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Abstract: The response of different metals such as Zn, Fe, Pb, Cr and Mn during leaching of Electric Arc Furnace (EAF)
dust in acid medium has been investigated. The major proportion of EAF dust constitutes of these metals and their
recovery by means of a chemical process is not only economical but also imparts positive impact on the environment.
The leaching of metals from dust is achieved using different concentration of sulphuric acid, and the dust samples have
been characterized both before and after leaching. Based on the results, several recommendations have been
suggested for the optimization of H,SO,4 concentration,that lead to the maximum recovery of these metals. Under the
optimized conditions, it has been determined that the satisfactory leaching yield of Zn (95%) can be obtained at a

concentration of 1M.
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1. INTRODUCTION

Steel manufacturing industry recycles around 30
million tons waste per year. These waste materials in
powdered form, produced by two major routes: Basic
Oxygen Furnace (BOF), uses primary sources such as
iron oxide with addition of base chemical, and Electric
Arc Furnace (EAF), which is used primarily to re-melt
scrap steel for making special type of steel with the
advantage of energy saving system [1]. In 2008, the
BOF related to about 67.1% of steel making while EAF
was 30.6% of the steel produced in same year [2]. Both
technologies have certain environmental impacts, EAF
technique is advantageous for economic reason [3].

Nowadays the production of steel through EAF is
one of the fastest emerging sector of manufacturing
industries all over the world, and accounts for a little
over one third of total world output. During the
steelmaking process, temperature of electric arc
furnace (EAF) can reach up to 1600°C or more, and
many components in the feed, including: lead, zinc,
chromium, manganese, iron and cadmium are
converted into the vapour phase [4], and release in
large quantity as a critical hazardous waste (class |,
code KO061), according to the European Waste
Catalogue and Hazardous Waste List. Inhalation of Cd
and Pb fumes or particles may cause kidney damage
and diminish intellectual capacity; nose bleeding has
been observed among workers in industries that
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produce compound of Pb and Cr [5], these heavy
metals are released beyond the range of disposable
landfills as per EPA, USA [6]. Due to depletion of high
grade natural ores/concentrates and increasing metals
prices, these types of industrial wastes are gaining
significance for the maximum recovery of valuable
metals [7, 8]. The world generation of EAF dust is
estimated to be 5-7 million tons per year [9, 12]; steel
production through EAF produces about 15-20kg per
ton of steel which contain Zn, Pb and Cr(VI) together
with Fe; whereas Zn, due to the relatively large amount
present, is the most valuable component [10, 11].
Therefore, the maximum recovery of Zn from EAF dust
is a feasible option due to its low production cost [12].

In this connection different methods are developed:
mineral beneficiation (mechanical, physical and
physiochemical) and extractive metallurgy
(Pyrometallurgical and hydrometallurgical), to process
these powders with the aim of leaching the valuable
metals [13, 14]. Pyrometallurgical processes are
classified taking into account the technology used, the
main technologies including: plasma technology,
converter technology, electric arc technology and
Waelz kiln technology (the most common one) [15, 16];
which work in large-scale and therefore the dust must
be assembled from various sources and conveyed to
relatively large processing plant. These processes are
operated at high temperature and only 70% of total zinc
recovery can be obtained [17, 18]. Also product of
pyrometallurgical process has high consumption of
reducing agent, usually have low commercial value and
represented by impure ZnO [19].
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These challenges were fulfilled by variety of
hydrometallurgical processes which require low thermal
energy such as atmospheric acid leaching [20],
microwave caustic leaching [22], high pressure acid
leaching [21], two-stage acid leaching [18] and the
reactions with different acids [20, 23-26] or with
concentrated alkaline solution have been studied [10,
18, 24, 26, 27]. The hybridization of pyrometallurgical
or hydrometallurgical routes were also applied for the
recovery of zinc from EAF dust [12]. Hydrometallurgy is
an interesting way to recover zinc from EAF dusts as it
consumes less energy [16, 23], and no problems
associated with off-gases and dust nuisance [28]. The
treating of EAF dust, directly in the primary hydro-
metallurgical zinc production has the advantages of
sophisticated control, lower capital and operating costs
compared with pyrometallurgical ones, and production
of valuable metal of high commercial grade [29].

For the maximum recovery of zinc, an acid leaching
step is required in which sulphuric or hydrochloric acid
liquors can be used. Sulphuric acid leaching is
considered more suitable in comparison with
hydrochloric acid because of the absence of chloride
ion, furthermore zinc recovery of around 75 — 90 wt%
has also been achieved using sulphuric acid [23].

In Pakistan several types of zinc-containing waste
material are available; these include: electric arc
furnace flue dust, zinc scrap and spent dry cell
batteries out of which major proportion of zinc found in
EAF dust in different forms. The contents of Zn, Fe and
Pb in EAF dust according to global perspective state
that the highest percentage of zinc is available in
Pakistani EAF flue dust [30—35], which is due to the
fact that the scrap used in steelmaking is of old
automobile galvanized steel Hence to meet economic
benefit and stringent environmental rules, it is practical
to recover zinc from flue dust.

2. EXPERIMENTAL SECTION

2.1. Characterization Techniques

Chemical composition of the dust sample was
determined by wet chemical method (WCM). Trace
elements were analyzed as pressed pellet through
Axios™™, WD-XRF spectrometer of 3KW X-ray tube.
The pressed pellets were prepared at 6:1 (sample:
binder) with the help of Omnian standard application of
PANalytical origin. Mineralogical structures of dried
leaching residue and original samples were analyzed
by X-ray diffraction spectrometer with CuKa radiation
was used. The patterns were recorded over the range

10-90 degree 2 theta and counting time of 3 seconds
per step.

2.2. Materials and Experimental Procedure

EAF flue dust used in this study having particle size
(Dsg) from 0.84-2.15 pym, was not exposed to any
metallurgical pre-treatment; it is evident that smaller the
particle size, faster is the dissolution rate. All
experiments were performed at atmospheric pressure,
elevated temperature and chemicals used were of
analytical grade. These operational conditions were
chosen in order to know the extent of leaching reaction;
although leaching start at earlier stages that could not
explain the complete residual analysis of leachates and
leftover product. It is possible that working at higher
temperature improve process and this has been
investigated in this study.

The studies were carried out for selective leaching
of zinc (and other heavy metals) out of EAF flue dust,
and metals composition in residue left after completion
of leaching (2 h). The main factors investigated in this
work are the effect of different acid concentrations on
fixed liquid-to-solid ratio (50 ml/gm), time (2 h) and
agitation speed (300 rpm), on recovery of Zn, Fe, Pb,
Mn and Cr. The quantitative analysis of residual solid
was accomplished and the effect of residual metals
composition was analyzed after completion of leaching.

2.2.1. Leaching Stage

EAF flue dust was provided by Peoples Steel Mills
Ltd., Pakistan. EAF dust is firstly leached with distilled
water to remove traces of soluble chlorides which could
cause damage to electrode and complexities in
reaction during electrowinning [36, 37].

Leaching experiments of EAF flue dust were
performed in the semi-batch reactor, 500 ml capacity,
made out of glass, provided with opening at top in
which the axis of propeller type mechanical stirrer, for
adjustable revolutions was placed. Stirring speed was
kept at 300 rpm, since the leaching yield of zinc
increased for increasing rpm (100; 200; 300) and
remains almost constant when rom exceeded by 300.
Opening for sampling liquid specimen, alcoholic
thermometer and powdered sampling were fitted at top
of reactor and baffle fitted along the wall to break the
vortex formed; this improves the mixing and enhance
reaction rate. The reactor was made isothermal to
conduct leaching at desired temperature using water
bath controlled by a thermostat. To study kinetics,
leaching experiments were performed with solution of
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400 ml of different acid concentrations 0.1, 0.5, 1 and
1.5 M H,SO, concentration. The sample weight was
taken as 8 g, measured on analytical weight balance. A
solution with acid-to-EAF dust ratio (ml/g) of 50 was
used since high ratio will increase the recovery of
metals present in the dust. The residual solid was
analyzed for temperatures 90°C, under normal
atmospheric pressure.

Eight grams of EAF dust sample containing 3.268 g
of zinc were leached for total reacting of this zinc
amount, 3.88 mL of concentrated H,SO, are
theoretically necessary. Volume needed at different
concentration is given in Table 1.

Table 1: Amount of Sulphuric Acid Required at Different
Concentration

H.SO, concentration (M) H.SO, amount (ml)
0.1 2.76
0.5 13.77
1.0 27.55
1.5 41.6

2.2.2. Filtration Stage

The filtration step, made after each stage, took
place in Whatman quantitative ash-free filter paper,
Grade 50. Each filter paper weighed before filtration.
Samples after filtration are collected into the vial bottles
revealing clear solutions. The solution was colorless,
weakly yellow or light green depending on leaching
conditions and proportion of valuable component
transferred into the solution.

2.2.3. Elemental Analysis Equipment

Residue left after leaching was weighed, then dried
in an oven at around 120°C to remove all the moisture
present. The residue was then analyzed using XRF for
chemical analysis, these solid samples must be broken
down in aqua regia-HF solution. All the samples were
diluted in order to be in the calibration range. Trace
elements in residue were analyzed as pressed pellet
through Axios™, WD-XRF spectrometer of 3KW X-ray
tube No other components in the rest of the solution
were traced.

3. RESULTS AND DISCUSSION

3.1. Characterization of Samples

Chemical composition of dust samples is provided
in Table 2, which shows that it is rich in valuable metals

including 41.446% Zn, 15.471% Fe and 2.03% Pb. In
addition K and Ca are also present and can be easily
leached out by ion exchange technique [28]. Chemical
composition of EAF flue dust depends on types of
steel, quality of scraps being processed, operating
conditions, recycling of dust and efficiency of de-
dusting plant to capture the dust and molten metal to
slag thermodynamic reactions.

Table 2: Chemical Composition of EAFD by Wet
Chemical & XRF Spectrometer

Substance Composition (%)
Mg 0.694
Cu 0.226
Zn 41.446
Fe 15.471
Mn 0.905
K 1.019
Ca 0.914
Pb 2.031
Cr 0.260

The X-ray diffraction pattern of the indigenous EAF
dust sample is shown in Figure 1. In the original
sample major peaks of zincite (ZnO), franklinite
(ZnFe,04) and magnetite (Fe;O4) were identified in
which ZnO has four distinct peaks with 26 angle of
31.77°, 34.42°, 36.24° and 47.57° were observed.
Other phases were also identified with insufficient
amounts ashematite (Fe,O3) and wustite (FeO). At 0.1
M H,SO, concentration, peak size of franklinite and
magnetite was increased, this is due to the fact that
ZnFe,0, is slightly soluble in dilute solution of sulphuric
acid however, at high concentration (1 M), reduction in
peak is responsible for the reaction of same phase in
sulphuric acid solution. Increase in concentration has
completely suppressed the peak of franklinite and
magnetite. It is also observed from XRD results that for
all concentrations of H,SO,, the peak of zincite
completely suppressed. From XRD results, it is also
deduced that at higher concentrations of H,SO,, Zn
has highest selectivity in comparison toother metals.

3.2. Leaching Reactions

The reactions of the main species occurring in the
sample and their stoichiometry are as follows:

ZnO + H,S0, — ZnS04(aq) + H,0 )

ZnFe;0,+4H,S0O,—ZnS0O4(aq)+Fey(S0,)s(aq)+4H.0  (2)
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Figure 1: X-ray diffraction results of EAF dust samples (A) Untreated dust, (B) Leaching residue at 0.1 M H2SO4 (C) Leaching

residue at 1M H,SO4.

ZnFe,04+ H,SO, — ZnS0y(aq) +Fe,03+H,0 (3)
ZnFe,04+ H,SO4+H,0 — ZnS0Oy4(aq) +2Fe(OH); (4)
Fe, 03 + 4H,SO4 — Fey(S04)s+ 3H0 (5)

Fe;04 + 4H,SO4 — Fe(SO4) + Fey(SO4)s+ 4H0 (6)

3.3. Effect of
Concentrations

Different  Sulphuric  Acid

The effect of sulphuric acid concentrations was
investigated by keeping other conditions constant as
liquid-to-solid ratio of 50 ml/g and temperature 90°C in
the concentration range of 0.1-1.5 M. The results
obtained are shown in Figures 2 and 3.

The effect of H,SO, concentration on Zn, Fe, Pb,
Mn and Cr in residue has been determined using XRF
technique. Figure 2 shows that increasing
concentration sharply decreases the Zn, Fe and Mn
percentages in the residue; this indicates Zn
preferentially recovered more than Fe and Mn,
therefore, leaching of Zn Fe and Mn are strongly
dependent on H,SO,4 concentration. In case of Pb and
Cr, increasing acid concentration increases the Pb and
Cr in the residue, hence Pb and Cr recovery is poor at
the end of the leaching reaction.

Figure 3 shows that recovery of heavy metals
increase with increasing acid concentration and follow
different pattern for each metal. Leaching yield of Zn
increases with the increasing H,SO, concentration up
to 1M, however it remains nearly constant after
increasing concentration at this point. The effect of
leaching time on the dissolution of Zn is evident that at
the end of leaching reaction, the zinc recovery at 1 M
acid concentration increased up to 95%. Leaching yield
of Mn and Cr also increase up to 92 wt% and 88 wt%
at high acid concentration i.e. 1.5 M. Recovery rate of
Cr is more sluggish initially, and varies linearly at
higher concentration of H,SO,4 while the recovery of Mn
increases rapidly at low acid concentration and then
the response becomes slow at higher concentration.
From recovery trend it is obvious that, due to
increasing recovery of Mn and Cr with acid
concentration, the cost also increases for separation of
pure zinc. XRD patterns of leaching residue indicates
that peak of ZnO has suppressed as concentration of
acid was raised to 1 M which confirms the shift of Zn
from ZnO to ZnSO4 as the concentration is increased.

4. CONCLUSIONS

In the present study, residual analysis of heavy
metals in electric arc furnace flue dust at different
sulphuric acid concentration was investigated.
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Figure 2: Metal composition (%) in residue at 0.1 M, 0.5 M, 1.0 M and 1.5 M H,SO, after completing of leaching (t: 2 h, N: 300
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Figure 3: (%) Recovery of different metals vs. acid
concentrations (t: 2 h, N: 300 rpm, T: 90°C).

It was found that leaching yield of Zn, Fe and Pb
were strongly dependent on sulphuric acid
concentration. Zn recovery is preferentially higher than
other heavy metals. The optimum leaching conditions
were found to be H,SO,4 concentration: 1M, T: 90 °C, t:
2 h, L/S: 50 ml/gm, N: 300 RPM. Under the optimized
conditions, it has been determined that the satisfactory
leaching yield of Zn (95%) can be obtained. The
leaching recoveries of Mn and Cr were also seeming to
be increasing with acid concentration. The leaching

reaction was not isothermal and desired temperature
maintained through heating mantle.
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