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Introduction

Magnesium aluminate spinel (MgAl2O4) posseses a unique

combination of desirable properties such as high melting

point (2,135 �C), good mechanical strength at room and

evaluated temperatures, high chemical inertness, low

dielectric constant and electrical losses, good shock resis-

tance, and excellent optical properties [1]. Due to these

desirable properties, it has a wide range of applications in

structural, chemical, optical, and electrical industries.

MgAl2O4 has mainly been used as refractory in heavy

industry and as substrate for solid-state electronic devices.

Nowadays, new potential applications have been reported

including; ceramic ultra-filtration membranes, electro-

insulators, and optical materials such as optically trans-

parent, fiber-optic temperature sensors, tunable solid-state

lasers, matrix for fabrication of optical nanodevices, high-

brightness phosphor screen, catalysis, and humidity sensor

applications. Furthermore, the MgAl2O4 spinel has been

employed as excellent transparent ceramic materials for

high temperature arc-enclosing envelopes and alkali-metal

vapor discharge devices [2–9].

Thus, it is important to obtain the spinel of high purity

using an easy preparation method. The solid-state synthesis

of MgAl2O4 spinel, as conventional synthesis technique,

requires higher temperature and longer reaction time so that

the synthesized powder suffers from agglomeration and low

sinter activity. Thus, the preparation of magnesium alumi-

nate powders with high purity, chemical homogeneity,

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 [10]. Numerous wet

chemical methods have been employed to synthesize mag-

nesium aluminate fine particles including sol–gel [11, 12],

co-precipitation [13–15], hydrothermal [16, 17], micro-

wave-assisted combustion processing [18], microemulsion

[19], metal-organic processing [20–23], spray drying [24],

freeze drying [25], and mechanochemical synthesis [26, 27]

techniques. The chemical co-precipitation method [28–31]

ensures proper distribution of various metals ions resulting

into stoichiometric and smaller particle sized product com-

pared to some of the others. Moreover, the process is a low-

cost technique suitable for the mass production compared to

the other mentioned methods. The main drawback is that the

particle size is not small and monodispersed enough for

specific applications.

To the best of our knowledge, no published study in the

literature on synthesis of MgAl2O4 has so far used the

co-precipitation method with organic reagents. Most

publications about organic precursor technique, which

involves the preparation of aqueous solution, required

cation, the chelation of cations in solution by addition

of carboxylic acid then, raising the temperature of the

solution until formation of the precursor. The precur-

sor is calcined at low temperature compared with other

methods to form the powder, where the quasi-atomic

dispersion of constituent components in liquid pre-

cursors facilitates synthesis of the crystallized powder.
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The method is also called combustion method, poly-

meric precursor method, acids gel method (oxalate

precursor, tartaric acid, lactic acid, etc.), and also

Pechini-type process (Citrate precursor method). The

organic precursor was not only used to form stable

complexes with starting metallic ions but also used as

organic rich fuel [20–23]. This study aims to syn-

thezise the spinel magnesium aluminate nanopow-

ders using 8-hydroxyquinoline (HQ) and tetraethyl

ammonium hydroxide (TEAOH). The changes in

phase formation, crystallite size, density, specific

surface area, particle size distribution, and powder

morphology were systematically studied.

Experimental

Materials and processing

All the chemicals and reagents used were of high purity.

The materials used were anhydrous aluminum chloride

AlCl3, anhydrous magnesium chloride MgCl2, TEAOH

(C2H5)4NOH, and 8-HQ C9H7NOH.

For the co-precipitation using TEAOH, the chloride salts

of aluminum and magnesium ions at molar ratio 2:1 were

dissolved in 100 mL bi-distilled water with magnetic stir-

ring. The solution was precipitated at pH 11 using TEAOH.

After 15 min, the precipitate was filtered off and washed

with deionized water. Then, the produced precursor was

dried at 100 �C overnight. The formed precursors (white

solids) were heated again to 600, 800, and 1,000 �C at a

rate of 10 �C/min and kept at the these temperatures for

2 h.

The chemical reactions for synthesis of magnesium

aluminate nanopowders can be expressed as follows [32]:

2AlCl3 þ MgCl2 þ 5 C2H5ð Þ4NOH

! 2Al OHð Þ3 �Mg OHð Þ2þ5 C2H5ð Þ4NCl

2Al OHð Þ3 �Mg OHð Þ2�!
heat

MgAl2O4 þ 4H2O

The remaining tetraethyl ammonium chloride was

converted into carbon dioxide, water, nitric oxide, and

hydrogen chloride.

To process magnesium aluminate spinel powders using

8-hydroxyquinoline (HQ), a stoichiometric amount of

anhydrous magnesium chloride MgCl2 and anhydrous

aluminum chloride AlCl3 at Mg2?:Al3? mole ratio 1:2 was

dissolved in deinoized water at room temperature using hot

plate magnetic stirrer. The desired volume of 8-HQ dis-

solved in acetone was added to the solution until pH 7 [32].

Yellow precipitate is formed instantaneously. The precip-

itate was evaporated at 80 �C and then dried at 200 �C for

2 h. The dry precursors formed were heated (annealed) at a

rate of 10 �C/min in static air atmosphere up to different

temperatures (600–1,000 �C) where they were maintained

for 2 h.

The reactions of HQ with magnesium and aluminum

were as follows [32]:

MgCl2 þ 2AlCl3 þ 5C9H7NOH

! Mg C9H7NOð Þ2 � 2Al C9H7NOð Þ3þ 5HCl

Mg C9H7NOð Þ2 � 2Al C9H7NOð Þ3þ85O2

�!heat
MgAl2O4 þ 72CO2 þ 18H2Oþ 8NO2

Physical techniques

XRD patterns of the resulting products were characterized

by a Brucker D8-advance X-ray powder diffractometer

with Cu Ka radiation (k = 1.5406 Å). The crystallite sizes

of the produced magnesium aluminate for the most intense

peak plane: (311) for HQ and (440) for TEAOH estimated

from the X-ray diffraction data using the Debye–Scherrer

formula:

dRX ¼ kk=b cos h

where dRX is the crystallite size, k = 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, k is the wavelength of Cu tar-

get = 1.5406 Å, and h is the Bragg angle.

The bulk density of the fired powders was evaluated

using Archimedes method. SBET specific surface areas were

recorded using Quantachrome Nova 1200 series. The

changes in crystal morphologies of the MgAl2O4 particles

produced at elevated temperature of 1,000 �C for different

processing routes were examined by scanning electron

microscopy (JEOL-JSM 5410 SEM). For analysis of par-

ticle size distribution, a laser diffraction particle size

analysis method using Coulter LS 13 320 was performed.

The particle size distribution (number or volume percent)

of the suspension synthesized using certain weight of the

powder sample in 10 mL water, then ultrasonic to avoid the

agglomeration of the powder. The data of the particles size

distribution in the water solution were obtained by the

computer-controlled coulter LS 13 320 instrument via a

software program.

Results and discussion

XRD diffraction patterns for the produced magnesium

aluminate spinel powders synthesized by co-precipitation

method using TEAOH and HQ (8-HQ) routes at different
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annealing temperatures 600–1,000 �C for 2 h are shown in

Figs. 1 and 2. For the produced magnesium aluminate

spinel from precursor with TEAOH annealed at tempera-

ture 600 �C, XRD patterns showed broad XRD peaks with

a very fine crystallite size (8.3 nm). After annealing the

precursor at 800 �C, a single phase of well-formed crys-

talline spinel cubic MgAl2O4 phase (JCPDS card #

03-1160) was found. The strongest three peaks of the

produced powders appeared at 2h values of 65.52�, 44.98�,

and 37.13�. These peaks corresponded to (440), (400), and

(311) diffraction planes of MgAl2O4 phase which is char-

acterized from the patterns as face-centered cubic, space

group: Fd3 m, lattice parameter (a) 8.045, Z(coordination

number) 8 and melting point 2,135 �C. At high annealing

temperature 1,000 �C, a well-formed crystalline magne-

sium aluminate spinel phase was obtained.
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Fig. 1 XRD patterns of the

formed MgAl2O4 powders

annealed at 600–1,000 �C for

2 h precipitated using tetraethyl

ammonium hydroxide

(TEAOH)
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Fig. 2 XRD patterns of

MgAl2O4 powders annealed

from 600 to 1,000 �C for 2 h

using 8-hydroxyquinoline (HQ)

as a precipitation agent
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This means a gradual increase in crystallite size as a

function of increasing heat-treatment temperature. The

crystallite size of the single-phase MgAl2O4 powders

formed was calculated from XRD analyses using Debye–

Scherrer formula of the most intense peak (440) which was

increased by increasing the annealing temperature. Table 1

illustrates the increase in the crystallite sizes of the mag-

nesium aluimate spinel powders formed by increasing the

annealing temperatures. The crystallite size increased from

8.3 nm at 600 �C to 25.72 nm at 800 �C, and then

increased to 32.42 nm by increasing the annealing tem-

perature to 1,000 �C.

Figure 2 showed the XRD patterns of the produced

magnesium aluminate powders at different annealed tem-

peratures using HQ to form the precipitated precursors. It

can be observed that spinel magnesium aluminate powders

(JCPDS card # 02-1086 or 01-1157) were obtained at low

annealing temperature of 600 �C. Crystalline intensity

peaks appeared at 2h values of 19.80, 31.85, 37.37, 45.19,

56.21, 59.81, 65.69, 67.85, 75.17, and 78.05�. These peaks

corresponded to (111), (220), (311), (400), (422), (511),

(440), (531), (620), and (622) diffraction planes, respec-

tively, of MgAl2O4 phase which is characterized from

JCPDS card as face-centered cubic, space group, Fd3 m,

lattice parameter (a): 8.086, coordination number (Z): 8,

and the melting point: 2,135 �C. Other impurity peaks were

found for periclase MgO phase (JCPDS card # 45-0946)

at 2h values of 43.37�, 62.93�, 37.25�, and 79.01�. By

increasing the annealing temperature to 800, and then to

1,000 �C, a well-formed crystalline of spinel magnesium

aluminate phase was obtained. The crystallite sizes of

formed single-phase MgAl2O4 nanopowders was calcu-

lated from XRD analyses using Debye–Scherrer formula of

the most intense peaks (311) plane and were in the range

of 25.30, 31.78, and 33.17 nm at annealing temperature

600, 800, and 1,000 �C, respectively as shown in Table 1.

In comparison, the formed nanocrystalline magnesium

aluminate spinel phases synthesized using ammonium

hydrogen carbonate (NH4HCO3) at different pH values

from 8 to 11 and annealing temperature from 400 to

1,100 �C for 2 h. The XRD patterns showed that the

powder calcined at 400–700 �C corresponded to periclase

(MgO) phase (JCPDS, 45-946), decomposed from hydro-

talcite. When the sample was heated to 800 �C, the XRD

spectra exhibited broadened diffraction peaks indicating

the nanocrystalline nature. All the peaks were perfectly

indexed to crystalline MgAl2O4 (JCPDS card # 21-1152).

Moreover, the crystallite sizes of the powders were

between 10 and 30 nm [15]. So, the advantage of our

procedure is that a well nanocrystalline spinel phase can be

obtained at low annealing temperature of 600 �C using

TEAOH as organic precipitated precursor.

The specific surface area of the produced magnesium

aluminate spinel powders was determined by means of the

Brunauer–Emmett–Teller (SBET) method. Table 2 revealed

the change in the densities and surface areas of the produced

aluminates samples as the function of the annealing tem-

perature. The results indicated that the density increased

and the surface area decreased with increasing annealing

temperature of the magnesium aluminate complex precur-

sors from 600 to 1,000 �C. The results can be attributed to

the increase in the average crystallite size of the produced

magnesium aluminate spinel powders corresponding with

the increse in the annealing temperature, as a result of

increase in both the nucleation and growth rates of the

produced powders. Maximum surface area can be obtained

(182.12 m2/g) for the powders prepared at 600 �C with HQ.

Such high surface area spinel particles are attractive for

catalysts and sensors where the catalytic efficiency and the

sensitivity improved by developing ultrafine particles with

high SBET. The value of surface area of the produced

magnesium aluminate spinel powders was higher than those

mentioned in the literature for MgAl2O4 spinel synthesized

by solid-state synthesis (37 m2/g) using MgO and c-Al2O3

annealed at 900 �C for 24 h, mechanochemical synthesis

(117 m2/g), and co-precipitation method (108 m2/g) using

aluminum and magnesium nitrates with ammonia solution

as precipitating compounds at pH 11 and annealing tem-

perature of 800 �C for 4 h [33]. In comparison with other

study, the surface area of the produced spinel by sono-

chemical synthesis was between 214.6 and 267.3 m2/g for

Table 1 Crystallite size (CS) of the produced MgAl2O4 prepared at

different annealing temperatures ranging from 600 to 1,000 �C using

TEAOH and HQ as precipitating compounds

Temperature, �C Crystallite size (CS), nm

With TEAOH With HQ

600 8.30 25.30

800 25.72 31.78

1,000 32.42 33.17

MgAl2O4 crystallite size, (311) plane was considered for crystallite

size calculation in case of HQ MgAl2O4 crystallite size, (440) plane

was considered for crystallite size calculation in case of TEAOH

Table 2 Density and specific surface area SBET of the produced

MgAl2O4 powders prepared at different annealing temperatures using

TEAOH and HQ as co-precipitating agents

Temperature,

�C

Density, g/cm3 Surface area, m2/g

With TEAOH With HQ With TEAOH With HQ

600 2.612 2.883 95.17 182.12

800 3.369 3.425 60.32 59.67

1,000 3.398 3.491 56.98 59.56
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the sample treated at 500 �C and 95.9–110 m2/g for the

sample annealed at 800 �C. The change was dependent on

the sources of aluminum and magnesium and addition of

cetyltrimethyl ammonium bromide (CTAB) which was

treated with ammonia solution at pH 9 and sonicated at 80%

of the maximum power, for 8 h.

The microstructure of the magnesium aluminate parti-

cles synthesized at annealing temperature 1,000 �C for 2 h

was characterized using SEM images (Fig. 3). The sample

prepared by TEAOH (Fig. 3a, b) appeared as well-defined

morphology with particles sizes that were in the sub-

micron range. SEM micrographs also showed that the

formed MgAl2O4 appeared as spherical particles that were

interconnected. On the other hand, SEM images (Fig. 3c,

d) of the powder produced in the presence of HQ showed

that the grains were round with small rodlike-shaped

particles.

The particle size distributions (PSD, number,%) of the

produced powders annealed at 800 and 1,000 �C for 2 h

using TEAOH and HQ dispersed in water are given in

Table 3 and Fig. 4. The effects of the annealing temperature

and type of organic precipitating compounds on the mean

diameter, median (50% of the sample fraction passed), D10

(10% of the sample passed), D75, and D90 was obtained.

The results indicated that the average mean diameter of the

produced magnesium aluminate powders using TEAOH

was 103–104 nm whereas the mean diameter of the pro-

duced powders using HQ was 3.469 and 4.641 lm at the

annealed temperatures of 800 and 1,000 �C, respectively.

Moreover, 10% of the sample was 57 nm in the presence of

TEAOH and it became 1.793 and 2.151 lm at annealed

temperatures of 800 and 1,000 �C, respectively. In addition

(50% of the sample passed) was 0.089 lm and it had the

values of 2.666 and 3.472 lm at the studied annealed

temperatures, respectively. Then, the results conclusively

revealed that the produced magnesium aluminate spinel

powders when dispersed in water and measured by LSA

were agglomerated in the presence of HQ compared with

TEAOH. Moreover, the annealing temperatures have non-

significant changes on the particles produced using TEA-

OH. The agglomerated particles in the presence of HQ than

TEOH were related to many factors such as shape factor,

surface area, porosity, and density. Furthermore, in a col-

loidal system, consisting of a large number of small

particles in a suspending fluid, particles will collide with

one another in the course of their Brownian motion. The

aggregate may continue to grow, becoming less mobile,

until it settles. Individual particles can only remain in such

Fig. 3 SEM micrographs of the

produced magnesium aluminate

spinel powders annealed at

1,000 �C for 2 h using (a and b)

TEAOH (c and d) HQ

Table 3 Particle size distribution (PSD) parameters of the produced

MgAl2O4 powders annealed at 800 and 1,000 �C for 2 h using

TEAOH and HQ

Particle size, number,

%, lm

With TEAOH With HQ

800 �C 1,000 �C 800 �C 1,000 �C

Mean diameter 0.104 0.103 3.469 4.641

Median 0.089 0.089 2.666 3.472

D10 0.057 0.057 1.793 2.151

D25 0.070 0.070 2.092 2.565

D75 0.120 0.119 3.749 5.093

D90 0.165 0.163 5.619 8.133
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systems if there is some mechanism to prevent them from

sticking together when they collide with one another. The

system is then said to be colloidally stable. One way of

producing stability is to give the particles an electric charge

(either positive or negative); if all particles have the same

charge, they will repel one another on close approach. This

is known as ‘‘electrostatic stabilisation’’. A system is col-

loidally unstable if collisions lead to the formation of

aggregates (coagulation or flocculation). Since, when a

system changes from being stable to unstable, most of its

properties, e.g., settling, filtration, and flow behaviour

change, the control of colloidal stability is of great interest.

Most colloidal particles are electrically charged, e.g., most

metal oxides have a surface layer of the metal hydroxide

which is amphoteric and can become either positively or

negatively charged, by taking up a proton or by proton

abstraction, depending on the pH. The electrostatic poten-

tial on the particle surface, relative to the surrounding fluid,

is strongly dependent on the balance between the positive

and negative ions. For the oxide systems, and many other

colloids, the H? and OH- ions are the potential-determin-

ing ions. In such systems, the surface charge and potential

are determined largely by the balance between H? and OH-

in solution, i.e., by the pH [34].

Fig. 4 Particle size distribution PSD of the produced MgAl2O4 powders synthesized by a TEAOH at 800 �C b TEAOH at 1,000 �C c HQ at

800 �C d HQ at 1000 �C
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Conclusion

The observations from XRD, SEM, SBET specific surface

area, and laser diffraction analyzer (LDA) studies are

summarized as follows:

• Single nanocrystalline MgAl2O4 spinel powders have

been synthesized by co-precipitation method using

8-hydroxylquinoline (HQ) and TEAOH.

• The average crystallite size of the produced magnesium

aluminate spinel powders was in the range between 8

and 33 nm.

• The lattice parameters for the spinel particles were

changed according to different organic precipitating

compounds used.

• The surface area of the produced powders decreased

with increase in the annealing temperature from 600 to

1,000 �C; maximum surface area can be obtained

(182.12 m2/g) for the powders prepared at 600 �C with

HQ. Such high surface area spinel particles are

attractive for catalysts and sensors.

• The microstructure was influenced by changing the

organic precipitating compounds. The produced MgAl2
O4 annealed at 1,000 �C using TEAOH had spherical

shape whereas the produced powders using HQ had

round with small rodlike structure.

• The particle size distribution parameters (PSDs) of the

produced magnesium aluminate powders when dispersed

in water and measured by LSA was agglomerated in the

presence of HQ compared with TEAOH.
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