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bstract

Electric arc furnace dust (EAFD) is a hazardous industrial waste generated in the collection of particulate material during steelmaking process
ia electric arc furnace. Important elements to the industry such as, Fe and Zn are the main ones in EAFD. Due to their presence, it becomes
ery important to know how these elements are combined before studying new technologies for its processing. The aim of this work was to carry
ut a chemical, physical, structural and morphological characterization of the EAFD. The investigation was carried out by using granulometry
nalysis, chemical analysis, scanning electron microscopy (SEM), energy dispersive spectroscopy via SEM (EDS), X-ray mapping analysis via
EM, X-ray diffraction (XRD) and Mössbauer spectroscopy. By XRD the following phases were detected: ZnFe2O4, Fe3O4, MgFe2O4, FeCr2O

, Ca0.15Fe2.85O4, MgO, Mn3O4, SiO2 and ZnO. On the other hand, the phases detected by Mössbauer spectroscopy were: ZnFe2O4, Fe3O4,
a0.15Fe2.85O4 and FeCr2O4. Magnesium ferrite (MgFe2O4), observed in the XRD pattern as overlapped peaks, was not identified in the Mössbauer

pectroscopy analysis.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Electric arc furnace dust (EAFD) is a solid waste generated
uring the steelmaking process. It is classified according to NBR
0005 [1] as dangerous solid waste-class I, because the elements
b e Cd leach in water exceeding the maximum limits permitted
y the NBR 10004 [2,3]. The State Foundation for Environmen-
al Protection of Rio Grande do Sul – FEPAM – requires that
his waste must be stored in an appropriate place protected from

ain. Due to the great amount generated, 12–14 kg of dust per
on of steel, an evaluation of the steel recycling alternatives is
ecessary.

∗ Corresponding author. Tel.: +51 33167074; fax: +51 33167116.
E-mail address: jana@ct.ufrgs.br (J.G.M.S. Machado).
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The world generation of EAFD is estimated to be around
.7 million tonnes per year. Plants from Europe generate
round 500,000 and 900,000 tonnes of dusts per year. The
reat generators are Italy (170.000 onnes per year), Germany
160.000 tonnes per year), France (140.000 tonnes per year) and
pain (115.000 tonnes per year). About 700.000–800.000 tonnes
er year of EAFD are generated in United States of America,
hich is increasing 4–6% per year [4].
In general, and especially in developed countries, the treat-

ent processes of the EAFD commonly used aim mainly the
ecovering of zinc. This is due to the fact that in the last 40 years
his element has been used progressively in the galvanizing pro-

ess of the carbon steel, which has increased its price in those
ountries.

When galvanized scrap is used in the EAF, most of the zinc
rom the steel scrap ends up in the dust and fume due to its
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scale was calibrated using a high-purity 6 �m thick Fe foil.
The hyperfine parameters were obtained by a least-squares pro-
cedure assuming Lorentzian line shapes constrained to equal
halfwidths. 57Co in rhodium was used at room temperature as a
54 J.G.M.S. Machado et al. / Journal of H

ery low solubility in molten steel and slag, and, especially,
ecause zinc vapor pressure is higher than iron vapor pressure
t steelmaking temperature. Vapor zinc is carried out the fur-
ace with other gaseous or particulate compounds generated
uring steelmaking reactions, generating compounds like ZnO
nd ZnFe2O4. According to Leclerc [5], when some zinc par-
icles are in contact with iron particles at high temperatures
n an oxidizing atmosphere, zinc ferrite formation will occur
n the furnace and in the evacuation system. The problem is
hat zinc does not comes out alone, other elements evapo-
ate and are collected in the dedusting system originating the
AFD.

In Brazil, the galvanizing steel recycling is not so intensive,
o the scrap used in the steelmaking has low zinc content, which
isables the use of the commercialized technologies all over
he world. The low amounts of zinc lead to the necessity of
ecirculation or recycling the dust in the EAF before the use of
vailable technologies for the Zn reclamation in an economical
iability [6].

As chemical and structural characterization of solid waste
s a very important stage to evaluate the recycling feasibility,
everal analytical techniques have been used to study EAFD.
omparing the chemical analysis results with X-ray diffrac-

ion (XRD), Mössbauer spectroscopy and scanning electron
icroscopy (SEM) becomes possible to determine and to quan-

ify the phases present in the EAFD. So, the aims of this work
re the chemical, physical, structural and morphological char-
cterization of the EAFD. Moreover, the use of several char-
cterization techniques is important because the findings about
he existence of two Zn oxides are of great importance to its
ecycling as raw material:

1) to obtain metallic zinc to zinc industry,
2) to obtain metallic iron to iron and steelmaking industry, and

even
3) for its recycling in the civil construction, because depending

on the presence and amount of zinc oxide the retardation in
the hydration reactions may occur, which can result in a
barrier for its use in this application.

. Experimental

The EAFD was sampled from the dust collecting system of a
teelmaking plant in Southern Brazil. This company is charac-
erized by producing steels with a varied chemical composition.

.1. Granulometry analysis

The EAFD granulometric distribution and the medium diam-
ter of its particles were evaluated. A Laser Granulometer –
odel 1064 – from Cilas was used.

.2. Chemical characterization
The chemical characterization of EAFD focused in the deter-
ination of specific elements such as iron, zinc, calcium,

hromium and magnesium. The analysis was carried out via
ous Materials B136 (2006) 953–960

nductively coupled plasma atomic emission spectroscopy (ICP-
ES).
The digestion is the first step in the preparation of the sample

o determine its chemical composition, where the solid sample
ecomes a liquid solution.

Brehm et al. [7] suggested that to obtain a complete digestion
f the EAFD, the methodology must be divided into two stages:

1st stage: digestion via electric plate;
2nd stage: alkaline fusion of the insoluble waste from the 1st
stage.

To accelerate this procedure, the digestion via microwave
ven was used, instead of electric plate (performance time ≈3 h).
he stage performance time was about 45 min using microwave,
nd the obtained solution was the same. A flow diagram of the
sed methodology is shown in Fig. 1.

.3. X-ray diffraction

The structural characterization of EAFD was performed
hrough X-ray diffraction analysis in a Siemens appliance model
500. X-ray patterns of samples powdered to 400 mesh were
btained with monochromated Cu K� radiation in the 2θ-range
rom 2◦ to 140◦ with a scan step of 0.05◦ 2θ, and fixed counting
ime of 1s for each step. The pattern was analyzed by using the
hilips X-Pert Software.

.4. Mössbauer spectroscopy

Absorbers for Mössbauer spectroscopy measurements were
repared with appropriate amounts of ground (400 mesh) mate-
ial to satisfy the ideal absorber thickness approximation [8].
he spectrum was taken at room temperature using a constant
cceleration electromechanical drive system with a multichan-
el analyzer for collecting and storing the data. The velocity
Fig. 1. Methodology used for the EAFD sample digestion.
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Table 1
Chemical composition of EAFD

Element %

Fe 48.96
Zn 9.24
Ca 3.28
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ource, with nominal activity of 10 mCi. Typical errors are ±3%
n hyperfine parameters and ±5% on site occupancies. All the
ata treatment process was performed with a Windows version
f the Btall Program.

.5. Scanning electron microscopy and micro-analysis

Scanning electron microscopy (SEM) with X-ray energy
ispersive spectrometry (EDS) was performed to gain further
nowledge of the EAFD particles structure, morphology and
heir chemical composition. The samples were pressed in an
rganic resin by cold cure, grounded with silicon carbide paper
nd polished with diamond suspension. The samples were car-
on coated for imaging and EDX analysis. The same samples
ere also subjected to the element distribution analysis (O, Fe,
n, Mg, Ca, Cr, Si, Mn) through X-ray mapping analysis via
EM.

. Results and discussion

.1. Granulometric analysis

The granulometric distribution analysis of the EAFD is
hown in Fig. 2.

The mean particle diameter of EAFD determined by laser
ranulometer was 1.88 �m. It can be seen from Fig. 2 that the
AFD has a heterogeneous distribution of particle size, where
0% have size between 0.90 and 4.30 �m. Such an irregular
ranulometric distribution is in agreement with that published
y Mantovani et al. [9]. Probably, this is due to the agglomerated
tate of the particles because this material is well known to have
ne granulometry.

Xia and Pickles [10] also pointed out that the particles in
AFD tend to exist as aggregates consisting of very fine individ-
al particles. Most of the individual particles were lower than
�m. Takano et al. [6] determined in two different types of
AFD that almost 90% of the particles are lower than 10 �m.

Menad et al. [11] analyzed the particle size distribution
f EAFD with two screen sizes (i.e., 500 and 15 �m). They

bserved that the dust is very fine; more than 70% of particles
re lower than 15 �m. They also observed that the metals are
ore concentrated in the fine fraction of the waste.

Fig. 2. Granulometric distribution of EAFD.
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.2. Chemical characterization

The result of the chemical analysis of EAFD is presented in
able 1.

The chemical analysis result from Table 1 is expressed in
lemental form. Usually, this kind of analysis is expressed in
he most stable oxides forms [12–15]. However, the use of other
echniques to characterize EAFD such as, X-ray diffraction anal-
sis, Mössbauer spectroscopy and scanning electron microscopy
ith EDS, has shown that in fact the elements are not present as

he most stables oxide forms as pointed out in those works.
According to Nyirenda [16], for the EAFD from carbon steel,

inc contents usually are between 11.12 and 26.9 wt.%. The
inc contents in the EAFD are between 1.77 and 6.22% from
tainless steel. Fe and Zn contents found in the EAFD from the
resent work (Table 1) can be considered as intermediate values
ompared to those found in the literature, which is also coherent
ith the types of steel (carbon, stainless, and tool) produced in

he steelmaking plant that generates this EAFD.

.3. X-ray diffraction

Fig. 3 shows the X-ray diffraction pattern of the EAFD
ample.

As it can be seen, ZnFe2O4, Fe3O4, MgFe2O4, FeCr2O4,
n3O4, MgO, SiO2, Ca0.15Fe2.85O4 and ZnO are present in the

AFD sample. However, except for SiO2 and ZnO, the signals
rom all phases exhibit overlapping in some extent, as shown in
ig. 3. Because of such overlapping, also observed by Heck [17]

he presence of these phases cannot be unequivocally assured.
s it will be shown, to improve the phase identification in EAFD

amples it is necessary to use other techniques like, for exam-
le, Mössbauer spectroscopy and scanning electron microscopy
ith energy dispersive spectroscopy and X-ray mapping analy-

is. The Mössbauer spectroscopy was used for investigation of
he ferrous oxide phases ZnFe2O4, Fe3O4, MgFe2O4, FeCr2O4
nd Ca0.15Fe2.85O4.

.4. Mössbauer spectroscopy

The Mössbauer spectrum for EAFD is displayed in Fig. 4.
he isomer shift (IS), quadrupole splitting (QS), hyperfine field

Heff) and line width (Γ ) obtained from best fitted Mossbauer

pectrum line are presented in Table 2.

It is interesting to observe that the magnesium-ferrite phase
MgFe2O4) identified through XRD in overlapped peaks was
ot observed in the Mössbauer spectra. Comparing Mössbauer
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Fig. 3. X-ray diffraction (XR
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Fig. 4. Mössbauer spectrum of EAFD.

esults with the Mg amount determined via ICP, it may be sug-
ested that such phase is not present in the dust.

The Mössbauer parameters obtained for Fe3O4, ZnFe2O4 and

eCr2O4 in the EAFD are in agreement with those reported in the

iterature [18–20]. Values around 0.50 mm/s for the line width
re commonly found in the literature. Spectrum with wide lines
ay indicate, among other things, sample disordering [20].

able 2
össbauer Parameters used in the spectrum fit of the EAFD at room temperature

ample Phase Heff

(kOe)
IS
(mm/s)

QS
(mm/s)

Γ

(mm/s)

AFD Fe3O4 Site A 491 0.30 −0.01 0.37
Site B 453 0.60 0.01 0.47

ZnFe2O4 Site A – 0.35 0.50 0.47
FeCr2O4 Site B – – 1.1 0.70
Ca0.15Fe2.85O4 Site A 470 0.38 −0.06 0.59

Site B 408 0.47 0.01 0.83
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D) pattern of EAFD.

The hyperfine field for the site assigned as B in
a0.15Fe2.85O4 is an average between two fitted values, as illus-

rated in Fig. 4. Such a behavior is due to the fact that calcium
ubstitutes iron randomly at the site B, occupying in a disor-
ered way the iron place in the magnetite B site. The result is
hat, for each unit-cell, there are different hyperfine interactions
nd, consequently, a hyperfine magnetic field distribution in this
ite [21].

Barcellos pointed out that one of the main oxides character-
stics is the partial substitution of the iron for other cations [22].
he magnetic properties of the spinels are very sensitive to the
ature of the metallic cations present in the compound and to
heir distribution between the A and B sites. In the magnetite,
ome cations have been noted replacing the iron: Al+3, Mn+2,
i+2, Cu+2, Co+2, Zn+2, Ca+2 e Ge+2. The magnetic properties of

he iron oxides are very affected by this replacement. In general,
he reduction of the magnetic ordering temperature and conse-
uently the reduction of hyperfine magnetic field are observed.
he hyperfine field reduction occurs because the cation pres-
nce makes the interaction among iron ions weaker. In this case
t can be considered that each impurity present in the structure
emoves one element from the Fe+3–Fe+3 coupling.

Table 3 shows the ferrous quantification in the oxide phases
ound in the EAFD according to Mössbauer spectroscopy.

One of the most important characteristics of the Mössbauer
pectroscopy technique is its selectivity. If the emitter

össbauer isotope is, for example, 57Fe, the resonant absorp-
ion may only occur if there are identical nucleus inside the
bsorbent. In this way, even if the sample shows a great variety

f compounds, only the ones, which have a Mössbauer nucleus in
heir constitution, will be detected. Considering that the EAFD
oes not present only iron in its constitution, the results of the
össbauer spectroscopy and the ICP analysis (Fe and Zn con-
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Table 3
Quantification of ferrous in the oxide phases present in the EAFD according to
the Mössbauer spectroscopy

Phase EAFD (%)

Fe3O4 Site A 14.82
Site B 5.33

ZnFe2O4 Site A 27.05
FeCr2O4 Site B 2.80
C
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dendritic structure containing a spinel-ferrite crystal (white)
enclosed in a calcium–iron–silicate glass (gray). Also accord-
ing to the authors this structure is related to the rapid cooling of
particle.
a0.15Fe2.85O4 Site A 21.35
Site B1 17.39
Site B2 11.27

ent) were used to determine the amount of the main oxides
hases (Fe3O4, ZnFe2O4, FeCr2O4, Ca0.15Fe2.85O4 e ZnO).
nalyzing the results of both characterization techniques it was
ossible to provide a quantitative estimation of the ZnFe2O4
hase, and indirectly a quantitative estimation of the ZnO phase.
he amount of ZnO was determined as follows:

1st step: determination ZnFe2O4 amount:

%Fe(ZnFe2O4) = %Fetotal(via ICP) ×%Fe(ZnFe2O4)(via Mössabauer)

100

%ZnFe2O4 = %Fe(ZnFe2O4) × M̄Fe(ZnFe2O4)

M̄(ZnFe2O4)

2nd step: determination ZnO amount:

%Zn(ZnFe2O4) = %ZnFe2O4 × M̄(Zn)

M̄(ZnFe2O4)

%ZnZnO = %Zntotal(via ICP) − %Zn(ZnFe2O4)

%ZnO = %Zn(ZnO) × M̄(ZnO)

M̄(Zn)

Where, %Fe(ZnFe2O4): %Fe in ZnFe2O4 phase;
%Fetotal(via ICP): wt.% of total Fe determined via ICP;
%Fe(ZnFe2O4)(via Mössabauer): %Fe in ZnFe2O4 phase
determined via Mössbauer; % ZnFe2O4: %ZnFe2O4 in
EAFD; M̄Fe(ZnFe2O4): molar weight of Fe in ZnFe2O4
phase; M̄(ZnFe2O4): molar weight of ZnFe2O4 phase;
%Zn(ZnFe2O4): % Zn in ZnFe2O4 phase; M(Zn): molar
weight of Zn; %Zn(ZnO): % Zn in ZnO phase; %Zntotal(via ICP):
wt.% of total Zn determined via ICP; M̄(ZnO): molar weight
of ZnO.
Based on these calculations, Table 4 shows the analyzed sam-
le composition taking into account the results from these two
echniques.

able 4
uantification of the mainly oxides phases in the EAFD

hase EAFD (%)

e3O4 14
nFe2O4 29
eCr2O4 6
a0.15Fe2.85O4 35
nO 2

F

ous Materials B136 (2006) 953–960 957

The total amount of the phases found in the EAFD was not
00% because some elements with minor amounts were not
nalyzed via chemical technique (ICP), such as silicon, usually
ound in EAFD. As it can been seen in Table 4, more than 80% of
he oxide phases contain iron in their constitution which makes
he carbothermic reduction study attractive to recover this ele-

ent [23].

.5. Scanning electron microscopy and micro-analysis

Fig. 5 shows a general distribution of EAFD particles, where
ost particles are spherical.
This shape is in agreement with the main generation mecha-

ism, i.e, ejection of the slag and metal particles by bubble-burst
6]. This morphology has also been observed in previous works
24,25].

Huber et al. [13] observed via SEM that most EAFD par-
icles are submicronic and 80 wt.% are smaller than 20 �m.
n agglomerated morphology is predominant with fine parti-

les forming aggregates or covering larger particles.
The morphological aspects of EAFD were also observed via

EM analysis by MENAD et al. [11]. This technique shows
hat these materials contain very fine particles, i.e., smaller than
0 �m.

Fig. 6 shows a typical morphology of EAFD containing a
endritic structure, and Table 5 shows the result of EDS analysis
f areas 1 and 2 identified in Fig. 6.

Based on the result from EDS, it can be seen that the higher
ontributions are due to Fe, Cr and O in the clearer region and
o Fe, Ca, Si and O in the darker one. Cruells et al. [26] also
bserved via EDS in an EAFD particle a polygonal precipi-
ate containing iron as the main element and also chromium.

antovani et al. [9] often observed in the EAFD particles with
ig. 5. Scanning electron micrograph (magnification 7500×) of EAFD particles.
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Fig. 6. Scanning electron micrograph (magnification 1500×) showing a den-
dritic structure of EAFD.

Table 5
Energy dispersive spectrometry (EDS) of area (1) rich in Fe, Cr and O; and area
(2) rich in Fe, Ca, Si and O showed in Fig. 6

Element Area 1 (%) Area 2 (%)

Fe 39.84 34.95
Cr 33.62 3.38
O 10.12 13.51
Al 2.54 2.56
Si 0.60 10.93
Mg 5.29 0.38
M
C

E
1

(

F
r

Fig. 8. Scanning electron micrograph (magnification 8000×) showing two
regions: (1) rich in Fe and O; (2) rich in Fe and Zn.

Table 6
Energy dispersive spectrometry (EDS) of areas 1 and 2 in Fig. 7

Element Area 1 (%) Area 2 (%)

Fe 90.34 59.55
Zn – 22.63
O 8.41 2.83
Cl – 2.93
Si 0.25 2.74
Mg – 1.58
K – 2.00
Ca 0.39 1.91
C
S

p

n 5.47 1.50
a 2.51 32.79

Figs. 7 and 8 show typical scanning electron micrographs of

AFD. Tables 6 and 7 give the results of EDS analysis of areas
and 2 identified in Figs. 7 and 8.
It can be said that area 1, in both figures, is probably magnetite

Fe3O4). In area 2, in both Figures, it was observed that the

ig. 7. Scanning electron micrograph (magnification 8000×) showing two
egions: (1) rich in Fe and O; (2) rich in Fe and Zn.

a
(

a
M

t
m

T
E

E

F
Z
O
C
S
M
K
C
C
M
S

r 0.62 2.62
– 1.21

articles are very fine and iron and zinc are present in a high
mount. Probably it is the region where the franklinite phase
ZnFe2O4) is present.

Fig. 9 shows a secondary electron image of an EAFD region
nd the X-ray mapping for the elements Fe, Zn, Ca, Cr, Si, Mg,

n and O present in the dust.
This figure indicates that oxygen is practically dis-

ributed along all the sample, which suggests the presence of
etal–oxygen structural forms. There are regions in which the

able 7
nergy dispersive spectrometry (EDS) of areas 1 and 2 in Fig. 8

lement Area 1 (%) Area 2 (%)

e 72.55 58.09
n 12.64 22.37

5.64 2.49
l 1.10 3.86
i 1.79 2.59
g 1.46 1.77

– 1.63
a 1.12 2.09
r – 0.71
n 3.60 2.78

– 1.62
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Fig. 9. SEM EDX mapping. (a) Secondary electron image of EAFD region,

resence of iron, zinc and oxygen elements is coincident, sug-
esting the existence of ZnFe2O4 phase. At the same time, it is
lso noted areas where zinc is not present, while iron is in a high
mount. This fact suggests the presence of iron oxides, probably
agnetite.
As it can be seen from Fig. 9, calcium is distributed in the

AFD in two regions, in one of them with iron and in the

ther one separated from this element. Calcium appears in high
mount when iron is not present. In this area magnesium and
ilicon elements also appear. Probably, it is a phase rich in cal-
ium, magnesium and silicon originated from fluxes added in

c
r
t
p

istribution of (b) Fe, (c) Zn, (d) O, (e) Ca, (f) Cr, (g) Si, (h) Mg and (i) Mn.

he steelmaking process. Besides, calcium appears distributed
n lower concentration in regions where iron and oxygen are
resent, which can suggest the presence of the Ca0,15Fe2,85O4
hase.

Fig. 9 shows that chromium is present in some regions with
ron, which may suggest the presence of FeCr2O4 phase.

It was observed that magnesium appears forming phases with

alcium and silicon elements. Magnesium is concentrated in
egions where iron is not present. This fact confirms the result of
he Mössbauer spectroscopy, which did not detect the MgFe2O4
hase in the EAFD.
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. Conclusions

The mean particle diameter of EAFD was 1.88 �m. The
EAFD has a heterogeneous distribution of particles, where
60% have size between 0.90 and 4.30 �m;
Fe and Zn are present in the EAFD with 49.96 and 9.24%,
respectively;
XRD technique detected in the EAFD the following phases:
ZnFe2O4, Fe3O4, MgFe2O4, FeCr2O4, Mn3O4, MgO, SiO2,
Ca0.15Fe2.85O4 and ZnO. However, except for SiO2 and ZnO,
the signals from all the phases exhibit overlapping. Because
of such overlapping the presence of these phases cannot be
unequivocally assured;
The ferrous oxide phases detected by Mössbauer spec-
troscopy were: ZnFe2O4, Fe3O4, Ca0.15Fe2.85O4 and
FeCr2O4;
MgFe2O4 phase was not observed in the Mössbauer spectrum.
Such result is supported by ICP analysis and X-ray mapping
analysis via SEM.

In conclusion, the characterization of a solid waste using
any techniques increase the reliability in the results and also

ive more conditions to decide about the best feasible recycling
ethod.
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