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Highlights:

What are the main findings?

• Metallic Al in aluminum dross was separated by a milling method via size control.
• Ball medias decreased the fraction of large particles. Metallic Al particle with a size of 0.15–2 mm

were targeted, which improved Al recovery to 65%. Most AlN was collected simultaneously in
particles with size < 0.425 mm.

What are the implications of the main finding?

• Size control of aluminum dross was achieved by ball milling.

Abstract: Aluminum dross (AD) is a hazardous waste that contains valuable metallic Al and reactive
aluminum nitride (AlN). The intergrowth of Al and AlN presents a challenge to Al recovery and
AlN removal. In the current work, a mechanical milling method was developed to separate Al and
AlN. Steel bars and balls were used as grinding media. The AD particle size decreased after milling
and was distributed in the ranges 0.425–2 mm, 0.15–0.425 mm, 0.08–0.15 mm, and <0.08 mm. The
particle size distribution was affected by the ball milling media and grinding time. Steel ball media
had a better grinding effect on particles > 2 mm. After ball milling, the Dp0.08–2 mm size fraction
accounted for approximately 90%. With changes in particle size, the element content of AD varied:
the fraction of metallic Al decreased, while the fraction of Si increased. Metallic Al mainly existed
in particles with size > 0.425 mm, accounting for 48.5%. AlN mainly existed in Dp0.15–0.425 mm,
accounting for 64.9%. The optimal milling conditions achieved a 65% Al recovery rate and a 90% AlN
separation efficiency. This work provides a promising approach for highly efficient pretreatment for
AD recovery and AlN elimination in industrial applications.

Keywords: Al recovery; AlN seperation; ball milling

1. Introduction

Aluminum dross (AD) is the main byproduct of the aluminum waste recovery industry,
i.e., the process of remelting primary AD waste for aluminum recovery and regeneration
and aluminum alloy production [1]. AD is a hazardous waste with an Al content of
30–50%. The composition of AD mainly includes Al, AlN, Si, SiO2, MgAlO4 and other salts.
Aluminum is the most abundant metallic element in the Earth’s crust and has an excellent
combination of chemical, mechanical and physical properties, which makes it suitable
for many applications, such as cement, refractory matter, polyaluminum chloride (PAC),
ceramics, concrete, geomaterial and alloys [2–4]. AD is mainly disposed of by landfill, and
AlN reacts with H2O to generate NH3, which may be harmful to the environment [5,6].
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Consequently, it is essential to remove AlN before landfill disposal. Developing a method
for metallic Al recovery and AlN separation is a current research hotspot.

Two methods of AD treatment are used: (1) the pyrometallurgical method, which is
the conventional method of treating AD to liberate metallic aluminum in the liquid state,
and (2) the hydrometallurgical method, which involves the extraction of metallic aluminum
from AD by converting it into aluminum salts and compounds. Metal extraction using
the pyrometallurgical process gives a good metal recovery rate. In the case of a lower
metallic content in the dross, the hydrometallurgical process is preferred [7]. Many studies
have been performed on the utilization of AD, and some such studies were based on acid
leaching and alkaline leaching [8–15] P. E. Tsakiridis et al. observed aluminum recovery
during black dross hydrothermal treatment [2]. The leaching efficiency of aluminum
reached 57.5% with strong NaOH solution (260 g/L) at 240 ◦C. Artur Kudyba et al. studied
Al recovery from AD by a high-temperature melting process, and the metallic Al recovery
efficiency reached 52% for Dp > 2 [16]. M. Türk et al. studied Al recovery by the NaOH
leaching method [17]. The Al extraction rate ranged from 78.64% to 93.11% and from 78.35%
to 91.99% for ground dross and as-received dross, respectively. Haigang Feng studied the
leaching rate of aluminum in secondary AD (SAD) and optimized the pretreatment process
by adding grinding and water leaching steps; the SAD total aluminum leaching efficiency
reached approximately 28.70% [18]. This increase in efficiency is markedly higher than the
loss of AlN because the Al in AlN only accounts for 19.35% of the total Al content in AD.

AlN removal is achieved by calcination or hydrotreatment. AlN can be transformed
into Al2O3 and N2 at temperatures over 1000 ◦C in air [19]. Bajare et al. applied calci-
nation to remove AlN; the AlN content was lower than the minimum value for X-ray
diffraction (XRD) analysis after calcining at 1100 ◦C, which meant that most of the AlN
was removed [20]. Alternatively, Fengqin Liu et al. researched nitrogen removal methods,
where an optimal alkali-catalyzed denitrification hydrotreatment of AD at 90 ◦C with a
reaction time of 300 min, a 6:1 liquid–solid ratio (mL:g), a stirring speed of 300 r/min, and
a particle size smaller than 150 mesh [21]. Under optimal leaching conditions, the nitrogen
removal rate was 93.48%. It is noted that the removal efficiency of AlN is relative to the
size of AD [22–27] Zhengping Zuo et al. studied the Al recovery rate and AlN removal
rate for particle size ranges of 150–250 µm, 74–150 µm and <74 µm. The rate of Al recovery
increased with decreasing particle size, the maximum recovery rate was 97%, and the AlN
removal rate reached 90.25% for Dp74–150 µm [28]. Since both the recovery of Al in AD
and removal of AlN depend on the size of AD particle, an approach to the simultaneous
separation of Al and AlN is paid much attention, depending on the effect of particle size
on the element distribution.

In this paper, a new method is proposed for metallic Al recovery and AlN separation.
The method is ball milling. Metallic Al is ductile, and due to its abrasiveness, the surface
of metallic Al can be crushed and recovered after ball milling. Metallic Al mainly exists
in larger AD particles, which significantly improves the metallic Al recovery efficiency.
Moreover, AlN mainly exists in finer AD particles after ball milling. Sorting AD particles
by size will not only solve remediation problems but also improve the resource utilization
efficiency of AD. Different grinding media have different types of contact with AD, which
causes different results. In this study, the recoverable Al fraction of coarse AD particles and
the AlN fraction of fine AD particles were improved by controlling the grinding media and
grinding time.

2. Materials and Methods
2.1. Materials

The AD sample was directly collected from an Al-Si alloy refining process (a company
in Zhejiang, China). The crystal phase of AD was determined by solid XRD and is shown
in Figure 1; the predominant XRD patterns corresponded to Al-Si alloy, AlN, Silicon (Si),
SiO2, and MgAlO4. This result suggests that Al was present in the form of alloy, Al oxide
and AlN. The element contents of AD (inset table) included 41.6% Al, 3.92% N and 2.61%
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Si. This result suggests an AlN content of approximately 11.5%, as N was predominant in
the form of AlN. Given the O content of 35%, oxides in AD are assumed to be in the form
of Al oxides such as MgAlO4 and amorphous Al2O3. This is consistent with the results in
other studies [27]. Correspondingly, the Al content in the oxide was no more than 15%,
which suggested that the metallic Al content was near 20%. This assumption is in good
agreement with the metallic Si/Al ratio in AD at approximately 0.13% [21].
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Figure 1. XRD pattern of AD with the element content (inner table).

2.2. Size Distribution

A 5.0 kg sample of AD was ground by a cement test mill with a steel ball (40 kg) or a
steel bar (40 kg). After milling, the sample was screened via a series of sieves with sizes
of 2 mm, 0.425 mm, 0.15 mm and 0.08 mm. The corresponding screened samples were
collected for further characterization. Milling was conducted for 3, 5, or 10 min.

2.3. Composition Estimation

The changes in the amounts of Al and N in the solid sample were estimated by the
following equations:

AlN(%) = WN/14 × mAlN (1)

MetallicAl(%) = γWSi (2)

where WN is the percentage of N in the sample; mAlN is the molecular weight of AlN; WSi
is the percentage of Si; and γ is an estimated weight coefficient of Al/Si for AD, which is
suggested to be 7.5 (see details in the Supplemental Information).

2.4. Characterization Method

Element analysis of AD was performed by X-ray fluorescence spectroscopy (XRF-1800,
Japan SHIMADZU LIMITED). The composition of solid samples was analyzed with an
X-ray diffractometer (D/MAX2200 V PC, Neologi Electric Co., Ltd., Shanghai, China) with a
scanning range of 5◦–80◦ and a scanning speed of 8◦/min. XRD analysis software MDI Jade
6.5 was used to index the diffraction peaks of the spectra and determine the composition.

The recoverable aluminum was determined by the furnace recovery method. AD was
placed in a crucible and heated by high-frequency electric currents in an electromagnetic
field to 700 ◦C. At high temperature, the aluminum metal in the dross melted and separated
from other materials. After the melted portion was poured out, the aluminum liquid was
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collected and cooled to obtain solid aluminum metal. The mass of the aluminum metal
reflected the metal Al content in AD.

Nitrogen is mainly in the form of AlN in SAD. The content of AlN was obtained by
measuring the concentration of nitrogen by Kjeldahl distillation. The ammonia produced
in the conical flask was condensed by the reaction of alkali solution and AD, absorbed
by boric acid solution and titrated with a standard solution of aminosulfonic acid. The
mass fraction of nitrogen was calculated according to the consumption of aminosulfonic
acid, and then the content of aluminum nitrite was calculated. The content of AlN was
calculated by the following equation:

AlN(%) = 100 × C × (V − V0)× 41/M (3)

where C represents the concentration of HCl, V represents the volume of consumed HCl, V0
represents the volume of HCl in the blank experiment, and M represents the mass of AD.

3. Results and Discussion
3.1. Size Distribution

After sieving, the particle size distribution of raw AD followed the order > 2 mm,
0.425–2 mm, 0.15–0.425 mm, 0.08–0.15 mm, and <0.08 mm, whose morphology is shown
in Figure S1. The corresponding percentages of these particle sizes were 22.3%, 30.8%,
23.7%, 21.1%, and 2.1%, respectively, as shown in Figure 2. Accordingly, the fractions with
various particle sizes were defined as Dp > 2 mm, Dp 0.425–2 mm, Dp 0.15–0.425 mm,
Dp 0.08–0.15 mm, and Dp < 0.08 mm, respectively.
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Figure 2. Particle size distribution of AD after milling with different grinding media (a: >2 mm,
b: 0.425–2 mm, c: 0.15–0.425 mm, d: 0.08–0.15 mm, e: <0.08 mm).

Figure 2 illustrates the size distribution of AD particles after milling with different
grinding media. After bar milling, the fraction of larger particles decreased, e.g., Dp > 2 mm
declined to 1.6%, and Dp 0.425–2 mm decreased to 15.4%. In contrast, the fraction of
Dp 0.15–0.425 mm increased to 52.7%. The fractions of Dp 0.08–0.15 mm and Dp < 0.08 mm
slightly increased to 26.1% and 4.3%, respectively. A similar change in fractions for different
particle size ranges was observed in the case of bar milling, which caused a dramatic
increase in Dp 0.15–0.425 mm from 23.7% to 52.7% and a decrease in the fractions of
Dp > 2 mm and Dp 0.425–2 mm. This result suggests that large particles of AD can be
broken into smaller particles by grinding. It is proposed that metallic Al is probably
separated from AlN, as metallic Al is more malleable than AlN. However, the size of some
metallic Al may be decreased under mill treatment, which would lead to the combustion of
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fine Al powder in thermal Al recovery. Kudyba et al. reported that a high recovery rate
of Al was obtained when the size of Al was larger than 2 mm [16]. Therefore, the size of
metallic Al should be controlled in mill processing.

In mill treatment, the grinding time plays an important role in the size of the product.
Figure 3 shows the effect of grinding time on the AD particle size distribution. With
increased steel bar milling time (Figure 3a), the fraction of larger particles decreased, e.g.,
Dp > 2 mm declined to 4.1%, and Dp 2–0.425 mm decreased to 31.5%. In contrast, the
fraction of Dp0.425–0.15 mm increased to 35%, and that of Dp0.15–0.08 mm increased to
25.4%. The fraction of Dp < 0.08 mm slightly increased to 5.51% from 3 min grinding to
5 min grinding and then decreased to 4% with an increase in grinding time from 5 min
to 10 min. This result suggests that the particle size of AD is mainly concentrated in
the Dp2–0.15 mm range. Consequently, steel bar milling has the benefit of reducing the
AD particle size. The particle size distribution changed steadily when the grinding time
increased from 5 min to 10 min.
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As shown in Figure 3b, the particle size distribution trend obtained by steel ball milling
with different milling times exhibited a similar change in fractions to that obtained with
bar milling. The fraction of larger particles decreased; e.g., the fraction of Dp > 2 mm
decreased to 1.8%, and that of Dp2–0.425 mm decreased to 37%. In contrast, the fraction
of Dp0.425–0.15 mm increased to 35.6%, and that of Dp0.15–0.08 mm increased to 20.9%.
However, the fraction of Dp < 0.08 mm decreased to 4.7%. This result suggests that the
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particle size of AD is mainly concentrated in the Dp2–0.15 mm range. The particle size
distribution changed steadily when the grinding time increased from 5 min to 10 min,
and the fraction of Dp > 2 mm was almost zero after 10 min of steel ball grinding. It
can be concluded that the increase in ball milling time led to a decrease in the fraction of
large AD particles (>2 mm). This result was in agreement with the result reported by S.S.
Razavi-Tousi, where the particle size of AD was decreased to 44–74 µm with ball milling
treatment. Consequently, ball milling has a greater benefit than bar milling with regard to
reducing the size of large particles in AD.

To further investigate the effect of milling treatment on size distribution, a sample
with a size < 2 mm was used in the milling process. The different particle size distributions
of AD after different bar milling times are shown in Figure 4c. The particle size distribution
was dominated by Dp0.425–0.15 mm after ball milling. As the bar milling time ranged from
3 min to 10 min, the fraction of larger particles decreased; e.g., the fraction of Dp2–0.425 mm
AD decreased to 13.5%. In contrast, the fraction of Dp0.425–0.15 mm increased to 49.2%,
and that of Dp0.15–0.08 mm increased to 33.8%. The fraction of Dp < 0.08 mm slightly
increased to 3.5%. These results suggest that the particle size of AD is concentrated in the
Dp0.425–0.15 mm range after steel bar grinding. With an increase in grinding time, the
distribution of Dp < 0.425 mm did not significantly change, which indicates that steel bar
grinding has little effect on Dp < 0.425 mm AD. Steel bar media is a reasonable option for
grinding AD with coarse particle size.
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As shown in Figure 4d, the particle size was concentrated in the Dp0.425–0.15 mm
range after steel ball milling. The fraction of larger particles decreased; e.g., the fraction of
Dp2–0.425 mm decreased to 15.8%, and that of Dp0.425–0.15 mm decreased to 47.5%. In
contrast, the fraction of Dp0.15–0.08 mm increased to 30.94%, and that of Dp < 0.08 mm in-
creased to 5.79%. Compared to the case of bar milling, the higher amount of Dp < 0.08 mm
and lower amounts of other size fractions suggest that steel ball media has a strong effect on
the increase in fine particle size with increasing time. To increase Al recovery, it is important
to keep the particle size at 0.15–2 mm. As a result, milling treatment should include a
shorter time, and bar grinding media should be used. Therefore, 3 min was selected as the
optimal grinding time.

3.2. Element Distribution

The element distribution of AD after different steel bar grinding times was analyzed.
As shown in Table S1, the main elements in AD were Al and Si with steel bar grinding.
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The Al fraction of Dp > 2 mm decreased to 29.8% and then increased to 36.9% with the
increment of grinding time. In contrast, the Al fraction of Dp < 0.425 mm first increased,
and then decreased. The Al fraction of Dp0.425–2 mm increased to 38.5% as the grinding
time ranged from 3 min to 10 min. After steel bar grinding, Al fraction concentrated on
Dp0.15–2 mm, indicating that Al of Dp > 2 mm had been ground into smaller particle
sizes. The result suggests that the recoverable Al fraction increased after steel bar grinding
compared with that of raw AD, indicating that steel bar grinding is a reasonable option for
metallic Al recovery.

As shown in Table S2, the main elements of AD obtained by steel bar grinding were
Al and Si. As the steel ball grinding time increased from 3 min to 10 min, the Al fraction
of Dp > 2 mm decreased to 5.56%. In contrast, the Al fraction of Dp < 0.08 mm increased
to 46.81%. The Al distribution concentrated on Dp0.15 = 2 mm. The Al fraction reached
55.67 at 5 min steel ball grinding. By comparison with the Al fraction data in Table S1, the
Al fraction of Dp0.425–2 mm after steel ball grinding was higher than that with steel bar
media, which indicates that steel ball media have a better metallic Al recovery efficiency.

The Si fraction of Dp > 2 mm increased to 13.5% as the steel bar grinding time increased
from 3 min to 5 min. The Si fraction of Dp > 2 mm decreased to 10.2% as the steel bar
grinding time ranged from 5 min to 10 min. The Si fraction of Dp2–0.425 mm decreased
to 8.65% as the steel bar grinding time increased from 3 min to 5 min. The Si fraction of
Dp2–0.425 mm slightly increased to 9.09% as the steel bar grinding time ranged from 5 min
to 10 min. The Si fraction of Dp0.425–0.15 mm slightly increased to 8.56% as the steel bar
grinding time ranged from 3 min to 10 min. The Si fraction of Dp0.15–0.08 mm decreased
to 6.64% as the steel bar grinding time ranged from 3 min to 10 min. The Si fraction of
Dp < 0.08 mm slightly decreased to 5.95% as the steel bar grinding time increased from
3 min to 5 min. The Si fraction of Dp < 0.08 mm slightly increased to 6.37% as the steel
bar grinding time ranged from 5 min to 10 min. The Si distribution decreased with the
decline of particle size, indicating that steel bar media has a worse grinding effect on
monatomic silicon.

The Si fraction of different particle size has a similar change by steel ball grind-
ing. However, the Si fraction increased with the decline of particle size, indicating that
monatomic silicon had been ground into finer particle sizes by the steel ball media.

The mass fraction of elements with different steel bar grinding times is shown in
Table 1. Compared with the contents of raw AD, the fraction of metallic Al decreased to
38.3% and that of Si increased to 8.2% after 10 min of steel bar grinding. The ball milling
process causes the loss of the Al fraction. With decreasing particle size, the Al/Si ratio
increased from 3.3 to 6.3 after 3 min steel bar grinding, from 2.2 to 6.6 after 5 min steel bar
grinding, and from 3.6 to 6.1 after 10 min steel bar grinding. The change in Al/Si was not
linear with increasing steel bar grinding time. The sum of the metallic Al fraction changed
steadily after 5 min of steel bar grinding. Given the energy cost of milling, the optimal steel
bar grinding time was 5 min for improving the metallic Al fraction.

Table 1. Mass fractions of elements obtained with steel bar grinding.

Time Element >2 mm 0.425–2 mm 0.15–0.425 mm 0.08–0.15 mm <0.08 mm Sum

3 min
Al (%) 2.9 15.0 11.2 6.4 1.4 36.9
Si (%) 0.9 4.4 2.4 1.1 0.2 9.0

5 min
Al (%) 2.0 14.3 12.1 7.6 2.2 38.2
Si (%) 0.9 3.2 2.5 1.3 0.3 8.3

10 min
Al (%) 1.5 12.1 13.2 10.0 1.6 38.3
Si (%) 0.4 2.9 3.0 1.7 0.3 8.2

The mass fraction of elements with different steel ball grinding times is shown in
Table 2. The mass fraction change of elements is similar to steel bar grinding. The Al/Si
ratio decreased to 0.25 by 3 min steel ball grinding. In contrast, the Al/Si ratio increased
to 1.55 after 5 min steel ball grinding and 2 after 10 min steel ball grinding. Consequently,
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the ball milling method has a significant effect on the element distribution, making this
approach a reasonable option for metallic Al recovery and impurity separation.

Table 2. Mass fractions of elements obtained with steel ball grinding.

Time Element >2 mm 0.425–2 mm 0.15–0.425 mm 0.08–0.15 mm <0.08 mm Sum

3 min
Al (%) 1.3 19.4 15.2 4.2 0.3 40.4
Si (%) 0.3 3.2 1.8 1.9 1.2 8.4

5 min
Al (%) 0.4 22.1 10.6 5.3 1.7 40.1
Si (%) 0.5 2.7 2.1 2.2 1.1 8.6

10 min
Al (%) 0.1 16.3 12.6 6.9 2.2 38.1
Si (%) 0.1 2.8 3.1 1.9 1.1 9

Figure S2 shows the compositions of samples with various milling times as illustrated
by the XRD patterns. When the steel bar grinding time was less than 5 min, Dp > 2 mm
displayed the peak of SiO2. In contrast, Dp < 2 mm presented the peaks of Al, AlN, Si,
and MgAlO4. The Al peak of Dp0.15–0.08 mm reached a maximum at a 3 min steel bar
grinding time, while the Al peak of Dp0.425–0.15 mm reached a maximum at 5 min of steel
bar grinding. On the basis of comparison with Figure 1, ball milling achieves the separation
of Al from SiO2 slag, which indicates that metallic Al contained in slag can be recovered by
smelting. The peaks of Al, AlN, Si, and MgAlO4 for the Dp < 2 mm fraction were similar
to those corresponding to less than 5 min steel bar grinding, while the peak of Al2O3 of
Dp > 2 mm was observed after 10 min steel bar grinding, which indicated that Al may react
with oxygen to generate Al2O3. Considering the above result, the phases can be separated
by grinding for a short time, and the size of AD and the metallic Al recovery efficiency
decreased with increasing grinding time.

AlN exists in fine-particle size AD, indicating that ball milling can reduce the size of
AlN. On the basis of comparison with Figure 1, metallic Al and AlN can be separated after
ball milling, which indicates that ball milling promoted a difference in the distributions
of metallic Al and AlN. Consequently, the ball milling method is a reasonable option for
metallic Al recovery and AlN separation.

Figure S3 shows SEM-EDS of different particle size; two plots were chosen to distin-
guish AlN and metallic Al. As shown in Figure S3, Dp < 0.08 mm includes Al and N, indi-
cating that AlN mainly exists in Dp < 0.08 mm. In the contrary case, where Dp > 0.08 mm,
the AD only exists as element Al, indicating that metallic Al exists primarily here in large
particle size. The Al fraction varies from different plots, larger particle size has higher Al
fraction. The result is available for further experiments.

3.3. Aluminum Recovery (Recoverable Aluminum Metal)

The recovery quality of metallic Al was obtained from a high frequency furnace
recovery method. The metallic Al fraction of different particle size ranges obtained with
different steel ball grinding times is shown in Table 3. As the steel ball grinding time
ranged from 3 min to 10 min, the metallic Al fraction of Dp > 2 mm decreased to 0.03%,
that of Dp2–0.425 mm decreased to 14.47%, and that of Dp < 0.08 mm decreased to 0.24%.
In contrast, the metallic Al fraction of Dp0.425–0.15 mm increased to 13.41%, and that
of Dp0.15–0.08 mm increased to 4.62%. The metallic Al fraction of different particle size
ranges obtained with different steel bar grinding times is illustrated in Table S3. In contrast
to the results of steel ball grinding, the metallic Al fraction of Dp < 0.08 mm increased to
0.31% with increased grinding time. As the steel bar grinding time changed, the metallic
Al fraction of Dp2–0.425 mm decreased to 10.50% and then increased to 12.87%. In contrast,
the metallic Al fraction of Dp0.425–0.15 mm increased to 10.85% and then decreased to
10.57%. The metallic Al fraction of Dp > 2 mm decreased, indicating that metallic Al fraction
of Dp > 2 mm was transformed into finer particle size. With the increment of grinding time,
the metallic Al of Dp0.425–2 mm AD was transformed into a finer particle, which leads to
the decline of metallic Al fraction.
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Table 3. Metallic Al contents of different particle sizes of AD after various steel ball grinding times.

Grinding Time >2 mm 0.425–2 mm 0.15–0.425 mm 0.08–0.15 mm <0.08 mm Sum

3 min (%) 0.30 19.91 9.96 2.61 0.59 33.37
5 min (%) 0.07 16.96 11.56 4.17 0.29 33.06

10 min (%) 0.03 14.47 13.41 4.62 0.24 32.77

The total metallic Al fraction did not significantly change after ball milling. Com-
pared with the content of raw AD, the total metallic Al fraction after steel ball grinding
decreased to 32.77%, and that after steel bar grinding decreased to 26.94%, indicating
that some metallic Al was lost during the ball milling process. This result suggests that
the metallic Al fraction is concentrated in the Dp2–0.15 mm range, which is available for
metallic Al recovery. As a result, Dp2–0.15 mm was selected for the subsequent metallic Al
recovery experiment.

The metallic Al recovery fraction of Dp2–0.15 mm obtained by steel ball grinding is
illustrated in Table S4. With increased steel ball grinding time, the metallic Al fraction
of Dp2–0.425 mm increased to 25.40%, and that of Dp0.425–0.15 mm increased to 7.99%.
In contrast, the metallic Al fraction of Dp2–0.425 mm decreased to 17.7%, while that of
Dp0.425–0.15 mm increased to 4.49%, as the steel bar grinding time ranged from 3 min
to 10 min, as shown in Table S5. The metallic Al recovery rates obtained by steel ball
grinding are shown in Table S6. The metallic Al recovery rate of Dp2–0.425 mm increased
to 64.9% and that of Dp0.425–0.15 mm increased to 37.7% as the steel ball grinding time
ranged from 3 min to 10 min. In contrast, the maximum metallic Al recovery rate of
Dp2–0.425 mm was 56.9% at a 5 min steel bar grinding time, and the maximum metallic Al
recovery of Dp0.425–0.15 mm was 14.9% at 10 min of steel bar grinding, as shown in Table
S7. Considering the above results, steel ball media has a better metallic Al recovery rate
than steel bar media. The optimal condition for metallic Al recovery was 10 min of steel
ball grinding.

The treatment of AD by steel ball milling separated richer and larger metallic Al-
containing particles from finer and richer nonmetallic particles. The metallic Al recovery
rate reached approximately 65% with steel ball grinding. It is worth mentioning that using
steel ball media is the cheapest industrial process in the mineral industry, and it does not
require high capital expenses (CAPEX) or operational expenses (OPEX) compared to other
mineral processing techniques. Hence, the application of this methodology is feasible, as
it has been used for many years in different industries and does not require technology
development or high expertise levels.

3.4. Simultaneous AlN Separation

AlN is the harmful component of AD, and AlN reacts with H2O to generate NH3,
which causes air pollution. Ammonia is an alkaline substance, corrosive and irritating.
Consequently, it is essential to separate AlN before comprehensive utilization of AD.
Currently, AlN is removed by reaction with oxygen to generate NO and NO2, which
avoids NH3 generation. In this paper, a new approach was adopted to separate AlN. The
method separates AlN by ball milling, which leads to the aggregation of AlN in fine-particle
size AD.

Figure 4 shows the AlN fraction of different particle sizes of AD with different grinding
media. Compared with raw AD, the AlN fraction of Dp > 2 mm AD decreased to 2.0%,
and that of Dp2–0.425 mm decreased to 4.3%. In contrast, with steel bar grinding, the AlN
fraction of Dp0.425–0.15 mm AD increased to 49.5%, that of Dp0.15–0.08 mm increased
to 37.2% and that of Dp < 0.08 mm AD increased to 7.0%. Similar changes in the AlN
fractions of different particle sizes were observed after steel ball grinding. The AlN fraction
of Dp > 2 mm AD decreased to 0.2%, and that of Dp2–0.425 mm AD to 5.0%. In contrast,
after steel ball grinding, the AlN fraction of Dp0.425–0.15 mm AD increased to 51.0%, that
of Dp0.15–0.08 mm AD increased to 37.0%, and that of Dp < 0.08 mm AD increased to 6.7%.
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Considering the above results, larger AD particles were broken into smaller particles,
which led to an increase in the AlN fraction of smaller particles after steel ball grinding.
This result suggests that AlN can be separated from larger-particle size AD after steel
ball grinding.

The AlN fractions of different particle sizes obtained by steel ball grinding are illus-
trated in Table 4. As the steel ball grinding time increased from 3 min to 10 min, the AlN
fraction of Dp > 2 mm decreased to zero, that of Dp2–0.425 mm decreased to 1.84%, and
that of Dp < 0.08 mm decreased to 0.32%. In contrast, the AlN fraction of Dp2–0.425 mm
increased to 18.17%, and that of Dp0.15–0.08 mm increased to 7.73%. Similar changes were
observed after steel bar grinding, as shown in Table S8. The AlN fraction of Dp > 2 mm
decreased to 0.08%, and that of Dp2–0.425 mm decreased to 1.35%. In contrast, the AlN
fraction of Dp0.425–0.15 mm increased to 17.33%, and that of Dp0.15–0.08 mm increased to
9.45%. The AlN fraction of Dp < 0.08 mm first increased to 0.38% and then decreased to
0.28% as the steel bar grinding time increased from 3 min to 10 min. The AlN remained
concentrated on Dp0.08–0.425 mm. AlN exists on the surface of larger particle size, but ap-
peared among finer particle sizes after milling treatment, which leads to the AlN increment
of finer particle size.

Table 4. AlN fractions of different particle sizes obtained by steel ball grinding.

Grinding Time >2 mm 0.425–2 mm 0.15–0.425 mm 0.08–0.15 mm <0.08 mm Sum

3 min (%) 0.01 2.11 15.26 5.66 0.49 23.53
5 min (%) 0.01 1.98 16.74 7.29 0.35 26.36

10 min (%) 0.00 1.84 18.17 7.73 0.32 28.06

Considering the above results, AlN is concentrated in Dp0.425–0.15 mm and
Dp0.15–0.08 mm after steel ball grinding. This result suggests that metallic Al and AlN
were separated after steel ball grinding.

4. Conclusions

Al recovery and AlN separation from AD were studied experimentally via ball milling.
The following conclusions were drawn from this work:

(1) The fraction of Dp < 0.08 mm in untreated AD is lower, while the fraction of other
particle sizes of AD is uniform. After ball milling, the particle size distribution is
centered at Dp0.425–0.08 mm AD. Grinding with steel bar and steel ball media has
obvious impacts on coarse AD particles. Steel ball grinding media have a better
impact than steel ball media.

(2) After ball milling, the element fractions of different particle sizes of AD vary. Metallic
Al is concentrated in the Dp2–0.425 mm fraction of AD, and AlN is concentrated in
the Dp0.425–0.15 mm fraction of AD.

(3) The metallic Al recovery rate reached 65% after 10 min of steel ball grinding.
(4) The AlN mass fraction reached approximately 90% after 10 min of steel ball grinding.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/waste1010004/s1, Figure S1: Secondary aluminum dross sieving
size range; Table S1: element distribution of different particle sizes aluminum dross after different
steel bar grinding time; Table S2: element distribution of different particle sizes aluminum dross
after different steel ball grinding time; Figure S2: Results of XRD analyses of different particle sizes
of AD after steel bar grinding; Figure S3: SEM-EDS of different particle size; Table S3: Subentry
metallic Al content of different particle sizes aluminum dross after steel bar grinding time; Table S4:
recoverable metallic Al fraction by steel ball grinding; Table S5: recoverable metal Al fraction by steel
bar grinding; Table S6: Al recovery rate of total Al by steel ball grinding; Table S7: Al recoverable rate
of total Al by steel bar grinding; Table S8: AlN fraction of different particle size by steel bar grinding.
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