
T
e

C
R

a

A
R
R
A
A

K
E
Z
Z
S
T
M

1

s
o
a
t
d
t
a
i
t
p
a
b
t
o
m
r
v
u
p

0
d

Journal of Hazardous Materials 179 (2010) 309–317

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

hermodynamic modelling of the formation of zinc–manganese ferrite spinel in
lectric arc furnace dust

.A. Pickles ∗

obert M. Buchan Department of Mining, Queen’s University, Kingston, Ontario, K7L-3N6, Canada

r t i c l e i n f o

rticle history:
eceived 14 December 2009
eceived in revised form 26 February 2010
ccepted 1 March 2010
vailable online 7 March 2010

eywords:

a b s t r a c t

Electric arc furnace dust is generated when automobile scrap, containing galvanized steel, is remelted in
an electric arc furnace. This dust is considered as a hazardous waste in most countries. Zinc is a major
component of the dust and can be of significant commercial value. Typically, the majority of the zinc
exists as zinc oxide (ZnO) and as a zinc–manganese ferrite spinel ((ZnxMnyFe1−x−y)Fe2O4). The recovery
of the zinc from the dust in metal recycling and recovery processes, particularly in the hydrometallurgical
extraction processes, is often hindered by the presence of the mixed ferrite spinel. However, there is a
lectric arc furnace dust
inc–manganese ferrite
inc
pinel
hermodynamics
odelling

paucity of information available in the literature on the formation of this spinel. Therefore, in the present
research, the equilibrium module of HSC Chemistry® 6.1 was utilized to investigate the thermodynamics
of the formation of the spinel and the effect of variables on the amount and the composition of the mixed
ferrite spinel. It is proposed that the mixed ferrite spinel forms due to the reaction of iron–manganese
particulates with both gaseous oxygen and zinc, at the high temperatures in the freeboard of the furnace
above the steel melt. Based on the thermodynamic predictions, methods are proposed for minimizing
the formation of the mixed ferrite spinel.
. Introduction

During the remelting of automobile scrap, containing galvanized
teel, in an electric arc furnace (EAF) a dust is produced as a result
f the simultaneous evaporation and oxidation of the various met-
ls, ejection of particulates from the metal and slag and also via
he entrapment of low-density furnace additives [1–3]. This EAF
ust represents about 1–2% of the furnace charge and can con-
ain substantial amounts of zinc, iron and calcium oxides as well
s numerous other metals and non-metals. The non-ferrous metals
n the dust can be of significant commercial value. In most coun-
ries the dust is considered as a hazardous waste because of the
resence of leachable lead, zinc, cadmium and chromium. There
re two major approaches for dealing with the dust [4–6]: (1) sta-
ilization followed by disposal or (2) processing for the recovery of
he valuable metals. In either case, the speciation of the zinc and the
ther metals can influence their behavior during these treatment
ethods and could have detrimental effects on either the metal
ecovery or the process itself. Therefore, in order to control or pre-
ent their formation, it is important to determine the conditions
nder which these species can develop during the dust formation
rocess. In general, the dust composition will depend on the scrap
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composition, the gas composition in the freeboard of the furnace,
the operating parameters of the furnace and the conditions in the
off-gas handling system.

There have been a large number of studies on the characteriza-
tion of EAF dust and each dust is site-specific [7–14]. However, the
zinc in the dust typically exists as zinc oxide (ZnO) and as a mixed
zinc–manganese ferrite spinel or ZMFO ((ZnxMnyFe1−x−y)Fe2O4).
In the automotive scrap, the zinc is mainly present as a coating on
the galvanized steel and since the boiling point of zinc (1180 K)
is less than the typical operating temperature of the steelmak-
ing process (1873 K), then the zinc will evaporate and enter the
gas phase in the freeboard of the furnace. Additionally, some iron
(boiling point of 3134 K) will enter the gas phase either by direct
evaporation or indirectly by the bursting of gas bubbles [15]. In
the furnace atmosphere, the iron can form either iron oxides or
the iron, zinc and oxygen can react to form zinc ferrite (ZnFe2O4).
Only a few thermodynamic studies have been performed on the
formation of zinc ferrite in EAF dust [16–18]. However, at the high
temperatures in the atmosphere of an electric arc furnace, the zinc
and iron are usually not present as zinc ferrite but in combination
with other metals such as manganese as ZMFO. Most commercial

automotive steels contain a relatively small percentage of man-
ganese (0.3–0.8%). Since the boiling point of manganese (2335 K) is
significantly lower than that of iron (3134 K) and iron–manganese
liquid solutions are close to ideal then a significant amount of the
manganese will evaporate. Manganese is about one hundred to one

http://www.sciencedirect.com/science/journal/03043894
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housand times more volatile than iron in the temperature range
f 1673–2373 K [19]. As a result, the manganese to iron ratio of the
ust can be significantly higher than that of the steel [20]. Typi-
al EAF dusts can contain manganese concentrations upto about
%. In general, the behavior of the manganese in the dust is simi-

ar to that of the iron, and manganese can be found as manganese
xide but it can also substitute for iron in the ZMFO. Therefore, the
resence of some manganese can affect both the formation and the
omposition of the ferrite spinel.

The composition of the gas in the furnace atmosphere can have
significant effect on the dust composition. Typically, the major

aseous constituents of the electric arc furnace atmosphere are:
itrogen (N2), oxygen (O2), carbon monoxide (CO), carbon diox-

de (CO2), hydrogen (H2) and water vapour (H2O). The minor
onstituents would be as follows: sulphur dioxide (SO2), sulphur
rioxide (SO3), vapourised hydrocarbons (CxHy), ozone (O3), nitrous
xides (NOx), hydrogen sulphide (H2S), hydrogen chloride (HCl),
ydrogen fluoride (HF), silicon tetrafluoride (SiF4), ammonia (NH3)
nd dioxins (C12H8−xClxO2). The presence of significant amounts
f carbon monoxide and carbon dioxide will depend on whether
he conditions in the furnace are reducing or oxidizing. In the past,
educing conditions were achieved by adding carbon to the slag and
his increased the amount of carbon monoxide in the furnace atmo-
phere and ultimately, the amount of carbon dioxide in the off-gas.
urthermore, the recent introduction of alternative fuel sources,
uch as oxy-fuel burners has resulted in increased amounts of car-
on monoxide and hydrogen in the furnace atmosphere [21]. This
dditional carbon dioxide and water vapour in the off-gas can pro-
ote the formation of hydrated and carbonated species in the dust.
gain because of the presence of considerable water and carbon
ioxide in the off-gas, the zinc-containing species could be carbon-
ted and/or hydrated.

In this research, the formation of ZMFO in EAF dust in a simu-
ated gas composition was studied using the Equilibrium Module
f HSC Chemistry® 6.1. The effects of temperature, the amounts
f zinc, manganese and iron in the dust, the oxygen potential, the
ust loading and the calcium oxide content of the dust were inves-
igated. The conditions for minimizing the formation of ZMFO are
lucidated and a possible formation mechanism is discussed.

. Thermodynamic calculations

The equilibrium amounts of the various species were calcu-
ated using the Equilibrium Module of HSC Chemistry® 6.1 [22].
or any given reaction system, the various phases and species
hat are known to be present are specified and the input consists
f the amounts of the reacting species. Then the calculations are
erformed at the specified temperature and pressure and the equi-

ibrium amounts of the products are calculated using the Gibbs
ree energy minimization method. Ideal mixing of a species in a
olution is assumed and the activity coefficients are taken to be
nity, unless values for the activity coefficients have been inputted.
inetic effects can be taken into account by deleting species, which
ould not be expected to form under the selected conditions. The
ajor variables studied were: the dust loading (mg of dust/m3 of

as), the composition of the solids in the off-gas, the composition
f the off-gas and the temperature of the off-gas during cooling.

If specific data for a given species is not available in the HSC
atabase then it can either be added if it exists or it can be approx-

mated. Although the thermodynamic properties of zinc ferrite

ZnFe2O4) are well-established, there is no available thermody-
amic data for ZMFO ((ZnxMnyFe1−x−y)Fe2O4). The general spinel

errite (MFe2O4, where M = Zn, Mn or Fe) can be described as a cubic
lose-packed structure consisting of oxygen ions, with M2+ ions
aving tetrahedral oxygen coordination and the Fe3+ ions having
aterials 179 (2010) 309–317

octahedral oxygen coordination. This mixed spinel can be consid-
ered to be a mixture of zinc ferrite (ZnFe2O4), manganese ferrite
(MnFe2O4) and magnetite (Fe3O4) and in the calculations it was
assumed to be a separate phase with ideal mixing. In this study, the
composition of the spinel was represented in terms of the percent-
ages of ZnFe2O4, MnFe2O4 and Fe3O4 or in terms of the amounts of
zinc (x), manganese (y) or iron (1 − x − y).

The furnace atmosphere was assumed to consist of mainly
carbon monoxide, hydrogen, carbon dioxide, water vapour, oxy-
gen and nitrogen. Measurements of the off-gas composition from
various electric arc furnaces have given the following typical con-
centrations in the temperature range of 1300–1600 K [23]; carbon
monoxide in the range of 15–20% with values as high as 40%,
hydrogen contents of 10–20% with values as high as 35%, car-
bon dioxide in the range of 20–25% with values as high as 35%
and water vapour contents upto 30%. The balance of the off-gas is
mainly oxygen and nitrogen. The control atmosphere in this study
at 1600 K was assumed to consist of 100 mol of gas with the fol-
lowing composition: 20.14%CO2, 15.18%N2, 11.34%H2, 23.89%H2O,
29.45%CO, 2.68 × 10−7%CH4 and 1.99 × 10−8%O2. As the temper-
ature decreases, increasing amounts of both water vapour and
carbon dioxide are formed and as room temperature is approached
then the water vapour condenses. At room temperature, i.e.
298 K, the gas composition would be: 63.75%CO2, 33.09%N2,
1.25 × 10−5%H2, 3.15%H2O, 2.45 × 10−9%CO, 1.11 × 10−3%CH4 and
2.21 × 10−36%O2. The amount of gas would be 46.74 kmol plus
33.09 kmol of liquid water and 20.17 kmol of solid carbon for a
total of 100 kmol. In an electric arc furnace operation there could
be supplementary air in the furnace as a result of post-combustion
and/or the deliberate addition of air for cooling purposes. In
order to simulate more closely the gas composition in equilibrium
with the dust, a further 100 mol of air (79%N2 and 21%O2) was
added at 1600 K. At room temperature, the standard gas composi-
tion would be: 33.26%CO2, 63.17%N2, 1.00 × 10−34%H2, 3.16%H2O,
1.00 × 10−34%CO, 1.00 × 10−34%CH4 and 0.41%O2. There would be
169.49 mol of gas and 30.51 mol of liquid water and a negligible
amount of solid carbon.

Another possible controlling factor with regards to the dust
composition is the dust loading in the furnace atmosphere, which
can be as high as 100 g/m3 during oxygen injection [24,25]. On the
other hand, the discharge dust loading, which is generally subject to
government regulations, can be lower than 100 mg/m3 [26]. How-
ever, there is a paucity of information on the typical dust loading
in an off-gas handling system. In order to ensure that there was an
excess of gas to react with the dust in the calculations, then the dis-
charge dust loading values were utilized. For 200 kmol of gas, for
a zinc to iron molar ratio of 3:1 and assuming that the amounts of
zinc, iron and manganese available to form the dust are 3 × 10−4,
1 × 10−4 and 0.5 × 10−4 kmol, respectively, then this gives a dust
loading of the order of about 10 mg/m3.

3. Equilibrium calculations for the Zn–Fe–Mn–O–H–C
system

3.1. Effect of temperature

It is likely that the zinc ferrite spinel type phases such as ZMFO
form at the high temperatures in the freeboard of the furnace
[16–18]. In the early stages of the steelmaking process the major
components arising from the scrap would be zinc, iron and man-

ganese. Inputting zinc, iron, manganese, oxygen, hydrogen and
carbon into the Equilibrium Module of HSC Chemistry® 6.1 gen-
erates a list of 188 species, many of which would be considered
unstable under the operating conditions. Therefore, these unstable
species were deleted and the six phases and the 42 species utilized
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Table 1
Phases (six) and species (42) utilized in the equilibrium calculations.

Phase 1: Gases Phase 2: Oxides Phase 2: Oxides Phase 4: Metal

N2 FeCO3 ZnC2O4·H2O Fe
CH4 FeO ZnO Mn
CO Fe2O3 Zn(OH)2 Zn
CO2 Fe(OH)2 Zn5(OH)6(CO3)2

O2 Fe(OH)3

Fe Fe2O3·H2O Phase 5: Water
FeO FeO·OH H2O
FeO2 MnCO3 Phase 3: Spinel
H2 MnO Fe2MnO4

H2O MnO2 ZnFe2O4 Phase 6: Carbon
Mn Mn2O3 Fe3O4 C
MnO Mn3O4
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MnO2 Mn(OH)2

Zn MnO·OH
ZnO ZnCO3

n the calculations are shown in Table 1. The behavior of the zinc-
ontaining species as a function of temperature is shown in Fig. 1.
etallic zinc vapour and a small amount of gaseous zinc oxide are

he most significant species at high temperatures and the ZMFO
egins to form at about 1900 K and generally the amount increases
ith decreasing temperature. As the temperature decreases even

urther, then some of the zinc vapour is replaced by condensed
inc oxide, which begins to increase slowly at about 1600 K and
ubsequently very rapidly to a maximum value. Thereafter, the
mount of zinc oxide decreases somewhat with temperature, while
he amount of ZMFO increases. However, as room temperature is
pproached the amounts of ZMFO and zinc oxide decrease rapidly,
hile the amounts of zinc hydroxide carbonate (Zn5(OH)6(CO3)2),

inc hydroxide (Zn(OH2) and zinc carbonate (ZnCO3) increase and
t room temperature, zinc carbonate predominates.

Thermodynamically, as shown in Fig. 1 there would be very little
inc oxide and ZMFO at room temperature, but they are gener-
lly found in EAF dusts in considerable amounts, while typically
inc carbonate, zinc hydroxide and zinc hydroxide carbonate are
arely found to any great extent. The formation of the zinc carbon-
te, zinc hydroxide and zinc hydroxide carbonate would involve
elatively low temperature gas–solid reactions and they would not
e expected to form because of kinetic limitations. On the other

and, if the formation of these species could be promoted then
his could potentially restrict or even eliminate the formation of
he ZMFO. The deletion of zinc carbonate from the input, results
n zinc hydroxide carbonate predominating at room temperature.

ig. 1. The effect of temperature on the equilibrium amounts of zinc-containing
pecies.
Fig. 2. The effect of temperature on the equilibrium amounts of zinc-containing
species with zinc hydroxide, zinc hydroxide carbonate and zinc carbonate deleted.

Furthermore, the elimination of zinc hydroxide carbonate results in
zinc hydroxide prevailing at room temperature. The results with all
three of these species removed are shown in Fig. 2. In this case, the
major zinc-containing species at room temperature would be zinc
oxide and ZMFO. The general behaviors of the zinc oxide and ZMFO
are similar to that exhibited in Fig. 1, except that as room temper-
ature is approached the amount of ZMFO decreases somewhat and
as a result the amount of zinc oxide increases. The effect of tem-
perature on the equilibrium composition of the ZMFO is shown in
Fig. 3. The spinel begins to form at about 1900 K and initially con-
tains a large amount of iron and a small amount of manganese and is
therefore mainly magnetite. As the temperature drops, the amount
of iron decreases, while the amount of manganese increases. The
amount of zinc begins to increase at about 1800 K and this corre-
sponds to the decrease in the amount of zinc vapour (see Fig. 2).
As the temperature drops even further, the amount of iron contin-
ues to decrease, while the amount of manganese peaks at about
1500 K and then decreases. Subsequently, the amount of zinc con-
tinues to increase and by about 1200 K the amounts of manganese

and iron have become insignificant. Therefore, at room temper-
ature, the ZMFO is mainly zinc ferrite as observed in many EAF
dusts. Slow cooling of this dust would promote the formation of
a zinc-rich ferrite, while a dust produced by rapid cooling would

Fig. 3. The effect of temperature on the equilibrium composition of ZMFO with zinc
hydroxide, zinc hydroxide carbonate and zinc carbonate deleted.
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ontain more iron and manganese. As shown in Fig. 3, at 1373 K
or the standard conditions, the major component of the ZMFO is
inc and the iron and manganese contents are low. Therefore, this
emperature was utilized in the determination of the effects of the
ariables on the formation of ZMFO in the subsequent calculations.
dditionally, for the reasons mentioned above, zinc carbonate, zinc
ydroxide and zinc hydroxide carbonate were not included in the
nsuing calculations.

.2. Effects of the amounts of zinc, manganese and iron

The effect of the amount of zinc in the dust on the amounts
f ZMFO, zinc oxide, the iron oxides (sum of iron oxides) and the
anganese oxides (sum of manganese oxides) at a temperature of

373 K is shown in Fig. 4(a). The amount of ZMFO initially increases
t low zinc levels, reaches a maximum and then decreases, while
he amount of the iron oxides first decreases, reaches a mini-

um and then increases. Similarly, the amount of the manganese
xides first decreases and then increases. The amount of zinc oxide
ncreases monotonically with the amount of zinc in the dust. These
esults are in general agreement with the characterization of actual
AF dusts where it has been observed that the amount of zinc fer-
ite in the dusts decreases with increasing zinc to iron ratio [8]. The
quilibrium composition of the ZMFO is shown in Fig. 4(b). It can
e seen that at low zinc additions, the amounts of zinc, manganese
nd iron increase in the spinel with increasing zinc. Subsequently,
he manganese and iron levels reach maxima at a relatively low
inc level and then decrease. On the other hand, the zinc con-
ent of the spinel continues to increase and eventually reaches
lmost 100%. Fig. 4(c) shows the amount of ZMFO at three zinc
evels of 1 × 10−4, 3 × 10−4 and 5 × 10−4 kmol. It can be seen that
t high temperatures, the amount of ZMFO is essentially indepen-
ent of the zinc addition. Here the composition and the amount
f ZMFO are mainly determined by the presence of the relatively
arge amounts of MnFe2O4 and Fe3O4, since the partial pressure
f zinc vapour is high and there is very little ZnFe2O4. There is a
ignificant minimum in the formation of ZMFO in the temperature
ange of about 1300–1400 K. This is due to the declining stabilities
f MnFe2O4 and Fe3O4, but zinc vapour remains stable and thus
MFO with a higher zinc ferrite content cannot form until lower
emperatures are reached, where the zinc vapour is less stable.
ubsequently, at even lower temperatures the amount of ZMFO
ncreases, but the amount decreases with increasing zinc because
f the higher stability of zinc oxide. Again as room temperature
s approached the amount of ZMFO drops and the amount of zinc
xide increases.

As shown in Fig. 5(a), as the amount of manganese increases then
he amount of the ferrite spinel decreases and ultimately disap-
ears at the critical manganese content of about 2.25 × 10−4 kmol.
he amounts of zinc oxide and the iron oxides increase as the
MFO disappears and then level off, while the amount of the
anganese oxides continuously increases. With regards to the

MFO composition, as shown in Fig. 5(b), as the manganese
ncreases then the zinc content drops while the manganese
nd iron contents slowly increase. However, at the critical
anganese content of about 2.25 × 10−4 kmol, the zinc, man-

anese and the iron contents of the ferrite drop to zero as
he ZMFO disappears. Fig. 5(c) shows the amount of ZMFO for
hree manganese levels of 1 × 10−4, 3 × 10−4 and 5 × 10−4 kmol.
t can be seen that the initial formation temperature of ZMFO
hifts to lower temperatures with increasing manganese. Addi-

ionally, the amount of ZMFO at the lower temperatures is
ignificantly reduced with increasing manganese in the dust.
owever, the low temperature formation of ZMFO would neces-

itate solid–solid reactions and because of kinetic reasons this
ould not be expected to occur to any great extent. Although the
Fig. 4. Effect of zinc content of the dust: (A) the effect of zinc on the equilibrium
amounts of zinc oxide, ZMFO, the iron oxides and the manganese oxides at 1373 K.
(B) The effect of zinc on the equilibrium composition of the ZMFO at 1373 K. (C) The
effect of temperature on the amount of ZMFO for three different zinc contents.

amount of ZMFO can be significantly reduced by manganese, the
amounts required are much higher than typically present in EAF
dusts.
As shown in Fig. 6(a) at 1373 K an increasing amount of iron
results in the formation of the ferrite spinel at an iron content
of about 0.4 × 10−4 kmol and subsequently the amount of ZMFO
increases and as a result the amount of zinc oxide decreases. The
amount of the iron oxides increases upto the critical iron value and
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Fig. 5. Effect of manganese content of the dust: (A) the effect of manganese on the
equilibrium amounts of zinc oxide, ZMFO, the iron oxides and the manganese oxides
a
a
m

t
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w

Fig. 6. Effect of iron content of the dust: (A) the effect of iron on the equilibrium
amounts of zinc oxide, ZMFO, the iron oxides and the manganese oxides. (B) The
t 1373 K. (B) The effect of manganese on the equilibrium composition of the ZMFO
t 1373 K. (C) The effect of temperature on the amount of ZMFO for three different
anganese contents.

hen decreases. On the other hand, the amount of the manganese
xides is constant upto the critical iron value and then decreases.
ith regards to the composition, as shown in Fig. 6(b), with increas-
ng iron, the zinc content increases rapidly as the first ZMFO forms
hen decreases slowly. Similarly, the iron and manganese contents
ncrease rapidly as the first ZMFO forms and continue to increase

ith increasing iron. Fig. 6(c) shows the effect of temperature on
effect of iron on the equilibrium composition of the ZMFO. (C) The effect of temper-
ature on the amount of ZMFO for three different iron contents.

the amount of ZMFO for various iron additions. It can be seen that
an increasing amount of iron favours the formation of ZMFO and

promotes the formation of the ZMFO at higher temperatures. The
increasing formation of ZMFO with increasing iron is mainly due to
the availability of zinc oxide.
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ig. 7. Effect of amount of oxygen in the gas phase at 1373 K on: (A) the equilibrium
mounts of zinc oxide, ZMFO, the iron oxides and the manganese oxides. (B) The
quilibrium composition of the ZMFO.

.3. Effects of oxygen potential and dust loading

Another factor affecting the amount and the composition of the
MFO is the oxygen potential of the atmosphere. Again a temper-
ture of 1373 K was selected. Fig. 7(a) shows that at low oxygen
ontents and therefore oxygen potential there is no ZMFO. How-
ver, this very low oxygen potential would be difficult to achieve
n an electric arc furnace atmosphere. As the amount of oxygen
ncreases further, the spinel forms very quickly, reaches a maxi-

um, then decreases slightly and becomes essentially independent
f the amount of oxygen. Zinc oxide develops very rapidly after the
MFO has formed. The iron and the manganese oxides are essen-
ially independent of the amount of oxygen but exhibit a large
ecrease as the ZMFO forms. The composition of the ZMFO is shown

n Fig. 7(b). At an oxygen addition of about 17 kmol, the iron con-
ent increases rapidly, reaches a maximum at about 20 kmol and
hen decreases. Similarly the manganese content also increases,
eaks and decreases. Subsequently, both the manganese and the

ron essentially disappear and zinc ferrite predominates at high
xygen additions. This sequence again represents the higher sta-
ility of the zinc-rich ferrite and demonstrates that in most dusts

he ZMFO will mainly consist of zinc ferrite, particularly at room
emperature and with relatively slow cooling of the dust particles
n a high oxygen potential atmosphere.

The effect of dust loading was investigated by varying the
mount of nitrogen gas at 1373 K and the results for the amounts
Fig. 8. Effect of dust loading in the gas phase at 1373 K on: (A) the equilibrium
amounts of zinc oxide, ZMFO, the iron oxides and the manganese oxides. (B) The
equilibrium composition of the ZMFO.

of the various species are shown in Fig. 8(a). The amount of ZMFO
increased with decreasing dust loading, while the amounts of zinc
oxide and the iron and manganese oxides decreased. Fig. 8(a) also
shows the amount of zinc vapour and it can be seen that the amount
of gaseous zinc increases with decreasing dust loading as a result of
the lowered partial pressure of zinc. This lowers the amount of zinc
oxide but the amount of ZMFO increases. Also as shown in Fig. 8(b),
the amount of zinc in the ZMFO decreases with decreasing dust
loading and as a consequence, the amounts of iron and manganese
increase.

3.4. Effect of calcium oxide

Another major constituent of the dust is calcium oxide (CaO).
The addition of calcium oxide results in the following additional
species in the equilibrium calculation: calcium oxide (CaO), cal-
cium carbonate (CaCO3), calcium hydroxide (Ca(OH)2), calcium
ferrite (CaO·Fe2O3), dicalcium ferrite (2CaO·Fe2O3), calcium triiron
pentoxide (CaFe3O5) and calcium pentairon heptaoxide (CaFe5O7).
Fig. 9(a) shows the effect of temperature on the zinc and calcium
oxide-containing species as a function of temperature for a cal-
cium oxide addition of 1 × 10−4 kmol. It can be seen that under the
equilibrium conditions and in the presence of calcium oxide, ZMFO

should only form at relatively low temperatures due to the higher
stabilities of the calcium ferrites at the higher temperatures. Again,
the formation of ZMFO at such low temperatures via solid-state
reactions would be unlikely and this again indicates that the ZMFO
in actual dusts forms at much higher temperatures and equilib-
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Fig. 9. Effect of calcium oxide in the dust on: (A) the zinc and calcium-containing
s
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pecies as a function of temperature. (B) The equilibrium amounts of zinc oxide,
MFO, the iron oxides and the manganese oxides at 1373 K. (C) The equilibrium
omposition of the ZMFO at 1373 K.

ium is not achieved during the cooling of the dust. Furthermore,
lthough some calcium carbonate can be found in EAF dusts there is
sually a relatively large proportion of calcium oxide, which under
quilibrium conditions is only stable at high temperatures. Once
ore this indicates that the dust does not reach equilibrium and the

ctual dust composition at room temperature more closely resem-

les the equilibrium composition at much higher temperatures.

Fig. 9(b) shows the amounts of the calcium-containing species,
he iron and manganese oxides, ZMFO and zinc oxide at 1373 K as
function of the calcium oxide addition. An increasing amount of
Fig. 10. Effect of temperature on the amounts of: (A) the zinc, manganese and iron-
containing gaseous species in equilibrium with ZMFO. Zinc vapour is also included.
(B) The condensed zinc, manganese and iron oxide species in equilibrium with
ZMFO. Zinc vapour is also included.

calcium oxide results in a decrease in the amount of the ZMFO as
the formation of the calcium ferrites (CaO·Fe2O3 and 2CaO·Fe2O3)
is more favourable. Correspondingly, this results in the liberation
of zinc oxide and iron oxide until all of the ferrite spinel has disap-
peared at a calcium oxide addition of about 3 × 10−5 kmol. Then, the
amount of zinc oxide remains relatively constant but the amount of
iron oxide decreases as the amounts of the calcium ferrites continue
to increase. In actual EAF dusts the amount of calcium ferrite is rel-
atively low despite relatively large amounts of calcium oxide and
again this likely reflects the relative slowness of a reaction involving
solid calcium oxide. As shown in Fig. 9(c), at 1373 K, the composi-
tion of the ferrite spinel does not change with increasing calcium
oxide addition.

4. Mechanism of formation of ZMFO
((ZnxMnyFe1−x−y)Fe2O4)

The formation of the ZMFO involves a reaction between oxy-
gen, zinc, manganese and iron. Fig. 10(a) shows the amounts of the
gaseous species in the Fe–Mn–Zn–O system that are in equilibrium
with the ZMFO from 1400 to 2000 K. Manganese and iron metallic
vapours and iron and manganese monoxide vapours disappear by
about 1700 K. On the other hand, iron dioxide exists down to about
1600 K. At steelmaking temperatures of 1873 K, the amounts of the
gaseous iron and manganese species would be expected to be rel-

atively small and the temperatures of the gas in the freeboard of
the furnace would be expected to be much lower than that of the
melt. Therefore it is more likely that the ZMFO forms at lower tem-
peratures where both condensed iron and manganese oxides and
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ig. 11. Proposed oxidation reaction sequence on the surface of an iron–manganese.
article in contact with both gaseous zinc and oxygen in the atmosphere above the
elt in an electric arc furnace.

inc vapour are stable. The ZMFO could form from the oxidation of
anganese-containing iron particles. Fig. 10(b) shows the amounts

f the iron and manganese oxides, the ZMFO, zinc oxide and gaseous
inc. It can be seen that both FeO and MnO begin to form at about the
ame temperature as the initial formation temperature of the ZMFO
nd once the spinel begins to form then their amounts decrease.
gain this ZMFO would be enriched in iron and manganese. Zinc
apour remains stable even after considerable ZMFO has formed
nd thus the zinc content of the ZMFO is relatively low until lower
emperatures are reached.

Fig. 11 shows a schematic diagram of the proposed reaction
echanism for the oxidation of a manganese-containing iron parti-

le, with the composition of the oxide changing as the temperature
ecreases. Initially, the oxide on the iron–manganese particle
ould be (Fe, Mn)O but as the temperature drops then some Fe3O4
ould form. As the temperature drops even further and the parti-

le begins to react with the zinc vapours then some (Zn, Mn)Fe2O4
ould appear with the Fe3O4. Subsequently after further reaction
ith zinc vapour then ZMFO ((ZnxMnyFe1−x−y)Fe2O4) would be
roduced. This explanation would be consistent with the findings of
i and Tsai [27]. From a thermodynamic perspective and as shown
n the Figure, as the temperature drops to room temperature, the
mount of zinc in the ZMFO should increase but depending on the
ooling rate, the actual dust composition may more closely reflect
he composition of the ZMFO at the higher temperatures.

. Conclusions

. The formation of the ZMFO ((ZnxMnyFe1−x−y)Fe2O4) in electric
arc furnace dust was investigated using the equilibrium module
of HSC Chemistry® 6.1 and methods for mitigating its formation
were studied. In general it was found that the composition of
actual EAF dusts more closely represents that formed at high
temperatures and therefore equilibrium is not achieved as the
dust cools to room temperature.

. For the gas composition used, the thermodynamic calculations
show that at room temperature, zinc oxide and ZMFO are not sta-
ble due to the higher stability of zinc hydroxide, zinc hydroxide
carbonate and zinc carbonate. However, the formation of these
species is kinetically not favourable and if they are eliminated as
possible stable species then zinc oxide and ZMFO predominate
at room temperature. This composition more closely resembles
that of actual dusts. Slow cooling of the dust would lead to a

zinc-rich ferrite, while rapid cooling would produce a ferrite with
relatively high levels of iron and manganese.

. The amount of ZMFO at room temperature generally decreases
with increasing zinc and manganese in the dust. On the other
hand the amount of ZMFO increases with increasing iron.

[
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4. ZMFO can be eliminated by reducing the oxygen potential at
1373 K, but this requires relatively low oxygen potentials, which
would not be easily attained in an electric arc furnace. Addi-
tionally, the amount of ZMFO decreases with increasing dust
loading.

5. Thermodynamically, the presence of calcium oxide can reduce
the amount of ZMFO at 1373 K, through the formation of the var-
ious calcium ferrites. However, despite a relatively large amount
of calcium oxide in many EAF dusts this effect is not signifi-
cant and this is attributed to the slow kinetics of the reactions
involving solid calcium oxide.

6. It is proposed that the ZMFO is formed by the sequential
oxidation of iron-containing manganese particles in the pres-
ence of zinc vapour as follows, with decreasing temperature;
Fe–Mn, (Fe, Mn)O, (Fe, Mn)O–Fe3O4, (Zn, Mn)Fe2O4–Fe3O4,
(ZnxMnyFe1−x−y)Fe2O4.
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