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Abstract: To enhance the utilization capacity of zinc-containing electric arc furnace dust (EAFD), the reduction melting 
behavior of EAFD under iron bath conditions was empirically investigated. The sphericity of Fe droplets was defined as 
the judgment criterion for its coalescence, and then, the relationship between iron droplet diameter and sphericity was 
determined over time. The behavior of melting and separation of EAFD pellets was also established based on the 
experiments. The results showed that the Zn removal rate of EAFD pellets under iron bath conditions reached more than 
99% at 5.0 min, but the metal−slag separation was not finished at 15.0 min. Due to the compositional fluctuation, 
several regions of liquid slag were formed in the EAFD pellets, and then, the liquid slag grew until the pellets melted 
completely. The number of Fe droplets with sphericity >65% and diameter >500 µm decreased with time, and 
large-diameter Fe droplets were the first to undergo complete separation. The separation process of slag and iron 
involved the initial formation of Fe droplets via Brownian motion, followed by an increase in the diameter of the iron 
droplets via the Marangoni effect. The Fe droplets in the slag phase drop rate resembled Stokes Law. 
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1 Introduction 
 

Steel production generates large amounts of 
steel dust, which is emitted from furnaces with 
exhaust gases, especially in processes that use  
scrap as the main raw material [1]. As a 
representative type of steel plant dust, electric arc 
furnace dust (EAFD) has an output of about 1%−  
2% of the charge in a typical electric arc furnace 
operation [2,3]. In 2020, global crude steel 
production reached 1.876 billion tons. Among the 
total steel produced, 26.3% is produced using 
electric arc furnaces, which produce 50−100 million 
tons of EAFD annually worldwide. EAFD contains 
about 30% zinc as zincite and franklinite, and 

15%−50% iron as magnetite, franklinite, and 
hematite. Thus, the conversion of EAFD into a 
valuable resource for producing recycled zinc and 
iron is urgently needed [4−9].  

Among all high-temperature metal recovery 
processes used for recycling EAFD, the Waelz kiln 
process accounts for about 75% of the total treated 
EAFD globally [2,10]. During the Waelz kiln 
process, first, a homogeneous mixture of EAFD, 
reductant, and flux is pelletized. Then, the 
pelletized material is sent into the Waelz kiln for 
drying and preheating using the countercurrent-flow 
kiln gas. Finally, the metal oxides are reduced at 
about 1100−1200 °C to volatilize zinc from the 
charge in the form of metal vapors. By controlling 
the admission of air at the kiln outlet end, zinc in 
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the gas phase was oxidized again and formed as 
Waelz oxide [11−13]. Although the Waelz kiln 
process is a relatively mature process for recycling 
EAFD, it has several disadvantages, including    
(1) low productivity, (2) low ZnO content of the 
produced zinc-rich dust, (3) high maintenance costs, 
(4) massive residue generation (approximately 
700−800 kg/t of the raw material dust), and (5) 
insufficiently enriched Fe [14−17]. 

Other processes, such as rotary hearth  
furnaces, Primus, OxyCup, Oxyfines, and Ausmelt, 
are designed to recover zinc and iron from the 
EAFD. However, no process can recover zinc   
and iron at the same time economically and 
efficiently [18−20]. A novel electric melting 
reduction furnace (ESRF) process was developed  
to resolve the above setbacks [21]. In the ESRF 
process, only electrical energy is used to produce 
extremely high temperatures. During the ESRF 
process, the EAFD is completely melted at high 
temperatures. Its core equipment is an electric arc 
furnace that does not need fossil fuels to provide 
heat energy. Also, the ESRF process provides 
various schemes to recover reduced high-vapor- 
pressure metals, such as zinc and lead, as well as 
alkali metal chlorides [14]. 

LIU et al [22] and ZHU et al [23] reported the 
reduction of Zn-containing dust using the iron bath 
method and found that the Zn removal rate of the 
EAFD under iron bath conditions was above 98%, 
and the ZnO content of the Zn-rich powder was 
over 87%. LEUCHTENMÜELLER et al [24] 
studied the kinetics of the combined carbothermic 
and metallothermic reduction of ZnO in a metal 
bath and found that the temperature-dependent 
contribution of the metallothermic zinc oxide 
reduction was between 25% and 50% of overall 
reaction mechanism, and the zinc recovery 
was >99.9%. However, studies on the behavior 
during the melt reduction process are limited and 
need to be explored thoroughly. Thus, in this study, 
EAFD was pelletized and heated under the iron 
bath conditions to study the reduction, melting, and 
separation behavior of EAFD. This study might 
provide a theoretical basis for the efficient recovery 
of zinc-containing EAFD. And the findings of this 
study might have a positive effect on understanding 
slag−iron separation in non-blast furnace iron- 
making processes. 

 
2 Experimental 
 
2.1 Raw materials 

The EAFD used in the experiments was 
supplied by a steel plant in China, and the typical 
chemical composition is given in Table 1. The 
reducing agent used was graphite powder (99.95%), 
and SiO2 (99%) was used as the flux. 
 
Table 1 Compositional analysis of EAFD (wt.%) 

Zn Fe Mn Pb Mg Al 

35.5 15.0 1.66 1.57 1.35 0.40 

Si Ca S Cl O 

1.60 4.84 0.83 6.50 23.2 

 
The EAFD was dried and ground into a 

powder of less than 0.074 mm and then subjected to 
X-ray diffraction (XRD, model SMARTLAB (9), 
Rigaku Corporation, Japan). The results are shown 
in Fig. 1. Zinc existed not only in the metal oxide 
(ZnO) form but also in the form of franklinite 
(ZnFe2O4). And Fe existed in the form of magnetite 
(Fe3O4) and ZnFe2O4, which matched the findings 
of a previous study [25]. 
 

 
Fig. 1 XRD pattern of EAFD 
 
2.2 Experimental principle 

The phase diagram of the MgO−CaO− 
SiO2−Al2O3 (Al2O3 content of 5 wt.%) system was 
calculated using FactSage 8.0, and the results    
are shown in Fig. 2. The binary basicity 
(R=n(CaO)/n(SiO2)) was 0.9, the melting point of 
the slag phase was less than 1400 °C. And the slag 
phase properties did not change much when the  
slag phase composition was slightly changed. The  
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Fig. 2 MgO−CaO−SiO2−Al2O3 quaternary phase 
diagram (Al2O3 content of 5 wt.%) 
 
amount of slagging agent was determined according 
to the Ca and Si content in Table 1 and R. 

The Zn removal rate (ηZn) was calculated using 
the formula (Eq. (1)) as follows:  

Zn,b Zn,a
Zn

Zn,b
100%

m m
η

m
−

= ×                 (1) 

 
where mZn,b and mZn,a are the masses of elemental 
Zn in the pellet before and after the reaction, 
respectively. 

The Fe removal rate (ηFe) was calculated using 
the formula (Eq. (2)) as follows:  

Fe,b Fe,a
Fe

Fe,b
100%

m m
η

m
−

= ×                  (2) 

 
where mFe,b and mFe,a are the masses of Fe in the 
pellet before and after the reaction, respectively. 
 
2.3 Experimental procedure and apparatus 

In the iron bath method, pellets were added to 
the hot metal to study the reduction, melting, and 
separation processes of EAFD pellets. First, the 
mixture of 10 g EAFD, 0.41 g SiO2, and 1.23 g 
carbon was compacted into a pellet (20 mm in 
diameter and 14 mm in height). Then, the pellet was 
dried at 105 °C for 8 h using a drying oven in an air 
atmosphere. Then, 100 g of pig iron powder was 
added to the graphite crucible (30 mm in inner 
diameter and 75 mm in depth), and then the 
graphite crucible was placed inside the high- 
temperature electric resistance furnace using 

crucible tongs. When the furnace was heated to the 
test temperature (1500 °C), the pig iron melted and 
was kept warm for 30 min. Finally, the dried pellets 
were added to the iron bath using an iron wire. 
After the required reaction time, the crucible was 
removed and quenched. The ambient gas in the 
furnace was air, and the reaction time selected for 
this experiment was 5.0, 7.5, 10.0, 12.5, and 
15.0 min. The samples were characterized using the 
methods described below. 

The chemical composition of the slag samples 
was determined using an X-ray fluorescence (XRF, 
model AxiosmAX, PANalytical B.V., Netherland) 
spectrometer, and the content of C in the slag  
phase was analyzed using a carbon−sulfur analyzer 
(model CS−2800, NCS Testing Technology Co., 
Ltd., China). Then, XRD (model SMARTLAB (9), 
Rigaku Corporation, Japan) was used to confirm the 
phase of the slag. Scanning electron microscopy 
(SEM, model Quanta250, FEI, USA) and energy- 
dispersive X-ray spectroscopy (EDS) were 
performed to investigate the morphology of slag 
samples. Additionally, the spatial distribution [26] 
of iron droplets in the slag was determined using 
X-ray transmission computed tomography (XCT, 
model FF35CT, YXLON, Germany). The 
flowcharts of experimental preparation and 
detection are shown in Fig. 3. 
 
3 Results and analysis 
 
3.1 Recovery ratio of Zn-containing EAFD 

The chemical compositions of the EAFD 
before and after melting separation are given in 
Table 2. At 5.0 min, the residual amount of ZnO  
in the slag was 0.02 wt.%. The Zn removal rate at 
5.0 min was calculated using Eq. (2), which reached 
more than 99%; these findings matched those of 
another study [24]. The Zn content in the slag was 
almost undetectable at 12.5 min. The metal−slag 
separation process was not complete at 15.0 min, 
and thus, the Fe content in the slag was high.   
The reaction mechanisms describing the high- 
temperature reduction of ZnO, ZnFe2O4, and FeO 
with carbon or CO are shown in Reactions (3)−(9):  
ZnO(s)+C(s)=Zn(g)+CO(g)                  (3)  
ZnFe2O4(s)+C(s)=Zn(g)+Fe2O3(s)+CO(g)      (4)  
Fe2O3(s)+3C(s)=2Fe(l)+3CO(g)             (5)  
ZnO(s)+CO(g)=Zn(g)+CO2(g)              (6)  
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Fig. 3 Flow charts of experimental preparation and detection 

 
Table 2 Chemical composition of slag phase at different 
melting time (wt.%) 

Melting 
time/min C Fe Zn Si Ca Mg Al O 

0 10.69 12.50 31.71 4.80 4.32 1.21 0.36 20.72 

5.0 4.38 30.60 0.02 9.39 9.94 0.00 2.20 34.33 

7.5 4.63 25.85 0.01 8.96 11.06 5.40 1.83 35.67 

10.0 4.23 17.91 0.01 12.74 12.35 5.29 3.09 37.73 

12.5 5.17 25.98 0.00 9.24 10.34 5.06 2.44 35.85 

15.0 5.91 22.58 0.00 9.71 12.68 5.66 2.26 36.80 
 
ZnFe2O4(s)+CO(g)=Zn(g)+Fe2O3(s)+CO2(g)   (7)  
Fe2O3(s)+3CO(g)=2Fe(l)+3CO2(g)           (8)  
C(s)+CO2(g)=2CO(g)                     (9)  

The effect of melting time on the Zn and Fe 
removal rates is shown in Fig. 4. The Zn removal 
rate was more than 99% at 5.0 min, and no change 
was detected in the Zn removal rate with an 
increase in the melting time. The Fe removal rate 
initially showed an increasing trend with time up to 
10.0 min, then decreased at 12.5 min and again 
increased at 15.0 min. The incomplete melting of 
the pellet in the iron bath might be one of the 
reasons for the increasing trend of Fe removal rate 
up to 10.0 min. Also, the reduced Fe droplets were 
separated from the slag phase but did not enter the 
iron bath for up to 10.0 min, which was not 
detected in the slag phase. Thus, the Fe removal 
rate appeared to be higher at 10.0 min. At 12.5 min, 
the pellets were completely melted in the iron bath, 

and a large number of Fe droplets were found in  
the slag, which resulted in a reduction in the Fe 
removal rate. The Fe removal rate increased with 
the increase in melting time after the complete 
melting of the pellets in the iron bath at 12.5 min. 
This occurred because as melting time increased, 
the melt−slag separation time increased, the 
separation became better, and the iron content in the 
slag phase decreased. 
 

 
Fig. 4 Effect of melting time on Zn and Fe removal rates 
 

The XRD patterns of molten slag at different 
melting time are shown in Fig. 5. It was found that 
C, Fe, FeSi, the calcium-magnesium silicate phase, 
Fe3O4, and ZnSO4 were present in the slag at 
melting time of 5.0 min. At 10.0 min, the diffraction 
peak of ZnSO4 almost disappeared, and the 
diffraction peak of Fe became weaker. This was 
caused by the continuous removal of ZnO and Fe 
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Fig. 5 XRD patterns of slag phase at different melting 
time 
 
from the slag with an increase in the melting time. 
The diffraction peak of Fe was enhanced at melting 
time of 15.0 min due to the increased Fe content in 
the slag phase at this melting time. Thus, there was 
a strong C diffraction peak in the XRD patterns of 
the slag phase at all melting time, which reflected 
higher C content in the slag phase and was 
consistent with the compositional analysis given in 
Table 2. 
 
3.2 Melting behavior of pellets in iron bath 

The melting behavior of the pellets was 
determined by observing the pellets in the iron bath 
at different melting time. The photographs of the 
pellets are shown in Fig. 6. When the melting time 
was 5.0 min, the pellets were mostly unmelted and 
round, floating on the surface of the iron bath. The 
number of unmelted pellets gradually decreased 
with the progress of reduction (increase in melting 
time). When the melting time was 10.0 min, most  
of the pellets were melted to form the slag, and a  

small number of unmelted pellets were gathered in 
powder form on the slag side. 

The melting result of the pellets in the iron 
bath at melting time of 7.5 min was studied, and the 
photograph is shown in Fig. 7. The liquid slag 
phase was formed in the lower part of the pellet, 
while the upper part of the pellet kept the original 
shape of the pellet at 7.5 min. Many yellow-brown 
spots were present on the unmelted pellets. The 
spots were related to the slag phase formed via the 
slagging reaction of the pellets. The compositional 
fluctuation in the pellets after mixing was the main 
reason for the occurrence of slagging reaction    
in the unmelted pellets. The slag phase gradually 
expanded with the melting time, which was formed 
continuously around the liquid slag due to the 
occurrence of slagging reaction. 

The melting behavior of the pellets was 
observed after quenching at different melting time, 
i.e., 4.0, 6.0, and 8.0 min, and the results are shown 
in Fig. 8. The pellets were incompletely melted 
after 8.0 min in the absence of an iron bath, and the 
pellets kept their original shape in the graphite 
crucible. The shape of the unmelted pellets became 
loose as the melting time increased from 4.0 to 
8.0 min, while an obvious spherical slag phase was 
observed in the upper part of the pellets at 8.0 min. 
The liquid slag phase in the pellet produced spheres 
under surface tension. Also, there were multiple 
slag phase spheres in the pellet, which were formed 
at the multiple compositional fluctuation sites in the 
pellet. Some slag phase spheres were present inside 
or at the edge of the pellet, where slagging reactions 
could occur to form liquid slag. 

SEM was performed on the interior of     
the unmelted pellets to study the microscopic 
morphological changes during the melting of the 

 

 
Fig. 6 Photographs of pellets in iron bath at different melting time: (a) 5.0 min; (b) 7.5 min; (c) 10.0 min 
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Fig. 7 Photograph of unmelted pellets after melting for 
7.5 min 
 
pellets, and the results are shown in Fig. 9. The slag 
phase was formed inside the pellets at different 
melting time, and multiple slag phase regions were 
created. The slag phase contained a large amount of 
elemental Fe at 4.0 min. This occurred because the 
reduction of Fe2O3 to FeO promoted the slagging 
reaction, resulting in the lowering of the melting 
point of the slag phase and the formation of liquid 
slag. The distribution of Fe began to concentrate at 
the edge of the slag phase at 6.0 min. This was 
because the concentration of Fe at the edge of the 
slag phase increased with the reaction time due to a 

decrease in FeO to metal Fe. Fe was mainly 
concentrated around Ca and Si at 8.0 min. The 
effective metal−slag separation at a prolonged 
melting time was responsible for the concentration 
of Fe around Ca and Si. The smaller-diameter 
particles in the slag were spherical, and the 
larger-diameter particles in the slag were shaped 
irregularly. This indicated that the slag phase 
formed in the pellet initially had a spherical shape 
under surface tension, while during melting, the 
shape of the slag phase became irregular due to  
the coalescence of multiple slag phases during 
spreading growth. 
 
3.3 Motion behavior of Fe droplets in molten slag 

The scanning electron micrographs of the 
metal−slag interface at different melting time    
are shown in Fig. 10. At 5.0 min (Fig. 10(a)), 
millimeter-sized molten iron appeared at the 
slag−iron interface, accompanied by many iron 
droplets having a diameter less than 100 µm, most 
of which were distributed in the center of the slag 
phase. At 7.5 min (Fig. 10(b)), the number of Fe 
droplets with a diameter less than 100 µm at the 
metal−slag interface was decreased, and the Fe 
droplets were concentrated at the edge of the slag 
phase. This might have occurred because of the 
gradual growth of Fe droplets with the melting time 
and their tendency to move toward the edge of the 
slag phase under the action of surface tension. At 

 

 
Fig. 8 Photographs of pellets at different melting time 



Chao YANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 347−360 

 

353 

 

 
Fig. 9 SEM−EDS images of unmelted pellets at different melting time 
 

 
Fig. 10 SEM images of metal−slag interface at different melting time: (a) 5.0 min; (b) 7.5 min; (c) 10.0 min;        
(d) 12.5 min; (e) 15.0 min 
 
10.0 min (Fig. 10(c)), the number of Fe droplets 
with a diameter less than 100 µm and Fe droplets at 
the metal−slag interface increased. This might be 
because the settling of the Fe droplets present in the 
slag phase had a diameter less than 100 µm on the 
metal−slag interface. At 12.5 min (Fig. 10(d)), the 
number of Fe droplets present at the metal−slag 
interface decreased, and they were distributed at the 
edge of the slag phase. At 15.0 min (Fig. 10(e)), the 
number of Fe droplets at the metal−slag interface 

was reduced further. This was because of the 
completion of the growth and sedimentation 
process of Fe droplets in the slag phase at 15.0 min, 
and only a small number of Fe droplets existed at 
the metal−slag interface, which did not completely 
enter the iron bath. Fe droplets with diameters less 
than 1000 µm (Fig. 10(e)) were present on the 
metal−slag interface at 15.0 min, which indicated 
that the separation of slag and iron under this 
experimental condition required a melting time 
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longer than 15.0 min. According to previous  
reports [27] and our study, it was speculated that  
the separation of Fe droplets in the slag phase was 
not completed in 15.0 min. 

To study the process of Fe droplet growth in 
the slag phase and elucidate the iron droplet growth 
characteristics, the slag phase after the reaction was 
analyzed using an XCT. The XCT scan results of 
the slag phase at melting time of 10.0 min are 
shown in Fig. 11. The overall scan results of the 
slag phase in Fig. 11(a) showed that the colored 
spheres were the Fe droplets having different 
diameters present in the slag phase. The pink Fe 
droplets in Fig. 11(b) represented the pink Fe 
droplets in Fig. 11(a), and the silver Fe droplets in 
Fig. 11(b) represented the Fe droplets of other 
colors in Fig. 11(a). 

As shown in Fig. 11, most of the iron  
droplets present in the slag phase at 10.0 min had a 
diameter ranging from 10 to 200 µm, and there 
were only a small number of Fe droplets with 
diameter >1000 µm. The average diameter of Fe 
droplets in the slag phase was 62 µm, and the 
maximum diameter was 3800 µm (the pink droplets 
in Fig. 11(b)). Also, Fig. 11(a) showed that the Fe 
droplets with a diameter <200 µm were mainly 
distributed at the upper side of the slag phase, while 
the Fe droplets with a diameter >1000 µm were 
mainly distributed on the lower side of the slag 
phase that was close to the metal−slag interface, 
and the Fe droplets with the largest diameter were 
found at the metal−slag interface. This was because 
a lot of the iron oxides in the pellet were reduced at 
10.0 min, and the reduced Fe droplets in the slag 
phase moved toward the iron bath, obeying Stokes 

Law [28,29]. The Fe droplets having large 
diameters were the first to reach the metal−slag 
interface and undergo metal−slag separation. The 
Fe droplets collided with each other and grew 
during their downward movement. The pink Fe 
droplet in Fig. 11(b) was an iron droplet with a 
diameter >1000 µm formed by the combination of 
several Fe droplets of different diameters. 

The XCT images of the slag phase at different 
melting time are shown in Fig. 12. It was found that 
the iron droplets present in the slag phase had a 
diameter ranging from 50 to 500 µm, and their 
average diameter was 100 µm at 12.5 min. The Fe 
droplets present in the slag phase gathered together, 
which resulted in an increase in the average 
diameter of Fe droplets during the span of melting 
time between 10.0 and 12.5 min. At 15.0 min, the 
iron droplets present in the slag phase had a 
diameter ranging from 50 to 100 µm, and their 
average diameter was 89 µm. This occurred 
because the large-diameter iron droplets had 
finished the separating process into the iron bath, 
while the remaining iron droplets in the slag phase 
had a smaller diameter. This was inconsistent with 
the electron microscope scan results and occurred 
because the small diameter droplets of iron did not 
reach the metal−slag interface and were not 
observed under the electron microscope. 

From the analysis results of the XCT scan, it 
was found that the average diameter of Fe droplets 
in the slag phase initially increased up to 12.5 min 
and then decreased. However, the iron droplet 
coalescence was only qualitatively described without 
being interpreted quantitatively. Thus, the iron 
droplet sphericity was used to indicate whether the 

 

 
Fig. 11 XCT image of slag phase (a) and partially enlarged view (b) at melting point of 10 min 
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Fig. 12 XCT images of slag phase at different melting time: (a) 12.5 min; (b) 15.0 min 
 
droplet aggregated and grew. The sphericity of Fe 
droplets was calculated using the formula as follows:  

s
p

d
100%

A
S

A
= ×                         (10) 

 
where Sp is the sphericity of Fe droplets, As is the 
surface area of the sphere of the same volume, and 
Ad is the surface area of the defective sphere. 

In this study, it was found that when the iron 
droplet sphericity was ≥65%, the iron droplet was 
in an independent state, i.e., the iron droplet did not 
aggregate with other Fe droplets. When the iron 
droplet sphericity was <65%, the iron droplet 
aggregated with other Fe droplets, and the smaller 
the sphericity was, the more complicated the 
coalescence situation was. The sphericity and 
diameter of Fe droplets in the slag were correlated 
at different melting time, and the results are shown 
in Fig. 13. As shown in Fig. 13, most of the Fe 
droplets with sphericity >65% had a diameter 
<100 µm. At 10.0 min, a large number of Fe 
droplets with diameters ranging from 500 to 
1000 µm had sphericity ranging from 63% to 67%, 
while the number of these Fe droplets with 
sphericity ranging from 63% to 67% and a diameter 
from 500 to 1000 µm decreased at 15.0 min. This 
indicated that the Fe droplets with large diameters 
completed the separation process with an increase 
in melting time, while the Fe droplets with small 
diameters accumulated and grew to form Fe 
droplets with a low sphericity and a large diameter. 
It was found that the distribution of iron droplet 
sphericity versus diameter at different reaction time 

followed a quadratic function. The distribution was 
aligned more closely to the quadratic function with 
an increased reaction time. 

The Fe droplets were considered to be 
incompressible fluids before and after coalescence, 
with no change in their density. For the continuous 
flow field in the main region of the slag phase, it 
was the low Reynolds number Stokes laminar flow 
part, so the inertial force on the Fe droplets was 
neglected. The settling velocity of the iron droplet 
obeyed the Stokes Law, and the Stokes theorem was 
used in the description of the iron droplet motion. 
The velocity of iron droplet motion satisfied 
Eq. (11):  

2
d c

s
( )

18
ρ ρ gd

u
µ

−
=                      (11) 

 
where us is the terminal velocity of droplet settling 
or floating, which is the iron droplet settling 
velocity (m/s), ρd is the dispersed phase droplet 
density, which is the iron droplet density (kg/m3),  
ρc is the continuous-phase fluid density, which    
is the slag density (kg/m3), g is the gravitational 
acceleration (9.80 m/s2), d is the droplet diameter, 
which is the iron droplet diameter (m), and µ is the 
continuous phase kinetic viscosity, which is the slag 
phase kinetic viscosity (Pa·s). 

The Stokes theorem (Eq. (11)) shows that 
when there is a density difference between slag and 
iron, the terminal settling rate of Fe droplets in the 
slag phase is proportional to the quadratic of the 
iron droplet diameter. The settling time of Fe 
droplets in the slag phase, i.e., the time required for  
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Fig. 13 Relationship between sphericity and diameter  
of Fe droplets at different melting time: (a) 10.0 min;  
(b) 12.5 min; (c) 15.0 min 
 
metal−slag separation (t) satisfies Eq. (12):  

s/t l u=                                 (12)  
where l is the thickness of the slag phase (m). 

According to the spheroid volume formula, the 
diameter of two iron droplets with the same 
diameter aggregated was calculated to form a new 
iron droplet with a 26% greater diameter than the 
original single iron droplet diameter. Assuming that 

the time for the iron droplet to grow was negligible, 
from Eqs. (11) and (12), it was found that the 
settling time required for two Fe droplets of the 
same diameter after coalescence was 37% shorter 
than that before coalescence. The µ of this slag 
system was calculated according to FactSage 8.0. 
The ρd, ρc, and l were calculated theoretically   
and incorporated into Eqs. (11) and (12). The 
relationship between the time required for 
metal−slag separation and iron droplet diameter 
was derived, and the results are shown in Fig. 14. 
As shown in Fig. 14, the iron droplets with a larger 
diameter required a shorter time for separation.  
And the time required to separate iron droplets with 
a diameter <17 µm was >3600 s. The separation  
of iron droplets with a diameter <30 µm required 
900 s, which was inconsistent with the results in 
Fig. 13. These inconsistencies occurred because of 
the following reasons: (1) Stokes Law ignored the 
coalescence behavior of iron droplets, (2) the 
reaction time and metal−slag separation time were 
inconsistent, and (3) the calculation process ignored 
the effect of ferrostatic pressure on the resistance of 
iron droplet aggregation and melt−slag separation. 
 

 
Fig. 14 Relationship between iron droplet diameter and 
metal−slag separation time 
 
3.4 Mechanism of melting reduction for EAFD 

To summarize the results of the experiments, a 
preliminary model of the reduction and melting 
separation of Zn-containing EAFD under iron bath 
conditions was established. The reduction and 
melting separation processes of pellets under iron 
bath conditions were divided into two parts: (1) 
Zn/Fe reduction and (2) metal−slag separation. This 
differed from the results of previous studies [30].  
In this study, the two processes of reduction    
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and melting separation were only behaviorally 
distinguished, but there was a certain degree of 
temporal and spatial overlap between reduction and 
melting separation. In the reduction process, when 
the pellet was heated in the iron bath, its surface 
was the first to reach the temperature at which ZnO 
reacted with C, and eventually, ZnO was removed 
from the pellet surface. As the reduction time 
increased, the rate of ZnO reduction reaction 
increased with the internal temperature of the pellet, 
and ZnO was completely removed in a short time. 
Also, FeO in the pellet was partially reduced to 
metallic Fe, and other materials that did not 
undergo reduction reactions were slagged to form a 
liquid slag. After the formation of the liquid slag, it 
floated on the surface of the iron bath under the 
action of buoyancy. The presence of liquid slag 
facilitated the carburization reaction between Fe 
and C [31], which lowered the melting point of 
metallic Fe and led to the formation of Fe droplets. 
As the reduction time continued to increase, the 
pellet melted completely, and the liquid slag was 
laid flat on the surface of the iron bath. After the 
completion of the reduction reaction, a large 
amount of solid C was present in the slag phase, 

and the viscosity of the slag phase largely led to the 
blurring of the metal−slag interface. 

The metal−slag separation process can be 
divided into four steps. During the first step, the 
pellet was heated under the iron bath conditions, 
which resulted in the formation of the liquid slag 
phase. The second step involved the carburization 
reaction between Fe and C. Fe in the slag phase 
followed the Brownian motion for a very short time, 
resulting in the formation of fine Fe droplets. But 
Fe droplets did not settle [32]. In the third step, the 
Fe droplets with larger diameters floated in the slag 
phase. When the role of Brownian motion blurred 
and the Marangoni motion became dominant, the 
Fe droplets aggregated and grew [33−35]. During 
the fourth step, the diameter of iron droplets 
increased further and settled in the slag phase, and 
its settling rate followed Stokes Law. The Fe 
droplets in the settling process grew continuously 
and accelerated the decline until they were finally 
separated from the slag phase into the iron bath. 
Due to the ferrostatic pressure, the time of 
aggregation of Fe droplets and their entry into the 
iron bath grew. The reduction and fusion processes 
are shown in Fig. 15. 

 

 
Fig. 15 Illustrative diagram of reaction mechanism of melting reduction and metal−slag separation 
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4 Conclusions 
 

(1) Under the iron bath conditions, the ZnO 
removal rate in the pellet reached more than 99% at 
melting time of 5.0 min, and a small amount of Zn 
in the pellet was detected after 10.0 min of melting. 
The metal−slag separation was incomplete after 
15.0 min of melting. 

(2) Due to compositional fluctuations and 
temperature gradients, initially, liquid slag was 
formed at the bottom of the pellet and locally within 
the pellet. Then, the pellet around the liquid slag 
underwent a slagging reaction and fused with the 
liquid slag. Finally, the whole pellet melted 
completely. 

(3) Sphericity was proposed as a criterion for 
judging the coalescence of iron droplets in pellets. 
If the sphericity of iron droplets is ≥65%, they exist 
alone; otherwise, they accumulate and grow. The 
number of iron droplets with diameter >500 µm and 
sphericity >65% decreased with the increase in 
melting time. After melting for 15.0 min, a large 
number of iron droplets still accumulated and grew, 
and the metal−slag separation was not completed. 

(4) The metal−slag melting separation model 
was divided into four steps. The first step involved 
the formation of liquid slag. In the second step, iron 
droplets appeared and grew under the action of 
Brownian motion. During the third step, further 
coalescence of iron droplets occurred under the 
Marangoni effect. In the final step, iron droplets 
dropped, continued to aggregate with other iron 
droplets, and grew. The rate of descent was 
determined by Stoke’s theorem, and metal−slag 
separation was completed. 
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铁浴条件下电炉粉尘球团的熔融与分离行为 
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摘  要：为了提高对含锌电弧炉粉尘(EAFD)的利用效率，实验研究 EAFD 球团在铁浴条件下的还原熔化行为。

定义铁液滴球形度作为判断其凝聚的标准，然后探讨铁液滴直径和球形度之间随时间变化的关系。根据实验最终

建立 EAFD 颗粒的熔化和分离行为。结果表明，在铁浴条件下，EAFD 球团的 Zn 去除率在 5.0 min 时达到 99%以

上，但在 15.0 min 时金属渣分离还没有完成。由于成分的波动，在 EAFD 球团中形成几个区域的液态渣，然后液

态渣不断增加，直到球团完全熔化。球形度>65%、直径>500 μm 的 Fe 液滴的数量随着时间的推移而减少，大直

径的 Fe 液滴先完成分离。渣铁分离过程如下：在布朗运动下 Fe 液滴在渣中形成，之后 Fe 液滴直径在马兰戈尼

效应下增加，Fe 液滴在渣中下降速度符合斯托克斯定律。 

关键词：电炉粉尘；铁浴；球团融化；渣铁分离 
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