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Abstract

The large amount of dust generated in electric arc furnace aligned with its chemi-
cal composition makes this dust a potential source of iron in the direct reduction iron 
process. Thus, the aim of this research is to investigate the reduction of pellets pro-
duced with electric arc furnace dust using hydrogen as the reducing agent. The kinetic 
investigation was examined applying the differential method. In addition, the influence 
of reducing gas stream and temperature in the reduction process were investigated ap-
plying the Forced Stepwise Isothermal Analysis technique. The temperature studied 
varied from 500 to 1000°C with isothermals in each 50°C. The reducing gas was 
a mixture of 10% of hydrogen and 90% of argon. Then, the product characteriza-
tion was carried out via scanning electron microscope and X-ray analysis. A thermo-
gravimetric test showed a mass loss of 42 wt% due to the reduction of iron and zinc 
oxides. Besides this, the reduction occurred in three steps: 550-650°C, 700-800°C,  
850-950°C. Between 550-650°C, the reduction was controlled by a nucleation mecha-
nism with an Ea of 41.1 kJ/mol. In the second step (700-800°C), a mixed control 
between nucleation and diffusion was obtained with an Ea of 89.1 kJ/mol. Further-
more, a crust of iron was formed around the pellet, which hindered the reducing gas 
diffusion into the pellet. In the third stage (850-950°C), the formation of a sintered 
structure was noted, which decreased pore volume. The internal diffusion of reducing 
gases was determined as the controlling mechanism, with an Ea of 130.9 kJ/mol.

Keywords: electric arc furnace dust; hydrogen reduction; kinetic investigation; 
solid-gas reaction. 
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1. Introduction

The use of coal in the steel mills 
is a serious problem, since one of its by-
products is carbon dioxide. This gas is one 
of the many existing gases responsible for 
greenhouse effects. In addition, the steel 
mills also generate several types of waste, 
such as sludge, dust, slag and gases. The 
electric arc furnace dust (EAFD) is one of 
these wastes, presenting several compo-
nents, such as iron, zinc, calcium and lead 
(Nezhad and Zabett, 2016).

Researches have shown that the elec-
tric arc furnace dust (EAFD) is composed 
mainly of iron and zinc, in which these 
elements are present as oxides (Fe2O3, 
Fe3O4, FeO and ZnO) and/or zinc ferrite 
(Fe2O3.ZnO) (Ledesma et al., 2017; Sayadi 
and Hesami, 2017). These components 
make the EAFD an interesting material 
to be used in the direct reduction process. 
However, some investigations should be 
performed to apply this method. One 

important investigation is for the kinetic 
parameters, such as activation energy (Ea) 
and the controller mechanism.

The kinetic investigation can be 
performed applying the differential or the 
integral method (Khawam and Flanagan, 
2006; Lin et al., 1999). However, the dif-
ferential method is said to be more accurate 
to determine the controller mechanisms 
(Brown, 1998). The differential method is 
described according to Equation 1:

= k . f (α)dα
dt

(1)

(2)

Where ∝ is the reacted fraction, t is the 
time, and k obeys the Arrhenius law 

(Equation 2) and f(α) are functions used 
in kinetic models for a gas-solid reaction.

k = A exp Ea
RT

-(    )

Where, A is the pre-exponential factor, T 
is the absolute temperature (K), Ea is the 
activation energy and R is the universal 
gas constant.

The reduction of oxides by gas-
eous agents are mentioned as being a 
solid-gas reaction. Several controller 
mechanisms are mentioned and some 

equations are deducted, as can be 
seems in Table 1 (Chen et al., 1998; 
Maqueda et al., 1996).

Mechanism Symbol f(α)

Phase boundary controlled R2 (1-∝)1/2

Phase boundary controlled R3 (1-∝)1/3

One-dimensional diffusion D1 1/∝

Two-dimensional diffusion D2 1/(-ln(1-∝))

Three-dimensional diffusion (Jander) D3 (1-∝)2/3/(1-(1-∝)1/3)

Three- dimensional diffusion (Ginstling-Brounshtein) D4 1/([(1-∝)-1/3-1])

Two-dimensional nucleation A2 (1-∝)[-ln(1-∝)]1/2

Three-dimensional nucleation A3 (1-∝)[-ln(1-∝)]2/3

Table 1
Mathematical suggestions
for kinetic modeling for
heterogeneous reactions of the gas-solid.

Thus, the aim of this research was 
to investigate the reduction of electric 
arc furnace dust using hydrogen as 

the gaseous agent and determine the 
kinetic parameters involved in this 
practice, since the use of hydrogen does 

not generate greenhouse gases and it is 
thermodynamically more favorable at 
higher temperatures.

2. Experiment

2.1 EAFD characterization
The EAFD characterization has 

been published previously (Junca et al., 
2012; Junca et al., 2016). Thus, a sum-
mary will be mentioned. Table 2 shows 
the chemical composition of the electric 
arc furnace dust and the Table 3 shows 

the result of the Rietveld method for 
phase quantification. The main element in 
the EAFD is Fe (44.6 wt%) as magnetite 
(43.2 wt%), franklinite (21.6 wt%) and 
metallic iron (0.5 wt%). The zinc content 
is 15.9 wt% as zincite (28.8 wt%) and 

franklinite. Other elements, such as Ca, 
Si, Mn, Mg and Pb were also found. In 
addition, a size analysis showed that the 
EAFD is in the range of 0.158-158.489 
μm, with 90% lesser than 50.89 μm and 
50% lesser than 8.658 μm.

Elements Fetotal Fe0 Zn Ca Si Mn Mg Pb

Percentage (%) 44.6 0.6 15.9 5.7 4.0 2.0 1.5 1.2

Table  2
Chemical composition
of electric arc furnace dust.

Phases Iron Zincite Quartz Magnetite Franklinite

Percentage (%) 0.5 28.5 6.2 43.2 21.6

Table 3
Phases quantification of the electric arc 
furnace dust determined via Rietveld method.



57

Eduardo Junca et al.

REM, Int. Eng. J., Ouro Preto, 72(1), 55-61, jan. mar. | 2019

2.2 Pellet production
The pellets of EAFD were per-

formed by a disc pellet adapted in a 
concrete mixer. Then, the pellets were 

conducted for the drying step. This 
step was carried out in two phases. 
The first, the pellets were dried at 

200°C by 12 hours. The second phase, 
the pellets were heated at 700°C by 
24 hours.

2.3 Thermogravimetric analysis
A pellet of EAFD was put into a 

Setsys Evolution Setaram thermobal-
ance. The reducing gas flows were 
50, 100, 150 and 200 mL/minute in 
order to investigate the transfer of 

the reducing gas to the pellet surface 
and core. The temperature influence 
on the reduction process was studied 
applying the FSIA method. Thus, the 
temperatures investigated were between 

500-1100°C, with isotherms at each  
50 °C. Each isothermal was kept for 15 
minutes. A gaseous mixture containing 
10 wt% of hydrogen and 90 wt% of 
argon was used.

2.4 Kinetic investigation
The control mechanisms and ac-

tivation energy were obtained via a 
differential method. To it, the linear 

trends from the relationship d(α)/dt x 
f(α) were compared for all functions 
mentioned in Table 1, since the greater 

linear trend suggests the control func-
tion. The reacted fraction was calculated 
via Equation 3.

α = 
m0 - mT
m0 - mf

Where, α is the reacted fraction; m0 is the 
sample initial mass; mT is the sample mass at 
temperature T and mf is the sample final mass.

Then, the Arrhenius curves  

(ln k x 1/T) were sketched out in order to 
calculate the Ea. In addition, the equations 
that did not present a linearity in the Ar-
rhenius curves were not considered as a 

controlling mechanism, since the reaction 
rate was similar inside each step. Further-
more, increasing the temperature did not 
increase the reaction rate in the same step.

2.5 Product characterization
The product characterization was 

carried out using a Philips scanning electron 
microscope (SEM), XL-30 model. The pel-
lets were taken off the thermobalance when 

the temperature reached 700 and 900 °C. 
This step was performed in order to inves-
tigate the morphological change at each 
temperature. In addition, X-ray analysis was 

performed after the complete reduction in 
order to identify the phases. A Rigaku dif-
fractometer, Miniflex 300 model, equipped 
with Cu Kα (λ= 1,5418Å) tube was used.

3. Results and discussion

3.1 Thermogravimetric analysis
Figure 1a shows that increasing 

the gas flow also increases the reac-
tion rate. A mass loss of 42 wt% for 
200 mL/minute of gas stream was also 
noted. This value is from oxides (Fe3O4 
and ZnO) and zinc ferrite (Fe2O3.ZnO) 
reduction. In addition, the reaction 
rate for gas streams of 100, 150 and 

200 mL/ minute did not present a sig-
nificant change on the reaction rate, 
which indicates that the transfer of the 
reducing gas to the pellet surface did not 
have influence on the reaction. On the 
other side, when the temperature was 
increased, the reaction rate changed  
(Figure 1b). Furthermore, it was noted 

that between some consecutive isother-
mals (650-700°C and 800-850°C), the 
reaction rate was altered, which indi-
cates a change of control mechanism 
between these temperatures. Thus, 
the reduction of EAFD by hydrogen 
occurred in three steps: 550-650°C, 
700-800°C and 850-950°C.

Figure 1
Thermogravimetric tests. 

a) Influence of gas stream on the reduction 
of electric arc furnace dust pellet. b) Effect 
of the temperature on reduction reaction.

3.2 Kinetic investigation
At 500-650°C (Table 4), all func-

tions presented a similar correlation factor. 
On the other hand, Table 5 shows that 
between 700-800°C the correlation factor 
for the functions A3, D1, D2, D3, D4, R2 

and R3 were greater, which suggests that 
these functions presented a linear trend, 
and, therefore, they can be the control-
ling mechanisms. In the third step, for 
a temperature range of 850-950°C, the 

functions A2, D1, D2, D3, D4, R2 and 
R3 presented a greater correlation factor, 
as can be seen in Table 6. In a previous 
article (Junca et al., 2016), the influence 
of the pellet diameter during a reduction 

(a) (b)

(3)
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process with a similar reducing gas was 
investigated. It was concluded that up to 

700°C the reaction rate was not affected 
for pellets with different diameters. This 

fact suggests that diffusion is not present 
in the range of 550-650°C.

Temperature
(°C)

Control mechanism

A2 A3 D1 D2 D3 D4 R2 R3

550 0.66 0.65 0.74 0.74 0.69 0.62 0.62 0.62

600 0.78 0.79 0.70 0.70 0.67 0.80 0.80 0.80

650 0.99 0.98 0.99 0.99 0.98 0.98 0.98 0.98

Table 4
Correlation factor for the
relationship d(α)/dt x f(α) for the
temperature in the range of 550-650°C.

Temperature
(°C)

Control mechanism

A2 A3 D1 D2 D3 D4 R2 R3

700 0.95 0.94 0.95 0.95 0.95 0.93 0.93 0.93

750 0.97 0.96 0.97 0.97 0.97 0.95 0.95 0.95

800 0.53 0.97 0.97 0.97 0.97 0.97 0.97 0.97

Table 5
Correlation factor for the
relationship d(α)/dt x f(α) for the
temperature in the range of 700-800°C.

Temperature
(°C)

Control mechanism

A2 A3 D1 D2 D3 D4 R2 R3

850 0.94 0.73 0.98 0.98 0.98 0.97 0.97 0.97

900 0.98 0.97 0.99 0.99 0.99 0.99 0.98 0.99

950 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99

Table 6
Correlation factor for the 
relationship d(α)/dt x f(α) for the 
temperature in the range of 850-950°C.

Figure 2
Arrhenius curve obtained to A2, A3,
D1, D2, D3, D4, R2 and R3 functions.
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For a temperature higher than 
700°C, there was some influence on the 
reaction rate, which indicates that dif-
fusion plays some influence above that 
temperature. According to Pineau et al., 
(2007) diffusion is the control mechanism 
for reduction of Fe3O4 in temperatures 
higher than 650°C. The next step was to 
investigate the behavior of the functions 
on the Arrhenius curves, as can be seems 

in Figure 2. In addition, the activation 
energy (Ea) was obtained in each step.

In Step 1 (550-650°C), the functions 
A3 and R2 presented a liner trend in the 
Arrhenius curve. The diffusion was not 
expected in this step, as was mentioned 
previously. Furthermore, the nucleation 
has been mentioned by several research-
ers at the initial stage of oxide reduction 
(Themelis and Gauvin, 1962; Hayes, 

1979). The Ea in this step was 41.1 kJ/mol 
from A3 function.

Between 700-800°C, the functions 
A3 and D1 presented a linear trend to Ar-
rhenius curves, which indicates a mixed 
control mechanism. The Ea of this step is 
89.1 kJ/mol. The third step (850-950°C) was 
controlled by diffusion with an Ea of 130.9 
kJ/mol. The diffusion is mentioned as the 
main mechanism by Pineau et al., (2007).

3.3 Products characterization
At 700 °C, here was noted the 

formation of a crust around the pellet, 
as is shown in Figure 3a. In addition, 
the morphological aspect (Figure 3b) 

and the EDS spectrum (Figure 3c) 
suggest an non sintered structure, 
composed mainly of metallic iron. 
The formation of this crust impairs 

the gas diffusion into the pellets, which 
evidences that diffusion is the main 
mechanism above 700°C (Chang and 
De Jonghe, 1984).

Figure 3
Images obtained for an 

electric arc furnace dust pellet at 
700°C a) Image of optical microscope; 

b) Image of scanning electron microscope; 
c) EDS spectrum obtained in Figure 3b.

The metallic iron layer became 
thicker as the reaction proceeded. At 
900°C, the reaction finished. The pel-
lets presented a homogeneous aspect  

(Figure 4a) and sintered structure (Figure 
4b) composed mainly of iron (Figure 4c). 
The formation of a sintered structure 
implies in a decrease of porous volume 

inside the pellet. Furthermore, the reduc-
tion reaction tends to be controlled via 
the internal diffusion of reducing gases 
(Hou, et al., 2012).

Figure 4
Images obtained of electric arc 

furnace dust pellet at 900°C 
a) Image of optical microscope; 

b) Image of scanning electron microscope; 
c) EDS spectrum obtained in Figure 4b.

(a) (b)

(c)

(a) (b)

(c)



60

Reduction of electric arc furnace dust pellets by mixture containing hydrogen

REM, Int. Eng. J., Ouro Preto, 72(1), 55-61, jan. mar. | 2019

In addition, Figure 5 shows the X-ray pattern obtained in the electric arc furnace dust pellet at 900°C.

Figure 5
X-ray pattern obtained
after complete reduction
of the electric arc furnace dust pellet.

Peaks of iron, magnetite, zincite and 
quartz were noted. The phase’s quantifica-
tion by Rietveld method (Table 7) shows 

that the iron is the main phase with 82.8 
wt%, while quartz, magnetite and zincite 
presented 11.0, 3.3 and 2.9 wt%, respective-

ly. This indicates that the dense iron formed 
during the reaction prevented the complete 
reduction of the iron and zinc oxides.

Phases Iron Quartz Zincite Magnetite

Percentage (%) 82.8 11.0 2.9 3.3

Table 7
Quantification of phases from 
electric arc furnace dust pellets after 
complete reduction via Rietveld method.

4. Conclusion

A thermogravimetric test showed 
that the mass loss from the reduction of 
electric arc furnace dust using hydrogen 
was of 42 wt%, due to reduction of 
iron and zinc oxides. Furthermore, the 
reduction occurred in three steps: 550-
650°C, 700-800°C, 850-950°C. The 
initial stage (550-650°C) was controlled 

by a nucleation mechanism with an Ea 
of 41.1 kJ/mol. For temperatures higher 
than 700°C an iron crust was formed 
around the pellet. This hindered the 
reducing gas diffusion into the pellet. 
Thus, in the second step (700-800°C), 
a mixed control between nucleation and 
diffusion was obtained with an Ea of 

89.1 kJ/mol. In the temperature range of 
850-950°C, the formation of a sintered 
structure was noted, which contributed 
to a decrease in the pore volume in the 
pellets. In addition, these facts indicated 
internal diffusion of reducing gases as the 
controlling mechanism. The Ea of this 
stage was 130.9 kJ/mol.
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