havlik, The possibility of treatment of the EAF dusts and sludges,
Present and Future of Metallurgy, Material Science and Refracto-
ries, Proceedings of the 50th Anniversary of Metallurgical Faculty of
Technical University of Kosice, November 2002, pp. 85–93 (Slovak
text).

24] J. Frenay, J. Hissel, S. Ferlay, Recovery of lead and zinc from elec-
tric steelmaking dusts by the Cebedau process, Met. Soc. AIME, 1985.
195–208.

25] J. Frenay, S. Ferlay, J. Hissel, Zinc and lead recovery from EAF dusts
caustic soda process, Electric Furnace Proceedings, Treatment Options
for Carbon Steel Electric Arc Furnace Dust, Iron Steel Soc. 43 (1986)
171–175.

26] E.C. Barret, E.H. Nenninger, J. Dziewinski, A hydrometallurgical pro-
cess to treat carbon steel electric arc furnace dust, Hydrometallurgy 30
(1992) 59–63.

27] T. Havlik, B. Friedrich, S. Stopic, Pressure leaching of EAF dust with
sulphuric acid, Erzmetall. 57 (2) (2004) 83–90.

28] T. Havlik, M. Turzakova, S. Stopic, B. Friedrich, Atmospheric leaching
of EAF dust with diluted sulphuric acid, Hydrometallurgy 77 (2005)
41–50.

http://hometown.aol.com/dzunkel/myhomepage/index.html
http://hometown.aol.com/dzunkel/myhomepage/index.html


318 T. Havlı́k et al. / Journal of Hazardous Materials B135 (2006) 311–318

[29] R.O. McElroy, M. McClaren, Processing of Electric Arc Furnace Dust
via Chloride Hydrometallurgy, Proceedings of the Hydrometallurgy ’94,
IMM, Chapman & Hall, 1994, pp. 993–1010.

[30] D.S. Baik, D.J. Fray, Recovery of zinc from electric-arc furnace dust by
leaching with aqueous hydrochloric acid, plating of zinc and regeneration
of electrolyte, Trans. Inst. Min. Metall. Sect. C: Min. Process. Extr.
Metall. 109, September–December 2000, C121–C128.

[31] M. Olper, The EZINEX Process, a New and Advanced Way for Elec-
trowinning from a Chlorine Solution, I.J. Mathew (Ed.), World Zinc ’93,
AIMM, Victoria, Australia, 1993. p. 491.

[32] A. Roine, Outokumpu HSC Chemistry® for Windows, Chemical
Reaction and Equilibrium Software with Extensive Thermochemical
Database, version 5.1, 2002.


	Hydrometallurgical processing of carbon steel EAF dust
	Introduction
	Experimental
	Material

	Experimental set-up and procedure
	Theoretical
	Leaching experiments
	Conclusions
	Acknowledgements
	References


