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The black aluminum dross (BAD) from aluminum recycling industry is considered to be a hazardous
material due to containing a large amount of AIN and fluoride salt. The potential environmental problems
caused by BAD restrict the sustainable development of the aluminum recycling industry. A calcining-
leaching process for preparing a-Al,03 by using BAD is proposed in this paper. The transformation mech-
anism of toxic substances is discussed in detail based on the analysis of TG-DTG-DSC&MS. The results
show that the reaction between AIN and O, occurs in the range of 500-1000 °C. Most of the gaseous prod-
ucts are Ny, and there is also a small amount of NO. The average conversion rate is 0.087 mg/min. The
average volatilization rate of chloride salt in BAD under Ar atmosphere is 0.065 mg/min, and the average
volatilization rate under Ar + O, atmosphere is 0.089 mg/min, which is slightly higher than that of pure Ar
atmosphere. The BAD processed by calcination-leaching process contain more than 95 % corundum and
magnesia-aluminum spinel, which can be used as high-quality raw materials for the preparation of
refractory materials.
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1. Introduction

Aluminum is one of the most widely used non-ferrous metals in
the world. Most aluminum products will not be corroded during
their service due to the high corrosion resistance. Almost all alu-
minum can be recycled except for some aluminum chemical con-
tainers and devices. Recycling demands only 5 % of the energy
required to produce primary aluminum (Brough and Jouhara,
2020).

The recovery and regeneration of aluminum is considered to be
an effective measure of resource recycling. In the aluminum regen-
eration process, the waste aluminum products are heated and
melted in the smelting furnace, and the flux is added to reduce
the oxidation of the aluminum liquid and remove some impurities
(Kvande and Drablgs, 2014). BAD is produced in this process (Liu
and Chou, 2013; David and Kopac, 2012). Aluminum nitride is
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inevitably formed when molten aluminum is in contact with N,
in the air (Lv et al., 2020). The aluminum nitride in BAD has high
reactivity and can release toxic ammonia gas in a humid environ-
ment, which can cause human health problems (Liu et al., 2021). A
variety of salts in BAD can cause soil salinization (Mahinroosta and
Allahverdi, 2018). Trace amounts of toxic elements such as fluorine
will cause environmental pollution if they enter the soil and
groundwater. Millions of tons of BAD are produced worldwide each
year. Untreated storage and burial will cause serious pollution
problems (Xie et al., 2020). At present, BAD has been included in
China’s National Hazardous Waste List due to its high reactivity
(hazardous waste code: 321-224-48, 321-226-48, 321-34-48).
Although BAD contain harmful substances, aluminum nitride, it
also contains rich alumina resources (Zuo et al., 2021). About 30-
40 % of corundum (alpha alumina) in BAD is difficult to extract,
and about 20 % of aluminum nitride with high reactivity is easy
to hydrolyze, and harmful ammonia gas will be released. Some
researches on the recycling and utilization of BAD have been car-
ried out. Including the preparation of alumina (El-Katatny et al.,
2003; Tirk et al., 2020; Guo et al., 2018), aluminum chloride and
aluminum sulfate water purifiers (Amer, 2002; Amer, 2010), steel-
making refining agents (Cheng et al., 2013), building and road
materials (Uehara et al., 1998), refractory materials, (Li et al.,
2014; Sooksaen and Puathawee, 2016) etc. Most of the researches
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remain in the laboratory-level stage due to economic infeasibility
or technical problems (Abdulkadir et al., 2015; Dash et al., 2008).

Corundum is widely used in metallurgy, machinery, chemical
and other industrial fields because of its excellent high-
temperature properties and mechanical strength. Yang (Yang
et al.,, 2014) used plasma as a high temperature source for BAD
to produce corundum. The results show that pure white alumina
powder can be obtained when the radio-frequency plasma power
reaches 3.5 kW, and impurities enter the gas phase. The d50 of
the powder is 8 um and the purity is 99.95 %. Obviously, a high-
purity alumina product is obtained in this way. The cost is expen-
sive, and the reaction behavior of BAD at high temperature is still
unclear. Das (Das et al., 2007) washed the soluble salts in BAD with
water, and added sulfuric acid to form an aluminum sulfate solu-
tion. Then aqueous ammonia is added as a precipitant to generate
Al(OH); precipitation. Finally, n-alumina with good surface activ-
ity was obtained after being calcined at 900 °C. Researchers have
extensively studied the degradation of aluminum nitride in aque-
ous environments and found that formation of amorphous AIOOH
takes place and after 16 h, the crystalline hydroxide Al(OH); forms
(Meshram and Singh, 2018). The energy consumption of this
method is low, but ammonia gas will be released violently when
BAD is in a liquid environment. Ammonia gas is harmful when it
occurs in uncontrolled landfills. However, ammonia is also a valu-
able product, and controlling hydrolysis may lead to the recovery
of this compound (Jiménez et al., 2022).

In summary, the harmless treatment for BAD can be divided
into hydrometallurgy and pyrometallurgy (Zuo et al., 2021).
Hydrometallurgy is to convert aluminum nitride in BAD into
ammonia, while pyrometallurgy is to convert aluminum nitride
into nitrogen or nitrogen oxide. Considering the practical applica-
tion difficulty and working environment, pyrometallurgy is consid-
ered to be a promising removal method of the hazardous material
in BAD. Pyrometallurgical methods, like rotary salt furnaces and
salt-free technologies, are industrially applied for recovery of alu-
minum. Many hydrometallurgical technologies have been
patented that consume aluminum dross to produce aluminum
alum and other industrially applicable products (Meshram and
Singh, 2018).0n the laboratory research front, hydrometallurgy
and hydrothermal processes emerge as promising routes of dross
recycling (Srivastava and Meshram, 2023). However, the mecha-
nism of the phase transition of BAD in the high temperature pro-
cess and the transformation mechanism of toxic substances has
not been further studied. At present, the qualitative and quantita-
tive analysis of thermal behavior such as the conversion and
release characteristics of aluminum nitride and chloride salts has
not been carried out, and the relevant basic data are rare. It is dif-
ficult for designers to determine operating conditions such as tem-
perature and residence time if quantitative conversion data cannot
be obtained. It is also difficult to choose a purification device such
as a denitrification device if the composition and quantity of the
flue gas, especially pollutant gases such as NH; and NO,, are not
clear. Therefore, it is of great significance to explore the conversion
and release characteristics of aluminum nitride and chloride dur-

Table 1
TG-DTG-DSC&MS measurement parameters.
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ing BAD heat treatment, and to provide qualitative and quantita-
tive data on the gas components released in the flue gas. The
research on the preparation of corundum by BAD is carried out,
and the analysis of TG-DTG-DSC&MS for the reaction of BAD at
high temperature is discussed in detail in this paper.

2. Experimental section
2.1. Raw material preparation

The BAD used in this study comes from an aluminum alloy pro-
cessing plant in southern China. First, the metal aluminum in BAD
is pre-extracted away. Then it is finely ground to —100 mesh.
Finally, it was dried at 95 °C for 2 h and put into a sealed bag for
later use.

2.2. Experimental method

2.2.1. Preparation of corundum

Accurately weigh 150 g of BAD and divide them into five cru-
cibles (each crucible contains about 30 g of sample). The BAD
was calcined at 1200 °C for 2 h. The atmosphere of calcination is
air. The calcined BAD were leached with water at 30 °C for 1 h, with
a liquid-solid ratio of 5:1. After being leached by water, the BAD
were continuously leached with 3 mol/L HCl at 30 °C for 1 h, with
a liquid-to-solid ratio of 5:1. The phase and chemical composition
of the products at different stages are tested, and the mass loss rate
is also calculated.

2.2.2. TG-DTG-DSC&MS analysis

The measurement was performed on a Netzsch STA 449F3 ther-
mal analyzer and a quadrupole mass spectrometer (QMS) 403C
Aéolos. The measurement under an inert atmosphere is performed
under high-purity analytical grade argon and a flow rate of
100 mL-min~! at a heating rate of 10 K-min~'. The oxidation mea-
surement is performed under 65 mL-min~! Ar and 5 mL-min~! oxy-
gen. All samples were weighed approximately 15 or 30 mg in a
corundum crucible and heated from room temperature to a maxi-
mum of 1100 °C, and a controlled temperature program was used.
Each set of measurements was repeated twice to verify the results.
The detailed conditions of TG-DTG-DSC&MS measurement are
shown in Table 1.

2.2.3. Tests and characterization

The phase component of sample is determined by X-ray diffrac-
tion analysis by using a PW 1710 diffractometer (XRD, Philips-
Netherlands) and the morphology of the powders was tested using
JSM-7500F scanning electron microscope (SEM, JOEL-Japan). The
composition of the samples in the experiment was analyzed using
X-ray fluorescence spectrometer (mAX, AXIOS, Netherlands).

No. Sample Mass (mg) Argon flow Oxygen flow Heating rate
(ml/min) (ml/min) (K/min)

1-a BAD 15.0 100 0 10

1-b BAD 30.0 65 5 10

2-a BAD + CaO 30.0 100 0 10

2-b BAD + CaO 30.0 65 5 10

Explanation: -a is Ar atmosphere; -b is O, atmosphere.
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3. Results and discussion
3.1. Thermodynamic analysis
The main aluminum-containing compounds in BAD are Al
Al,05, AIN, and MgAl,0,. It also contains other impurities such as

chloride (NaCl, KCI) and fluoride (CaF;). The possible reactions of
these substances during the calcination process are as follows:

NaCl(s) — NaCl(g) (1)
KCI(s) — KCl(g) (2)
CaFy(s) — CaF, (g) 3)
4AIN + 30,(g) — 2AL0; + 2 Ny(g) (4)
4Al + 30,(g) — 2Al,0; (5)
MgAl,0, — MgO + Al,O3 (6)

The Gibbs free energy of Eqgs. (1)-(6) is shown in Fig. 1. As
shown in Fig. 1a, the Gibbs free energy of NaCl, KCl, and CaF, from
solid phase to gas phase transition decreases with the increase of
temperature. When the temperature reaches the boiling point of
the substance (NaCl = 1465 °C, KCl = 1420 °C), the reaction Gibbs
free energy AG < 0, the reaction can proceed spontaneously. The
fluorite is difficult to transform into the gas phase during the calci-
nation process because of its high boiling point (2500 °C).

As shown in Fig. 1b, the Gibbs free energy of the oxidation reac-
tion of metallic aluminum and aluminum nitride is less than zero,
and the reactions can proceed spontaneously. However, the Gibbs
free energy of the decomposition reaction of magnesium alu-
minum spinel is greater than zero, and the reaction is difficult to
proceed spontaneously.

The thermodynamic analysis results show that the chloride salt
in BAD can be volatilized and turned into gas phase, and metallic
aluminum and aluminum nitride will decompose and turn into
alumina and nitrogen under suitable calcination conditions. The
fluorite and magnesium aluminum spinel will not be volatilized
or decomposed, and will remain in BAD.
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3.2. Thermal behavior of BAD under Ar and Ar + O, atmospheres

The thermal behavior of aluminum nitride and chloride in BAD,
such as the conversion and release characteristics, is still unclear.
The TG-DTG-DSC&MS method is used in this section to qualita-
tively and quantitatively analyze the thermal behavior of harmful
substances in BAD in high-temperature processes.

According to the results of thermogravimetric-mass spectrome-
try (TG-MS) in the Ar atmosphere in Fig. 2, BAD samples have been
observed to have mass loss behavior in the temperature range of
180-500 °C and 800-1000 °C, which indicates that there is gas
escape or salt volatilization. The mass spectrometry detection
result in Fig. 2(b) shows that in the temperature range of 180-
500 °C, three gases, H,0, NHs, and CO,, are generated. It is specu-
lated that H,O mainly comes from the release of crystal water, and
the generated H,O reacts with AIN in BAD to generate NHs (Eq.
(7)). For the generation of CO, gas, it may come from the decompo-
sition reaction of MgCOs (Eq. (8)).

2AIN + 3H,0 — Al,0; + 2NHs(g) (7)

MgCO; — MgO + CO,(g) (8)

No gas escapes in the temperature range of 800-1000 °C, and its
mass loss is mainly caused by the volatilization of three low-
melting substances such as Al, NaCl, and KCl. Although the con-
sumption of O, is detected at this stage, the amount of Al,03 pro-
duced by Al and O, is very small, and the mass increase of
oxidation is less than volatilization loss of Al, NaCl, and KCl. It
can be calculated that the total mass loss by volatilization of Al,
NacCl, and KCl in the range of 800-1000 °C is 1.96 mg, and the aver-
age volatilization rate is 0.065 mg/min, which accounts for 13.1 %
of the total mass of BAD.

According to the results of thermogravimetric-mass spectrome-
try in the Ar + O, atmosphere in Fig. 3, it can be seen that three
gases, H,0, NH3, and CO,, are generated in the range of 180-
500 °C, and their reaction behavior is similar to that in the Ar atmo-
sphere. But in the range of 500-1000 °C, the mass loss behavior
and gas volatilization of BAD have changed greatly compared with
the Ar atmosphere. The mass of the BAD sample increases first and
then decreases. The inflection point (TG peak) appears at 850 °C, a
large amount of O, is consumed, and a large amount of N, and a
small amount of NO and CO, are also escaped. CO, mainly comes
from the decomposition of carbonates. N, and NO are released dur-
ing the reaction between AIN and O,. Therefore, the decomposition

400 - »  4AIN+30:(g)=2ALO+2Na(g)
300 - o 4A1+30:(g)=2AL0:
200l 4 MgALO=MgO+ALOs
S 100}
‘E 0 A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAL
=
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Fig. 1. (a) Gibbs free energy of the transition of chloride, fluoride and (b) aluminum-containing compounds in BAD.
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Fig. 2. (a) TG-DTG-DSC and (b) MS of BAD in Ar atmosphere.

reaction of aluminum nitride during the calcination stage should
also include the following reaction (Eq. (9)).

4AIN + 50,(g) — 2AL,0; + 4NO(g) 9)

Furthermore, from the DTG and DSC curves in Fig. 3(a), it can be
seen that in the range of 500 °C-800 °C, DTG gains mass and DSC
releases heat. At this stage, the oxidation reaction of AIN and Al
mainly occurs (Egs. (4)-(5)). In addition, since the melting point
of Al is 660 °C, a small amount of Al will volatilize as vapor at this
stage. However, in an O, atmosphere, the amount of oxidation will
be much greater than the amount of volatilization.

From the analysis results, as well as the reaction Eq. (4) and
reaction Eq. (9), the calculation shows that the mass of AIN in
BAD is 5.53 mg, which accounts for 36.9 % of the total mass of
BAD. The reaction between AIN and O, is mainly to produce Ny,
and about 5 % of AIN reacts with O, to produce NO gas. The reac-
tion between AIN and O, is very slow, the reaction is complete

within 63 min, and the average conversion rate is 0.087 mg/min.
In addition, combined with reaction Eq. (5), it can be inferred that
the mass of oxidized metallic aluminum is 1.41 mg, accounting for
9.4 %. And comparing the DTG and “Total mass of gases” curves in
the range of 500 °C-800 °C in Fig. 3(b), it can be seen that they are
relatively consistent, indicating that the mass loss caused by the
volatilization of NaCl and KCl is small in this temperature range.
After 800 °C, DSC absorbs heat and DTG loses mass, indicating
that NaCl and KCl volatilize mainly occurred. However, MS
detected that N, and NO gas still escaped at this stage. It can be
seen that the AIN reaction still exists, and the reaction is not com-
plete until 1000 °C. After the temperature exceeds 800 °C, the DTG
in Fig. 3(b) and the “Total mass of gases” curve show a large devi-
ation, which also indicates that a large amount of NaCl and KCI
volatilize in this temperature range. In fact, the area enclosed by
the curve of DTG and “Total mass of gases” is the volatilization
amount of NaCl and KCl. The total mass loss of NaCl and KCl is cal-
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Fig. 3. (a) TG-DTG-DSC and (b) MS of BAD in Ar + O, atmosphere.

culated to be 2.93 mg, accounting for 19.5 % of BAD. The volatiliza-
tion rate above 800 °C is 0.089 mg/min, slightly higher than the
volatilization rate under pure Ar atmosphere.

In order to further study the thermal behavior of BAD in the
high temperature process, calcium oxide was added to BAD for
TG-DTG-DSC&MS analysis. As shown in Fig. 4, the mass loss of
BAD after adding CaO under Ar atmosphere occurs in the temper-
ature range of 80-220 °C, 220-500 °C, 500-700 °C and 800-
1000 °C. From the mass spectrometry results in Fig. 4(b), it can
be seen that there are three kinds of gases H,0, NH3 and O, gener-
ated in the temperature range of 80-220 °C and 180-500 °C. It is
speculated that H,O mainly comes from the release of crystal
water, and the H,0 reacts with AIN to form NH3 (Eq. (7)).

The CO, gas generated at 500-700 °C is mainly from the decom-
position of carbonate. The mass loss of 800-1000 °C is mainly
caused by the volatilization of three low-melting substances such
as Al, NaCl and KCl. According to the measurement results, it can

be calculated that the total mass loss of Al, NaCl, and KCl in the
range of 800-1000 °C is 0.87 mg, and the average volatilization rate
is 0.029 mg/min, which accounts for 4.1 % of the total mass of raw
materials.

Different from the pure Ar atmosphere, the mass of BAD + CaO
in the Ar + O, atmosphere increases first and then decreases within
the temperature range of 500-1000 °C (Fig. 5a). The MS results in
Fig. 5b show that a large amount of O, is consumed, and a large
amount of N, escapes at the same time, and a small amount of
NO also escapes within this temperature range. Therefore, the oxi-
dation reaction of AIN and Al mainly occurs at this stage (Eq. (4),
Eq. (5), Eq. (9)).

The calculation results show that the mass of AIN in the sample
BAD + CaO is 3.08 mg, which accounts for 10.3 % of the total mass
of the raw materials. The reaction between AIN and O, is mainly to
produce Ny, about 12 % of AIN reacts with O, to produce NO gas.
Moreover, the reaction between AIN and O, is quite slow, the reac-
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Fig. 4. (a) TG-DTG-DSC and (b) MS of BAD + CaO in Ar atmosphere.

tion is complete within 63 min, and the average conversion rate is
0.049 mg/min. According to Eq. (5), it can be calculated that the
mass of oxidized metallic aluminum is 1.69 mg, accounting for
5.6 %.

The area enclosed by the DTG and “Total mass of gases” curve in
the range of 500-1000 °C is the volatile amount of NaCl and KCl.
The total mass loss of NaCl and KCl is calculated to be 1.71 mg,
accounting for 5.7 % of the total raw material, and the volatilization
rate is 0.052 mg/min.

In summary, the reaction between AIN and O, occurs in the
range of 500-1000 °C, and the reaction rate is quite slow. The gas-
eous product of the reaction is mainly N, and there is also a small
amount of NO. The volatilization of salts such as NaCl and KCl
mainly occurs under high temperature conditions higher than
800 °C, and the volatilization rate is also slow. The addition of cal-
cium oxide to BAD does not significantly change its reaction behav-
ior in the high temperature process. A schematic diagram of the

thermal behavior of BAD during the calcination-leaching process
is shown in Fig. 6.

3.3. Phase transition during the preparation of corundum

The phase composition of BAD in each stage of the calcination-
leaching process is shown in Fig. 7. The phase analysis results show
that the main phases in the untreated BAD are o-Al,03, v-Al,03,
AN, Al, Nacl, KCI, NaAl;;07, MgAl,04 and CaF,. After BAD are cal-
cined at high temperature, the phases are mainly composed of a-
Al,03, MgAl,04 and CaF, phases. The results showed that y-Al,03
was transformed into o-Al,O3, AIN and NaAl;;0,; were decom-
posed, NaCl and KCl were volatilized and removed during the cal-
cination process. It is consistent with the thermodynamic
calculation results in Section 3.1. There was no significant change
in the phase of BAD after being leached by water and after being
leached by acid.
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Fig. 5. (a) TG-DTG-DSC and (b) MS of BAD + CaO in Ar + O, atmosphere.

The mass loss rate of BAD in each stage of the calcination-
leaching process is calculated. The mass loss rate of BAD after cal-
cination was 15.87 %, 0.11 % after being leached by water, and
6.04 % after being leached by acid. The maximum weight loss rate
of BAD occurs in the calcination process, and the phase change at
this stage is also obvious. Although the phase composition did
not change after being leached by acid, the mass loss indicated that
some acid-soluble substances were still dissolved. Therefore, the
chemical composition of the product is analyzed, and the composi-
tion is shown in Table 2. The volatilization of fluoride salt caused
the mass loss of BAD during the calcination process. The composi-
tion of the calcined BAD is almost unchanged before and after
being leached by water. After being leached by acid, residual fluo-
ride and chloride salts in BAD cannot be detected. After BAD is
acid-leached, it mainly contains more than 95 % corundum and
magnesia-aluminum spinel.

3.4. Characterization of the product

The particle size of the product obtained through the
calcination-leaching process is shown in Fig. 8. The d50 of the
raw material BAD is 77.46 pum, and the d90 is 298.52 pm. After
being calcined, the particle size of BAD is slightly reduced, with
d50 of 74.81 pm and d90 of 294.17 pm. After being leached by
water, the particle size of BAD decreased slightly, with d50 of
67.04 pm and d90 of 297.28 pum. The particle size of BAD after acid
leaching was significantly reduced, with d50 of 37.95 pum and d90
of 242.54 pm. It can be seen that the acid leaching stage has the
most significant impact on the product particle size, while the cal-
cination and water leaching processes have little effect on the pro-
duct particle size.

After BAD are calcined, most of the aluminum nitride, B-
alumina and metallic aluminum have been oxidized and converted
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Fig. 7. Phase transition in the preparation of corundum-based refractories.

Table 2

Relative contents of main component (by oxide).
Materials Al,03 Si0, Fe,03 Na,O MgO Ca0 K,0 Cl F
Original BAD 70.87 2.01 0.42 4.72 5.50 0.71 3.99 5.76 5.24
Calcined BAD 84.66 241 0.71 0.46 522 0.68 0.19 0.018 0.29
Water leaching BAD 84.93 2.52 0.71 0.40 5.21 0.68 0.19 0.016 0.34
Acid leaching BAD 89.65 0.92 0.74 0.099 6.0 - - - -
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to alpha alumina. Water-soluble chloride salts are also removed
during the calcination process, which can be judged from the mass
loss rate after water leaching and the phase of the calcined prod-
uct. Acid-soluble impurities such as iron oxide are further removed
in the acid leaching process. The morphology of the product
obtained by the calcination-leaching process of BAD is shown in
Fig. 9. The product is mainly composed of a-alumina and magnesia
alumina spinel. The corundum phase presents different morpho-
logical characteristics, such as lamellar or rod-like, and cross-
links with the magnesia-aluminum spinel. It can be used as a
high-quality raw material for the preparation of refractory
materials.

4. Conclusion

The hazardous solid waste BAD produced in the aluminum
recycling industry is studied in this paper, and a calcination-
leaching process is proposed for the preparation of corundum
materials. The results of TG-DTG-DSC&MS of BAD at high temper-
ature were discussed in detail. The following conclusions have
been drawn:

(1) The quantity of gaseous products can be obtained by TG-
DTG-DSC&MS analysis, which can be used to quantitatively
analyze the reaction rate of aluminum nitride, metal alu-
minum, fluoride salt and other substances in BAD.
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(2) The reaction between AIN and O, occurs in the range of 500-
1000 °C, and the reaction rate is slow. The gaseous products
are mainly N and a small amount of NO. The volatilization
of salts such as NaCl and KCl mainly occurs above 800 °C,
and the volatilization rate is also slow. The average
volatilization rate of salts in BAD under Ar atmosphere is
0.065 mg/min. The volatilization rate in Ar + O, atmosphere
is 0.089 mg/min, which is slightly higher than the volatiliza-
tion rate in pure Ar atmosphere.

(3) The addition of calcium oxide to BAD does not significantly
change its reaction behavior in the high-temperature pro-
cess. The chemical reactions and the volatilization of salt
substances that occur at high temperatures are similar, and
the main difference lies in the difference in the amount of
reaction or volatilization.

After the calcination-leaching process, the BAD mainly con-

tains more than 95 % corundum and magnesia-aluminum

spinel, with a particle size of d50 = 37.95 pum and d90 = 24

2.54 pm. It can be used as a high-quality raw material for

the preparation of refractory materials.
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