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Abstract
Within the steelmaking industry, a large amount of zinc-bearing waste is produced which cannot be effectively treated through 
integrated steel mills. Concurrently, zinc smelters generate waste residues containing significant amounts of iron and zinc 
which are stored or landfilled. The zinc concentration of iron and steelmaking residues inhibits its recycling to the blast 
furnace but is insufficient to be sent directly to the zinc producers. Consequently, a means of up-concentration is required. 
The pilot HIsarna ironmaking furnace has shown potential for processing secondary iron-bearing resources. Furthermore, 
zinc can be concentrated in the off-gas flue dust, providing an enriched input for zinc smelters. The potential recyclability of 
blast furnace (BF) and basic oxygen furnace (BOF) dust and ‘goethite’ residue from the zinc industry has been studied. The 
input materials have been comprehensively characterized and their reduction–vaporization behavior, has been investigated. 
Individual samples were tested at temperatures of up to 1300 °C. Here, it was shown that minimal reduction of iron and 
volatilization of zinc occurred in the goethite and BOF samples. Conversely, even at 1000 °C, the BF dust showed complete 
reduction of iron and removal of zinc within 30 min. This was due to its high carbon content (40 wt%) which can act as a 
reductant. Consequently, mixtures of BOF dust and goethite with BF dust were studied. It has been shown that mixtures of 
30:70 BF dust to goethite and 20:80 BF dust to BOF dust are suitable for recovering zinc to the gas phase and fully reducing 
the contained iron.
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and Bart Blanpain.

 * Timothy Kerry 
 T.J.Kerry@tudelft.nl

 * Yongxiang Yang 
 Y.Yang@tudelft.nl

1 Materials Science and Engineering, Delft University 
of Technology, Mekelweg 2, 2628 CD Delft, 
The Netherlands

2 Radiation Science and Technology, Delft University 
of Technology, Mekelweg 15, 2629 JB Delft, 
The Netherlands

3 Tata Steel Research and Development, PO Box 10000, 
1970 CA IJmuiden, The Netherlands

http://orcid.org/0000-0002-0764-4744
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-021-00440-5&domain=pdf


659Journal of Sustainable Metallurgy (2022) 8:658–672 

1 3

Graphical Abstract

Keywords Recycling · Flue dusts · Self-reduction · HIsarna ironmaking

Introduction

The steelmaking industry makes use of zinc as a coating 
material for the production of galvanized steel. This imparts 
a corrosion resistance to the steel with the zinc being prefer-
entially oxidized. The recycling of steel scrap either through 
the electric arc furnace (EAF) or integrated steel plant can 
lead to potential looping and accumulation of zinc. This can 
also occur due to the presence of small amounts within the 
iron ore and coal. In these industrial pyrometallurgical pro-
cesses, this zinc will generally be volatilized at the high tem-
peratures. Consequently, zinc in various oxidized forms can 
be found in the dusts and sludges captured within the off-gas 
systems. Together with the zinc, there are also appreciable 
quantities of other materials such as iron, slagging elements, 
and carbon. As a result, it is a valuable source of raw mate-
rial for the process. However, when levels of zinc and other 
heavy metals become too high, operational problems can be 
observed in the integrated steelworks. The most problem-
atic effect is the undermining of the furnace walls through 
Zn penetration, and through accretion of material, localized 
cyclic oxidation and reduction can take place [1]. Therefore, 

the zinc cycle within the steelmaking process must be tightly 
controlled. In general, a modern blast furnace operates with 
a maximum load of 100–150 g of zinc per ton of hot metal 
[2]. Consequently, dusts which are significantly concentrated 
in zinc must be kept in long-term storage or landfilled as a 
hazardous waste at appreciable cost [3, 4].

While supply risk associated with zinc is not currently 
considered to be critical [5], the use of secondary material 
in the zinc industry is expected to double by 2050 [6]. This 
is expected to come from both recycling galvanized steel 
scrap and also industrial residues, dusts, and sludges [6]. 
The zinc industry itself produces different waste streams 
containing appreciable quantities of zinc which can be con-
sidered for recycling. During leaching and iron removal, this 
waste appears in different forms such as jarosite, goethite, 
or haematite. These wastes from both steelmaking and zinc 
smelting can have a greatly varying quantity of zinc present 
with the maximum being found in EAF dust (up to 43 wt%) 
[7]. Meanwhile, from the BF–BOF route, zinc values are 
more likely to be concentrated in the range of a few percent 
with an absolute maximum of 8–10 wt% [8, 9]. From zinc 
industry sources, this value can also reach up to around 9 
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wt% [10]. Regardless, from any of the sources described 
above, some extent of up-concentration of zinc will gener-
ally be required before it would be economically attractive 
to the zinc smelter [11]. While the Waelz kiln is a common 
means of concentrating zinc from EAF dusts, it is generally 
not used for BF/BOF dust. Furthermore, the contained iron 
is not recovered and large quantities of waste side streams 
are created. Consequently, an alternative treatment meth-
odology for these lower Zn-concentrated waste streams is 
desirable.

The HIsarna process is a novel ironmaking technol-
ogy owned by Tata Steel that shows great potential for the 
recycling of zinc-bearing wastes. A pilot-scale facility of 
this technology has been functional at the Tata Steel site 
in IJmuiden, The Netherlands since 2010. Furthermore, a 
demonstration plant will be constructed in Jamshedspur, 
India in the near future. Pilot plant operation has shown 
that the furnace is highly suited to zinc and heavy metal 
recovery due to its great raw materials flexibility [12]. It 
has been seen that there is no limit to zinc concentration 
within the materials processed by HIsarna. Consequently, 
through the HIsarna process, it is possible to recycle steel-
making wastes and galvanized steel scrap. Moreover, waste 

materials from other industries can also be utilized such 
as zinc-leaching residues. Resultantly, the furnace con-
tributes towards closing waste material loops from two 
separate industries (illustrated in Fig. 1). Comparative to 
the rotary hearth furnace, a metallic iron product is also 
produced in HIsarna that can go directly to the BOF, elimi-
nating the need to process direct reduced iron in a BF.

Within this research, investigation has taken place into 
the behavior of three industrial by-products at high tem-
peratures. Reduction of blast furnace (BF) dust and basic 
oxygen furnace (BOF) dust along with ‘goethite’ residue 
formed during zinc production have all been studied. Due 
to the high carbon content of BF dust, it has been observed 
to impart a self-reducing behavior [4, 13, 14]. Conse-
quently, the possibility of using BF dust as a reductant in 
mixed dust samples has been studied, and the ideal ratio 
of dusts was investigated. Through understanding how to 
maximize the zinc vaporization efficiency, the concentra-
tion of zinc in the HIsarna off-gas system can be signifi-
cantly increased. Furthermore, with efficient reduction of 
the contained iron in the wastes, the addition of coal to 
HIsarna can be minimized.

Fig. 1  Illustration of how 
HIsarna can operate regarding 
the recycling of zinc and closing 
of secondary material loops
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Materials and Methods

Materials

BF and BOF dust were received from Tata Steel Europe and 
‘goethite’ residue from Nyrstar (Fig. 2). Prior to charac-
terization and experimentation, the wet material was dried 
overnight in a furnace at 120 °C.

Laser granulometric size analysis was undertaken using 
a Microtrack S3500 in water, both with and without the use 
of ultrasound dispersion. The elemental compositions of 
these starting materials were determined using an Axios 
Max wavelength dispersive X-ray fluorescence (WD-XRF) 
in oxides mode and LECO C/S 744 analysis (for carbon and 
sulfur). X-ray diffraction (XRD) analysis was conducted 
using a Bruker D8 Advance diffractometer for investigating 
the mineralogy of the samples. It is not possible to distin-
guish magnetite from franklinite through XRD analysis due 
to them showing the same crystal structure and similar lat-
tice parameters [15, 16].

Consequently, Mössbauer spectroscopy was undertaken 
to provide a clearer value of franklinite content. Further-
more, quantifiable contents of all iron phases can be cal-
culated using this technique. Transmission 57Fe Mössbauer 
spectra were collected at 300 and 4.2 K with conventional 
constant acceleration or sinusoidal velocity spectrometers 
using a 57Co(Rh) source. Velocity calibration was carried 
out using an α-Fe foil at room temperature. The Mössbauer 
spectra were fitted using the Mosswinn 4.0 program [17]. 
Thermodynamic calculations were performed using HSC 
Chemistry v6.12 Thermochemical Database, and from this, 
the likelihood of possible reactions taking place could be 
assessed [18].

Methodology

Experiments were conducted in a Carbolite STF 16/50/450 
horizontal furnace (schematic shown in Fig. 3) at 850 °C, 
1000 °C, and 1300 °C. A flow (2 standard l/min) of inert 
gas  (N2 or Ar) was maintained across the reaction tube. 
Dust samples (2–5 g) were introduced to the furnace in 
alumina boat crucibles. These were held in a water-cooled 
flange prior to introduction to the hot zone at appropriate 
temperature. Samples remained in the isothermal zone for 
the desired retention time, ranging from 1 to 30 min. In 
the case of samples at 1300 °C, this was limited to 10 min. 
Once the experiment had been completed, the samples were 
quenched by pulling the crucible back in to the water-cooled 
flange. Weight changes were recorded before and after heat-
ing. On-line continuous off-gas analysis was conducted 
using a Hiden Analytical HPR-20 R&D mass spectrometer. 
Experimental parameters were chosen to probe the funda-
mental behavior of the individual and mixed dusts. Further 
experiments probing the dust behavior in conditions more 
reflective of the HIsarna reactor will be conducted in future 
studies.

Mixtures of ‘goethite’ and BOF dust with BF dust were 
prepared in varying ratios. Principally, the amount of BF 
dust required was calculated based upon the stoichiometric 

Fig. 2  As-received material in the wet form, from left-to-right BOF dust, goethite, and BF sludge

Fig. 3  Experimental setup showing horizontal furnace used for  
high-temperature experiments under controlled gas atmosphere
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quantity of carbon required to fully reduce the contained 
zinc and iron within the materials. Consequently, ratios of 
35:65 (BF/BOF dust) and 37:63 (BF dust/goethite) were 
identified. However, the calculation of these values neces-
sitated two assumptions. First, it was assumed that the reduc-
tion reactions taking place were solely occurring between 
the solid carbon and the oxides (i.e., Reactions 1–5). Poten-
tial reactions with the produced CO were ignored; thus, an 
overestimate of required C is possible. Second, reactions of 
species other than iron and zinc with carbon were not taken 
in to account. Resultantly, by ignoring potential reactions 
(such as Reaction 6), this could result in underestimation of 
required carbon.

In order to balance against the possible under-/overes-
timation described above, tests were performed in 20:80, 
40:60, and 60:40 ratios of BF dust to goethite or BOF dust.

(1)
Fe3O4 + C → 3FeO + CO(g) ΔrG

◦(1000◦C) = −59 kJ mol−1,

(2)
Fe2O3 + C → 2FeO + CO(g) ΔrG

◦(1000◦C) = −95 kJ mol−1,

(3)
FeO + C → Fe + CO(g) ΔrG

◦(1000 ◦C) = −43 kJ mol−1,

(4)

3ZnFe2O4 + C → 3ZnO + 2Fe3O4 + CO(g) ΔrG
◦(1000 ◦C)

= −82 kJ mol−1,

(5)
ZnO + C → Zn + CO(g) ΔrG

(◦1000 ◦C) = −15 kJ mol−1,

(6)

PbSO4 + CaO + C → Pb + CaSO4 + CO(g) ΔrG
◦(1000 ◦C)

= −219 kJ mol−1.

Results and Discussion

Material Characterization

Particle Size Analysis

Moisture content of the as-received material was measured 
and is shown in Table 1. BF dust and goethite have 48 and 
40 wt% moisture (wet-basis), respectively; the BOF dust 
is lower at 24 wt%. Once dried, the material remained in 
distinct agglomerates, and resultantly particle size analysis 
of the material both with and without ultrasonication was 
undertaken. It can be seen from the results in Table 1 that 
the ultrasonication had great impact on breaking down the 
larger agglomerates into discrete particles. Once dispersed 
all materials showed very small particle size and minimal 
distribution. The D90 in every case was less than 40 µm. 
The small particle size can be a positive factor as grinding 
should not be necessary prior to recycling pyrometallurgi-
cally, although some agglomeration may be necessary.

Chemical Analysis

Elemental analysis of the as-received materials took place 
using XRF spectroscopy and LECO analysis (Table 2), the 
latter for carbon and sulfur measurements. The nature of 
the dusts varies greatly; in both the BOF dust and goethite, 
the major component is iron (recorded as  Fe2O3) with 84.1 
wt% and 52.1 wt%, respectively. Meanwhile, the BF dust 
has a reasonably high iron oxide content of 33.3 wt% but 
a more significant level of carbon (41.3 wt%), the latter is 
much lower in the other materials. This carbon is of sig-
nificant relevance to the study as it can act as a reductant 

Table 1  Measured moisture 
content of the as-received 
materials and particle size 
distribution of materials 
measured by laser granulometry

D10 (µm) D50 (µm) D90 (µm) D10 (µm) D50 (µm) D90 (µm) Moisture 
content 
(wt%)

(with ultra-
sonification)

(without ultra-
sonification)

BF dust 7 10 20 10 47 159 48
BOF dust 5 7 11 4 7 72 24
Goethite 5 18 37 7 25 54 40

Table 2  Initial composition of dusts after drying (C and S measured with LECO, rest with XRF)

C
(wt%)

S
(wt%)

Fe2O3
(wt%)

ZnO
(wt%)

SiO2
(wt%)

CaO
(wt%)

MgO
(wt%)

Al2O3
(wt%)

MnO
(wt%)

P2O5
(wt%)

PbO
(wt%)

K2O
(wt%)

CdO
(wt%)

As2O3
(wt%)

BF dust 41.3 2.32 33.3 4.8 5.3 2.3 0.9 2.8 0.1 0.2 1.1 0.9 0.029 –
BOF dust 2.4 0.09 84.1 0.6 1.3 8.5 1.4 0.1 0.9 0.1 – – – –
Goethite 0.21 12.06 52.1 9.4 4.1 9.3 – 2 0.7 – 3.3 0.1 0.043 0.6
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in reactions to reduce iron and zinc oxides (Reactions 1–5). 
Insufficient carbon is present in BOF dust and goethite for 
these self-reduction reactions to take place to completion; 
hence, mixtures with BF dust were investigated. From other 
industrial sources, the carbon content can vary in BF and 
BOF dust with a wide range exhibited in the literature [8, 
14, 19]. Conversely, by the nature of the process, goethite 
waste will always contain little carbon and so another source 
of reductant will be required [20, 21].

Zinc is present in all samples to varying degrees. The 
lowest concentration is in the BOF dust is 0.6 wt% while 
in BF dust and goethite, the zinc content is more appreci-
able (4.8 and 9.4 wt%). The values of zinc concentration 
in these wastes will vary from plant to plant with different 
processes. While the concentration is low in BOF dust but 
high in BF dust in this case, the situation can be more simi-
lar or even reversed in other operations (primarily based on 
use of steel scrap in the BOF) [14, 16, 22]. Consequently, 
other sources of BOF dust may be more valuable for the 
goal of zinc recovery. Slagging material such as fluxes can 
also be recovered from these three secondary materials with 
reasonable concentrations of CaO and  SiO2 (particularly in 
goethite) and smaller amounts of MgO and  Al2O3 present. A 
potential problematic element in the goethite sample is the 
quantity of sulfur which can contaminate the hot metal [23].

Mineralogical Analysis

The phases present in the secondary material can have a 
great impact on the high-temperature behavior; thus, min-
eralogical study took place using XRD (results in Table 3; 
Fig. 4). Many different forms of iron are seen across the 
three samples. The most complex mixture is seen in BOF 
dust. The presence of metallic iron, wüstite (FeO), and 
magnetite  (Fe3O4) were all observed along with a small 
amount of iron carbide  (Fe3C). BOF dust is primarily gen-
erated during the oxygen blow and occurs through multiple 

mechanisms, and this leads to the presence of multiple 
oxidation states of iron present in the off-gas system [24]. 
In the BF dust, iron was primarily hematite originating 
from the ore. Finally, in the case of goethite, the only crys-
talline phase containing iron that could be identified was 
provisionally that of franklinite. Here, it was concluded 
that the presence of magnetite was not feasible within the 
goethite sample and so the peaks could only be indicative 
of franklinite. The XRD spectra (Fig. 4) also show two 
wide, amorphous peaks indicating the presence of a poorly 
crystalline species. With comparison to the literature, it 
was seen that these broad peaks could be representative of 
ferrihydrite [25]. Ferrihydrite  (Fe2O3·0.5H2O)) is an iron 
oxide that can be formed in the production of ‘goethite’ 
industrially [10, 26]. However, it is generally a metasta-
ble material that will break down in order to form goe-
thite or hematite [27, 28]. To further investigate the iron 

Table 3  Major phases present in 
the waste materials determined 
with XRD

BF dust BOF dust Goethite

Haematite Fe2O3 Iron Fe Franklinite ZnFe2O4

Zincite ZnO Wustite FeO Ferrihydrite Fe2O3·0.5H2O
Quartz SiO2 Zincite ZnO Galena PbSO4

Calcite CaCO3 Magnetite Fe3O4 Gypsum CaSO4·2H2O
Wurtzite ZnS Calcite CaCO3 Beaverite Pb(Fe1.98Al0.1C

u0.27Zn0.75)
(SO4)2(OH)6

Iron carbide Fe3C

Fig. 4  XRD diffractograms of received materials
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mineralogy of the tested samples, Mössbauer spectroscopy 
was conducted.

57Fe Mössbauer spectroscopy can be used to investigate 
the oxidation state and coordination environment of iron-
bearing minerals and has been used in the study of iron-
bearing dusts previously [10, 15, 16]. In this study, sam-
ples were initially run at 300 K, and at this temperature, 

the goethite spectrum showed a characteristic  Fe3+ doublet 
(Fig. 5). This was attributed to the presence of very small, 
superparamagnetic structures, and further assignment was 
not possible. Consequently, deconvolution was attempted by 
measuring the sample at 4.2 K (Fig. 5).

The spectral contributions which are obtained at 4.2 K are 
closer to reality due to the difference in the Debye tempera-
ture (lattice strength measure) of the Fe species present. It 
was determined that 23 wt% of the iron present was in the 
form of franklinite while the remaining 77 wt% was ferrihy-
drite in the goethite residue (Table 4). It has been suggested 
by Loan et al. (2002) that the ferrihydrite is stabilized by 
silica adsorption or by rapid precipitation, thus, inhibiting 
transformation in to goethite [26].

The quantity of zinc in franklinite and wurtzite was cal-
culated using Eqs. 7–10:

(7)
wt%Fe(ZnFe2O4)

=
wt%Fe(sample) × (Mössbauer)wt%Fe(ZnFe2O4)

100
,

(8)wt%ZnFe2O4(sample) =
wt%Fe(ZnFe2O4)

×M(ZnFe2O4)

MFe(ZnFe2O4)

,

(9)wt%Zn(ZnFe2O4)
=

wt%ZnFe2O4(sample) ×MZn(ZnFe2O4)

M(ZnFe2O4)

,

(10)wt%Zn(ZnS) = wt%Zn(sample) − wt%Zn(ZnFe2O4).

Fig. 5  Mössbauer spectra obtained at 300 and 4.2 K of ‘goethite’

Table 4  The Mössbauer fitted parameters of dust samples, obtained at 300 K unless stated

Experimental uncertainties: isomer shift, IS ± 0.02  mm   s−1; quadrupole splitting, QS ± 0.02  mm   s−1; line width, Γ ± 0.03  mm   s−1; hyperfine 
field ± 0.1 T; spectral contribution ± 3%
a Average magnetic field
b Very small, superparamagnetic, structures (< 10–15 nm)

Sample/treatment IS (mm·s−1) QS (mm·s−1) Hyperfine field 
(T)

Γ (mm·s−1) Phase Spectral 
contribution 
(%)

BF dust 0.35  − 0.19 51.0a 0.28 α-Fe2O3 66
0.37 0.75 – 0.53 Fe3+ (SPM)b 34

BOF dust 0 – 33 0.29 Fe0 29
0 – – 0.8 Fe0 (SPM)b 12
0.2 – 20.8 0.46 θ-Fe3C 15
0.98 0.66 – 0.58 Fe2+ (FeO) 29
0.33 – 49.3 0.4 Fe3O4(I) 6
0.65 – 44.6 0.88 Fe3O4(II) 9

Goethite 0.36 0.71 – 0.54 Fe3+ (SPM)b 100
Goethite (at 4.2 K) 0.34  − 0.12 45.8a 0.41 Ferrihydrite  ZnFe2O4 77

0.39  − 0.03 50.4 0.74 23
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The terms used above refer to wt% Fe(ZnFe2O4)
 is the 

weight percentage of iron in franklinite, and similarly, wt% 
 Fe(sample) is the weight percentage of iron in the total sample 
from XRF. (Mössbauer) wt% Fe(ZnFe2O4)

 is the weight per-
centage of iron in franklinite based on Mössbauer analysis 
of the total iron content. wt% ZnFe2O4(sample) is the calcu-
lated weight percentage of franklinite in the total sample and 
M(ZnFe2O4)

 is the molar mass of franklinite. MFe(ZnFe2O4)
 is the 

molar mass of iron within franklinite, and wt% Zn(ZnFe2O4)
 

is the weight percentage of zinc in franklinite. MFe(ZnFe2O4)
 

is the molar mass of zinc in franklinite, wt%  Zn(ZnS) is the 
weight percentage of Zn in ZnS, and finally, wt%  Zn(sample) is 
the weight percentage of zinc in the total sample from XRF.

From these calculations, it can be shown that in the goe-
thite sample, 7 wt% of the zinc content is in the form of 
franklinite while 2.4 wt% is primarily ZnS. The latter is a 
cautious designation as ZnS was the only other zinc-bearing 
phase identified in the XRD. However, there may be other 
phases present at concentrations beneath the limits of detec-
tion of the technique or that are amorphous in structure. 
The observation of the presence of franklinite and wurtzite 
agrees with what is seen in the literature [10, 21]. Highly 
insoluble franklinite is present from the roasting process 
while ZnS is added as a reductant for the iron during the 
goethite process [29].

The presence of franklinite could not be confirmed in the 
Mössbauer spectra of the BF or BOF dust. In the former, this 
is to be expected but the latter has previously been shown to 
contain franklinite [16, 30]. In this case, the identification 
could be inhibited due to the low zinc concentration present 
and complex Mössbauer spectrum. The deconvolution of the 
spectra does reveal the presence of the iron-bearing phases 
(Table 4) also observed in the XRD (Table 3) and provides 
a ratio between these. The iron content of the BF dust is 
shown to be 66% hematite and 34% very small, superpara-
magnetic structures in the  Fe3+ oxidation state. Coupling 
these results to the XRD spectrum, we can assume that the 
only phase present is hematite. BOF dust, on the other hand, 
has appreciable iron content in different oxidation states. The 
greatest proportion of the iron is either in the metallic or 
wüstite form, 41% and 29% of the total Fe content, respec-
tively. Following this, 15% is iron carbide and the other 15% 
is magnetite.

Based upon XRD analysis, the zinc that is present in the 
BF dust is primarily in the form of ZnS with a small propor-
tion of ZnO. A very weak signal for ZnO was identified in 
the BOF dust diffractogram; furthermore, franklinite may 
be present, but this can be obscured in the XRD due to the 
presence of magnetite.

Reduction Behavior of Individual Dust Samples 
at Varying Temperature

Initially, individual samples were introduced to the hori-
zontal furnace at 850  °C, 1000  °C, and 1300  °C in an 
inert atmosphere for residence times of up to 30 min. The 
weight of the material before and after furnace treatment 
were recorded, and characterization was conducted. The 
mass changes observed on the various samples are shown 
in Fig. 6.

BOF dust showed the least change in mass across all 
temperatures tested. At 850 °C, the weight of the BOF dust 
appears to remain relatively stable over the 30 min expo-
sure; however, this does not reflect a lack of reactions taking 
place. As can be seen at timescales below ten minutes, the 
sample actually gains weight (maximum 2.5%), similarly 
before 2 min at 1000 °C. This can primarily be ascribed to 
reactions taking place outside the furnace. Upon removal, 
the sample had not fully cooled, and this allowed for oxida-
tion of the contained iron. Visually this could be observed 
by areas of the sample turning red after air exposure, hence, 
the formation of hematite. Balancing against this observed 
weight gain, some elements were lost from the dust. The 
small quantity of carbon (2.4 wt%) contained in the mate-
rial was rapidly oxidized in reactions most likely with iron 
but potentially also Ca, Mg, and Zn. The latter can lead to 
volatilization of these species. In the case of the 850 °C 
BOF sample, this leads to a balance between the reduc-
tion and vaporization of material against the re-oxidation 
upon furnace removal. XRD analysis at 1000 °C shows that 
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the primary forms of iron remain as FeO and metallic Fe 
(Fig. 7). However, it can also be seen that calcium carbonate 
reacts with iron oxide to form a calcium ferrite,  Ca2Fe2O5 
(Fig. 7), as previously observed by Robinson [31].

For the BF dust samples, there is quite a dramatic dif-
ference between the weight loss behavior at the three tem-
peratures. At 850 °C it was seen that a plateau in weight 
loss of between 5 and 8% was achieved after roughly 2 min 
residence time within the furnace. Conversely, after 30 min 
at 1000 °C, 30% of the sample mass had been lost and after 
5 min at 1300 °C, 28% lost. The additional weight loss 
can be accounted for by the loss of multiple elements as 

indicated by results of XRF analysis of the 1000 °C sample 
shown in Fig. 8.

Figure  8 represents the (non-iron) major sources of 
weight loss in the BF dust samples over 30 min of exposure 
to 1000 °C in an inert atmosphere. These values have been 
measured through analysis of the samples at different time 
intervals by LECO and XRF analysis. The quantity of carbon 
has dropped by around 27% while Zn, Cd, and Pb have all 
been completely removed after 30 min. In the case of cad-
mium, this is a rapid loss but the Pb and Zn require the full 
time length to be completely removed. Some sulfur is also 
lost as sulfur oxides. At 1300 °C, these processes occur more 
rapidly; hence, a plateau in weight loss is reached after only 

Fig. 7  XRD diffractogram of BOF held at 1000 °C for 30 min
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5 min. XRD analysis of the 10 and 30 min samples held at 
1000 °C are shown in Fig. 9.

It can be seen from the diffractograms that both ZnS and 
ZnO are broken down over the 30 min at 1000 °C. Mean-
while, hematite has undergone partial reduction after 10 min, 
and the major phase after 30 min is metallic iron. Peaks in 
the off-gas analysis of the samples showed the presence of 
both CO and  CO2 (Fig. 10). This indicates that reactions 
1–3 are taking place in the furnace along with others such 
as reactions 11–13 using the produced CO gas. Figure 10 
also shows that while more CO is produced than  CO2, the 
latter is observed over a longer time period, 21 min after the 
start of experiment.

The trends in goethite loss were comparable across the 
three temperatures tested but reached a greater weight loss 
plateau at each. Rapid weight loss results in the achievement 
of weight loss plateaus after 5 min. For 850 °C, 1000 °C, and 
1300 °C, respectively; the weight loss amounted to 17.5%, 
22.5%, and 28%. These high values are primarily due to the 
large concentration of hydrated species, which are rapidly 
dehydrated at these temperatures. Also, there are high quan-
tities of sulfur (12.1 wt%) in the form of sulfates which can 
be decomposed to some extent at the temperatures studied. 
XRD analysis shows that after 30 min, both beaverite and 
 PbSO4 have been lost from the sample (Fig. 11). Frost et al. 

(11)
Fe3O4 + CO(g) → 3FeO + CO2(g) ΔrG

1000 ◦C = −7 kJ mol−1,

(12)
Fe2O3 + CO(g) → 2FeO + CO2(g) ΔrG

1000 ◦C = −42 kJ mol−1,

(13)
FeO + CO(g) → Fe + CO2(g) ΔrG

1000 ◦C = 9 kJ mol−1.

(2008) have shown that beaverite will break down in three 
stages of dehydroxylation, loss of sulfates, and loss of oxy-
gen all before 845 °C [32]. This will leave a mix of metal 
oxides in the solid phase and release of lead to the gase-
ous phase. Meanwhile,  PbSO4 has decomposed in order to 
form PbO and release sulfur. Gypsum has also dehydrated 
in order to from anhydrite,  CaSO4. From the XRD analysis 
(Fig. 11), it cannot be said whether franklinite remained as a 
major phase within the sample due to potential overlap with 
 Fe3O4. Pickles et al. (2003) state that at high temperatures, 
franklinite can break down into iron oxide and hematite even 
in neutral environment [33]. Specifically, they state that this 
requires temperatures of at least 1227 °C in order to take 
place [33]. However, XRF analysis for the samples held for 
10 min at 1300 °C shows minimal loss of zinc in line with 
that seen at 1000 °C over 30 min. This indicates that even 
at temperatures of up to 1300 °C, a reductant is required to 
break down franklinite.

From the XRD analysis, it can also be observed that the 
amorphous bumps of ferrihydrite were completely lost at 
both temperatures. Conversely, strong hematite peaks could 
be seen in the XRD spectra of goethite held at 1000 °C but 
not at 1300 °C. Previous study at lower temperatures showed 
that at around 300 °C, ferrihydrite can be dehydrated and 
crystalline hematite structure formed within 2 h [34, 35]. 
Here, it is apparent that the transformation takes place at a 
much quicker rate, but that it can then be fully broken down 
to form magnetite at temperatures higher than 1000 °C.

The general observation of iron reduction and zinc loss 
in the BF dust compared to the goethite and BF dust can be 
ascribed to the carbon contained acting as a reductant. Here, 
the carbon will form carbon mono- or dioxide and be lost to 
the gaseous phase and the oxygen provider will be reduced 
leading to the loss of volatile species. In order to facilitate 
the recovery of zinc and enhance the reduction of iron in the 
goethite and BOF dust, it was proposed to mix them with 
the BF dust. The carbon contained within the BF dust can 
then act as a reductant for these purposes. As previously 
described, a calculation was made to determine how much 
BF dust was required to reduce the iron and zinc in the other 
materials, and further experiments were performed.

Self‑reducing Mixtures of Secondary Zinc Sources

The two-dust mixtures were studied solely at 1000 °C in 
three ratios of 20:80, 40:60 and 60:40 BF dust to goethite or 
BOF dust. The notation used from this point puts the latter 
component first and describes the ratio with respect to this, 
i.e., Goe60/40 refers to a sample of mixed goethite/BF dust 
in a 60:40 ratio. Weight loss was recorded at various reten-
tion times over 30 min for all six samples in two series as 
shown in Fig. 12.Fig. 11  XRD diffractograms of goethite held at 1000 °C for 30 min 

(black) and at 1300 °C for 10 min (red) (color figure online)
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It is clear that there is a great degree of difference in the 
weight loss between the goethite and BOF dust-containing 
mixtures. This is due to the relatively larger quantity of 
volatile, heavy metals in the goethite mixture along with 
the high sulfur levels. Comparatively, the BOF mixture is 
still mainly iron oxides (ranging from 53 to 73 wt%) with 
an appreciable quantity of carbon (from 24 to 10 wt%) and 
minimal zinc (3.8 to 1.8 wt%). Between the different ratios 
tested, there is a minimal weight difference for each of the 
mixtures. For the goethite mixtures, the two that are more 
concentrated in goethite dust show the greater weight loss 
(additional 7%). This was due to the increased presence of 
sulfate species, hydrated compounds, volatile components, 
and reducible iron. Minimal difference in weight loss was 
observed between the BOF mixtures.

Goethite/BF Dust Mixtures

Both the Goe80/20 and Goe60/40 samples show 90% loss 
of zinc after 30 min of exposure compared to 97.4% in 
Goe40/60. It is apparent from Fig. 13 that with longer reten-
tion times (around 35 min) in the furnace, the majority of 
the zinc will be lost, dependant on the presence of sufficient 
reductant.

Elemental and mineralogical analysis was performed on 
all mixtures but trends are discussed with focus on the 60:40 
goethite/BOF dust to BF dust samples. Along with Zn other 
elements are lost during the thermal treatment of the sam-
ples. Figure 14 gives an example of the percentage removal 
of other volatile elements that are lost during the treatment 
of Goe60/40.

From this graph, it can be seen that the carbon concen-
tration (which is initially 18.2 wt% of the sample) rapidly 
decreases by around 55% within 5 min. Following this, a 
plateau is achieved after 10 min with around 75–80% of the 
carbon lost to the gaseous phase. Similarly, in the case of 
the Goe40/60 sample, around 60–65% carbon removed after 
10 min of testing. However, for the Goe80/20 mixture, the 
trend is different; after 10 min, 75% of the carbon has been 
removed from the sample, while at 30 min, 95% has been 
lost. Coupling this to the previous observation of incom-
plete zinc weight loss, it is apparent that there is most likely 
insufficient reductant for complete reduction and, hence, 
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vaporization of zinc. This indicates that the reduction of 
zinc should be complete at time lengths longer than 30 min 
for Goe60/40 but not Goe80/20. This differing behavior is to 
be expected between the two mixtures as it was previously 
predicted that insufficient carbon would be present in the 
Goe80/20 sample while Goe60/40 had a slight excess. Also, 
as predicted, Goe40/60 is over-enriched in carbon, despite 
complete reduction of zinc, there is still 35–40% of the ini-
tial carbon remaining in the sample.

The behavior of other elements shown in Fig. 14 is highly 
consistent across the ratio of dusts tested. In all samples, Cd 
and Pb were completely lost to the gaseous phase within 

10 and 20 min exposure at 1000 °C, respectively. Despite 
the starting concentration of S varying between samples, 
there was a reasonably consistent quantity lost after 10 and 
30 min (between 75 and 85%). XRD analysis shows that by 
5 min, both beaverite and  PbSO4 have been lost from the 
sample (Fig. 15). Beaverite will be lost in a similar way as 
described previously for the individual BOF sample. Mean-
while,  PbSO4 can react to form other sulfates such as  CaSO4 
(Reaction 6) or decompose to release Pb and  SOx to the gas-
eous phase (as indicated in Fig. 14). The final form of sulfur 
identified by XRD is that initially of gypsum. From Fig. 6, 
it can be seen that after 5 min, dehydration of the gypsum 
has occurred and after 30 min,  CaSO4 has reacted to form 
CaS. This remaining CaS can explain the retention of some 
sulfur in the samples.

The XRD diffractogram shown in Fig.  15 for the 
Goe60/40 mixture indicates clearly the reduction of iron 
oxide, with sharply growing peaks of metallic iron from 5 
to 30 min reaction. While the initial sample contained ferri-
hydrite, franklinite, and hematite (Table 4), the 5 min sample 
already shows reduction to magnetite, wüstite, and some 
metallic iron. From the XRD spectrum, no bumps indicative 
of the presence of amorphous phases such as ferrihydrite 
were observed. By 30 min, the sample appears to be mostly 
metallic iron. To further probe the reduction of iron-bearing 
species, Mössbauer spectroscopy was employed, and the 
results are presented in Table 5 and Fig. 16.

The Mössbauer results show great similarity to those 
collected through XRD analysis. After 5 min, the goe-
thite mixture has undergone reduction reactions with the 
contained carbon and the produced CO. The initial com-
position is composed of franklinite, magnetite, and ferri-
hydrite with iron prominently in the  Fe3+ oxidation state. 

Fig. 15  XRD diffractograms of goethite/BF dust in a 60:40 mixture 
after 5 min and 30 min residence time at 1000 °C under inert atmos-
phere. Black symbols represent 5 min phases, red are 30 min phases, 
and red with black outlines are present in both (color figure online)

Table 5  The Mössbauer fitted 
parameters of mixed dust 
samples obtained at 300 K

Experimental uncertainties: isomer shift, IS ± 0.02 mm  s−1; quadrupole splitting, QS ± 0.02 mm  s−1; line 
width, Γ ± 0.03 mm  s−1; hyperfine field ± 0.1 T; spectral contribution ± 3%

Sample/treatment IS (mm·s−1) QS (mm·s−1) Hyperfine 
field (T)

Γ (mm·s−1) Phase Spectral 
contribution 
(%)

Goe60/40 5 min 0.94 0.75 – 0.66 Fe2+  (Fe1−xO) 76
0.28  − 0.02 49.2 0.40 Fe3O4(I) 8
0.71  − 0.03 45.2 0.90 Fe3O4(II) 16

Goe60/40 30 min 0.00 0.00 33.2 0.43 Fe0 92
0.35 0.93 – 0.52 Fe3+ 8

BOF60/40 5 min 0.00 0.00 33.0 0.32 Fe0 32
0.36 0.84 – 0.35 Fe3+ 7
0.96 0.91 – 0.74 Fe2+  (Fe1−xO) 48
0.31  − 0.02 48.9 0.54 Fe3O4(I) 5
0.67 0.00 45.5 0.75 Fe3O4(II) 8

BOF60/40 30 min 0.00 0.00 33.2 0.39 Fe0 81
0.31 0.77 – 0.56 Fe3+ 9
0.77 1.70 – 0.74 Fe2+  (Fe1 − xO) 10
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However, after just 5 min, 76% of the iron content is in the 
 Fe2+ oxidation state in the form of wüstite. Beyond this, 
the remainder is made up of magnetite with no franklinite 
observable. Furthermore, after 30 min residence time in 
the furnace, further reduction has taken place to the extent 
that 92% is in the metallic iron form and only 8% is present 
in the  Fe3+ form. This  Fe3+ could not be ascribed to a spe-
cific iron oxide through either Mössbauer spectroscopy or 
XRD analysis. Consequently, 30 min exposure to 1000 °C 
in an inert atmosphere is enough time for self-reduction of 
the sample to take place and the great majority of the iron 
to be in the metallic form.

The lack of franklinite after 5 min coupled to the pres-
ence of ZnO in the sample diffractogram (Fig. 15) indi-
cates the rapid breakdown of the former. This is facilitated 
by the presence of a carbon-based reductant to reduce the 
zinc ferrite and to produce CO or  CO2 and zinc oxide (i.e., 
Reaction 4). The rapid kinetics of this carbothermic break-
down have been described previously [36]. Conversely, 
the breakdown of the zinc oxide (Reaction 5) necessitates 
the remainder of the retention time in the furnace. After 

30 min, it is no longer observable in the X-ray diffracto-
gram (Fig. 15).

All ratios of dusts appeared to show similar behavior. 
However, it has been shown that the Goe80/20 sample 
contained insufficient carbon to fully reduce the contained 
zinc and iron oxides. As such, it can be predicted that a 
mixture of minimum 30% BF dust to 70% goethite should 
be utilized to benefit from the reducing impact of the con-
tained carbon.

BOF/BF Dust Mixtures

The BOF/BF dust mixtures show lower initial concentration 
of zinc than the goethite equivalents but higher quantities 
of iron. Figure 13 shows that within 10 min, all of the zinc 
has been removed from BOF80/20 and a large proportion 
has been lost from BOF60/40 and BOF40/60. Furthermore, 
after 30 min holding at 1000 °C, the zinc in the latter two 
mixtures has effectively been entirely lost to the gas phase. 
There was minimal presence of Pb in these samples (maxi-
mum 0.8 wt%), and this was all lost within 10 min. Sulfur 
was similarly present in lower concentration (maximum 2.2 
wt%) and showed a loss of between 60 and 75% over the 
course of the 30 min residence time. Mineralogy was studied 
using XRD and is shown in Fig. 17.

It can be seen that there is carbon present in both the 
5 min and 30 min samples. In fact, in all the ratios tested, 
a great amount of carbon was remaining, from 41 to 
237 mg  g−1. Moreover, the XRD appears to show that after 
30 min, only metallic iron was remaining. In order to check 
this Mössbauer spectroscopy was recorded (Table 5) and 
iron-bearing phases investigated. These results mostly 
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aligned with that obtained with XRD analysis. After 5 min, 
multiple iron phases are present with the largest proportion 
being FeO (48%) followed by metallic Fe (32%). Beyond 
this, magnetite was also present in small quantity (13%) 
along with a general  Fe3+ oxide peak (7%). It is appar-
ent that iron carbide  (Fe3C), present in the initial material 
(Table 4), has decomposed. This has previously been studied 
and shown to result in the generation of C and Fe [37]. The 
reduction reaction continues over the remaining residence 
time and by 30 min, 81% is metallic iron. The remainder is 
10% FeO and 9% an  Fe3+ oxide, once again this latter phase 
could not be identified definitively through Mössbauer or 
XRD analysis. The combination of these results with the 
LECO findings of carbon content and XRF of zinc suggests 
that there is sufficient carbon present to fully reduce the val-
uable iron and zinc components. For fabrication of a granu-
late or briquette mixture of these components, a mixture 
in the ratio of 80:20 BOF to BF dust should be sufficient, 
potentially even less BF dust is required, but in this case, the 
quantity of zinc becomes increasingly low.

Concluding Remarks

The behavior of waste materials generated by the zinc and 
ironmaking industry has been pyrometallurgically studied.

During studies of individual samples, it was observed that 
BOF dust and goethite underwent minimal loss of zinc and 
reduction of iron. This was due to the lack of reductant to 
drive the reactions. Conversely, BF dust showed complete 
reduction of iron oxides to metallic iron and total conver-
sion of zinc to the gas phase due to contained carbon. Con-
sequently, it was decided to mix goethite/BOF dust with 
BF dust for further studies. All three mixtures of BOF dust 
with BF dust (80:20, 60:40, and 40:60 ratios) showed com-
plete removal of zinc along with significant reduction of 
iron. The reduction and vaporization of zinc were achieved 
within around 15 min residence time but the full 30 min was 
required for the iron oxide to be fully reduced. Other vola-
tiles are lost along with a large proportion of the contained 
sulfur. In the mixtures of goethite with BF dust, the ratio of 
80:20 proved to be slightly under-concentrated in carbon. 
Despite this, the large majority of the zinc (90%) has been 
removed from the sample. For the samples in ratios of 60:40 
and 40:60, BOF to BF dust sufficient carbon was present and 
full reduction of iron oxides could be achieved.

Despite the vastly complex and varying compositions 
of these waste materials, once mixed with a reductant the 
removal of zinc and reduction of iron oxides to metallic iron 
could be achieved. In order to provide sufficient carbon for 
full reduction of the iron and zinc, the proposed ratio of 
dusts is 30:70 BF dust to goethite and 20:80 BF to BOF 

dust. These mixtures can be utilized within the HIsarna fur-
nace in order to facilitate the recovery of valuable mate-
rial. By utilizing carbon that was lost as a waste in BF dust, 
the requirement of using ‘new’ coal can be reduced and the 
environmental impact of the process can be minimized. The 
metallic iron can be utilized in the production of steel while 
the zinc can be utilized as a secondary raw material by the 
zinc industry.
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