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To prevent improper handling of zinc-containing steelmaking wastes and find better solutions for
recycling these materials, synchrotron induced X-ray absorption spectroscopy (XAS) was used to
determine the chemical form of zinc quantitatively at the atomic scale. Five types of zinc-containing
steelmaking wastes generated during the production of carbon steel in blast furnace, basic oxygen
furnace and blast furnace were collected. In dust collected from the gas-cleaning system of electric arc
furnace (EAFD) and basic oxygen furnace developed by Lurgi and Thyssen companies (BOF LT), zinc
existed predominantly as franklinite phase (ZnFe2O4). The presence of Zn–O, Zn–Fe, Zn–Zn bonds in
the nearest two coordination shells were observed. In off gas sludge generated in basic oxygen furnace
(BOF OG), three main types of zinc species were identified: Zn5(CO3)2(OH)6, ZnFe2O4 and
ZnSO4$7H2O. Zn–O and Zn–Zn bonds occurred in the nearest two coordination shells. Blast furnace
dust (BFD) comprised about 39% soluble phase in the form of ZnCl2 and 61% insoluble phase in the
form of ZnFe2O4. In blast furnace sludge (BFS), ZnCl2 was also obtained as the soluble phase and the
insoluble phase was zinc silicate possibly in the form of ZnSiO3. These findings deepened our
understanding of zinc speciation contained in zinc-containing steelmaking wastes and provided the
fundamental information for better dealing with this kind of metallurgical residues.

1. Introduction
One important type of by-product in the steelmaking industry is
dust and sludge collected from the gas-cleaning systems during
the steelmaking processes. Every year, a large amount of such
kind of metallurgical residues is generated. They often have
complex composition and contain several components which
have negative effects on not only environment but also steelmaking production. Demands from society and enterprise itself
have exerted the pressure to minimize the amount of metallurgical residues and find an appropriate way to treat these wastes
and recycle their valuable components.
Zinc is one of those elements which should be paid attention to
in particular. This element is easy to volatilize during the
metallurgical process due to the boiling point of zinc below the
melting temperature in furnace and subsequently condenses and
accumulates to form particles in the form of dust or sludge when
passing through the gas-cleaning system. Usually this dust and
sludge causes risks in two ways. One is the negative influence on
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the environment. This kind of metallurgical residue is often
composed of fine particles, it can be easily discharged into the
atmosphere and accumulates in soils during transportation and
landfill. Although zinc is an essential element for humans and
plants, it can cause zinc poisoning and environmental risks when
its concentration becomes high.1,2 The second is about the
negative effect on steelmaking production. Generally dust and
sludge must be disposed of at a hazardous waste disposal site,
which brings high transport and disposal costs. These costs could
be reduced if metals, such as iron, zinc, and so on, could be
recovered or sold. The most common way to utilize this dust and
sludge is reusing them as a secondary source of raw material due
to the high iron content. However, when they are reused inside
enterprises, undesirable consequences will occur. In particular,
the presence of zinc will damage the production equipment. Take
blast furnace for example. When the dust and sludge are back
recycled in a blast furnace, zinc will accumulate on the walls,
penetrate the lining, take part in the lining’s deformation and
disintegration and subsequently damage the blast furnace.3,4
Since the mobility of inorganic elements largely depend on
their chemical forms, it is necessary for us to obtain a thorough
knowledge of zinc speciation. Traditionally, the most common
method used to obtain zinc speciation in zinc-steelmaking wastes
is X-ray diffraction (XRD). However, there are two obstacles
when applying XRD in zinc-containing steelmaking wastes.
Firstly, XRD is sensitive to phases with good crystallinity. So far
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only electric arc furnace dust (EAFD) which has high zinc
content has been detected by means of XRD. Zincite (ZnO) and
franklinite (ZnFe2O4) are the two most common phases which
have been obtained in EAFD.5–8 For dust and sludge generated
in blast furnace and basic oxygen furnace, which has relatively
low Zn content and poor degree of crystallinity, it is difficult to
get zinc speciation using XRD method. Secondly, for Fe3O4 and
ZnFe2O4, their XRD patterns are very close.9–11 As a result, it is
impossible to determine which phase gives the X-ray pattern or if
both phases are present.
In previous years, X-ray absorption spectroscopy (XAS) has
proven itself as a powerful technique for structural characterization of the local atomic environment of a certain element,
including bond distance, coordination numbers and types of
nearest neighboring atoms surrounding the central atom. In
particular, this technique is useful for material which has
complex composition and poor crystallinity. Up to date, a
number of XAS studies have been carried out to get the speciation of toxic metal elements contained in soils and sediments,12–17
fly ashes,18–20 atmospheric particulates,21 tailings,22–24 and so on.
Based on the above considerations, five types of zinc-containing steelmaking wastes were collected. The basic information
in bulk, including chemical composition and mineral phases, was
firstly obtained by means of X-ray fluorescence and X-ray
diffraction. Then Zn K-edge XAS spectroscopy measurements
were carried out to get the zinc speciation at the molecular scale.
The purpose of this research was to deepen our understanding of
the zinc speciation in these dust and sludge. Consequently better
solutions for handing these metallurgical residues could be found
and valuable components recycled as much as possible.

2. Samples and methodologies
2.1 Samples
Samples analyzed here include electric arc furnace dust (EAFD),
blast furnace dust (BFD) and sludge (BFS), off gas sludge
generated in basic oxygen furnace (BOF OG), dust collected
from the gas-cleaning system of basic oxygen furnace developed
by Lurgi and Thyssen companies (BOF LT). All these samples
were collected from the gas-cleaning system generated during the
carbon steelmaking processes at a steelmaking plant in China. In
this plant, about 800 thousand tons of dust and sludge are
generated every year. Among these residues, about 200 thousand
tons of zinc-containing dust and sludge are not adequately dealt
with.
2.2 Methodologies
2.2.1 X-ray fluorescence. X-ray fluorescence (XRF) was
carried out by wavelength dispersive X-ray fluorescence (ARL
9900, Thermo Fisher Scientific, Switzerland). Prior to XRF
analysis, each sample was firstly baked at 105  C for 2 hours and
then fired at 1050  C for 1 hour. After it cooled, each sample
(0.7 g), together with lithium tetra borate (7.0 g) and cobalt oxide
(0.07 g), was placed in a platinum crucible and melted at 1100  C
in a furnace for 20 minutes to form a glass bead which could be
used to detect the content of each element by means of wavelength dispersive X-ray fluorescence. Elements analyzed here
1668 | J. Anal. At. Spectrom., 2012, 27, 1667–1673

include Fe, Zn, Al, Si, Ca, Mg, Mn and P. All the XRF analyses
were carried out at voltage 40 kV, and current 60 mA.
2.2.2 Synchrotron radiation X-ray diffraction. Synchrotron
radiation X-ray diffraction (SR-XRD) measurements were performed on BL14B beamline at Shanghai Synchrotron Radiation
Facility (SSRF), Shanghai, China, with a fixed wavelength of
 Storage ring was operated at the energy of 3.5 GeV with
1.239 A.
the current from 130 mA to 210 mA. Data collection was done in
a continuous 2q-scan mode with 0.025 step and 1 s acquisition
time per point.
2.2.3 XAS experiments and data analysis. Zn K-edge XAS
spectra were recorded at BL14W beamline at Shanghai
Synchrotron Radiation Facility (SSRF), Shanghai, China.
Storage ring was operated at the energy of 3.5 GeV yielding an
electron beam of 130–210 mA. A total of 9 reference spectra were
considered, including zinc metal foil, ZnFe2O4, ZnO, ZnS,
ZnSO4$7H2O, Zn5(CO3)2(OH)6, Zn3(PO4)2, ZnCl2, ZnSiO3.
Except zinc metal foil, all other zinc compounds were bought
from Sinopharm Chemical Reagent Co., Ltd, a chemical reagent
company in China. All Zn reference spectra were collected in
transmission mode using ionization chambers. Prior to XAS
experiments, each zinc compound was diluted with lithium
fluoride to obtain an edge jump of about one. For zinc-containing steelmaking wastes, each sample was ground using an
agate mortar and sieved (400 mesh) to ensure the small size of
particles. Then powder samples were spread evenly onto a 3M
tape and used for the XAS spectra collection. During the
experiments, different detectors were used based on the Zn
content contained in each sample. For EAFD, XAS spectrum
was recorded in transmission mode using ionization chambers.
For BFS and BFD, XANES spectra were recorded in fluorescence mode using 4-element silicon drift detector. During the
above experiments, Si(311) double crystal monochromator was
used and high harmonics were rejected by detuning the monochromator to reduce the intensity of I0 by 20%. As for BOF OG
and BOF LT, Si(111) double crystal monochromator was used
and rejection of high harmonics was obtained using harmonics
mirror with Rh layer. The XAS spectra were recorded in fluorescence mode using a Stern–Heald-type (Lytle) detector.
Depending on Zn and Fe concentrations, several scans were
averaged to improve the signal-to-noise ratio of EXAFS spectra.
Data reduction was carried out using the ATHENA program
in IFEFFIT package following standard procedures.25 Background was subtracted by a linear equation that was fitted in the
pre-edge region and a polynomial function was used to fit the
EXAFS region. By comparing the first derivative spectra of zinccontaining steelmaking wastes with that of reference materials,
those reference materials with similar characteristics were
selected to do the linear combination fit (LCF) using ATHENA
software in order to identify the possible zinc species. The fitting
range was from 20 eV to 50 eV with respect to the energy of zinc
K-edge. Fitting was optimized by minimizing the residue of the
fit. The best fit was obtained when R-factor was minimized. Here
P
P
R-factor was defined as (mexp  mmodel)/ mexp where the sums
were over the data points in the fitting region (Table 1).26
EXAFS data analysis was processed with the aid of ATHENA
and ARTEMIS program in IFEFFIT package.25 In brief,
This journal is ª The Royal Society of Chemistry 2012

View Article Online

Published on 02 August 2012. Downloaded by Shanghai Institute of Applied Physics, CAS on 08/06/2013 02:48:42.

Table 1 Results of linear combination fit of the Zn K-edge XANES
spectra for zinc-containing steelmaking wastes

ZnO (%)
ZnFe2O4 (%)
ZnCl2 (%)
ZnSiO3 (%)
Zn5(CO3)2(OH)6 (%)
ZnSO4$7H2O (%)
R (%)a

EAFD

BOF LT

BOF OG

BFD

11
89

100

24

61
39

0.08

0.28

BFS

34
66

46
30
0.37

0.09
0.24
P
P
a
Means the R-factor which is defined as (mexp  mmodel)/ mexp where
the sums are over the data points in the fitting region.

EXAFS oscillations, c(k), were extracted from the normalized
1 from
XAS spectra and transformed over the range 2.5–12 A
3
k-space to R-space with k using Hanning window to obtain
the radial structure function (RSF). Location of the peaks in the
RSFs represents the distances between the absorber and the
successive neighboring atoms. Contributions of the first and
second shell were isolated by inverse Fourier transformation over
the appropriate region and fitted based on the single scattering
EXAFS equation. Phase-shift and backscattering amplitude
functions for structural fitting of EXAFS spectrum were generated using FEFF8.2 from the structures of ZnFe2O4 and
Zn5(CO3)2(OH)6 for Zn–O, Zn–Fe and Zn–Zn scattering
paths.27,28 During the fitting, amplitude reduction factor (S02)
was fixed at 0.85 which was calculated with the EXAFS spectrum
of ZnO. Residues used to evaluate the quality of fits were the
square root of the average square difference between experimental and calculated data.

3. Results

presence of metallic iron, iron oxide, hematite and calcite were
clearly identified. Magnetite and franklinite might be present.
However, just as previous studies point out, the signals from
magnetite and franklinite phases exhibited overlapping to some
extent.10,11 Due to its overlapping, it is difficult to distinguish
their phases. As a result, the presence of zinc minerals could be
hardly detected in such kind of zinc-containing steelmaking
wastes only by means of XRD method.

3.2 XAS results
3.2.1 Linear combination fit of XANES spectra. Zn K-edge
XANES spectra of five types of zinc-containing steelmaking
wastes and nine reference materials are illustrated in Fig. 1(a). To
show the XANES features clearly we also show the first derivative of all XANES spectra in Fig. 1(b), where three vertical
dotted lines running through derivative curves are used as a guide
for the eye. As can be seen in Fig. 1, each compound shows their
XANES features clearly. In brief, the XANES spectrum of
ZnFe2O4 shows three resolved peaks at around 9665, 9669, and
9673 eV, respectively, a shoulder at around 9679 eV, and an
additional structure at higher energies (9686 eV). While Zn
K-edge XANES spectrum of ZnSiO3 has two resolved peaks at
around 9665 and 9669 eV, respectively. The XANES features of
ZnO were the white line peak at around 9669 eV, a shoulder at
around 9664 eV, and the additional structure at around 9680 eV.
For the others, the white line peaks were at around 9669, 9665,
9669, 9668, 9666, and 9665 eV for Zn metal foil, ZnS,
ZnSO4$7H2O, Zn5(CO3)2(OH)6, Zn3P2O8, ZnCl2, respectively.
From observation, Zn K-edge XANES spectra of EAFD and
BOF LT had similar characteristics with that of ZnFe2O4: three
resolved peaks, a shoulder and an additional structure at higher
energies (indicated A, B, C, D and E in Fig. 2(a) and (b)).
Compared with ZnFe2O4, intensity of peaks B and D for EAFD

3.1 Results of XRF and SR-XRD
The chemical compositions of zinc-containing steelmaking
wastes analyzed here are summarized in Table S1.† All these
samples had a high content of iron (from 38.0% to 60.2%). In
EAFD, Zn content was 20.4 wt% which agrees well with previous
findings that EAFD from carbon steelmaking processes often
contain high zinc content.29,30 For dust and sludge from basic
oxygen furnace (BOF LT and BOF OG), Zn content was 1.6 wt%
and 3.4 wt%, respectively. The total Zn content of the input
charge should not exceed 0.05%,3 BOF OG and BOF LT should
be pretreated or mixed with other materials to reduce the content
of zinc before reusing in steel production. The content of zinc in
BFD and BFS were 0.06 wt% and 0.03 wt%, respectively. Among
these elements analyzed here, Ca should not be neglected due to
its relatively high content in EAFD, BOF OG and BOF LT. The
high content of Ca might be attributed to the lime added to the
steelmaking furnace.31
Results of SR-XRD analysis of zinc-containing steelmaking
wastes were reported in Fig. S1† and details were summarized in
Table S2.† In EAFD, Si occurred as quartz. The phase of
magnetite and franklinite were also observed. In dust and sludge
from blast furnace (BFD and BFS), the presence of hematite and
quartz were clearly detected. In BOF OG, Fe occurred as metallic
iron and iron oxide; Ca occurred as calcite. In BOF LT, the
This journal is ª The Royal Society of Chemistry 2012

Fig. 1 Comparison between spectra of reference materials and zinccontaining steelmaking waste samples in bulk: (a) experimental data at
the Zn K-edge; (b) first derivative of the curves of panel (a).

J. Anal. At. Spectrom., 2012, 27, 1667–1673 | 1669

Published on 02 August 2012. Downloaded by Shanghai Institute of Applied Physics, CAS on 08/06/2013 02:48:42.

View Article Online

Fig. 2 Results of the linear combination fit (LCF) for the XANES spectra of zinc-containing steelmaking wastes: (a) EAFD; (b) BOF LT; (c) BOF OG;
(d) BFD; (e) BFS. The solid line denotes the experimental data and the dotted line indicates the fitting result and reference materials used to do LCF fit.
Peaks A, B, C, D and E in panel (a) and (b) referred to the XANES features for ZnFe2O4, EAFD and BOF LT, including three resolved peaks at around
9665, 9669, and 9673 eV, a shoulder at around 9679 eV, and an additional structure at higher energies (9686 eV), respectively.

increased. There are two possibilities that might induce the
increasing of peak B. One is the important fraction of Zn located
at octahedral sites.32–34 Ideally, Zn usually occupies tetrahedral
sites and Fe at octahedral sites in normal spinel ZnFe2O4. When
Zn at octahedral sites is considered due to the high degree of
disorder, the intensity of peak B will increase. The other possibility is the presence of zincite (ZnO). Because the white line of
zincite (ZnO) is around 9669 eV (peak B) and an additional
structure is around 9680 eV (peak D). For the first possibility,
intensity of peak D will weaken as the increasing of intensity of
peak B, which is not consistent with the XANES features of
EAFD. Thus we hypothesized the presence of ZnO in EAFD.
Since LCF analysis of XANES spectra in recent years has been
successfully employed to identify and quantify the major zinc
species in fly ashes,35,36 the linear combination fit of the above
two compounds was performed. The best fitting result shows that
calculated data with 89% ZnFe2O4 and 11% ZnO reproduced the
experimental data very well. In the case of BOF LT, its XANES
features, both energies and intensity of peak A, B, C, were similar
with that of normal spinel ZnFe2O4 or franklinite, a zinc-bearing
spinel phase with an approximate formula (Zn, Fe, Mn)(Fe,
Mn)2O4.12,37 Thus 100% ZnFe2O4 was used to fit the experimental data. Other zinc species were tried to be added in order to
improve the fitting result. But they did not improve the result
well. This finding indicates that zinc was predominantly present
as franklinite phase in BOF LT.
Zn K-edge XANES spectrum of BOF OG also showed its
particular features. Compared with XANES spectra of these
reference materials, it was easy to observe that XANES features
of BOF OG were close to that of hydrozincite (Zn5(CO3)2(OH)6).
From the comparison of first derivative curves, we identified
Zn5(CO3)2(OH)6, ZnFe2O4, ZnSO4$7H2O and ZnCl2 as the most
likely species. The best fitting result was obtained with the
combination with 45% Zn5(CO3)2(OH)6, 30% ZnSO4$7H2O and
24% ZnFe2O4. As shown in Fig. 2(c), the calculated data do not
agree well with experimental data. The probable reason of the
disagreement may be the high degree of inhomogeneity of the
1670 | J. Anal. At. Spectrom., 2012, 27, 1667–1673

sludge particles which may cause local distortions or contain
other zinc species which can not be identified here.
For BFD, besides the white line peak at around 9665 eV, two
resolved shoulders at around 9668 and 9673 eV were also
observed. Zn compounds, including ZnFe2O4, ZnCl2, Zn3P2O8
and ZnSiO3 were considered as the most likely species. The best
fitting result showed that ZnFe2O4 prevailed (61%) in BFD. The
other Zn species might present was ZnCl2. In case of BFS, in
addition to the white line peak at around 9665 eV, only one
shoulder at around 9669 eV could be observed. The best fitting
result showed that the main components present in BFS were
ZnCl2 and ZnSiO3 with relative fractions of 34% and 66%,
respectively. The main difference between experimental and
calculated data was the XANES feature at around 9667 eV
(Fig. 2(e)). In steel industry, quartz (SiO2) and zincite (ZnO) can
form a series of compounds, such as ZnO$SiO2, 2ZnO$SiO2,
ZnO$2SiO2, and so on. Among these compounds, willemite
(2ZnO$SiO2), was considered as the most common form.38
Therefore 2ZnO$SiO2 which was not used here as the reference
material might be the main reason inducing the disagreement.
3.2.2 EXAFS result. Fig. 3 shows the EXAFS oscillations
with k3 and RSFs with no phase correction for a series of
reference materials and three types of zinc-containing steelmaking wastes, including EAFD, BOF LT and BOF OG. As
shown in Fig. 3(b), the radial structure function (RSF) of EAFD
and BOF LT were similar to that of ZnFe2O4, which agrees well
with the results obtained by the LCF analysis of XANES spectra.
 was the result of
The first peak in RSF around R + DR  1.5 A
Zn–O backscattering and the second peak around R + DR 
 might be the contribution of Zn–Fe and/or Zn–Zn
3.10 A
backscattering. For BOF OG, the RSF features at around R +
 was the contribution of Zn–O backscattering and
DR  1.55 A
 might be the result
the RSF features at around R + DR  2.68 A
of Zn–Zn or Zn–Al backscattering.39 Thus, for EAFD and BOF
LT, fitting was carried out with Zn–O first shell in combination
with second shell Zn–Fe and Zn–Zn. For BOF OG, fitting was
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Results of fitting EXAFS data for zinc-containing steelmaking
wastes. R, CN, s2 refer to inter-atomic distance, coordination number
and Debye–Waller factor, respectively
Sample

Shells

CN


R (A)

2)a
s2 (A

EAFD

Zn–O
Zn–Fe
Zn–Zn
Zn–O
Zn–Fe
Zn–Zn
Zn–O
Zn–Zn

4.1  0.8
11.0  2
6.3  3
4.0  0.8
13.5  3
8.6  3
4.5  1
14.7  3

1.97  0.01
3.58  0.02
3.88  0.05
1.98  0.03
3.45  0.04
3.63  0.07
2.01  0.03
3.05  0.02

0.005
0.01
0.01
0.005
0.01
0.01
0.007
0.016

BOF LT
BOF OG

a
Parameter was varied in initial fits and then fixed with the best value
during the final fit.

Fig. 3 EXAFS oscillations, c(k), with k3 weight (a) and k3-weighted,
phase uncorrected FT (b) for reference materials and zinc-containing
steelmaking wastes.

processed with Zn–O first shell in combination with second shell
Zn–Zn. Here Zn–Al bond was ruled out due to the lack of
1 which has been
splitting of first oscillation at around 3.8 A
attributed to Al atoms in the second coordination shell.40 The
best fitting results are illustrated in Fig. 4 where the experimental
data are illustrated with a solid line, and the calculated data with
solid circles.
As can be seen in Fig. 4, the calculated data reproduced the
experimental data well. Details of structural parameters are
summarized in Table 2. For EAFD, the distance of Zn–O bond
 with coordination number of 4.1 and the
was about 1.97 A
 and 3.88 A
 with
distance of Zn–Fe and Zn–Zn were at 3.58 A
coordination numbers of 11 and 6.3, respectively. For BOF LT,
 13.5 Fe
Zn was surrounded by 4 O atoms at a distance of 1.98 A,


atoms at 3.45 A, and 8.6 Zn atoms at 3.63 A. The above fitted
structure parameters are in line with that of franklinite.12 For
BOF OG, the best fitting result shows that the distance between

Fig. 4 The best fitting results of the first two shells in RSFs in R space
for zinc-containing steelmaking wastes. Experimental and calculated
values are illustrated by solid line and solid circles, respectively.

This journal is ª The Royal Society of Chemistry 2012

 and Zn–Zn distance was located at 3.05 A.

Zn and O was 2.01 A
In general, zinc is tetrahedrally coordinated with oxygen atoms
 and distance between
at a typical distance of R ¼ 1.95  0.03 A
 for octahedral
Zn and O is approximately from 2.06 to 2.08 A
coordination.10,41–43 The Zn–O distance indicates the mixtures of
tetrahedral and octahedral sites where zinc atoms are situated.

4. Discussion
As a valuable source of iron and zinc, zinc-containing steelmaking wastes have attracted considerable attention. At the
present time, there are several ways to manage these wastes
depending on zinc content. If the zinc content in dust and sludge
could be reduced to a low content (e.g. <0.4%), it can be directly
recycled in the iron-making or steel-making process. For zinccontaining wastes with high zinc content (e.g. >10%), hydrometallurgical processes are often used to extract the valuable
component, especially zinc element. As for zinc content which is
between the above, pyrometallurgical process and/or in combination with appropriate pre-treatments are the best choice to
handle these wastes.44,45
Since the zinc content in EAFD was about 20 wt%, it was a
valuable source of zinc. Results of both XANES and EXAFS
analysis showed that ZnFe2O4 in EAFD took up an important
proportion (89%) which is greater than that formerly assumed
(50% or less).46–48 In most cases, zinc is extracted by hydrometallurgical processes in order to recycle such zinc-containing
steelmaking wastes. However, ZnFe2O4 has a spinel structure
and is very stable and insoluble in most acidic, alkaline and
chelating media under mild conditions.6,7,45,49 Consequently it
causes problems in zinc recovery by hydrometallurgical
processes. Sodium hydroxide, which is effective in the dissolution
of zinc and without significant dissolution of iron, is considered
as a better option of leaching agent to extract the zinc component
in ZnFe2O4.8,50 Thus XAS results suggested that a process mainly
consisting of leaching zinc with sodium hydroxide is a good
option to treat EAFD here.
Compared with EAFD, little is known about the zinc speciation in dust and sludge collected from gas-cleaning systems of
basic oxygen furnace (BOF). XAS analysis indicates that in BOF
LT, zinc was predominantly present in ZnFe2O4 phase, which
was very stable and could be disposed safely in landfill. In China,
a common way to recycle BOF LT dust is cold hardening process
J. Anal. At. Spectrom., 2012, 27, 1667–1673 | 1671
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followed by adding into materials for sintering. In future, the
stability of zinc species should be taken into account during the
recycling of BOF LT. On the contrary, in BOF OG, the leachable
zinc species, Zn5(CO3)2(OH)6 and ZnSO4$7H2O, accounted for a
significant content (76%). These results suggest that washing
process could be arranged firstly to remove the leachable part in
order to reduce zinc content in BOF OG. Then several options
could be considered for the solid residues, such as back-recycling
to the blast furnace, a more safe dumping due to its relatively
inertness, and so on.
Generally, zinc content in blast furnace dust and sludge was
relatively low (<0.1%) so that it could be reused as a secondary
source of iron in blast furnace for iron-making or steel-making
production. However, XANES results suggested that ZnCl2 were
present in both BFS and BFD, which were also detected in
EAFD by wet chemistry in previous research.51 As previous
studies point out, the existence of chlorine element will speed up
the evaporation of zinc at high temperatures.10,35 As a result,
when BFD and BFS were reused in blast furnace, zinc was so
easy to evaporate that it lead to the enrichment of zinc in the
exiting flue gas. Although it was impossible to estimate the
influence quantitatively here, the possibility that chlorine would
accelerate the mobility of zinc at high temperatures should be
taken into account. Therefore, the best way to recycle BFS and
BFD is to remove chlorine element first by washing processes and
then the solid residues could be reused in blast furnace.
From the present study here, it was clear that XAS has its
advantage to obtain chemical form of zinc element in zinc-containing steelmaking wastes. These results could provide us more
fundamental information which was very useful for improving
the recycling methods. However, results obtained by XAS
analysis here were not a conclusive identification because some
other possible significant compounds, such as Zn2SiO4, were not
examined. If these reference materials were incorporated, findings here could be changed subsequently. Therefore, the result
presented here is rather a proof-of-principle than a fully quantitative one. In future research, a larger set of reference materials,
as well as more samples, will be considered in order to get more
conclusive identification.

5. Conclusions
To summarize, results obtained by linear combination fit (LCF)
of X-ray absorption near edge structure (XANES) spectra
revealed that zinc mainly existed as franklinite phase (ZnFe2O4)
in EAFD and BOF LT. In BFD and BFS, ZnCl2 was detected as
the soluble phase and the insoluble phases were ZnFe2O4 and
ZnSiO3 respectively. In BOF OG, three zinc species were identified, that is Zn5(CO3)2(OH)6, ZnFe2O4 and ZnSO4$7H2O.
Extended X-ray absorption fine structure (EXAFS) data analysis
indicated the presence of Zn–O, Zn–Fe, Zn–Zn bonds in the
nearest two coordination shells in EAFD and BOF LT identifying the significant content of franklinite. In BOF OG, only
Zn–O and Zn–Zn bonds occurred in the nearest two coordination shells. On the basis of the above results, possible methods for
improving the recycling methods of each type of zinc-containing
steelmaking wastes were discussed. Obviously, these results not
only provide us with fundamental information about the zinc
speciation at the molecular scale in dust and sludge but also
1672 | J. Anal. At. Spectrom., 2012, 27, 1667–1673

demonstrated the essential importance of the characterization of
zinc speciation for developing recycling strategies.
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