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Abstract

Magnesium is considered as impurity element in aluminum recycled for
obtaining some cast alloys, with low concentration Mg, because at 0.1 wt% results
in fragility, fractures, and defects. This research applies the aluminothermic
reduction process to decrease magnesium content in aluminum cans by adding
ZnO, to produce reaction products solid-state (Al2O3, MgO and MgAl2O4), and
there is a possibility to obtain Al-Zn alloy. The conditions of the process were,
melting temperature (750, 800, 850°C) and stirring velocity (200, 250, 300 rpm).
The Mg and Zn contents were measured for chemical analysis and scrap
generated from every process was analyzed by X-ray diffraction. The results show
how the aluminothermic reduction decreased Mg from 0.93 to 0.06 wt% and
increased zinc up to 5.52wt % in the molten metal. Therefore, this process can be
used to remove Mg and can also prevent the generation of polluting gases into the
environment.
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1. Introduction

Aluminum alloys are a material required mainly in aerospace and automotive
sectors [1]. This has contributed to an increased demand for aluminum and there-
fore the search for new forms of production. Recycling products have been consid-
ered as an alternative source of raw material; however, the secondary aluminum
industry is facing up the implementation of different processes to return these
materials to everyday life, modifying the mechanical properties according to the
type of application to which it will be destined. For this reason, the trend toward
metal recycling has increased significantly in recent years, not only because of
economic aspects, but also because of the positive impacts on the environment
[2–4]. Nevertheless, there is still a lot of development to be done because the
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industry demands high-quality materials regardless of their origin. For cast alloys,
the aluminum scrap must be carefully selected because the impurities degrade the
material form that decrease the mechanical properties of the alloys. The most
common impurities in recycled alloys are Fe, Si, and Mg in the automotive industry
[5, 6]. Different refining processes are used for the removal of magnesium, such as
Cl2 or Fl2 gas injection, but the processes produce great amounts of HCl gas. Many
countries have been forced to regulate this process, while others have banned it due
to the high amount of polluting gases that are emitted into the environment [7–9].
Right to this, the industry needs to find new technologies to reduce the magnesium
in aluminum scraps, such as the process of compound separation methods or
aluminothermic reduction with different oxides [10–13].

This work uses the aluminothermic reduction process with ZnO powder, with
the objective of removing the magnesium content in aluminum molten scrap and
adding zinc for production aluminum alloys type 700. By implementing this tech-
nology, gases can be considerably reduced because the reactions produced in the
metal bath can lead to the formation of magnesium products in a solid-state and to
be easily removed with the slag.

2. Experimental procedure

The study used aluminum scrap from beverage cans as raw material in the
aluminothermic reduction process with ZnO powder as reactive, the composition of
both materials were analyzed by atomic emission spectroscopy (AES), the equip-
ment used was SPECTRO model M11, the results are shown in Table 1. The bever-
age cans were melted in 10 kg capacity induction furnace, then, the melted
aluminum was degassed using N2 gas for 10 minutes to obtain secondary
aluminum ingots cooled at room temperature. These ingots were cut into pieces of
2 kg to be melted again in a laboratory-scale induction furnace and carried out
aluminothermic reduction process using ZnO powder at 750, 800, and 850°C and
200, 250, and 300 rpm of stirring velocities. Figure 1 shows the induction furnace
where the aluminothermic reduction was carried out, (a) top view photography of
the furnace, (b) scheme of the interior furnace, and (c) the impeller used during the
experimentation. The time of all experiments was given for 60 minutes, taking
samples every 10 minutes to measure the magnesium and zinc content by AES. The
slag was analyzed by X-ray diffraction (XRD) to analyze reaction product types.
Finally, the microstructure of the alloys at the end of the process was analyzed by
scanning electron microscopy (SEM).

3. Results and discussion

Figure 2 shows the relationship of the magnesium content measured by AES
with respect to the treatment time from 1 to 60 minutes, at 750, 800, and 850°C and

wt. % Si Fe Cu Mn Mg Cr Ni Zn Ti Otros Al

Aluminum scrap 0.286 0.625 0.188 0.77 0.93 0.022 0.013 0.15 0.017 0.024 96.7

ZnO powder <0.01 0.02 — 0.01 — — — 76.65 — 22.32 96.7

Table 1.
Chemical composition of aluminum scrap and ZnO used by aluminothermic reduction process.
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stirring velocity of the impeller was 200, 250, and 300 rpm. The results show a
significant decrease in magnesium content for all conditions of work. Figure 3a–c
shows the increase of zinc content in the experiments. Therefore, it can be deduced
that the reaction of Eq. (1) governed the process of magnesium removal and zinc
added in melted aluminum. The temperature is the variable with the strongest
influence on the process, no matter the agitation speed, observing better results at
800 and 850°C, while at 750°C the contents of magnesium and Zn were out the
specification for to be used in the automotive industry.

1=2 Al lð Þ þ 1=4 Mg lð Þ þ ZnO sð Þ ➔ 1=4 MgAl2O4 sð Þ þ Zn lð Þ ΔG
0 ¼ �223:99 kJ (1)

Graphics of Figures 2 and 3 indicate that the processes have an exponential
reaction after 20 minutes because this is the time necessary for wettability of the
ZnO solid particle with molten aluminum, which allows the reaction to be carried
out, where magnesium has an important effect [13, 14]. Figure 3d shows the ratio
in wt% of magnesium and zinc content at 800°C and 250 rpm, this experiment was
more favorable in the present study, because both contents are in the specification
for automotive application, giving values <0.06 wt% of Mg and 5.52 wt% of zinc.
Other zinc contents obtained were 1.66, 2.3, 2.3, 3.2, and 4 wt%, values used in the
aluminum industry in the 700 series alloys. Thus, the reduction process of ZnO
powder can remove magnesium and incorporate zinc in molten aluminum.

According to Hashiguchi [15], the change in the magnesium content can also be
to the reaction between dissolved magnesium and ambient oxygen gas too, the
process is carried out at ambient conditions can be explained by the reaction of

Figure 1.
(a) Top view photography of furnace, (b) scheme of the interior furnace, and (c) the impeller used during the
experimentation in aluminothermic reduction process.
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Figure 2.
Relationship between magnesium content and time with respect to temperature and stirring velocity, (a) 200,
(b) 250, and (c) 300 rpm.

Figure 3.
(a–c) Relationship between zinc content and time with respect to temperature and stirring velocity, and (d)
relationship between magnesium and zinc content in molten aluminum at 800°C and 250 rpm.
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Eq. (2). This can be demonstrated by the XRD analysis in Figure 4, where the slags
obtained in the experiments at 250 rpm and at 750, 800, 850°C are presented, the
compounds of these results are MgAl2O4, MgO, and Al2O3. Furthermore, it has been
reported that the reactions involved between solid ZnO and molten Al-Mg can be
carried out by the Eqs. (1)–(9), values of free energy calculated at 850°C.

Mg lð Þ þO2 gð Þ ➔ MgO sð Þ ΔG
0 ¼ �970:09 kJ (2)

4=3 Al2 lð Þ þO2 gð Þ ➔ 2=3Al2O3 sð Þ ΔG
0 ¼ �882:46 kJ (3)

Al2O3 sð Þ þMg lð Þ þ 1=2O2 gð Þ ¼ MgAl2O4 sð Þ ΔG
0 ¼ �1036:56 kJ (4)

2=3 Al lð Þ þ 1=3 MgO sð Þ þ ZnO sð Þ ➔ 1=3 MgAl2O4 sð Þ þ Zn lð Þ ΔG
0 ¼ �220:23 kJ (5)

4=3 Al lð Þ þ 2ZnO sð Þ ¼ 2=3 Al2O3 sð Þ þ 2Zn lð Þ ΔG
0 ¼ �205:82 kJ (6)

Figure 4.
XRD pattern of the slags produced at 250 rpm and (a) 750°C, (b) 800°C, and (c) 850°C during
aluminothermic reduction of ZnO.
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Mg lð Þ þ ZnO sð Þ ➔ MgO sð Þ þ Zn lð Þ ΔG
0 ¼ �244:91 kJ (7)

Al2O3 sð Þ þ 3Mg lð Þ ➔ 3MgO sð Þ þ 2Al lð Þ ΔG
0 ¼ �117:69 kJ (8)

Al2O3 sð Þ þMgO sð Þ ➔ MgAl2O4 sð Þ ΔG
0 ¼ �92:02 kJ (9)

According to the free energy values of each reaction calculated at 850°C, the
decrease of magnesium and the increase of Zn in the aluminothermic reduction
process can be carried out mainly by reactions of the Eqs. (1), (2), and (4)–(7)
while Eqs. (3), (8), and (9) are reactions for slag formation.

The beverage cans used in this work were without any type of refining treat-
ment, therefore, the alloy presented higher contents of Fe, Si, Mn. Figure 5 shows
microstructure after the aluminothermic reduction process of secondary aluminum
with a matrix rich in zinc and second phases of Al6(Fe, Mn) and Al12(Fe, Mn)3Si,
the first phase with massive blocky morphology due to the content of the Mn in the
alloy, according to Liu [16], this element is the one that determines the morphology
of this type of intermetallic, while the phase Al12(Fe, Mn)3Si was presented less
quantity, this phase is formed by the cooling rate and diffusion of Si to the Al6(Fe,
Mn). Previous studies [17, 18] indicate that this transformation can also be carried
out in processes where there is a loss of magnesium and Si was effective nucleating
substrates for the transformation of Al6(Fe, Mn) to Al12(Fe, Mn)3Si.

4. Conclusion

Magnesium was removed from the aluminum scrap using the aluminothermic
reduction process of ZnO powder. The temperatures favored the decrease of

Figure 5.
SEM images of Al-Zn alloys from aluminothermic reduction process at 250 rpm and (a) 750°C, (b) 800°C,
and (c) 850°C. (d) Al6(Fe,Mn) and Al12(Fe,Mn)3Si phases on Al-Zn matrix.
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magnesium in the metal bath and generated reaction products as MgAl2O4, MgO,
and Al2O3 in solid-state, so that this process can help to reduce the emission of
polluting gas. Also, the ZnO powder was reduced, and the zinc incorporated into
the melted aluminum microstructure of the alloys has an Al-Zn matrix and second
phases of Al6(Fe, Mn) and Al12(Fe, Mn)3Si in the cast state. In this case, this process
can be favorable for the manufacture of alloys that can be applied in the automotive
sector.
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