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Abstract
The aim of this work was the production of pure spinel  (MgAl2O4) powder from waste aluminum dross by a leaching-
precipitation-calcination process. The leaching treatment carried out in sulfuric acid  (H2SO4) showed that the best leaching 
occurred at an acid concentration of C = 15% and a duration of 2 h at a temperature of T = 80 °C. The recovery efficiencies 
recorded for alumina and magnesia were 84.82% and 51.43%, respectively. The addition of 8 wt% of magnesium oxide 
(MgO) to the leaching solution, the precipitation with  NH4OH and the subsequent calcination at 1450 °C leads to an almost 
complete spinellization (> 98 wt%). The synthesized powders were pressed then sintered at 1500, 1600 and 1700 °C to elabo-
rate compact discs. The increase in sintering temperature led to the grain growth (D15 ≈ μm at T = 1500 °C, D ≈ 35 μm at 
T = 1600 °C and D ≈ 70 μm at 1700 °C) and notable improvement of the density (83% at T = 1500 °C, 90% at T = 1600 °C 
and 93% at T = 1700 °C). The Vickers hardness (HV) and the elastic modulus (E) increased with increasing sintering tem-
perature. The Vickers hardness reached a value of HV = 22 GPa and the elastic modulus a value of E = 220 GPa by sintering 
at T = 1700 °C. This increase in mechanical properties is attributed to the simultaneous effect of better consolidation and 
notable decrease in the total porosity (17% at 1500 °C and 7% at 1700 °C).
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Statement of Novelty

The aluminum melting industries generate important 
amounts of aluminum dross that can be harmful for environ-
ment and human. This work aims to valorize these waste alu-
minum dross to produce a very interesting ceramic material 
(alumina magnesia spinel). A fine spinel  (MgAl2O4) powder 
with a purity exceeding 98 wt% was prepared at a relatively 
low calcination temperature. It is expected that produced 
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spinel is less expensive due to the low cost of the used start-
ing materials and the simplicity of the followed route.

Introduction

Magnesium aluminate spinel  (MgAl2O4) is an excellent 
structural ceramic of great technological importance [1]. It 
has many attractive properties such as: high melting point 
(2135 °C), very high hardness (16 GPa), relatively low den-
sity (3.58 g/cm3), high resistance against chemical corrosion, 
high thermal shock resistance, low thermal expansion coef-
ficient [2] and an optical transmission that starts from the 
UV to the IR region of the electromagnetic wave spectrum 
(0.2–5.5 μm) [3]. These features make the use of spinel very 
desired in several technical and industrial applications such 
as refractory material, high temperature and erosion resistant 
windows, optical windows for pressure vessels [4, 5].

To prepare  MgAl2O4 spinel, several routes can be consid-
ered. Considerations of affordability and versatility of a route 
stiller main as a major challenge for the materials scientists 
involved in the development of synthetic routes [6]. Con-
ventionally,  MgAl2O4 spinel can be prepared by sintering 
mixtures of MgO and  Al2O3 powders. However, this route 
involves high temperatures that can exceed T = 1600 °C [7, 
8]. There are also other more complex techniques, such as 
sol–gel [6, 9, 10], hydrolytic co-precipitation [11–13] ther-
mal decomposition [14], combustion [15, 16], freeze drying 
of sulfate solutions, controlled hydrolysis of metalalkoxyde, 
and decomposition of organometallic compounds in super-
critical fluids [17].

All over the world, the aluminum melting industries 
generate important quantities of aluminum dross that is 
mainly constituted of alumina  (Al2O3). They may contain, 
also, other chemical compounds such as:  MgAl2O4, AlN, 
 Al4C3,  MgF2,  NaAlCl4,  KAlCl4, Al(OH)3,  Al2S3, NaCl, KCl, 
 FeSO3,  SiO2, MgO [3, 4, 18–20]. Some chemicals (AlN, 
 Al4C3,  Al2S…) are very dangerous and harmful for the 
environment and the human being because they can react 
with the surrounding humidity and generate dangerous and 
toxic gases  (H2,  CH4,  NH3,  H2S…) [21]. During the last 
decades, several research works were carried out on the val-
orization of aluminum dross [22]. It was demonstrated the 
possibility of their use to synthesize high purity η-alumina 
and γ-alumina [23, 24], aluminum sulphate, calcium alumi-
nates and to make refractory materials [25–27] and active 
catalyst [28]. Aluminum dross was, also, used to elaborate 
spinel composites [29, 30] and only few research studies 
have been devoted to the synthesis of spinel  (MgAl2O4). 
Li et al. [30] used the aluminum dross to synthesize spinel 
 (MgAl2O4) according to the traditional solid phase sintering. 
The salts contained in aluminum dross were first removed 
by washing in water. Subsequent heating by induction to the 

optimal temperature (T = 1400 °C) led to the main phases: 
spinel and  Al2O3 with a purity lower than 80 wt%. The 
remaining impurities were found to be:  SiO2, CaO,  Na2O, 
and  Fe2O3. Zhang et al. [2] elaborated spinel  (MgAl2O4) by 
adding magnesium oxide to the unsolved part of aluminum 
dross leached with a basic NaOH solution. The mixture was 
compressed then sintered in air for 3 h between 1100 and 
1500 °C. The sintering temperature T = 1400 °C was found 
favorable to form a spinel crystalline phase  (MgAl2O4) with 
a purity close to 70 wt%.

In a recent work, Nguyen et al. [31] synthesized pure spi-
nel according to two distinct methods. The first one consists 
of a mechanical activation by ball milling of a mixture of 
commercial hydro magnesite  Mg5(CO3)4(OH)2  4H2O and 
alumina extracted from Aluminum dross. Complete conver-
sion to pure spinel was reached at calcination temperature 
T = 1500 °C. The second method was carried out in two 
steps: (1) Synthesis of pure aluminum hydroxide powders 
by leaching in NaOH solution and precipitation by hydro-
gen peroxide to produce pure aluminum hydroxide powder. 
(2) Leaching of the resulted aluminum hydroxide powder 
in aqua regia and adding of MgO powder to the leaching 
solution then precipitation by  NH4OH solution. Complete 
conversion to pure spinel was achieved by calcination at 
1000 °C for 5 h as was demonstrated by XRD tests. Among 
the two investigated methods, Co-precipitation was found to 
be more efficient for the synthesis of magnesium aluminate 
spinel. For this reason, Nguyen et al. [32] continued their 
research on this method and published a new work. The pro-
cess used consisted of: (1) NaOH leaching of the mechani-
cally activated aluminum dross, (2) removal of silicate(IV) 
from the leaching solution by adsorption followed by coagu-
lation, (3) precipitation of pure aluminum hydroxide from 
the purified leaching solution, (4) dissolution of obtained 
aluminum hydroxide powder in aqua regia and adding of 
MgO powder to the leaching solution (5) precipitation by 
 NH4OH solution. At the end of this long method, a pure 
magnesium spinel (≈ 99.99%) was obtained by calcination 
at 1000 °C for 5 h. However, the recovery percentage of 
alumina in the first stage of this process did not exceed 34%.

In fact, the criteria for choosing a spinel synthesis method 
from aluminum dross are mainly: (1) The purity of the spi-
nel produced, the easiness and fastness of the method that 
affect the product cost. (2) The recovery efficiency of  Al2O3 
and MgO since the sources of aluminum dross are limited. 
Some works on the synthesis of  MgAl2O4 spinel neglect the 
use of the MgO initially contained in the dross, which sig-
nificantly affects the recovery efficiency. Some other works, 
which conserve the MgO of the dross, produce a spinel with 
a low purity. In this work, we proceeded to the simultane-
ous recovering of alumina and magnesia by a relatively fast 
and uncomplicated process that consists of three main steps: 
leaching-precipitation-calcination. The formation of pure 
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spinel from the dross containing more alumina requires the 
addition of MgO to ensure an  Al2O3/MgO molar ratio equal 
to one. For this purpose, we have firstly optimized the most 
important conditions of leaching by  H2SO4 to recover the 
maximum possible amount of  Al2O3 and MgO from alu-
minum dross. Then, we adjusted the quantity of magnesium 
oxide (MgO) to be added to the leaching solution and the 
sintering temperature necessary to achieve the complete spi-
nellization of the precipitated powders. The synthesized spi-
nel was characterized then shaped by uniaxial pressing in the 
form of discs and sintered between 1500 and 1700 °C. The 
properties of the elaborated spinel discs were measured and 
compared to the common properties of the sintered spinel.

Experimental Procedure

Characterization of the Used Aluminum Dross

The aluminum dross used in this work was recovered from 
the production industry of aluminum profiles (AMR Com-
pany, El-Eulma—Setif industrial zone, Algeria). During the 
aluminum melting, aluminum dross rises to the surface of 
the melted aluminum bath and forms a more or less thick 
layer which can be extracted outside by squeegees (Fig. 1a). 
It is in the form of a mixture of fine powder and heavy 
masses of a few centimeters in size having a clear gray color 
(Fig. 1b). The chemical analysis of the crushed dross was 
carried out by XRF using an X-ray spectrometer (Rigaku 
Primus, IV type). This analysis was supplemented by X-ray 
diffraction tests (XRD) to identify all existing crystalline 
phases (XPERT PRO, Philips type). The amounts of these 
phases were determined by the semi-quantitative method 
using the High score plus software. The obtained XRD pat-
tern of the aluminum dross is shown in Fig. 2, while the 
results of the chemical and crystallographic quantification 
are presented in Tables 1 and 2, respectively.

According to the literature [24, 33–36], the chemical 
composition of aluminum dross can vary within very large 
limits. Alumina content can range from 44% to more than 

87%. In fact, the composition of the aluminum dross depends 
significantly on the composition of the molten aluminum 
alloy from which it is extracted. In the aluminum dross used 
in this work, the amount of aluminum oxide was found close 
to 56.5%. From a crystallographic point of view, the major 
current phases are aluminum in the metallic or oxide form, 
spinel  (MgAl2O4) and calcite  (CaCO3).

In many research works [25, 37–42] and before being 
used, aluminum dross is washed with water. This allows dis-
solving the KCl and NaCl salts and decomposing the alu-
minum Nitrate (AlN) and the aluminum phosphate (AlP) 
according to the two following reactions [43]:

The release of the two toxic gases, ammonia  (NH3) and 
phosphine  (PH3), will help to secure the storage or the use 
of this treated dross in other purposes [43]. The washing 
operation allows, also, increasing the alumina amount in 
the washed dross, which is advantageous especially if we 
want to recover it. In this work and after washing of the 

(1)2AlN + 3H2O → Al2O3 + 2NH3(g)

(2)2AlP + 3H2O → Al2O3 + 2PH3(g)

Fig. 1  Extraction of aluminum 
dross from the melting furnace 
(a), and the extracted raw aggre-
gates (b)

Fig. 2  X-ray diffraction pattern of the used aluminum dross
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used dross, we recorded a significant increase in the alumina 
amount, which could reach 67.5% in weight instead of 56.5% 
before washing.

Aluminum Dross Leaching

The dross leaching was carried out in sulfuric acid  (H2SO4) 
according to the protocol used by Dash et al. [44]. The tests 
were carried out in a three-neck flask placed on a hot plate 
fitted with a magnetic stirrer. We put a quantity of 10 g of 
the washed dross in 100 ml of sulfuric acid solution  (H2SO4) 
of different concentrations (5–40%). The temperature of the 
solution was varied between 20 and 110 °C and the duration 
of leaching between 0.5 and 3 h. The obtained solution was 
filtered using filter paper with an opening equal to 0.2 μm. 
The pH of the passing solution was adjusted to pH 9 by add-
ing ammonium hydroxide solution  (NH4OH-10%) which 
allows the precipitation of fine particles.

Spinellization of Aluminum Dross

To achieve complete spinellization of the precipitated 
particles, magnesium oxide powder (Sigma Aldrich—
purity > 98%) was added to the leaching solution, in different 
amounts: 4, 6 and 8 wt% with respect to the initial mass of 
the used dross (m = 10 g). The temperature of the solution 
was kept equal to 50 ± 1 °C and the pH was brought to pH 9 
by adding ammonium hydroxide solution  (NH4OH-10%). 
The precipitated particles were washed with distilled water, 
dried in the stove at 80 °C for 24 h and finally calcined 
between 1100 and 1450 °C for 2 h in a muffle furnace in air.

The synthesized powder was subjected to X-ray diffrac-
tion tests (XRD) to identify the formed phases (XPERT 

PRO, Philips type). The crystallite size (d) has been calcu-
lated from the XRD spectra by Scherrer’s law [14]:

K: form factor (~ 0.89); λ: wavelength of the X-rays used 
(λ = 0.15406 nm); β: Full width at half maximum (FWHM) 
of the most intense peak; θ: Bragg angle of the considered 
peak.

The particle size characterization of the spinel synthe-
tized powder was carried out by laser diffraction particle 
size analyzer (LA-960, HORIBA) and the distilled water was 
used as a dispersing agent. The synthesized spinel powder 
was analysed and examined by X-ray spectrometer (Rigaku 
Primus, IV type) and scanning electron microscope (JEOL 
type-JSM-7001F).

Sintering of the Synthesized Spinel Powder

The spinel powder was formed into discs (D = 10 mm) by 
uniaxial pressing (P = 100 MPa). The sintering of the shaped 
discs was carried out at different temperatures (1500 °C, 
1600 °C and 1700 °C) for 5 h. The physical and mechanical 
properties of sintered discs were monitored as a function of 
the sintering temperature.

The apparent density and the total porosity of the sin-
tered spinel were measured by Arthur’s method while the 
Vickers hardness and the elastic modulus were measured 
by instrumented micro-indentation tests (Zwick ZHU 2.5 
KN instrumented hardness tester). The microscopic observa-
tions of the elaborated discs were carried out by a confocal 
microscope (Leica—DC M8 type).

Results and Discussion

Precipitates Thermal Behavior

The aluminum dross was leached in  H2SO4 acid solution 
(C = 15%) for 2 h at 80 °C. Precipitates obtained after the 
addition of  NH4OH (10%) to the leaching solution were 
subjected to DT/TG analysis. The obtained curves were 
presented in Fig. 3. The DT/TG analyses were completed 
by XRD tests to follow the phase transformation of the 
precipitates. Figure  4 shows the XRD patterns respec-
tively after drying at 80 °C and after calcination at different 
temperatures.

(3)dRX = Kλ∕βcosθ

Table 1  Mean chemical 
composition of the used 
aluminum dross (wt%)

Al2O3 CaO MgO SiO2 Na2O P2O5 Cl SO3 Fe2O3 TiO2 K2O

56.5 11.5 12.9 6.1 4.37 2.8 2 1.0 2.05 0.8 0.6

Table 2  Crystallographic composition of the used aluminum dross

Phase wt%

1. Aluminum, Al 7
2. Aluminum nitride, AlN 5
3. Aluminum phosphide, AlP 4
4. Magnesia, MgO 6
5. α-Al2O3 25
6. Aluminum hydroxide, Al(OH)3 8
7. Spinel,  MgAl2O4 20
8. Calcite,  CaCO3 16
9. Quartz,  SiO2 6
10. β-Al2O3  (NaAl7O11) 3
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According to DTA/TGA results (Fig. 3), there is a first 
endothermic peak around T = 330 °C which is accompanied 
by a total mass loss of about 12%. This mass loss is mainly 
attributed to the release of bonded water from ammonium 
aluminum sulfate  NH4Al(SO4)2·4H2O [45, 46] and ammo-
nium hydrated magnesium sulfate  (NH4)2 Mg(SO4)2·6H2O 
[47] such as suggested by XRD results presented in Fig. 4. 
At approximately T = 405 °C, we note a weak endothermic 
peak with an imperceptible mass loss (≈ 4%) which corre-
sponds to the beginning of the decomposition of aluminum 

sulfate hydrated ammonium  NH4Al(SO4)2 on aluminum 
sulfate  Al2(SO4)3 as can be seen in the XRD spectrum 
(Fig. 4). At 485.07 °C, a third endothermic peak with a mass 
loss of about 8% was observed. It is attributed to the total 
decomposition of  Mg2(NH4)2(SO4)3 [46, 48] leading to the 
formation of magnesium sulfate  (MgSO4) as supported by 
XRD results. A fourth endothermic peak was observed at 
719.42 °C followed by another less intense at 835 °C with 
a mass loss of about 30%. According to Shahbazi et al. [49] 
the most sulphates can be decomposed in the temperature 
range 719–844 °C [50]. In the obtained precipitates, the 
decomposition of  Al2(SO4)3 and  MgSO4 gives rise to the 
appearance of transition alumina [45, 49] and stoichiomet-
ric and non-stoichiometric spinel  (Al2MgO4,  Al2.4Mg0.4O4).
The last large exothermic peak at 1050 °C, without mass 
loss, corresponds to the full crystallization of the two sta-
ble phases: spinel  (Al2MgO4) and alumina (α-Al2O3), as 
shown in the XRD pattern (Fig. 4). In the rest of this work 
and to ensure the completion of reactions the temperature 
T = 1200 °C was adopted for the precipitates calcination.

Optimization of the Leaching Stage

During the sulphuric acid leaching process, the main reac-
tions taking place can be schematised as follow [24, 51–53]:

Figure 5 shows the amounts of aluminum and magnesium 
oxides in the synthesized powder as a function of the con-
centration of the  H2SO4 acid solution for a leaching during 
2 h at the temperature T = 80 °C. It is very clear that the 
amount of the two oxides increases significantly with the 
sulfuric acid concentration and reached a plateau  (Al2O3 ≈ 
86.16%, MgO ≈ 12.02%) from the concentration C = 15%. 
This is due to the fact that reaction products such as alu-
minum sulfates exerts shielding effect on the diffusion of 
 H2SO4 to the dross particles and affects the reaction process. 
So, from some acid concentration the shielding effect of the 
reaction becomes more predominant than dissolution and 
the increase in the concentration becomes practically use-
less. In addition, an increase in sulfuric acid concentration 
induces a decrease in the fluidity of the reaction solution, 

(4)Al2O3 + 3H2SO4 → Al2
(

SO4

)

3
+ 3H2O

(5)2Al + 3H2SO4 → Al2
(

SO4

)

3
+ 3H2(g)

(6)MgAl2O4 + 4H2SO4 → Al2
(

SO4

)

3
+MgSO4 + 4H2O

(7)MgO + H2SO4 → MgSO4 + H2O

(8)2Al(OH)3 + 3H2SO4 → Al2
(

SO4

)

3
+ 6H2O

Fig. 3  DTA/TGA curves of the precipitates

Fig. 4  XRD spectra of precipitated powder, calcined at different 
temperatures: a:  NH4Al(SO4)2·4H2O, b:  (NH4)2  Mg(SO4)2·6H2O,1: 
 NH4Al(SO4)2, 2:  Mg2(NH4)2(SO4)3, 3:  Al2(SO4)3, 4:  MgSO4, 5: 
 Al2.4Mg0.4O4, 6:  Al2O3, 7:  Al2MgO4
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which can reduce the reaction rate [54]. In several research 
works [24, 25, 28, 44, 45], it was found that extraction of 
alumina from aluminum dross by leaching with  H2SO4 acid 
solution increases with acid concentration and reached its 
maximum value at a concentration similar to that mentioned 
in this work (C = 15%).

The amount of the two oxides (MgO,  Al2O3) in the syn-
thesized powder increases over time (Fig. 6) and tends to 
a plateau after 2 h  (Al2O3 ≈ 86.16%, MgO ≈ 12.02%).We 
believe that dissolution kinetics of the two oxides is com-
pleted after 2 h. According to the work of Dash et al. [44], 
in the first 10–15 min the reaction is very fast. After that, 
the reaction kinetics will be delayed due to the formation of 
an aluminum sulfate layer on the aluminum dross particles. 
After 60 min, dissolution becomes almost negligible, result-
ing in a constant rate of alumina recovery. Aluminum dross 

leaching can be thermally activated and the test temperature 
will significantly affects the reaction result [25, 50].

For a concentration of  H2SO4 acid solution equal to 
C = 15% and a treatment time of 2 h, the amounts of alu-
mina and magnesium oxides increase according to the 
solution temperature (Fig. 7). This can be brought about 
by the enhancement of  H+ ion activity resulting in a faster 
dissolution rate and a higher efficiency [55]. The amounts 
of alumina and magnesium oxides reach the highest values 
at 80 °C. Beyond this temperature, the amounts of these two 
oxides receive no significant increase.

Alumina and magnesia dissolution rates  (RAl and  RMg) 
calculated according to the following relationships (Eqs. 9 
and 10), were evaluated over time for acid concentration 
(C = 15%) and leaching temperature (T = 80 °C):

QAl (ext.) and  QMg (ini.) are the quantities of the considered 
oxide in the extracted powder and in the starting aluminum 
dross, respectively. It may be seen from Fig. 8 that disso-
lution rate increases with time and reaches a plateau after 
2 h of leaching  (Al2O3 = 84.82% and MgO = 51.43%). The 
slowing down of the extraction efficiency is attributed to the 
probable formation and coverage of the surface of the dross 
particle by either basic aluminum sulphate  Al6(OH)10(SO4)4 
or aluminum sulphate  (Al2(SO4)3) as well as magnesium 
sulfate  (MgSO4) [44] and schematised in Fig. 9. The surface 
of aluminum dross particles is gradually covered by a newly 

(9)RAl(%) =
QAl(ext.)

QAlini.

∗ 100

(10)RMg(%) =
QMg(ext.)

QMg(ini.)

∗ 100

Fig. 5  Alumina and magnesium oxide amounts in the synthesized 
powder as a function of the concentration of  H2SO4 acid (t = 2  h, 
T = 80 °C)

Fig. 6  Aluminum and magnesium oxides in the synthesized powder 
as a function of the leaching time (C = 15%, T = 80 °C)

Fig. 7  Aluminum and magnesium oxides in the synthesized powder 
as a function of the temperature of the  H2SO4 acid solution (C = 15%, 
t = 2 h)
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generated intermediate layer, which is so concentrated that 
blocks the diffusion of  H2SO4 species considerably. Hence, 
for a dross particle, the dissolution process can be divided 
into three main stages: (1) diffusion of  H2SO4 from solution 
to the external surface of dross particle, known as transi-
tional layer diffusion: (2) diffusion of  H2SO4 through the 
intermediate layer to the reaction interface: (3) chemical 
reaction at the interface and diffusion of metal cations into 
the bulk solution.

According to the obtained results, it can be concluded 
that a better dissolution of the aluminum dross in  H2SO4 
acid solution can be achieved with a concentration of 15% 
at a temperature of 80 °C for a period of 2 h. These condi-
tions lead to an  Al2O3/MgO mass ratio close to 7.16, which 
represents an insufficiency of MgO to give only a stoichio-
metric spinel  (MgAl2O4 or MgO·Al2O3) of a mass ratio of 
approximately 2.53. For this reason, the precipitates must 
be enriched by magnesium oxide to reach the stoichiomet-
ric composition susceptible to form spinel after calcination. 

In what follows, we will present the results of the effect of 

adding MgO to the dissolution solution in order to achieve 
the complete spinellization of the  Al2O3–MgO mixtures 
extracted from the aluminum dross.

Complete Spinellization of Aluminum Dross

Different amounts of MgO were previously added to the 
leaching solution i.e. before adding precipitation agent 
 (NH4OH-10%). The powders obtained after precipitation 
were calcined between 1100 and 1450 °C and then subjected 
to physico-chemical characterization.

Figures 10, 11 and 12 show the XRD spectra of the 
precipitates obtained by adding several magnesium oxide 
amounts (4, 6 and 8% in weight) and calcined at different 
temperatures. At the calcination temperature T = 1100 °C, 
three crystalline phases were identified in the precipitates, 
the primary spinel  (Al2MgO4) coming from the dross, 

Fig. 8  Dissolution of alumina and magnesia as a function of time for 
acid concentration (C = 15%) and leaching temperature (T = 80 °C)

Fig. 9  Schema of the reaction 
between  H2SO4 and aluminum 
dross particle

Liquid film (H2SO4)

Particle dross 

Sulfates: Al6(OH)10(SO4)4,
Al2(SO4)3, MgSO4

Fig. 10  XRD spectra of the precipitates calcined at different tem-
peratures after addition of 4 wt% MgO (S =  Al2MgO4, A =  Al2O3, 
M = MgO)
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alumina  (Al2O3) and added magnesium oxide (MgO) which 
have not yet reacted.

With increasing calcination temperature, the added 
MgO reacts gradually with the alumina coming from alu-
minum dross and gives rise to a secondary spinel (Eq. 11). 
The increase in the spinel peaks intensity with calcination 
temperature suggests the increase in the quantity of spinel 
developed. For the first two additions of MgO (4 and 6%) 
the mass ratio  Al2O3/MgO in the mixture (3.71 and 2.99) 
is far from the stoichiometric ratio of the spinel  (Al2O3/
MgO = 2.53) this is why the XRD alumina peaks persists 
even at T = 1450 °C.

For the third addition (MgO = 8 wt%), the stoichiomet-
ric composition of the spinel is almost respected which can 
lead to complete spinellization if precipitates are calcined 
at 1450 °C. The crystallite size for the spinel synthesized by 
calcination at 1450 °C calculated by Scherrer’s law (Eq. 3) 
was found about 75 nm which is well comparable to the val-
ues found in the literature ranging from 15 to 94 nm [56, 57].

The purity of the synthesized spinel powder evaluated 
by XRF reached 98.27%. Some other oxides persist in the 
chemical composition with minor percentages such as CaO 
(0.34%),  SiO2 (0.45%),  SO3 (0.38%),  Fe2O3 (0.3%) and  Na2O 
(0.26%). Zhang et al. [2] synthesized spinel  (MgAl2O4) by 
solid-state reactions between the residues of aluminum slag 
and magnesium oxide. It was found that mixtures sintered 
at 1400 °C for 3 h contain more than 70% in mass of spinel 

MgAl2O4 + Al2O3 + MgO MgAl2O4 +    MgAl2O4

Dissolved dross Added magnesia Primary spinel Secondary spinel

(11)

 (MgAl2O4) and exhibit a compressive strength of about 
63.4 MPa.

The SEM of the synthesized spinel (Fig. 13) Show that 
the developed particles are in the form of agglomerates of 
more or less equi-axis shape. The particle size (Fig. 14) 
ranges from 11 nm to 2.5 μm. The average particle size is 
approximately equal to 550 nm which is very close to that 
of  MgAl2O4 spinel (≈ 600 nm) synthesized by Ye et al. [58] 
by combining aluminum isopropoxide [Al(-O-i-C3H7)3] and 
magnesium acetate tetrahydrate [Mg(CH3COO)2  4H2O] in 
a Sol–Gel method.

The synthesized spinel can be used in the powder form in 
several applications for example as an additive to enhance 
the high temperature properties of shaped refractories [59] 
or castable refractories [60] and in the reinforcement of 
some materials [61]. In almost all cases, spinel must be 
formed to give dense parts by applying powder metallurgy 
process or sintering. Such formed spinel retrieve many 
applications such as refractory material (ladles and purging 

plugs), as a structural ceramic, and in some ballistic applica-
tions [62–66].

It’s well established that sintering of spinel powders is 
strongly influenced by some parameters such as: powder 
properties (chemical composition, granulometry, addi-
tives…) and the sintering conditions (temperature, time, 
atmosphere, pressure) that significantly affect the diffusive 
phenomena taking place during sintering [67, 68]. In what 

Fig. 11  XRD spectra of the precipitates calcined at different tem-
peratures after addition of 6 wt% MgO (S =  Al2MgO4, A =  Al2O3, 
M = MgO)

Fig. 12  XRD spectra of the precipitates calcined at different tem-
peratures after addition of 8 wt% MgO (S =  Al2MgO4, A =  Al2O3, 
M = MgO)
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follows, we investigated the effect of the most relevant sin-
tering parameter, which is the sintering temperature on the 
structural and physical properties of the sintered spinel.

Sintering of the Synthesized Spinel

The synthesized spinel powder was sintered for 5 h between 
1500 and 1700 °C in a free air furnace to produce com-
pact discs. The microstructure of discs sintered at different 
temperatures made by confocal microscope is presented in 
Fig. 15.

The discs sintered at T = 1500 °C exhibit a not perfectly 
consolidated microstructure. There is a very large diver-
gence in grain size that ranges from less than a micrometer 
to more than 15 µm. Arthur’s tests method were carried 
out to measure the apparent density and total porosity. The 
apparent density measured is relatively low (83%) giving a 
total porosity around (17%). The observed pores (Fig. 15) 
are of two types: intra and inter granular and also of very 
different sizes [69, 70]. The increase of the sintering tem-
perature leads to a notable reduction of the total porosity 

(90% at 1600 °C and 93% at 1700 °C) and grain growth (D 
≈ 35 µm at T = 1600 °C and D ≈ 70 µm at 1700 °C). In the 
literature [71–73], it was noted that some impurities such as 
CaO,  SiO2 and  Fe2O3 even with low amounts affect signifi-
cantly the microstructure of sintered spinel. In this work, it 
seems that the unintentional presence of such impurities is 
responsible of the recorded densification and grain growth.

Through instrumented Vickers indentation tests, two 
main properties were measured on the sintered discs: Vick-
ers hardness (HV) and elastic modulus or Young’s modu-
lus (E). The model used to calculate the elastic modulus is 
that developed by Oliver and Pharr [38]. The indentation 
load was varied between 3 and 20 N while the dwell time 
was kept constant for all tests carried out and equal to 15 s. 
Figures 16 and 17 show, respectively, the variation of the 
Vickers hardness and the elastic modulus according to the 
indentation load for all sintering temperatures. It appears 
that the sintering temperature influences significantly the 
Vickers hardness and the elastic modulus of the sintered 
spinel and that the indentation load has a little or no effect 
on the recorded values. For the indentation load P = 10 N, 
the spinel sintered at 1500 °C exhibits a Vickers hardness 
close to 13 GPa and an elastic modulus of about 90 GPa. The 
hardness increases to 22 GPa and the elastic modulus to E 
= 220 GPa by increasing sintering temperature to 1700 °C. 
The increase in the Vickers hardness and the elastic modu-
lus is attributed to the better consolidation taking place in 
addition to the noted decrease in porosity presented in the 
previous section (17% at 1500 °C and 7% at 1700 °C). The 
Vickers hardness and elastic modulus values recorded in the 
current work are comparable to those found in the literature 
[43, 74–81]. For example, Sokol et al. [74], Ramavath et al. 
[75] and Maca et al. [76] found a Vickers hardness of about 
13 GPa and an elastic modulus values that ranges from 279 
to 288 GPa, depending on the sintering degree [74].

Fig. 13  SEM observation of the 
synthesized powder particles

Fig. 14  Particle size distribution of the synthesized powder
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Fig. 15  Microstructure of sin-
tered spinel sintered 5 h at dif-
ferent temperatures: 1500 (a, b), 
1600 (c, d) and 1700 °C (e, f)

Fig. 16  Vickers hardness of syntesized spinel sintered at 1500, 1600 
and 1700 °C depending on the indentation load

Fig. 17  Elastic modulus of the synthesized spinel sintered at 1500, 
1600 and 1700 °C depending on the indentation load
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Conclusion

The powders obtained after aluminum dross leaching in 
 H2SO4 solution and precipitating by the  NH4OH solution 
(10%) undergo several microstructural transformations 
leading to the formation of the two stable phases: spinel 
 (Al2MgO4) and α-Al2O3.

According to the obtained results, the optimal leach-
ing occurs with the  H2SO4 acid solution concentration of 
C = 15%, for a leaching temperature T = 80 °C and a dura-
tion of t = 2 h. Recovery efficiencies recorded for alumina 
and magnesia were 84.82% and 51.43%, respectively. From 
chemical composition point of view, the resulted precipitates 
consist of 86.16% in mass of  Al2O3 and 12.02% of MgO. 
The addition of magnesium oxide (MgO) to the leaching 
solution and calcination of the precipitates at high tempera-
ture promote the reaction between free alumina and added 
magnesia and leads to the crystallization of a secondary 
spinel. The almost complete spinellization can be achieved 
(> 98 wt%) by addition of 8 wt% of MgO and calcination at 
T = 1450 °C. The developed spinel particles are in the form 
of agglomerates of more or less equi-axis shape of a size 
ranging from 11 nm to 2.5 μm and an average particle size 
close to 550 nm. The crystallite size was found about 75 nm.

The sintering of the synthesized spinel powders leads to 
a notable evolution of the microstructure that enhances sig-
nificantly the density, the elastic modulus and the Vickers 
hardness. Sintering at 1700 °C during 5 h leads to the best 
results: relative density D = 93%, Vickers hardness HV = 22 
GPa and elastic modulus E = 220 GPa. The spinel synthe-
sized by this fast and easy process, which allow obtaining 
both high extraction efficiency and purity can be used in 
many industrial applications especially in the refractory 
sector.
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