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a b s t r a c t

In this work, magnesium aluminate spinel (MA) nanoparticles were synthesized via co-precipitation
method using industrial wastes of magnesium and aluminum. The obtained powders were calcined at
a temperature range of 650e1500 �C. The calcined powders were characterized by XRD, FT-IR, DTA, FE-
SEM and HR-TEM. XRD data illustrated that the spinel MAwith a crystallite size of ~3.8 nmwas formed at
650 �C. Optical properties of the MA spinel revealed that the optical reflectance is highly dependent on
calcination temperature. Photoluminescence analysis revealed intrinsic emission bands with high in-
tensity centered at 390, 370 and 485 nm, when the samples are excited by a 350 nm light from a Xe lamp
at room temperature. Results suggest that co-precipitation method of aluminum and magnesium wastes
at low temperatures is a promising way for the production of highly pure and active nanocrystalline MA
spinel with expected unique properties.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium aluminate spinel (MgAl2O4) denoted as MA is one of
the most outstanding optically transparent ceramics that exhibits a
unique combination of optical and mechanical properties at the
ambient and the elevated temperatures [1]. After being shown to be
transparent in early 1960's, spinel has received considerable
attention and has been the subject of numerous studies [2e8]. It
has been considered to be well suited especially for armor appli-
cations because of its ideal combination of optical transparency,
hardness, impact resistance, strength, modulus, ease of fabrication
and crystal size capability [9e11]. In various studies, it has been
shown to be superior to other available armor materials such as
sapphire, AlON, soda-lime silicate glass and MgF2 in terms of its
excellent balance of performance and affordability [10,11]. Besides
being an attractive transparent armor, it is also expected to serve as
a high temperature and visible/infrared (IR) windowmaterial [4,12]
because of its high thermo-mechanical properties with chemical
inertness to strong acids and alkali solutions [5] as well as its
ais).
effective dual optical transparency in the visible and mid-IR
wavelength ranges, respectively.

In addition, it possesses a unique combination of desirable
properties such as high melting point, high strength at elevated
temperature, high chemical inertness, low thermal expansion co-
efficient and high thermal shock resistance to make it an excellent
refractory lining for rotary cement kilns, steel ladles, glass tank
furnaces and other ceramic applications [13e17]. Moreover, MA
spinel exhibits first deformation under 0.2 MPa at 2000 �C. It does
not react with silica until 1737 �C, CaO or MgO until 2000 �C, a-
Al2O3 until 1927 �C, and can be used for all metals except alkaline
earth [18]. Due to its eco-friendly nature, unlike magnesia-chrome
based refractories [19], the later ones are constantly being replaced
by MgAl2O4 spinels [20].

Thus, it is important to obtain the spinel of high purity, using a
simple and low cost preparation method. The preparation of
magnesium aluminate powders with high purity, chemical homo-
geneity, control of stoichiometry, fine particle size, narrow particle
size distribution, and minimum particle agglomeration with high
sinter activity has received considerable attention in order to
improve the material properties [21]. Numerous wet chemical
methods have been employed to synthesize magnesium aluminate
fine particles, including solegel [22,23], co-precipitation [24e26],
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Table 1
Chemical composition of Al scraps.

Elements Al Zn Mg Cu

Percentage, % 92 3.96 2.35 1.7
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Fig. 1. XRD patterns of MA spinel powders annealed at different temperatures.
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hydrothermal [27,28], microwave-assisted combustion processing
[29], microemulsion [30], metal-organic processing [31e34], spray
drying [35], freeze drying [36], and mechanochemical synthesis
[37,38] techniques. The chemical co-precipitation method [39e42]
ensures proper distribution of various metal ions resulting into
stoichiometric and smaller particle sized product compared to
some of the others. Moreover, the process is a low cost technique
suitable for the mass production compared to the other mentioned
methods.

At present, most techniques used to produce MA spinel,
whether they are solid state reactions or chemical synthesis, are
conducted at high temperature (>800 �C). However, it is known
that high temperature processing is detrimental to microstructure
and in turn the properties due to the non-uniform grain growth.
Therefore, low temperature synthesis of nanocrystalline powders
of MA spinel should be investigated.

On the other hand, industrial wastes released from different
manufacturing processes and treatment materials are produced in
large quantities and have harmful effects on the environment. Ac-
cording to research conducted by the US Environmental Protection
Agency, recycling scrap metal wastes can be quite beneficial to the
environment. For example, using recycled scrap metal in place of
virgin iron ore can yield 75% savings in energy, 90% savings in raw
materials used, 86% reduction in air pollution, 40% reduction in
water use, 76% reduction in water pollution and 97% reduction in
mining wastes [43].

In 1990 total aluminum production was around 28 million
tonnes (with over 8 million tonnes recycled from scrap) and today
the total is close to 56 million tonnes (with close to 18 million
tonnes recycled from scrap). By 2020 metal demand is projected to
have increased to around 97 million tonnes (~31 million tonnes
recycled from scrap).

During manufacturing of magnesium products, large amount of
wastes in the form of chips and discards is produced in the
machining process of castings and sheets. Approx. 1/3 of magne-
sium used to fabricate structural products ends as scrap, so it is
really inevitable to find ways for its efficient recycling in order to
keep the use of Mg and thus price at a reasonable level.

Nowadays, industrial wastematerials are getting awide exposure
to the future generation of the material science world. The novelty
and the idea of this work is how to convert unwanted waste mate-
rials into something useful or value-added products via an envi-
ronmental friendly method for advanced applications. In this study,
our group reported for the first time, the synthesis ofMgAl2O4 spinel
nanoparticles from industrial wastes of aluminum and magnesium
scraps released from foundries by co-precipitation method at low
temperature. Magnesium aluminate spinel was produced at
different temperatures 650e1500 �C. The phase composition, ther-
mal analysis, and microstructure of these compositions were
detected using X-ray diffraction (XRD), differential thermal analysis
(DTA), infrared spectrum (IR), scanning electron microscope (FE-
SEM) as well as transmission electronmicroscope (TEM). The optical
properties of the produced MA were also studied by UV-VIS-NIR
spectrophotometer and photoluminescence analysis.

2. Materials and experimental procedure

2.1. Materials and processing

Aluminum and magnesium scrap released from foundries
(supplied by Central Metallurgical Research & Development Insti-
tute [CMRDI], Helwan, Egypt) were used as starting materials.
Ammonia solution [NH4OH] was used during the co-precipitation
to maintain the pH at 10. The chemical composition of aluminum
scrap is illustrated in Table 1.
An aqueous solution of magnesium nitrate was achieved by
dissolving themagnesium scrap in nitric acid. The aqueous solution
of aluminum nitrate was achieved by dissolving the aluminum
scrap in aqua regia of 20% HCl and 20% HNO3 acids. The stock so-
lution used for spinel synthesis wasmade by dissolvingmagnesium
and aluminum nitrates in distilled water with stirring.

In a typical synthesis process, the aqueous solution of the
aluminum nitrate was added to a stirring aqueous solution of
magnesium nitrate to give MgO/Al2O3 molar ratios of 1:1 powder.
The aqueous suspended solutions were formed by the addition of
NH4OH drop by drop with constant stirring 500 rpm for 15 min to
achieve good homogeneity. pH of the solutionwasmaintained at 10
during the precipitation process. The co-precipitates were filtered
off, washed with water and dried in an oven at 110 �C overnight. In
order to produce MA spinel, the dry precursor was calcined in a
muffle furnace up to different temperatures (650, 750, 850, 950,
1300, 1400 and 1500 �C) with a rate of heating of 10 �C/min for 2 h.

2.2. Characterization

XRD patterns of the resulting products were characterized by a
Brucker D8-advance X-ray powder diffractometer with Cu Ka ra-
diation (k ¼ 1.5406 Å). The crystallite sizes of the produced mag-
nesium aluminate spinels were calculated from the most intense
peak (311) using the DebyeeScherrer formula:

dRX ¼ Kl=b cosq

where dRX is the crystallite size, k ¼ 0.9 is a correction factor to
account for particle shapes, b is the full width at half maximum
(FWHM) of the most intense diffraction peak (311) plane of MA
spinel phase, l is the wavelength of Cu target ¼ 1.5406 Å, and q is
the Bragg angle.

Fourier transform infrared spectra (FTIR) spectroscopy (Model,
Jasco-6300 type A, Japan spectrometer) was used at room tem-
perature in the range of 400e4000 cm�1 with a resolution of
4 cm�1 to identify functional groups.

Powder morphology and microstructure of the produced mag-
nesium aluminate spinel were examined by using backscattered
electron (BSE) in the field emission scanning electron microscopy
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Fig. 3. FT-IR spectra of MA spinel nanopowders calcined at different temperatures.
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Fig. 4. Characteristic absorption band of MA spinel structure.
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(FESEM; QUANTA FEG 250, Holland) and high resolution trans-
mission electron microscope (HR TEM; JEM- 2100, Japan). TEM
samples were prepared by dispersing the powders in acetone. Ul-
trasonic oscillation for 1 h was introduced to decrease the aggre-
gation followed by placing a drop of the suspension on holey
carbon film supported on copper grids.

Differential thermal analysis/thermogravimetry analysis (DTA-
TG) of the precursors were performed using a DTA-TG analyzer
(Model, NETZSCH STA 409C/CD, Germany) in flowing air (50 ml/
min) up to 1400 �C at a heating rate of 10 K/min.

The UVeVis absorption and diffuse reflectance spectrum were
recorded at room temperature using UV-VIS-NIR spectrophotom-
eter (Jasco-V-570 spectrophotometer, Japan) fitted with integrating
sphere reflectance unit (ISN) in the wavelength range
200e2000 nm. PL spectra were recorded at room temperature
using a Shimadzu RF-5301PC fluorescence spectrophotometer
(Shimadzu, Kyoto, Japan) with a 50 W xenon lamp.

3. Results and discussion

XRD diffraction patterns for the produced magnesium alumi-
nate spinel powders synthesized by co-precipitation using
aluminum and magnesium scraps at different calcination temper-
atures for 2 h are shown in Fig. 1. It was found that magnesium
aluminate spinel peaks (MgAl2O4; JCPDS card no 86e2258) with
very fine crystallite size (3.8 nm) were revealed at low calcination
temperature (650 �C). This means that the dried gel transformed to
ultrafine powders of MgAl2O4 spinel phase at this temperature. The
strongest three peaks of the produced powders appeared at 2q
values of 65.22�, 44.75� and 36.77�. These peaks correspond to
(440), (400) and (311) diffraction planes of the MA phase, which
described based on the patterns as face-centered cubic, space
group: Fd3m, lattice parameter (a) 8.088, z (coordination number)
8. The peaks broadening of the spinel were occurred at lower
temperatures of 650, 750 and 850 �C due to the small grain size
formed at these temperatures relative to the other high ones.
Because of the decrease of the grain size, the number of the planes
in a crystal that diffract at the same angle was decreased causing
the so-called peak broadening. With increasing calcination tem-
perature, a well formed crystalline MA spinel phase was obtained.
The sharp reflections of XRD peaks at high temperatures emphasis
the full crystallization of spinel. The crystallite size of MA spinel
phase was increased from 3.8 to 5.7 nm, when the temperature
increased from 650 to 750 �C, respectively with increasing the
temperature to 1500 �C, the crystillite size increased up to 173.1 nm.
This means that there is a gradual increase in crystallite size as a
function of the calcinations temperatures. This relationship can be
ascribed to the nucleation, the growth rates of the produced
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Fig. 2. Crystallite size of the MA spinel powders as a function of the calcinations
temperature.
powders as well as the high crystallinity of the MA spinel phase
with the increase of the calcination temperature. Fig. 2 illustrates
the increase of the crystallite sizes of the MA spinel phase formed
by increasing the calcinations temperatures. Therefore, the
advantage of our work is the formation of an ultrafine nano-
crystalline MA spinel phase at low temperature of 650 �C using
both industrial wastes of aluminum and magnesium scraps.

The FT-IR spectra at 400e4000 cm�1 for the nanocrystalline MA
Fig. 5. DTA and TG of MA spinel nanopowders.



Fig. 6. FE-SEM of MA spinel calcined at different temperatures.
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spinel powders calcined at different temperatures are shown in
Fig. 3. This clearly shows a broad absorption band at
3150e3750 cm�1, which is the characteristic stretching vibration of
hydroxylate (OeH) and the absorption band at z1643 cm�1 for
H2O vibration was obtained. No characteristic band of nitrate ions
at 1464 cm�1 is observed from the FT-IR spectra indicating the
complete decomposition of the magnesium and aluminum nitrate
precursor during the heat treating processes. Significant double
spectroscopic bands appeared at 522e544 cm�1 and
692e704 cm�1 are identified to be the characteristic absorption
bands of MA spinel structure [44], see Fig. 4. These peaks are
attributable to the vibration of AlO6, which built up MA spinel
structure [45]. This double splitting of the high frequency bandmay
be explained by the assumption that a certain number of Alþ3 ions
occupy the sites in the spinel type structure. By increasing the
calcinations temperature, bands of the water disappeared and the
intensified absorption peaks revealed the formation of pure mag-
nesium aluminum spinel.

In order to assess the degree of reaction occurred and the sta-
bility of the powders with respect to thermal as well as the
chemical composition, MA spinel nanopowders synthesized by co-
precipitation at different calcination temperatures were subjected
to thermogravimetric (TG) and differential thermal analysis (DTA)
(Fig. 5) up to a temperature of 1400 �Cwith heating rate of 10 K/min
in the air. It can be observed that in the range of RT-200 �C, an
endothermic peak at ~100 �C in DSC curvewith a mass loss of ~5.7%
appears which can be attributed to the evaporation of physisorbed
moisture. The endothermic peak centered at 241 �C with mass loss



Fig. 7. TEM of calcined MA spinel at different temperatures, (A, A0) TEM images, (B) HR-TEM of lattice plane, (C) SAED patterns.
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of about 20% may be corresponded to the evaporation of physically
bound absorbed water or/and a small amount of residual ammonia
adsorbed on the surface of the sample. The outstanding and sharp
exothermic peak between 260 and 300 �C centered at about 270 �C
is due to the combustion and decomposition of ammonium nitrate,
which takes place in the temperature range (270e300 �C). Such
exothermic reaction produced ~13.6% loss of the mass. The two
peaks appeared at ~300 and 370 �C correspond to the decompo-
sition of the formed phases during the preparation procedure. This
decomposition is associated with dehydroxylation of the pre-
cursors and conversion into oxides. When samples are calcined
>500 �C, these phases were decomposed and finally MA spinel
crystal was produced [46]. The final weight loss (~4.5%) on the TG
curvewas observed in the range of 500e1300 �Cwhich is due to the
removal of residual (OH) group. The total weight loss accompanied
by all stages in the TG analysis result are ~44.4%. The exothermic
peak formed in the temperature range of 600e800 �C was assigned
to the mass formation of MA spinel. This indicates that the solid
state reaction to form magnesium aluminate spinel may occur
above 600 �C. Herin we chose temperature of 650 �C as starting
calcinations temperature of MA spinel structure. The relatively
broad band of the peak centered at about 1300 �C in the



Fig. 8. Optical absorbance and reflectance spectra of samples with various different temperatures.

Fig. 9. Optical band gap of samples with various different temperatures.
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temperature range of 1200e1400 �C may be contributed to the
crystal growth of MA spinel structure [47].

Fig. 6. Shows FE-SEM images of the MA spinel powder calcined
at different temperatures for 2 h. A large number of nano-MA spinel
aggregates can be observed. The particle size of these aggregates
was increased with increasing temperatures. MA spinel particles
show a prismatic crystal structure resulting from sintering at high
temperatures (>1300 �C) and grain growth during which the spinel
becomes fully crystalline. It is deduced that the grain size of the MA
particle increases with increasing temperature, and the crystal
structure tends to be faceted.

The TEM images, SAED and lattice plane of self agglomerated
MA spinel nanoparticles calcined at different temperature are
shown in Fig. 7. In general, the morphology shows a bunch of very
fine nanocrystals self-organized to form a bigger cluster. This de-
gree of stacking and aggregation is owing to the high crystalline
nature of obtained MAspinel and its processing without using any
surfactant. It is also observed that calcinations temperature has a
significant impact on the size and shape of the grains. At lower
calcinations temperature (650e950 �C), morphology of MA is
nanorods with a diameter of 4e7 nm and length range of
30e49 nm. In addition, there are few spherical particles with nearly
about 10e30 nm in diameter. With increasing the calcinations
temperature up to 950 �C, the diameter of the nanorods started to
increase to 16 nm and the length started to decrease to 20 nm and
small numbers of cubic grains started to appear. At higher calci-
nations temperature (1300e1500 �C), the large cubic structure
morphology becomes the dominant and the particle size increased
to 0.2 mm length and 0.3 mm width. At high calcinations tempera-
ture, different small grains were sintered and attached to each
other to form one large grain. The crystallinity of the samples is
highly improved by increasing the temperature as shown in the
SAED images. The selected area diffraction pattern of MA spinel
calcined at low temperatures gave polycrystalline pattern. How-
ever, with increasing temperature, the pattern gave single crystal
pattern. In addition, the visibility of clear lattice planes at each
temperature that observed by using HR-TEM indicates the high
crystalline nature of the samples. Due to the stacking and
agglomeration of crystal lattice, plane image of the samples gave an
image similar to the fingerprint pattern as observed in the sample
calcined at 1500 �C at Fig. 7. The spacings of 2D lattice fringe (2.02,
1.42, 2.8 and 1.5 Å) of the calcined powder at different temperatures
correspond to the indices of the cubic MA planes [(400), (440),
(220) and (511)] with Fd3m symmetry. These results are totally
agreeing with the x ray diffraction patterns of MA spinel.

The optical properties of the produced powders were examined
using UVeVis-NIR spectrophotometer using integrating sphere
unit and the results are indicated in Fig. 8 and Fig. 9. Clearly, the
optical reflectance (R) of the powders is highly dependent on the
calcination temperature. The powders calcined at 650 �C exhibit
the lowest optical reflectivity of (~60%) in the visible region. Further
increases in calcination temperature resulted in highly reflective
powders with an average reflectivity of ~85% in the visible region.

Also, the results revealed that the recorded absorbance is a
characteristic peak of Al3þ and Mg2þ ions. The absorption peak
recorded at 210 nm corresponds to the presence of Al2O3 nano-
particles and also the spectra of Al2O3 with substitution grade
material [48e50]. Moreover, the defect responsible for the 260 nm
absorption band may be related to Al vacancies [51e53]. Further-
more, the absorption spectra of Mg2þ ion consist of four bands with
maxima at ~250, 355, 573 and 975 nm [54e58]. Anion vacancies
define in two charge states: Fþ and F centers are identical to oxygen
vacancies with one and two electrons, respectively. Anion vacancies
Fþ centers have an absorption band at 252 nm and F centers at
247.5 nm. Neutral anion F2þ centers have absorption bands at 355
and 975 nm and an unidentified aggregate defect absorbs at
573 nm. The absorption spectrum of the Mg2þ, containing



Table 2
Crystallite size (t), Lattice constant (a) and Lattice volume (V) of produced samples nanoparticles.

Name Phases Phase 1 Energy Gap, Eg, (eV)

Crys. size, t (nm) Lattice constant, a (Å) Lattice volume, V (Å3)

MA 650 MgAl2O4 3.8 8.100 531.479 3.37
MA 750 MgAl2O4 5.7 8.093 530.103 3.39
MA 850 MgAl2O4 7.6 8.092 529.836 3.40
MA 950 MgAl2O4 10.8 8.096 530.572 3.46
MA 1300 MgAl2O4 75.3 8.094 530.200 3.48
MA 1400 MgAl2O4 155.7 8.089 529.334 3.65
MA 1500 MgAl2O4 173.1 8.092 529.855 3.31

Fig. 10. PL spectra of magnesium aluminates powder produced at different
temperatures.
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impurities of transition elements such as chromium, iron, manga-
nese, contains bands caused by ded transition of these ions [59,60].

The band gap energy of the prepared MA spinel nanoparticles
was estimated by extrapolating the linear portion of (ahv)2 versus
photon energy (hv) plots using the following relation [49,50].

ahy ¼ A ðhy� EgÞn

where a ¼ 2.303 � ln (Io/I)/t, here ln (Io/I) ¼ (100�R)/(2R) is the
absorbance and t is the thickness of the sample. A is a constant for
direct transition, hn is the photon energy, Eg is the band gap energy,
n ¼ 1/2 or 3/2 for indirect allowed and indirect forbidden transi-
tions, and n ¼ 2 or 3 for direct allowed and direct forbidden tran-
sitions. Based on this relation, the extracted band gap energy of the
MA spinel nanoparticles was plotted as a function of temperature,
see Fig. 9.

It can be seen that with increasing the calcination temperature
of MA spinel from 650 to 1400 �C, the crystallite size was increased
from 3.8 to 155.7 nm and the optical band gap energy values were
slightly and gradually increased from 3.37 to 3.65 eV. However,
with increasing the temperature to 1500 �C, the optical band gap
was suddenly decreased to 3.31 eV as seen in Table 2. From these
values, it can be concluded that the energy band gap value depends
on the calcinations temperature of the prepared MA spinel and
hence the crystallite size. The higher temperature and largest
crystallite size result in the large band gap value and vice versa.
These results are in agreement with the reported data [61].

In general, the optical phenomenon of spinel MA spinel can be
attributed to its special cubic crystal structure system. In perfect
normal MgAl2O4 spinel, the Mg2þ ions occupy tetrahedral 8a sites
and Al3þ ions occupy octahedral 16d sites. In reality, there is a de-
gree of disorder between the two cations sites. So that, some
tetrahedral sites are occupied by Al3þ ions and some octahedral
sites are occupied by Mg2þ ions. This departure from the normal
spinel structure causes pairs of antisite defects and in turn a degree
of inversion (inverse spinel crystal structure). Most synthetic MA
crystals have an inversion parameter of z0.2 [62,63]. This anti-site
defects plays an important role in ion-surface interaction process
and thus on the electrical and optical behaviors of MA spinel
powders [62]. Moreover, different computational models have been
investigated to study the order-disorder behavior of MA spinel.
They found that, cations disordering of Mg and Al between the
octahedral and tetrahedral sites is basically depends on the calci-
nations temperature [64]. With increasing temperature >1400 �C, a
rapid exchange between the tetrahedral and octahedral sites occurs
and causing disorder state of MA spinel structure which explains:
why the optical band gap energy of MA decreased with further
increase of the calcined temperature above 1400 �C.

Fig. 10 shows the PL spectra of magnesium aluminates powder
produced at different temperatures 650e1500 �C. PL intrinsic
emission bands with high intensity centered at 390, 370 and
485 nm were recorded when the samples are excited by a 350 nm
light from a Xe lamp at room temperature. The position of these
emission lines is consistent with that reported earlier for metal
aluminates [1e5]. PL data show strong emission bands in UV
(390 nm) region and blue emission bands with weak intensity in
the blue region at 470 and 485 nm. A broad and strong peak in UV
region and a weak bands in the blue region confirmed the good
crystallinity of the prepared MA nanoparticles. The PL intensity is
controlled by the number of charge transfers between Al3þ at
octahedral sites and its surrounding O2� ions [65e69]. In addition,
the emission maximum in this work suggests surface defects, such
as oxygen vacancies. These defects provide donor levels near the
conduction band edge of the oxide. Moreover, the emission peaks
obviously shift to the region of long wavelength with an increase in
calcination temperatures, which is in good agreement with the
results obtained by XRD data. This shift may be due to the particle-
forming effect and the increase of the size of the nanoparticles. The
blue shift in the emission peaks might be caused by the quantum
size effect in MA nanostructures.

This observation rather confirms that this sample almost con-
sists of magnesium aluminates [65e70]. The differences between
these recorded values were attributed to the difference in calci-
nation temperatures.
4. Conclusions

Single nanocrystalline MgAl2O4 spinel powders were success-
fully synthesized by co-precipitation method using industrial
wastes of Al and Mg scraps. Our approach helps to overcome the
high cost and complex nature of the existing processes. In addition,
it gave a useful, inexpensive and environmentally-friendly way to
convert waste materials into advanced material. Ultrafine spinel
powders (<50 nm) were obtained at different calcinations tem-
peratures. The effect of temperature on particles morphology and
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crystallinity was investigated. MA spinel nanorods were formed at
low temperatures without using any additives or aiding agents. Due
to the reactivity of such structure, it can be expected to be used in
several high technological applications such as nanoelectronics and
nano-optoelectronic systems. The results also revealed that
increasing calcinations temperatures increased the crystallinity and
particle size of spinel due to the thermal sintering of MA spinel.
Investigations of the optical properties showed that, they are
mainly depending on calcinations temperatures and crystallite size
of the obtained MA spinel samples. The results suggest that co-
precipitation method of aluminum and magnesium scraps at low
temperatures is a promising way for the production of highly pure
and active magnesium aluminate spinel nanocrystalline materials
with expected unique optical properties.
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