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Abstract

Aluminum dross (AD) from aluminum alloy production is harmful for the environment, while it also contains valuable
metal and oxides. Therefore, its comprehensive utilization in an environmental-friendly route is of great importance for the
sustainable development of the aluminum industry. Therefore, a green route to comprehensively reuse AD was proposed in
this paper. Effects of different processing conditions on extraction behaviors of aluminum, soluble salt and aluminum nitride
(AIN) were studied. The extraction rate of aluminum can reach 96.5% with processing temperature of 750 °C, processing
time of 40 min, and refining agent addition of 10 wt%. With the liquid—solid mass ratio of 10, the leaching time of 8 h, the
leaching temperature of 90 °C and stirring speed of 300 rad/min, the maximum leaching rate of chlorine salt, fluorine salt
and hydrolysis of AIN can reach 98.4%, 93.4% and 87.6%, respectively. The tailings after leaching treatment can be used in
a variety of applications, such as the production of cement, ceramic and refractory which can be used in the chemical and

metallurgical industry.
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Introduction

During the aluminum production process, a large amount of
aluminum dross (AD) is produced, which have been consid-
ered to be a kind of toxic and hazardous waste causing seri-
ous environmental pollution when it is exposed to humid air
or water (Murayama et al. 2012; Sarker et al. 2015; Manfredi
et al. 1997; Adeosun et al. 2012; Unlii and Drouet 2002;
Ramaswamy et al. 2019). Therefore, the comprehensive
recycling of the AD is of great significance to the aluminum
industry (Shinzato et al. 2005; Kim et al. 2009; Bruckard
et al. 2009; Zhang et al. 2019). Globally, the AD has been
classified as toxic and hazardous waste, which should be
managed in compliance with the current legislation (Tsa-
kiridis 2012). According to its composition, AD can be
divided into the primary aluminum dross (PAD), and the

Editorial responsibility: Maryam Shabani.

< Y. Li
liying@mail.neu.edu.cn

School of Metallurgy, Northeastern University,
Shenyang 110819, China

Liaoning Key Laboratory for Metallurgical Sensor
and Technology, Northeastern University, Shenyang 110819,
China

secondary aluminum dross (SAD). PAD usually contains
10—60 wt% aluminum, and the concentrations of fluorine
salt and chlorine salt are usually lower than 6 wt%. After the
aluminum was extracted from the PAD, the remaining flux
is called SAD. The composition of AD is usually complex,
so it is difficult to deal with. AD contains large number of
valuable elements including aluminum, magnesium, silicon,
etc. The comprehensive utilization of AD is of great signifi-
cance in environmental protection and resource utilization,
and also an important aspect of circular economy (Dash
et al. 2008; Shi et al. 2021c¢).

The disposal of the AD is a worldwide problem (Ewais
et al. 2009; Abdulkadir et al. 2015; Hiraki and Nagasaka 2015;
Hashishin et al. 2004; Huang et al. 2014). Many researches
have been done on the utilization of AD, and some of them
are conducted by acid leaching and alkaline leaching (Li et al.
2014, 2012; Mahinroosta and Allahverdi 2018; Xiao et al.
2005; Hiraki et al. 2014; Zhang et al. 2018; Yoshimura et al.
2008; Roy and Sahai 1997). Davies et al. (2008) proposed
an integrated process for salt-slag treatment and Al recovery.
Results shows that 90% of the Cl, 55% of the Na, and 45%
of the K can be extracted by aqueous leaching salt cake for
1 h at 25 °C. P. E. Tsakiridis et al. (2013) observed the alu-
minum recovery during black dross hydrothermal treatment.
The leaching efficiency of aluminum reached 57.5% with
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NaOH strong solution (260 g/L) at 240 °C. Yang et al. (2019)
studied aluminum leaching kinetics of AD by hydrochloric
acid. Results showed that the leaching ratio of aluminum could
reach 22% under optimal conditions. Bruckard et al. (2007)
studied the characterization and treatment of salt cakes by
aqueous leaching.

Although much efforts have been taken to deal with AD,
the recovery rate of valuable elements is still very low, and the
produced waste water has detrimental impacts on the environ-
ment. Therefore, current technologies have not realized the
complete resource utilization of the AD. This work proposed
an environmentally friendly route to utilize the AD, which
can also avoid high disposal costs and serious environmental
problems.

Materials and methods
Materials

The AD was from an aluminum industry in Hebei province,
China. Compositions of the AD were Al, Si, Mg, N, O, Na,
K and Cl, as shown in Table 1. Other chemicals used in the
whole process such as NaCl, KCl and MgF, were all the ana-
lytical grades, and its average particle size was smaller than
1.5 pm, which were used to synthesize refining agents.

Experimental procedures
Extracting aluminum

In the extracting aluminum process, the AD powder
(<178 pm, 100 g) was mixed with 6-12 wt% refining agent,
which is composed of 50% sodium chloride, 49.5% potas-
sium chloride and 0.5% magnesium fluoride. The mixture was
heated from room temperature to final temperature in the range
of 600-800 °C with a heating rate of 10 °C/min in an electric
resistance furnace and kept at the final temperature for 20 to
50 min. Aluminum dross tailings were analyzed to calculate
the rate of aluminum extraction using Eq. (1).

Extractionrates (%) = (1 — [M],/[M],) X 100% (1)

M denotes aluminum, M, is the mass of M in the samples,
and M, is the mass of M in the aluminum dross tailings after
extracting aluminum.

Leaching

The leaching process was carried out in a commercial mag-
netic stirring water bath. The sample (< 178 pm, 100 g) was
leached for 2-8 h at 30-60 °C. The mass ratio of liquid
to solid (L/S; ml/g) was in the range of 3-9 and the stir-
ring speed was in the range of 0—400 rad/min. After leach-
ing, the solution and residue were separated by filtration
(SHZ-D-III). Leaching solution was analyzed to calculate
the extraction rate of fluorine and chlorine using Eq. (2),
which indicated the amount of fluorine and chlorine that
can be extracted in the leaching liquid. Washed residue was
analyzed to calculate the extraction rate of AIN using Eq. (3)

Extraction rates (%) = [M], /[M], X 100% )

Extraction rates (%) = (1 - [M]B/[M]BO) x 100% 3)

M, is the mass of fluorine or chlorine in the samples,
and M, is the mass of fluorine or chlorine in the leaching
solution after water leaching. M is the mass of nitride in
the samples, and My is the mass of nitride in the aluminum
dross tailings after extracting aluminum. The flowchart of
the whole process is shown in Fig. 1.

Characterization

Chemical compositions of the AD, aluminum alloy, refin-
ing agent, and aluminum dross tailings were determined
by X-ray fluorescence (XRF, AXIOS, PANalytical, the
Netherlands). The AIN composition was obtained by ana-
lyzing nitrogen by a nitrogen—hydrogen-oxygen analyzer
(ONH836, LECO, US). The metallic aluminum composi-
tion was approximately equal to that of acid-soluble alu-
minum, which was analyzed by inductively coupled plasma
atomic emission spectrometry (ICP-AES, Optima 4300DV,
PerkinElmer, US). Microstructure of the sample powders
was obtained by the field emission SEM (SU-8010, Hitachi,
Japan) equipped with the energy-dispersive X-ray spec-
trometry (EDS) with an accelerating voltage of 15 kV. The
mineral phases of the samples were analyzed by the X-ray
diffraction (XRD; D8 Advance, Bruker, Germany) with Cu
Ka radiation (1=1.5406 A).

Table 1 Chemical compositions Al Si Mg
of AD (wt%)

54.97 4.51 9.8

2.02 0.98 1.28 2.50 0.44 23.5
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Fig. 1 Flowchart of comprehen-
sive utilization of the AD
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Stirring speed: 0-400 rad/min

Results and discussion
Extraction of aluminum
Effects of melting conditions on aluminum extraction

AD contains about 39 wt% metallic aluminum, therefore,
it is important to recycle aluminum inside it. The main fac-
tors affecting the efficiency of aluminum extraction includ-
ing processing time, processing temperature, and refining
agents amount are systematically studied. Figure 2a shows
the effect of processing temperature on aluminum recovery.
With the increase in processing temperature, the extraction
rate of aluminum from the AD was obviously improved. A
high temperature can reduce the interfacial tension between
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the AD and molten aluminum, thereby promoting the separa-
tion between the dross and metal. With refining agent addi-
tion of 10 wt% of the AD weight, processing time of 40 min
and processing temperature of 750 °C, the aluminum extrac-
tion rate reaches 96.5%. A further increase in temperature
above 750 °C has little effect on its extraction rate. Consid-
ering both cost and efficiency, it is reasonable to choose the
750 °C as the treatment temperature.

Figure 2b shows the effect of processing time on alu-
minum recovery. With the increase in processing time,
the extraction rate firstly increases and then remains con-
stant above 40 min, with the maximum value of 96.5% at
processing temperature of 750 °C and 10 wt% of refining
agent addition. Refining agent dissolves alumina film and
molten aluminum aggregates in the AD, which requires a
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Fig. 2 Effect of experimental conditions on extraction ratio of aluminum a processing temperature, b processing time, ¢ refining agent amount
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certain reaction time, so it is necessary to ensure sufficient
reaction time.

Figure 2c shows the effect of the amount of refining
agents on the recovery rate of metallic aluminum. The
extraction rate of metallic aluminum increases with the
increase in refining agents addition. When the added
amount is less than 10 wt%, its effect on promoting the
aggregation of metal aluminum is very limited, and thus it
cannot realize the separation of dross and metal as shown
in Fig. 2c. When the amount of refining agents added is
10 wt%, the extraction rate of metallic aluminum is 96.5%.
The extraction rate increases only a little when above
10 wt% of refining agents was added. From the perspective
of economy and environmental protection, it is reasonable
to add 10% refining agent.

In this study, a mixture of NaCl, KCl and MgF, was
used as a refining agent to recover aluminum from the AD.
Refining agents can change the interfacial tension between
metals and oxides (Saravanakumar et al. 2017; Utigard
et al. 2001). The refining agent has a low melting point,
which can quickly melt the covering material that needs to
be processed, which can effectively prevent further oxida-
tion during the treatment process. When the refining agent
reacts with molten aluminum, the surface active elements
sodium and potassium can be replaced, and the sodium
and potassium generated in the reaction will be enriched
at the interface between flux and molten aluminum, thus
significantly reducing the interfacial tension (Wan et al.
2020). A comparison between the result of the current
work and reported ones, in terms of recovery efficiency,
operating costs at larger scale, was shown in Table 2. The
advantages of extracting method from the AD studied in
this paper are attributed to the selected refining agent. The
interfacial tension between aluminum alloy and refining
agent with the addition of MgF, decreased, which may
contribute to the dissolve of oxide film and the release of
aluminum metal wrapped by the oxide (Xiao et al. 2005).
Under the optimized treatment conditions, the extraction
rate of metal aluminum increased obviously.

Phase and microstructure of the AD after extracting
aluminum

Figure 3 shows the phases of the extracted aluminum and
the AD before and after extracting aluminum. The main
phases of the extracted aluminum were Al and Si, as shown
in Fig. 3a. The main components of the extracted aluminum
were shown in Table 3. The extracted aluminum contains
elements such as silicon and magnesium. This is due to that
AD investigated in this study is from the production process
of A356 aluminum alloy. The extracted aluminum can be
used as raw material to produce A356 aluminum alloy. It
is shown in Fig. 3b that the main phases of the AD after
extracting aluminum are Al,O5, AIN, SiO,, MgAl,0,, MgF,,
NaCl and KCI. The minerals characteristics in studied AD
were Al, Al,O;, AIN, SiO,, NaCl, KCl, MgF, and MgAl,0O,,
as shown in Fig. 3c. The peaks of the AD at 28° and 32°,
respectively, are consistent with the standard card of NaCl
and KCl, respectively, indicating that the chloride salts exist
in the AD after extracting aluminum. The peaks at around
26°, 35° and 40° are considered as the superimposed peaks
of Al,O;. The peaks at 38°, 45° and 65° are attributed to
MgAl,O, spinel. The peaks at around 40°, 67° and 79° cor-
respond to AIN. Figure 3d shows the microstructure and
composition of the AD after extracting aluminum. The
content of magnesium, aluminum, and oxygen in area 1 is
relatively high. It can be inferred that the main phases are
alumina and magnesium aluminate spinel. Compared with
area 1, there are more fluorine and chlorine elements in area
2, and the contents of magnesium, aluminum and oxygen
are relatively low. It can be inferred that more fluorine and
chlorine components are impregnated in the alumina and
magnesia spinel structure. According to the results of EDS
analysis, it can be known that the AD after extracting alu-
minum contains chloride and fluoride salts. They mainly
come from the soluble salt in the original the AD and the
added refining agent during the extracting aluminum pro-
cess. Because the AD contains a lot of chloride and fluoride
salts, it will seriously harm the environment. Therefore, it is
necessary to extract chloride and fluoride salts from the AD.

Table 2 Comparison between the results of the current study and the results of other studies

Researchers Processing route Product obtained from the process Operating costs  Refs
(US$/t)
Authors Extract aluminum, water leaching Aluminum, ER: 96.5%; Chlorine and 323.5 This work
fluorine salt, ER: 98.4% and 93.4%
Hong et al Remelting Aluminum, ER: 85% 352 Hong et al. (2010)

Tsakiridis et al Crushing, sieving, screening, water

leaching, alkaline leaching

Kudyba et al Mechanical treatment, Remelting

Soluble salts; Aluminum, ER: 57.5% 315

Aluminum, ER: 82.5% 330

Tsakiridis et al. (2013)

Kudyba et al. (2021)

ER-extraction rate
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Table 3 Chemical compositions Al Si Mg Ti Fe Mn Cu 7n
of the extracted aluminum
(Wt%) 92.4 7.0 0.43 0.02 0.08 0.04 0.02 0.01
Leaching chlorine salt and hydrolysis of AIN. Under the conditions

Effects of leaching conditions on the extraction rate
of soluble salts and hydrolysis of AIN

The main hazardous chemical substances in AD are sol-
uble salts and AIN. The extraction of soluble salts and
hydrolysis of AIN are of great significance to the further
utilization of the AD. The extracted fluoride and chloride
salts can be used as refining agents. Ammonia gas pro-
duced by hydrolysis of aluminum nitride is absorbed by
sulfuric acid to prepare ammonium sulfate. The remain-
ing substances are used to produce raw materials for high
value-added products. Figure 4a shows the effect of leach-
ing temperature on the leaching efficiency of fluoride salt,

of temperature 50 °C, the liquid-to-solid ratio of 10 and
leaching time of 8 h, the leaching rate of chlorine salt,
fluorine salt and hydrolysis of AIN can reach 98.4%, 93.4%
and 87.6%, respectively. The effect of temperature on
leaching efficiency can be explained by thermodynamics
and kinetics. According to thermodynamics, the leaching
reaction is endothermic reaction, and the increase in tem-
perature is beneficial to promote the hydrolysis reaction
to proceed forward. According to kinetics, the reaction
rate follows Arrhenius equation (Shi et al. 2021a). Accord-
ing to Arrhenius equation, the reaction rate k, the kinetic
energy of reactants and the total number of activated mol-
ecules increase with the increase of temperature, and the
thermal motion of molecules increases. High tempera-
ture provides the activation energy of the reaction and
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promotes the smooth progress of the reaction (Shi et al.
2021b). The Arrhenius equation is as follows:
a
k=A. exp(—ﬁ>
where k is the reaction rate constant, R is the universal gas
constant, 7 is the reaction temperature, A is the frequency
factor, and Ea is the activation energy.

Figure 4b shows the effect of leaching time on the leach-
ing rate of fluoride salt and chlorine salt and hydrolysis of
AIN. With the extension of leaching time, the extraction effi-
ciency of soluble salt and hydrolysis of AIN first increased
and then decreased. In general, increasing leaching time
will make the whole system toward the equilibrium state
and thus the leaching ratio increased. However, the extrac-
tion efficiency was found to be reduced if the leaching time
is too long. This may be caused by solvent evaporation in
the current study, since an open experimental system was
used. This indicates that adverse reactions may occur in a
longer leaching time, resulting in insoluble compounds, thus
reducing the extraction efficiency (Hassankhani-Majd and
Anbia 2021).

Figure 4c shows the effect of stirring speeds on the
leaching rate of fluoride and chloride salts and hydrolysis
of AIN. Under the condition of liquid-solid mass ratio
of 10, leaching time of 8 h and leaching temperature of

o’
’r @ Springer

90 °C, effect of stirring speed with values of 0 rad/min,
100 rad/min, 200 rad/min, 300 rad/min and 400 rad/min
on leaching rate were investigated. In general, the leaching
rate was found to gradually increase with the increase in
stirring speeds. With the stirring speed of 300 rad/min, the
leaching rate of chlorine salt, fluorine salt and hydrolysis
of AIN can reach 98.4%, 93.4% and 87.6%, respectively.
Above 300 rad/min, the stirring speed has little effect on
the improvement of leaching efficiency. Stirring speed
improves the leaching efficiency by improving the flow
condition in bath and enhancing mass transfer and mixing
phenomena inside the bath.

Figure 4d shows the effect of the liquid—solid ratio on
the leaching rate of fluoride and chloride salts and hydrol-
ysis of AIN. Under the conditions of leaching time 8 h,
leaching temperature 90 °C and stirring speed 300 rad/
min, the leaching rate of fluoride and chloride salts and
hydrolysis of AIN increase with the increase in the lig-
uid—solid ratio. Increasing the liquid—solid ratio can effec-
tively reduce the viscosity of the solution, provide good
kinetic reaction conditions for the leaching of soluble
salts and hydrolysis of AIN. Although increasing the lig-
uid-solid ratio is beneficial to increase the leaching rate,
it will bring difficulties to subsequent evaporation and
crystallization. It is more reasonable to choose 10 for the
liquid-solid ratio.
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Phase and microstructure of aluminum dross
tailings and soluble salt from AD

The XRD pattern of the aluminum dross tailings after water
leaching under the optimal leaching conditions is presented
in Fig. 5a. It shows that the main phases of aluminum dross
tailings are Al,O;, SiO,, and MgAl,O,. A comparison of
the phase transformation after leaching is shown in Fig. 5a.
It indicates that fluoride salt and chlorine salt phase dis-
solves after leaching, whereas Al,O;, SiO,, and MgAl,O,
are left in the leaching residue, achieving an efficient sepa-
ration of soluble salt from the AD. Figure 5b—f shows the
microstructure and distribution of elements in aluminum
dross tailings. After water leaching, aluminum dross tail-
ings mainly contain aluminum, oxygen, magnesium and

Intensity (a.u.)

Intensity (a.u.)

20 ()

silicon. The distribution area of chlorine is almost invisible.
Fluoride salt and chlorine disappears and transfers into the
leaching liquid. It is shown in Fig. Sb—f that the soluble salt
in AD is removed by the water leaching method. Aluminum
is distributed in all of the regions, and amount of aluminum
is coincident to oxygen elements, which indicates that some
aluminum and oxygen exist in form of alumina. Aluminum
is distributed in all areas and overlaps with oxygen and mag-
nesium, which indicates that some aluminum forms a mag-
nesium aluminum spinel with oxygen and magnesium. It can
be seen from the figure that there is a small amount of silicon
element distribution area, which overlaps with oxygen ele-
ment. This shows that silicon and oxygen elements exist in
the form of silicon dioxide. All of these conclusions are in
agreement with the analyses with XRD.

Fig.5 XRD pattern of a aluminum dross tailings; b SEM images and c—f EDS mapping of aluminum dross tailings; g, h XRD and SEM images

of soluble salt

% @ Springer



12076

International Journal of Environmental Science and Technology (2022) 19:12069-12078

The characterizations and analysis of soluble salt in
the filtration obtained by evaporation and precipitation
are shown in Fig. 5. The soluble salt contains NaCl, KCI,
and MgF,, as shown in Fig. 5g. The peaks at around 32°,
46° and 68° are considered as the superimposed peaks of
NaCl. The peaks at around 28°, 42° and 50° are attributed
to KCI. The peaks at around 27°, 38° and 54° are consid-
ered as the superimposed peaks of MgF,. It is shown in
Fig. 5h that soluble salt has an irregular morphology, with
sizes in the range of 2-20 pm. Soluble salts containing
NaCl, KCl, and MgF, can be used as the raw materials of
refining agents.

An estimation of operating costs and benefit of AD
resource utilization was shown in Table 4. The technical
route of this work adopted the method of combining hydro-
metallurgy and pyrometallurgy. Through the optimization of
the process parameters, the extraction rate of metallic alu-
minum was improved. The soluble salt is extracted from AD
after extracting aluminum with suitable particle size by the
water leaching method. A higher recovery rate is obtained
without adding acid and alkali. Compared with other techni-
cal routes, the technical route adopted by this work has more

advantages in terms of efficiency and production cost, and
environmental protection.

In this paper, the recycling method of extracting alu-
minum from the AD by adding refining agent and high tem-
perature treatment was studied. The soluble salt is extracted
by water leaching and used to fabricate the refining agent,
and the residue can be used as raw material of refractory,
which realizes the complete resource utilization of the AD.
This process not only relieved the concerns about the poten-
tial threat of industrial waste toward the environment but
also realized the recovery of the valuable element in AD.
The schematic representation of the extraction of aluminum,
soluble salts and hydrolysis of AIN from the AD is presented
in Fig. 6.

Conclusion

Extraction of aluminum, soluble salts and hydrolysis of
AIN from AD was conducted. The following conclusions
were drawn in this study. With the processing temperature
of 750 °C, the processing time of 40 min, and refining agent

Table 4 Estimation of operating

Raw material cost (US$/t) Product benefit (US$/t) Profit (US$/t)
costs and benefit of AD
resource utilization AD Soluble salt Others Aluminum Refining agent Refractory

628 314 9.5 2980 385 378 2791.5

Fig.6 Schematic representation
of the comprehensive utilization
of the AD

)
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of 10 wt%, the maximum extraction rate of aluminum with
the value of 96.5% was obtained. With the liquid—solid mass
ratio (L/S) of 10, leaching time of 8 h, leaching temperature
of 90 °C and stirring speed of 300 rad/min, the maximum
leaching rate of chlorine salt, fluorine salt and hydrolysis of
AIN can reach around 98.4%, 93.4% and 87.6%, respectively.
Compositions of aluminum dross tailings after extracting
aluminum and water leaching mainly include Al,O5, SiO,,
MgO, which can meet the raw material requirements for
preparing refractory.
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