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Abstract: Extracting aluminum from aluminum alloys in
AlCl3-NaCl molten salts was investigated in this paper. The
influences of experimental parameters such as electrolyte
composition, cathodic current density and electrolysis
time on the deposits morphology were discussed. The
results show that the grain size of the deposits decreases
with the increase of AlCl3 content in the electrolyte.
Current density has a big effect on the morphology of the
deposits. The particle size of deposits increases with the
increase of current density, and dendritic morphology
forms at high current density. High nucleation rates are
achieved at high current densities above the limiting diffusion current density, and will result in a finer grain size.
A non-dendritic deposit of aluminum was obtained at
170°C at 50 mA·cm-2 cathodic current density for 1 h in the
electrolyte having a 1.3 molar ratio of AlCl3/NaCl. The
purity of the aluminum deposit is about 99.79% analyzed
using inductively coupled plasma.
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1 Introduction
Aluminum alloys are used extensively in structural and
automotive applications. Due to the increased use of aluminum alloys, an increased amount of Al scrap has been
generated. Aluminum recycling gains lots of attention
based on the sustainable development and considering
ecological and economic issues. Recycling aluminum
alloys is both cost effective and environmentally friendly.
It was reported that recycling aluminium requires only 5%
of the energy and produces only about 4% of the CO2 emis-

sions as compared with primary production from the raw
material bauxite and reduces the waste going to landfill
[1–2].
Al scraps destined for recycling are usually categorized as new scrap and old scrap. New scrap is surplus
material that arises during the manufacture and fabrication of aluminium alloys within the aluminium and manufacturing industry. This scrap is usually of known quality
and composition. It is mainly recycled by remelters, which
are generally integrated into rolling mills and extrusion
plants. Old scrap originates from the end-of-life of final
products, such as beverage cans, car cylinder heads,
window frames from demolished buildings or old elec
trical cabling. Since there are hundreds of aluminum
alloys developed for different purposes, most of the old
scrap is usually collected without knowing the composition. It is clearly not very efficient to recycle old scrap by
simple re-melting of unsorted waste metal. Sorting of aluminum alloys is a key factor for optimum recycling [3, 4].
Moreover, although aluminum alloys can be recycled, it is
challenging for direct reusing of recycled aluminum alloys
in wrought alloys or in cast alloys since some elements are
up-limited in the recycled aluminum alloy [5, 6]. Most recycled aluminum has to be adjusted with more costly and
energy-intense primary metal before it is reused in order
to meet the performance requirements of most alloy and
product specifications. There is a low demand amongst
manufacturers for the direct recycled aluminum alloys,
which cause processing plants to have a low interest in
recycling such alloys.
In response to these problems, processes have been
developed to extract pure aluminum from aluminum alloy
scrap material so that the recycled aluminum may be utilized for other purposes. However, only a few works on the
extraction of pure aluminum from aluminum alloys have
been reported. Coldwell and Spendlove [7] reported using
molten zinc to extract aluminum from aluminum-silicon
alloys by the reflux leaching method. However, aluminum
obtained by this method contains 1 to 6 percent silicon,
0.04 to 0.8 percent iron, and 0.01 to 0.9 percent titanium.
The leached aluminum can only serve as a base alloy for
producing sand-casting alloys.
Chloroaluminate ionic liquids are widely used for
electrodeposition of aluminum and aluminum alloys
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[8–27]. R.G. Reddy and co-workers reported recycling aluminum from aluminum alloy and aluminum metal matrix
composite by electrolysis in ionic liquids [20–26]. High
purity aluminum (99.89%) deposits were obtained on
copper or aluminum substrates with a high current efficiency (>98%) [22]. They reported that this process has
advantage of low energy consumption compared to the
existing industrial aluminum refining process. The energy
consumption for recycling pure aluminum in their studies
was about 3–7 kWh/kg-Al [22, 23, 26].
Compared with ionic liquids, inorganic molten salts
have higher electrical conductivity. Electroplating of aluminum or aluminum alloys has been investigated in alkali
chloroaluminate melts [28, 29]. However, to the authors’
knowledge, the extraction of aluminum from aluminum
alloy in alkali chloroaluminate melts hasn’t been reported
yet. The objective of this work is to demonstrate the possibility for the aluminum extraction process from aluminum alloy in AlCl3-NaCl molten salts, and to understand the mechanism of nucleation by electrochemical
measurements.

2 Experimental
All the tests were performed in a 100 ml glass beaker fitted
with a Teflon cap, and experiments were conducted with a
three-electrode system using autolab PGSTAT30. For cyclic
voltammetry tests, the working electrode was a Cu plate,
and the counter electrode was a Pt plate to avoid disturbing the anodic dissolution reaction. For the electrodeposition process, aluminum alloy (6063 type) and Cu plates
were used as the anode and cathode. The interpolar distance was about 3 cm. A pure aluminum wire was used as
reference electrode for all tests. All of the electrolyte components were dried before use.
The deposits obtained on the cathode plate were
stripped off from the substrate, and were washed in water
by ultrasonic and dried at room temperature. The deposits
structures were examined by scanning electron microscopy (SEM, JSM/6301F) and the phase of the deposits was
characterized by a Rigaku D/MAX-3B X-ray diffractometer
(XRD), with Cu Kα radiation. The impurities contents in
the electrolyte were analyzed using IRISHR inductively
coupled plasma (ICP).

3 Results and discussion
3.1 E
 lectrode behavior in AlCl3-NaCl molten
salts
AlCl3-NaCl melts exhibit Lewis acid-base properties. When
AlCl3 is mixed with NaCl, the ionic constituents of the
resultant ionic liquid are determined by the mole ratio of
AlCl3/NaCl (q/p).
q AlCl3 + p NaCl = q NaAlCl4 + (p - q) NaCl (q/p < 1)

(1)

q AlCl3 + p NaCl = (2p - q) NaAlCl4 + (q - p) NaAl2Cl7
(1 < q/p < 2 )
(2)
Al2Cl7- ion is a strong Lewis acid, while AlCl4- ion is a
Lewis base. The melts with q/p > 1 are acidic and those
with q/p < 1 are basic, whereas the melt with q/p = 1 is
neutral.
In our work, acidic melt was used to extract Al from Al
alloy. Al alloy was used as anode, and Cu plate was used
as cathode. During the extraction process, Al in the alloy
anode dissolves into the melt.
Al + 7AlCl4- → 4Al2Cl7- + 3e

(3)

As there are two aluminum-containing complexes
(Al2Cl7- and AlCl4-) in acidic melt, the cathodic deposition
of aluminum at the cathode is possible by discharge of
either of these two aluminum-containing complexes.
4Al2Cl7- + 3e- → Al + 7AlCl4-

(4)

AlCl4- + 3e− → Al + 4Cl-

(5)

Figure 1 is the cyclic voltammetry curves at various
nAlCl3/nNaCl (1.1, 1.3, 1.5) with the scan rate of 0.1 V/s at 170°C.
From Fig. 1a we can see that there are two reduction peaks
and two oxidation peaks accordingly. By comparing Fig.
1(a)–(c), we can see that the position and shape of peaks
are sensitive to the electrolyte composition. The peak of A
becomes larger, and the peak of B becomes smaller with
the increased content of AlCl3 in the electrolyte. Since
Al2Cl7- concentration in the electrolyte increases with the
increase of nAlCl3/nNaCl, while AlCl4- concentration decreases with the increase of nAlCl3/nNaCl, it is reasonable to
induce that the reduction peak at -0.2 V potential (peak A)
is due to the reduction of Al2Cl7- to Al, and the reduction
peak at about -0.6 V potential (peak B) is due to the
reduction of AlCl4- to Al as equaction (4) and (5) show.
The results are consistent with the conclusion that the
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3.2 E
 ffect of applied current density on
the deposits microstructure
Figure 2 shows the microstructure of the deposits at different cathodic current density. As seen in Fig. 2, the microstructures are spherical varying in the size from 5 µm to
about 10 µm for the deposits which are obtained at 25 and
50 mA·cm−2 while it was dendritic when the current
density is 75 mA·cm−2. However, with further increase of
current density (at 100 mA·cm−2), the microstructure is
spherical again. As we know, the nature and morphology
of the deposit are influenced by the rate of the electron
transfer reaction and concentration. The nucleation rate
depends on the current density, which governs the driving
force for crystallization. The charge-transfer rate is very
slow at 25 mA·cm−2, which result in few nuclei, low growth
rate. With the increase of deposition current density, the
nucleation rate and growth rate increase which result in
the increase of nuclei and micrograph size as Fig. 2(a) and
(b) shown. With the further increase of current density,
more new nuclei form at the same time, and the deposit
shows a very rapid growth. This growth usually leads to
whiskers and dendrites. This is because nuclei express the
preferred growth directions of the crystal. This growth
direction may be due to anisotropy in the surface energy
of the solid–liquid interface, or to the ease of attachment
of atoms to the interface on different crystallographic
planes, or both which results in a dendritic nature of the
deposit [31]. If the anisotropy is large enough, the dendrite
may present a faceted morphology, as shown in Fig. 2(c).
However, after the current density is larger than the limiting diffusion current density, lots of nuclei form simultaneously. At the same time, new nucleation process and the
growth of the independent nuclei are almost terminated
since the electroactive species is depleted near the
cathode. After new electroactive species is transported to
the cathode, the nucleation process takes place again.
Thus, most deposited particles are in the same shape as
Fig. 2(d) shown. Deposits exhibit a tendency to appear in
the form of powders in this condition [32].

Fig. 1: Cyclic voltammograms recorded on W electrode in different
molar ratio AlCl3-NaCl molten salts at 170°C. Scan rates: 0.1 V/s.
(a) nAlCl3/nNaCl = 1.1; (b) nAlCl3/nNaCl = 1.3; (c) nAlCl3/nNaCl = 1.5.

deposition reaction is due to the discharge of AlCl4- anions
in a basic melt, while it is the Al2Cl7- anion which is
reduced to give the aluminum deposit in an acidic melt
[29, 30].

3.3 E
 ffect of AlCl3/NaCl molar ratio on
the microstructure of deposits
As dendritic or powdery deposits may easily fall off the
electrode, which will reduce current efficiency of the
process, we choose 50 mA·cm−2 as the cathodic current
density in the following experiments since it should be
possible to obtain the spherical crystal with an acceptable reduction rate. The microstructures of the deposits
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Fig. 2: SEM micrographs of aluminum electrodeposits prepared on Cu electrodes from 1.3:1 molar ratio AlCl3-NaCl molten salts at 170°C for
0.5 h. The applied current densities are 25 mA·cm−2 (a), 50 mA·cm−2 (b), 75 mA·cm−2 (c) and 100 mA·cm−2 (d) respectively.

obtained at 50 mA·cm−2, 170°C with different nAlCl3/nNaCl are
shown in Fig. 3. As can be seen the morphology of the
deposit is sensitive to nAlCl3/nNaCl. The grain size becomes
smaller and denser with the increase of nAlCl3/nNaCl. The
grain size is in a close range of 15–20 µm when nAlCl3/nNaCl
is 1.3 and 1.5, while it is in a close range of 5–10 µm when
nAlCl3/nNaCl is 1.7 and 1.9.
According to the familiar Nernst equation (equation
6), electrodeposition of M can occur at potential which is
more negative than the equilibrium potential EM. This
difference in potential is the overpotential (η M ).
E=
E Mϑ + ( RT / nF )ln[(α M m+ ) / α M ]
M

(6)

where E ϑM is the standard potentiall for the reduction to
form M, R is the gas constant, T is the absolute temperature, m is the number of electrons required for the reduction, F is the Faraday constant, and α M m+ and α M are the
activities of Mm+ in the electrolyte, and of M in the deposit,
respectively. The number of nuclei is strongly dependent
on the overpotential. The more positive of EM value, the
easier it is to reduce metal ions, and the more negative of
EM value, the more difficult it is to reduce the metal ions.

Al2Cl7− concentration increases with the increase of
nAlCl3/nNaCl, which results in the increase of the equilibrium
potential EM. Thus, the overpotential decreases with the
increase of nAlCl3/nNaCl since the applied current density is
kept constant. If the nucleation process is driven by electron transfer process, a lower amount of nuclei and larger
grains will be obtained with the decrease of overpotential.
However, the results are not the same. The grain size
becomes smaller and denser with the increase of nAlCl3/
nNaCl at the experimental condition. The result suggests
that the nucleation process at the carried condition is
driven by diffusion process, and the actual current density
is larger than the limiting current density. The nucleation
rate at the applied current density is very quick. Higher
concentration of active ion results in the higher amount of
nuclei and therefore smaller grains.

3.4 E
 ffect of electrolysis time on
the microstructure of deposits
Figure 4 shows the microstructures of aluminum de
posits obtained at constant current density 25 mA·cm−2,
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Fig. 3: SEM micrographs of aluminum electrodeposits prepared on Cu electrodes in different molar ratio AlCl3-NaCl molten salts at constant
current density 50 mA·cm−2 for 0.5 h at 170°C. (a) nAlCl3/nNaCl = 1.3; (b) nAlCl3/nNaCl = 1.5; (c) nAlCl3/nNaCl = 1.7; (d) nAlCl3/nNaCl = 1.9.

Fig. 4: SEM micrographs of aluminum electrodeposits prepared on Cu electrodes in 1.3:1 molar ratio AlCl3-NaCl molten salts using
25 mA·cm−2 current density at 170°C for different electrolysis time. The electrolysis time is 0.5 h (a), 1 h (b), 1.5 h (c) and 2 h (d) respectively.
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Si
0.059

Fe
0.011

Mg
0.128

Cu
<0.001

Mn
<0.001

Cr
0.004

Zn
0.001

Ti
0.001

Al
99.794

Table 1: Composition of the deposited aluminum (mass fraction %)

tion of dendritic morphology. The dependency of the morphology on the current density is attributed to the change
in the deposition rate. Low current density results in less
nucleation and growth rate. Hence the particle size increases with increase of current density, and dendritic
morphology formed at high current density. However,
high nucleation rates achieved at high current density
which is above of limiting diffusion current density resulted in a finer grain size.
Acknowledgement: The authors gratefully acknowledge
the financial support from the national natural science
foundation of China (No. 51104042).
Fig. 5: X-ray diffraction pattern of aluminum deposit

nAlCl3/nNaCl = 1.3 and temperature 170°C for different electro
deposition time. It can be seen that a uniform deposit of
spherical particles can be observed with 0.5–1 h de
position time, while the microstructure of the aluminum
deposits became dendritic-like after prolong the depos
ition time. Preferred orientation growth induces the
dendritic-like microstructure formation.
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