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Abstract: The non-carbothermic zinc pyrometallurgical processing of dectric arc furnace (EAF) dust was investigated on a laboratory scade.
Themain objective of this process was to convert highly stable zinc ferrite (ZnFe,O,4), which accounts for more than half of total zinc in the
EAF dust, into ZnO and CaFe,0s by CaO addition. The EAF dust was mixed with CaO powder in various ratios, pressed into pellets, and hested
in amuffle furnace in air at temperatures ranging from 700 to 1100°C for a predetermined holding time. All ZnFe,O, was transformed into ZnO
and CaFe,Og a a minimum temperature of 900°C within 1 h when sufficient CaO to achieve a CalFe molar ratio of 1.1 was added. However, at
higher temperatures, excess CaO beyond the stoichiometric ratio was required because it was consumed by reactions leading to the formation of
compounds other than ZnFe,O,. The evaporation of halides and heavy metalsin the EAF dust was also studied. These components could be pref-
erentidly volatilized into the gas phase at 1100°C when CaO was added.
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1. Introduction

Zinc has been used mainly in the process of gavanizing
steel and its consumption is increasing annualy [1]. After
five to ten years of use, end-of-life galvanized steel products
are collected as scrap and remelted in electric arc furnaces
(EAFs) for sted recycling. During the process of melting
scrap in EAFs, most of the zinc is evaporated because of its
relatively low boiling point (907°C) and collected in a bag
filter as EAF dust; the average zinc content of this dust is
approximately 20wt% [2—4]. The composition of EAF dust
depends on the EAF operating conditions, such as the char-
acteristics of the scrap charged into the EAF, the eectric
power supplied to the EAF, the operating period, the speci-
fication of the steel produced, etc. [5]. Given an average
yield of EAF dust of 15 to 25 kg for every metric ton of
steel produced [6], the amount of zinc that can possibly be
recovered from EAF dust is approximately 1.4 million tons
worldwide per annum [7]. However, EAF dust has been
classified as a hazardous waste by various government
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regulatory agencies according to the toxicity characteristic
leaching procedure (TCLP) of lead, cadmium, and chro-
mium [4-5,8-13].

Two main approaches for treating the dust have been de-
veloped: stabilization or vitrification prior to landfilling and
metals recovery for recycling [5,13-14]. Zinc has been rec-
oghized as one of the elements whose supply in nature is
possibly limited [15]. Hence, zinc recovery from EAF dust
has become an important issue for zinc resources conserva
tion because no other essential zinc recycling path from the
end-of-life zinc products exists, as schematicaly shown in
Fig. 1[16]. Various pyrometallurgical and hydrometallurgi-
ca techniques have been developed for the intermediate
treatment of EAF dust; those that have worked on a com-
mercia scale are generally high-temperature zinc oxide re-
covery processes—specifically, the Wadlz rotary kiln proc-
ess and rotary hearth furnace technology [12,17-18]. Both
of these processes are based on the reduction and volatiliza-
tion of zinc from EAF dust by carbothermic reduction;
however, they produce ZnO, which requires further proc-
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essing, rather than metallic zinc [5,7,12,14,19-20]. In addi-
tion, the by-product solid residue (clinker) containing iron
from the Waelz process, which was previoudy used as ce-

ment or road construction material, can no longer be reused
in this manner because of new environmental regulations
[21-23].

Fig. 1. Schematic of thezinc cyclevia EAF dust.

The difficulties associated with the intermediate treat-
ment of EAF dust are as follows. (1) the major species of
zinc in the dust is zinc ferrite (ZnFe,O,), which is difficult to
leach or reduce [14,19]; and (2) the dust contains relatively
high concentrations of halogens (chlorine and fluorine) and
heavy metals (lead and, in some cases, cadmium). For the
conversion of ZnFe,O4 to ZnO with lower energy input, we
have proposed a new process for dust pretreatment that we
refer to as the “CaO addition process’ [21-24]. ZnFe,O, in
the dust can react with CaO to form ZnO and Ca,Fe,Os via

the following reaction:

ZnFe;04(s) + 2Ca0(s) = ZnO(s) + CaFe,Ox(s) Q
AG? =-32114+11.329T +4.201x10°T* -

5.46x10°/T -3.373T InT, Jmol 2
AH? =-32114+3.373T — 4.201x107°T? -

10.91x10° /T , Ymol ©)

As presented in Fig. 2, the values of both the free energy
and the enthalpy changes of this reaction are negative at
dlevated temperatures, and the exothermic nature of this

Fig. 2. Comparison of free energy and the enthalpy changes between the Waelz process and the CaO addition process at 900 to

1100°C.
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reaction is a benefit of the CaO addition process [21-22]. In
addition, this reaction can proceed in air or under inert at-
mosphere, while enabling the formation of ZnO without
carbothermic reduction. In our previous work [21-22], we
presented the phase diagram of the CaO—-+e,05—Zn0O system
at 900 and 1100°C, confirming that, if sufficient CaO is
added to ZnFe,O,, the latter can be transformed into ZnO and
CaFe,05 at an equilibrium state beyond the Alkemade line
between ZnO and CaFe,05 (Ca0:ZnFe,O, > 2:1 in moles).

In the present work, we investigated the conversion of
ZnFe,0, in industriadl EAF dust to ZnO in air and in the
presence of added Ca0O; the effect of temperature, reaction
time, dust composition, and the amount of CaO added was
also examined. Furthermore, the evaporation behavior of the
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EAF dust components was studied because the preferentia
evaporation of haides and volatile matters was expected.

2. Experimental
2.1. Materials

Three kinds of EAF dust samples provided by an EAF
steelmaking company in Japan were used in this study. Dust
A and dust B were collected from conventional EAF opera-
tions, whereas dust C was zinc-upgraded dust obtained us-
ing dust injection technology, as reported in our previous
paper [25]. The chemical compositions of the supplied dusts
are shown in Table 1. They were determined by chemica
analysis methods explained in section 2.3.

Tablel. Composition of the EAF dust samples supplied by a company that operatesan EAF wit%
Sample Fe Zn Mn Pb cl” F ZnFe,0, ZnO ZnCl,
Dust A 3111 23.60 213 176 4.72 1.38 1255 8.68 237
Dust B 26.83 2156 221 157 5.78 0.39 9.26 12.30 0.03
DustC 21.20 2964 172 102 14.22 0.76 10.00 1964 0.00

2.2. Experimental procedure

The dust was mixed thoroughly with various amounts of
Ca0, which was prepared by calcination of CaCOs (purity >
99.5%, Cicareagent, Kanto Chemica Co., Inc.) in air at
1100°C for 3 h. 1 g of the dust was mixed thoroughly with
Ca0 in various ratios, and the mixtures were pressed into
tablets (outer diameter: 10 mm) under a pressure of ap-
proximately 10 MPa. As shown in Fig. 3, each tablet was
placed on a platinum sheet in an alumina crucible and
heated in a muffle furnace in air for the desired holding time
at a temperature ranging from 700 to 1100°C. After being
heated, each specimen was quickly withdrawn from the
furnace, crushed, and subjected to chemical and X-ray dif-
fraction (XRD) analysis. The reaction degree per unit opera-
tion time was determined from the ratio of relative intens-
ties of the XRD pesks of ZnO and ZnFe,O,4 [26-27].

Fig. 3. Schematic of the labor atory-scale furnace.

Dust A was selected for the study of the evaporation be-
havior of dust components during CaO treatment. Thermo-
gravimetric analysis (TGA) was conducted with a TA In-
struments model SDT-Q600 thermogravimetric analyzer to
measure the weight change rate of dust A during heating as
a function of temperature in the 500-1000°C range. Fig. 4
presents the experimental apparatus used to observe the
evaporation behavior of the EAF dust components during
heating with CaO under an air stream. Approximately 1-g
samples of dust A with and without added CaO were used.
Each sample was placed in an aumina combustion boat
(width 12 mm x depth 9 mm x length 60 mm) positioned
inside a quartz tube reactor (length 33 cm). For the samples
of dust A with added Ca0, the Ca/Fe molar ratio was 1.3.
After the furnace was stabilized at the desired temperature,
the quartz tube reactor was fed into the furnace to a given
position, and the air flow rate was started at 100 mL/min.

Fig. 4. Experimental apparatus used to observe the evapora-
tion behavior of the EAF dust components during heating with
CaO under an air stream.
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Each specimen was maintained for 3 h at a temperature that
ranged from 550 to 1100°C. After being heated, the speci-
mens were quenched and subjected to XRD and inductively
coupled plasma (ICP) analysis.

2.3. Chemical analysis

Wet chemical analysis was conducted to determine the
composition of the EAF dust. To determine the totd zinc,
iron, cacium, manganese, lead, and cadmium contents, a
0.1-g dust sample was fused with 3 g of reagent-grade po-
tassum disulfate (K,S;0,) in a platinum crucible, dissolved
in HCI solution, and then used for ICP-atomic emission
spectroscopy  (ICP-AES) measurements on a Shimadzu
ICPS-8100. The chlorine and fluorine concentrations were
analyzed using pH/ion meters (SevenMulti S80, Mettler
Toledo). Generally, EAF dust contains ZnFe,O, as the ma-
jor zinc component, together with some amounts of ZnO
and ZnCl,. The chemical species of zinc in the dust were
individually determined by the choice of solvent. ZnFe,O, is
well known to be basically insoluble in either acid or alka-
line solution. In the present work, ZnO, ZnFe,O,, and ZnCl,
in the specimens were individualy determined by wet
chemical analysis using three solutions; water, the Muspratt
solution (a mixture consisting of 10 mL of ammonium ace-
tate, 5 g of ammonium chloride, and 25 mL of distilled wa-
ter), and fused potassium disulfate. Water can dissolve only
ZnCl,, the Muspratt solution can dissolve both ZnO and
ZnCl,, and fused potassium disulfate can dissolve all zinc
components. By combining the zinc components extracted
by these solutions, we determined the amounts of ZnO,
ZnFe,0,, and ZnCl, in the dust asfollows:

(%ZnCl,) = (%ZN)waer X (Mznci/Mzn) )
(%ZnO) = [(O/OZH)Musprat - (o/Ozn)Water] X (MZnO/ MZn) (5)
(%ZnFe,Oy) =

[(%Zn)ep — (YZNmusprat] % (Mznpe.0./Mzn) (6)

Here, (%Zn)waer, (ZMpugrar and (Y0Zn)qp are the amounts
of zinc extracted by water, by the Muspratt solution, and by
the fused potassium disulfate, respectively, and M denotes the
molecular or atomic weight of each species. The principle of
this extraction technique was initially confirmed using a mix-
ture of reagent-grade ZnO, ZnCl,, and synthesized ZnFe,O,.

The structures of the specimens were determined by
XRD performed on a Rigaku—RINT2000, together with
scanning electron  microscopy—energy-dispersive  X-ray
spectroscopy (SEM—-EDX) performed with a JEOL 7500
F-1. XRD patterns of the sample powders were obtained
using monochromated Cu K, radiation; the samples were
scanned over the 26 = 20°-80° range, with a scan step of
0.02° and afixed counting time of 1 sfor each step.

3. Resultsand discussion
3.1. Characterization of EAF dust

According to Table 1, the mgjor elements in the three
dust samples, A, B, and C, wereiron and zinc, together with
relatively high concentrations of manganese and lead. In ad-
dition, these three dust samples contained 4wt%—15wt% of
chlorine and 0.4wt%—1.4wt% of fluorine. The iron concen-
trations in dust A and dust B were comparatively higher
than the zinc concentrations, which is a general feature of
EAF dust. Conversdly, dust C, which was generated by in-
jection technology [25], was enriched with zinc and halo-
gens. As shown in Table 1, ZnFe,0O, was the mgor zinc
compound in dust A, whereas approximately 40wt% of the
zinc existed as ZnO and ZnCl,. ZnO was the magjor zinc
compound in dust B and dust C.

Fig. 5 shows the XRD patterns of the EAF dusts used in
the present work. The pattern for dust A indicates that the
major components were ZnFe,O, and ZnO. The XRD pat-
terns of the three dusts differ dightly, corresponding to the
respectiveratio of ZnFe,O4 and ZnO in each dust.

Fig.5. XRD patternsof the EAF dusts (Cu Ka).

3.2. Conversion rate of ZnFe,O4t0 ZnO in the presence
of added CaO

Fig. 6 shows the effect of holding time on the conversion
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rate of ZnFe,0O, in dust A to ZnO and CayFe,0Os by means of
Ca0 addition at 1000°C. nzo is the moles of zinc oxide, nze
is the moles of zinc ferrite (ZF), and nzo/(Nzno + Nze) isthe
relative molar ratio of zinc oxide in total zinc content (zinc
oxide + zinc ferrite) indicating conversion rate to zinc oxide.
If Nzno/(Nzno + Nze) is equal to 1.0, the conversion to zinc
oxide is completed. The results indicate that the reaction
proceeded quickly and was virtualy completed within 1 h,
without any change at longer holding times of up to 24 h. At
1000°C, a conversion rate of approximately 80% was
achieved for the addition of CaO at a stoichiometric ratio
(i.e, 1.0 Ca/Fe). However, the conversion was completed by
increasing the amount of added CaO beyond the
stoichiometric ratio of CalFe = 1.2. The free energy change
in the reaction shown in Eq. (1) exhibited a relatively large
negative value of approximately —40 kJ/mol at 700-1100°C
[22]; we expect that the reaction shown in Eq. (1) can spon-
taneoudly proceed toward right-hand side. The physico-
chemical nature of this reaction supports the experimental
results. Notably, the temperature of the CaO treatment
should be less than 1200°C, which is the melting tempera-
ture of CaFe,Os.

Fig. 7 shows the effect of temperature on the conversion
rate of ZnFe,O,to ZnO in dust A and dust B when the dusts
were heated in air for 1 h. At 700°C, the reaction rate was
around 80% at any CalFe molar ratio, indicating that 1 h
was insufficient to complete the reaction at this temperature.
However, when sufficient CaO was added to bring the
CalFe molar ratio to 1.4 and the temperature was in the
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range of 900-1100°C, the conversion of ZnFe,O,4 to ZnO
and the formation of CaFe,0Os were amost completed
within 1 h for both dusts. This finding indicates that an
amount of CaO in excess of the stoichiometric ratio (1.0
CalFe) was necessary to complete the conversion reaction.
Notably, the conversion rate decreased at temperatures
above 800°C when the Ca/Fe molar ratio was less than 1.4.
The XRD patterns obtained under different experimental
conditions (Fig. 5) showed that the formation of ZnFe,O,
from ZnO and the formation of Fe,Os originating from the
raw dust were possible when the amount of CaO added was
insufficient (Ca/lFe < 1.3):

ZnO(s) + Fe,05(s) = ZnFe,04(9) (7

Fig. 6. Reactivity of ZnFe,0,4 in dust A with added CaO at
1000°C as a function of reaction time for different amounts of
added CaO.

Fig. 7. Reactivity of ZnFe,0O4with added CaO for 1 h asafunction of reaction temperature.

This trend of the formation of additional ZnFe,O, be-
came remarkable at higher temperatures and lower CalFe
molar ratios, resulting in a lower conversion rate. Fig. 8

shows the relationship between the conversion rate of dusts
A, B and C and the Ca/Fe molar ratio when the dusts were
heated at 1000°C for 1 h. On the basis of the iron and
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ZnFe,O, contents in these dusts, the amount of CaO re-
quired to complete the conversion was calculated per ton of
dust. For example, at 1000°C, the addition of CaO at Ca/Fe
= 1.2 was sufficient to complete the conversion for each
dugt, as shown in Fig. 8, which means that 375, 323, and
255 kg of CaO would be necessary for one ton of dust A,
dust B, and dust C, respectively. These resultsindicate that a
lower iron or ZnFe,O, concentration resulted in less CaO
required for the CaO treatment of EAF dust. Some of the
authors have demonstrated that dust recycling to EAF by
injection, referred to as the dust injection technology, can
increase the zinc content and decrease the iron content in the
regenerated dust, indicating that the combination of the dust
injection technology and the CaO addition process may re-
duce the burden for dust treatment [25].

3.3. SEM image and X-ray mapping

The SEM-EDX images of dust A before and after the
Ca0 treatment with 1.3 CalFe at 1100°C for 5 h are pre-
sented in Fig. 9. The “as-supplied” EAF dust particles were
relatively fine and smaller than 5 um. Some of the particles

were pherical, and EDX reveded that they consisted of
zinc and iron, which can be attributed to ZnFe,O,. However,
no ZnFe,O, was observed in the EAF dust after the CaO
treatment, whereas ZnO and CaFe,0Os were observed as
5-10 um particles in this dust. Therefore, the reaction of
ZnFe,0, with CaO was confirmed to be completed under
these conditions.

Fig. 8. Reactivity of ZnFe,O, with added CaO at 1000°C for
1h.

Fig. 9. SEM image and X-ray mapping of dust A before and after CaO addition (1100°C, reaction time =5 h, Ca/Fe molar ratio =

1.3).

3.4. CaO consumption by other components

Fig. 10 shows the mgjor and minor components (in moles)
of the EAF dusts before and after CaO treatment; the
amounts of these components were calculated on the basis
of the wet chemica analysis results and on the basis of the
excess Ca0 added to the dust. As the figure shows, EAF
dust aways contains minor minerals such as MnO, MgO,
Al,Os,, halides, etc., and their concentrations vary depending
on the operating conditions of the EAF. Mogt of the halides
evaporated during the CaO treatment, as explained in a later
section of this paper. However, minor oxides remained in

the treated dust; these oxides might have reacted with CaO,
resulting in the consumption of CaO prior to its reaction
with ZnFe,O,. This consumption of CaO could be the rea-
son why an excess of CaO was heeded to complete the con-
version of ZnFe,O, to ZnO and CaFe,0s. The mechanism
of such side-reactions will be investigated in detail in our
future work.

3.5. Evaporation behavior of halides and heavy metal

The thermogravimetric analysis of the as-supplied dust A
in Fig. 11 showed that dust A exhibited thermal degradation
beginning at 660°C and completing at approximately 1000°C,
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with approximately 13% total mass loss of the volatiles. Af-
ter smply heating dust A with and without added CaO, the
samples were anadyzed by XRD; their XRD patterns are
shown in Fig. 12. In the case of simple heating of the as-su-
pplied dust A without added CaO, a significant amount of
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ZnO, which initidly existed in the raw dust, was converted
into ZnFe,O, via the reaction between ZnO and Fe,0O; at
high temperatures, as shown in Eq. (7). Meanwhile, ZnO
and CaFe,Os dominated the XRD pattern of the dust with
added Ca0, with no indication of the formation of ZnFe,O,.

Fig. 10. Molecalculation of componentsin EAF dust and excess CaO (above the stoichiometric ratio) added during thetreatment.

Fig.11. TGA curvefor dugt A.

The evaporation behaviors of the components in EAF
dust during treatment with and without added CaO were
aso studied in the present work. The experimental results
are presented in Fig. 13 as afunction of temperature for 3 h
of heating. The evaporation of halogens and lead in the dust
without added CaO began at >560°C and drasticdly in-
creased at ~900°C. Most of the chlorine, fluorine, and lead
were preferentially removed from the remaining dust at
1100°C. Similar evaporation behavior of lead and chlorine

was observed in the dust with added CaO (1.3 CalFe),
whereas the evaporation of fluorine from the dust that was
heated with added CaO was dightly shifted toward higher
temperatures than that without CaO addition. Mogt of the
lead and chlorine were removed preferentially at tempera
tures below 900°C, whereas complete remova of fluorine
required temperatures above 1000°C. The preferential vola-
tilization of lead, chloring, and fluorine in the EAF dust is
another important benefit of the CaO treatment process. The
experimental results of halogen and lead volatilization were
in reasonable agreement with the thermodynamic computa-
tion results previoudy published in the literature [13]. Alka
line halides and lead compounds can be vaporized and pos-
sibly removed at temperatures as low as 900°C, whereas
higher temperatures result in higher vapor pressures of vola
tile species and oxidizing conditions facilitate the removal of
lead in the form of lead oxide. In addition, other researchers
have investigated the volatilization reaction of lead and
chlorine in EAF dust at reaction temperatures of 700°C to
1000°C in air [17]. Approximately 98% of lead and chlorine
were volatized within 90 min a 1000°C. The lead was vola-
tilized as aform of PbCl, by reacting with NaCl, Al,Os, and
SiO, that were present in the dust; the volatilization reaction
was controlled by solid-solid diffusion [17].
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Fig. 12. XRD patternsof dust A asa function of temperature after 3 h of heat treatment with and without CaO addition (Cu Ka).

Fig. 13. Evaporation rate of componentsin dust A as a function of temperature after 3 h of heat treatment with and without CaO

addition (Ca/Fe=1.3).

In the case of the evaporation behavior of iron and zinc,
the evaporation losses of zinc and iron from the dust without
added CaO were higher than those from the dust with added
Ca0. According to the low bailing point of ZnCl, (750°C),
ZnCl, in the dust without added CaO simply evaporates. In
contrast, in the case of dust with added CaO, the CaO re-

duces the amount of ZnCl, lost by evaporation, as per the

following reaction:

ZnCl, + Ca0=Zn0 + CaCl, (8)
The free energy of this reaction is negative a any tem-

perature. Consequently, the added CaO inhibits the evapora-

tion loss of ZnCl, in the dust to form ZnO in the
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CaO-treated dust.

The results of the present work provide us with two im-
portant indications: the complete conversion of ZnFe;O, to
ZnO and the preferential removal of halogens and lead from
the dust by the addition of CaO. The former was the benefi-
cia result of the hydrometallurgical treatment of EAF dust
because the difficulty associated with leaching ZnFe,O,,
which is the major problem of hydrometallurgical dust
treatment, can be avoided. The latter may provide us with
the opportunity to produce high-purity zinc metal that is
nearly halogen- and lead-free using CaO-treated EAF dust.

4. Conclusions

The conversion of ZnFe,O, in industriad EAF dust to
ZnO at 700-1100°C in air by the addition of CaO was stud-
ied using various amounts of added CaO. Furthermore, the
evaporation behavior of the EAF dust components during
the CaO treatment process was investigated at various tem-
peraturesin air. Specifically, the following conclusions were
drawn.

(1) The optimum conditions for the CaO addition process
to transform ZnFe,O, in EAF dust to ZnO were a processing
temperature of 900°C, a processing time of 1 h, and a CalFe
molar ratio of 1.1. The ZnFe,O, in EAF dust was converted
into ZnO and CayFe,Os without carbothermic reduction.

(2) However, to vaporize heavy metals and halogens into
the gas phase, the addition of CaO and processing tempera-
tures greater than 1100°C were required. The addition of
sufficient CaO to exceed the stoichiometric ratio was aso
necessary because some CaO was consumed by compounds
other than ZnFe,O,. In addition, lower iron or ZnFeO,
concentrations in EAF dust resulted in a lower CaO con-
sumption, especialy in the case of dust regenerated from
injection technology.

An additional process to separate ZnO and CaFe,0Os
from the CaO-treated dust is essentia. However, this re-
quirement is not as problematic as the separation process
required for the as-supplied EAF dust that contains zinc
predominantly in the form of ZnFe,O, Additionaly, the
steel industry can use CaFe,0s as a dephosphorization
agent or as araw materia for sintering plants. Accordingly,
our new process is much more efficient than conventional
processesin terms of environmental impact and costs.
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