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Alumina (Al03) is by far the most commonly used material in industry. It is applied in
microelectronics, refractory, catalytic processing, coatings, energy storage, environment
protection, and in a wide variety of other industrial applications. In the past decades,
various methods have been adopted to synthesize alumina with different properties.
Among these methods, solution combustion is considered as an efficient and economic
synthesis route, because of its simplicity, low energy consumption, short processing time,
and low processing cost. Recent innovations in the combustion and processing parameters
have allowed applying this method for the development of a wide range of alumina-based
materials. In this review, an overview of the synthesis of alumina and related materials by
solution combustion method was provided, relying on the research works reported in the
literature since 1988.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The combination of excellent properties and availability
has made alumina (Al,03) an attractive material for various
applications. In particular, alumina is widely used in soft
abrasive, wear-resistant coating, catalyst support, adsor-
bent, electrical component, and a large variety of other
industrial applications. The synthesis of alumina and
related materials is achieved either by traditional ceramic
methods or by wet chemical methods like sol—gel, hydro-
thermal, precipitation, spray drying, spray pyrolysis, and so
forth. Most of these methods generally require numerous
synthetic steps, special equipments, and energy-
demanding protocols. To overcome these drawbacks, a
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technically simpler and less costly effective chemical syn-
thetic route has been developed in the mid-1980s [1,2]: the
so-called “solution combustion” (SC) or “solution com-
bustion synthesis” (SCS). This process was accidentally
discovered by Kingsley and Patil [3] when they reacted
aluminum nitrate hydrate (AI(NO3);-9H,0) and urea
(CH4N20) (as fuel). On the basis of this unlooked-for
experiment, the SC method was explored and a large
number of oxides were prepared [4—8]. Combustion is an
exothermic redox reaction that requires an oxidizing agent
(Ox) and reducing agent (Red). Metal nitrates are used at a
large scale and considered as essential oxidizing agents for
this SCS. Other products as glycine and citric acid can also
be used as reducing agents (fuels). The SC method involves
applying the thermochemical concepts of propellant
chemistry developed by Jain et al. [9]. These concepts are
based on the estimation of the elemental stoichiometric
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coefficient (¢e). According to Jain et al. [9], ¢e is determined
by the following Eq. 1:

¢ =

>~ Coefficient of oxidizing in specific formula x Valency

The combustion reaction is greatly influenced by several
parameters such as the chemical precursors, the elemental
stoichiometric coefficient (¢.), the pH value, and the
method for the reaction initiation. The influence of these
parameters on the SC process is explored in terms of
combustion sustainability, reaction exothermicity, and
propagation rate of the reaction front. The properties of the
SC synthesized materials, such as crystalline phase, particle
size, morphology, surface area, and agglomeration degree
are mainly governed by the combustion enthalpy and the
volume of gases generated during the combustion process.
These two factors operate in a synergetic way on the
physicochemical properties of the SC products, and they
can be varied to modulate and obtain the desired material
properties. Typically, a high combustion temperature re-
sults in a high crystallinity, large particle size, extensive
agglomeration, and low surface area, whereas the rapid
generation of a large volume of gases contributes to the
effective dissipation of the heat from the bulk of the ma-
terial, limiting the interparticle contact, and enhancing the
porosity and the surface area of the products. The possi-
bility of tuning the combustion parameters offers remark-
able opportunities for the synthesis of a wide variety of
technologically useful materials. However, the exothermic
reaction characteristics such as high combustion temper-
ature and fast heating/cooling rate are the key parameters
to obtain materials with improved morphological and
structural properties.

A wide range of advanced Al,03-reinforced materials
with interesting magnetic, dielectric, electrical, mechani-
cal, catalytic, luminescent, and optical properties were
obtained by the SC process [10—14]. In particular, the SC
preparation method has been successfully applied for the
synthesis of advanced solid catalysts, because the com-
bustion reaction leads to products characterized by a
chemical composition homogeneity, high sintering ability,
fine-particle size distribution, and enhanced textural
properties. Al,03-based catalysts can be divided into two
categories: bulk and supported catalysts. In the first group,
Al,03-based bulk catalysts include mixed oxides. In the
second group, an active phase (generally a metal or metal
oxide) is deposited onto the alumina support. Compared
to the conventional catalyst preparation routes, the
deposition of the active phase on a support by the SC
method is characterized by low temperature and conse-
quently by a slow kinetics, which seems to promote a good
dispersion of the metal/metal oxide species on the sup-
port surface. Al,03-based catalysts are particularly used in
gas-phase catalytic reactions, including methane or
alcohol reforming, hydrogenation and oxidation reactions,

(—1) 3" Coefficient of reducing elements in specific formula x Valency

and automotive exhausted gas emissions treatment
[13,14].

The interest in combustion synthesis has been on a
steady increase and several research articles on the syn-
thesis of alumina-based materials have been published
over the last 30 years. However, there are still some issues
concerning the management of the reaction products dur-
ing the synthesis, the request of a calcination step after the
synthesis, and the lack of fundamental modeling studies on
the existing combustion synthesis processes and their
applicability to small-scale synthesis. Many efforts have
been made to overcome these encountered limitations and
new approaches based on the SCS method are currently
being developed.

The objective of this work was to help an easy identifi-
cation of the more adapted modus operandi to prepare
alumina-based materials with the required proprieties and
composition by the SC method. The remainder of this re-
view article reported on the most relevant research articles
related to the combustion synthesis. A brief summary on
alumina and related materials synthesized by the SC
method is presented, along with summaries of their
properties and applications. The process details, the reac-
tion parameters, and the recent advances of this method
are discussed.

2. SCS of alumina

SC has been used to prepare Al,03 nanopowders using
aluminum nitrate as an oxidizing agent. The characteristics
of the SC-derived products (crystalline phase, particle
shape, surface area, and crystallite size) depend on the
starting fuels, the elemental stoichiometric coefficient (¢e),
the pH of the solution, and the method applied for the re-
action initiation. In this section, the SCSs of pure alumina
performed during the last 30 years are reported in Table 1.

Kingsley and Patil [3] have reported the first investiga-
tion on the preparation of fine particles of a-Al,O3 by
combustion method. In their synthesis procedure, the
stoichiometric amounts of aluminum nitrate hydrate and
urea were dissolved in water, then the solution was heated
in a muffle furnace at 500 °C for less than 5 min. On the
basis of this experiment, a large number of studies were
successively performed on the synthesis of the single-
phase a-Al;,03 powders using urea [15—18], hydrazine
(N2Hg) [19], or carbohydrazide (CHgN4O) [20] as fuels,
without any postsynthesis thermal treatments. At the same
time, other authors have showed that by using glycine
(CaH5NO,) [21—-24], acetylacetone (CsHgO3) [25], or citric
acid (CeHgO7) [26,27] an amorphous powder could be



Table 1

SC approaches for preparation of Al;05 in the past 30 years, listed in a chronological order.

Author

Composition of the
combustion mixture

Method of reaction
initiation

Process

Phase/particle shape/size/surface area

Major findings

Kingsley and Patil [3]

Chick et al. [21]

Bhaduri et al. [15]

Pathak et al. [26]

Ozuna et al. [19]

Chen and Haung [20]

Toniolo et al. [22]

Freitas et al. [16]

- Aluminum nitrate
- Urea
- SP

- Aluminum nitrate
- Glycine
- SP

- Aluminum nitrate

- Urea

- Ox:Red molar ratio = 1:1.5,
1:2,1:25,1:3,1:35

- Aluminum nitrate

- Citric acid

- Ammonia or dilute
nitric acid

- SP

- pH=2,4,6,10

- Aluminum nitrate

- Hydrazine

- SP

- Pressure P=0.1,
0.2, 0.6 MPa

- Aluminum nitrate

- Urea (U)

- Carbohydrazide (CH)

- SP

- Aluminum nitrate

- Glycine

- Red:0x molar ratio = 0.37,
0.43, 0.51, 0.56, 0.69

- Aluminum nitrate

- Urea

- Ox:Red molar ratio = 1:2.5,
1:2.75,1:3

- Muffle furnace
- T=500+10"°C
Less than 5 min

- Hot plate
- T=180°C

- Muffle furnace
- 450 < T < 600 °C

- Hot plate
- Infrared lamp

- Pressurized reactor

- T=280°C

- Inert atmosphere
(flux of Ar)

- Hot plate
- 200 < T < 550°C

- Hot plate
- T=480°C

- Water-dissolving
- Heating
(autoignition)

- Water-dissolving
- Heating

- Water-dissolving
- Heating

- Water-dissolving
- Adding ammonia
or dilute HNO3

- Dehydration

- Heating

-Heat treatment for

1 h at 600, 700, and

1200 °C

- Water-dissolving

- Heating under
pressure

- Heat treatment at
900, 1100, and
1200 °C

- Water-dissolving
- Heating

- Water-dissolving

- Heating

- Heat treatment for
1h

- Water-dissolving
- Heating

a-Phase
Hexagonal platelet
0.2—0.8 pm

8.3 m?/g

- NM

a-Phase (if molar ratio=1:1.5, 1:2, 1:2.5,
1:3)

o + v + d-phases (if molar ratio = 1:3.5)
Equiaxed + vermicular (if molar
ratio=1:1.5, 1:2, 1:2.5)

- Vermicular (if molar ratio=1:3, 1:3.5)

- 3—-26 nm

- Amorphous (V pH)

v 4+ phases (if pH =10 and T = 700 °C)
a-Phase (if pH=10 and T = 1200 °C)
Flaky (if pH=2, 4, 6)

Segregated (if pH = 10)

<200 nm

- o-Phase (if P = 0.1 MPa)

- Amorphous (if P = 0.6 MPa)

- a-Phase (if P=0.2 MPa and T= 1200 °C)
v+ phases (if P=0.2 MPa and T= 900 or
1100 °C)

Fiber-like (if P = 0.6 MPa)

600 nm (if P = 0.1 MPa)

=55 nm (if P=0.2 MPa and T= 1200 °C)
7—104 m?/g

a-Phase (if fuel = U or CH)

- 250 nm (if fuel = U)

- 200 nm (if fuel = CH)

Amorphous (V molar ratio, as prepared)
a-Phase (V molar ratio, 1100 °C)

- 90—123 nm (1100 °C)

8—9 m?/g (1100 °C)

- a-Phase (V molar ratio)

- Irregular and porous plates (v molar ratio)
- 13—-15nm

100—-114 m?/g

- A new urea—nitrate process for z-alumina

synthesis

Combustion process is controlled by stoi-

chiometry, mass of the combustion

mixture and volume of the container

- A new glycine—nitrate process for alumina
synthesis

- The glycine—nitrate process is an effective

method, rapid, self-sustaining, and occurs

at high temperature

Molar ratio has significant effect on the

nucleation of the resulting crystalline

phase(s)

- Citric acid—nitrate combustion synthesis

leads to an amorphous alumina powder

Well-crystallized a-Al,03 is obtained after

calcination at elevated temperature

- The pH of the precursor solution controls
the morphology of the synthesized
powder

- Pressure induces the formation of y-Al,03
instead of a-Al,03

- The use of urea as fuel leads to higher
combustion temperature and larger par-
ticle size

Glycine—nitrate combustion synthesis

leads to an amorphous alumina powder

Well-crystallized a-Al,03 is obtained after

calcination at 1100 °C for 1 h

- When fuel-to-oxidant ratio increases, the
amount of gas produced and adiabatic
flame temperature increase

- The characteristics of alumina powder

depend on the % of urea reduction

80¢C
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Peng et al. [28]

Li et al. [27]

Chandradass and
Kim [25]

Meng et al. [17]

Sharma et al. [23]

Laishram et al. [29]

- Aluminum nitrate

- Glycine

- Ammonia or dilute
nitric acid

- SP

- pH=25,6,10.5

- Aluminum nitrate
- Citric acid

- Aluminum nitrate

- Acetylacetone

- Ox:Redvolumetric ratio = 8:2,
7:3,6:4, 5:5

- Aluminum nitrate
- Urea

- Ammonium nitrate
- Starch

- SP

- Aluminum nitrate

- Glycine

- % of added fuel =40%,
80%, 120%

- Aluminum nitrate
- Urea
- SP

- Hot plate T= 80 °C

- Muffle furnace
- T=500°C

- Muffle furnace

- Muffle furnace

- Muffle furnace
- T=500+10"°C

- Muffle furnace
- 350 <T<450°C

- Domestic MW
(2.45 GHz, 900 W)
3—5 min

- Muffle furnace

- T= 700 °C for 5 min

- Water-dissolving

- Adding ammonia
or dilute HNO3

- Dehydration +

heating

Heat treatment for

2 h at 800, 1000,

and 1200 °C

- Water-dissolving

- Stirring at 60 °C
for 30 min

- Addition of citric

acid

Dehydration

Heating

Heat treatment at

1050 °C

Water-dissolving

Stirring at 60 °C

- Heating at 80 °C,
then at 200 °C for
2h

- Thermal

ment for 2 h

at 800, 900, 950,

1000, and 1050 °C

Water-dissolving

- Adding  ammo-
nium nitrate or
starch

- Heating

- Heat treatment at
800, 900, and
1100 °C

treat-

Water-dissolving
Stirring for 2 h
- Heating

- Water-dissolving

- Heating one part
of solution in MW
and another part
in a muffle furnace

a-Phase (if pH =2.5, 6)

a-Phase (if pH=10.5 and T = 1200 °C)
Fluky (if pH = 2.5)

Network-like (if pH = 2.5 and T = 1200 °C)
Network-like + elliptical (if pH =6 and T=
1200 °C)

Aggregated (if pH=2.5 or 6 and T =
800 °C)

Elliptical (if pH =10.5 and T = 1200 °C)
9-80 nm

39-96 m?/g (T=800 °C)

a-Phase

322—-887 nm

45-9.5 m?/g

a-Phase (T= 1000 °C and V volumetric
ratio)

Amorphous (T=2800, 900, 950 °C and V
volumetric ratio)

93—111 nm

a-Phase (if urea or urea + NH4NO3)
Amorphous (if urea + starch)

Amorphous (if urea + starch and T =
800 °C)

y-Phase (if urea + starch and T = 900 °C)
a-Phase (if urea + starch and T = 1100 °C)
Hexagonal platelet (if urea)

Uniform platelet (if urea or urea -+
NH4NO3)

20—-800 nm

5-30 m?/g

Amorphous (V % of added fuel)

50—250 nm

100—-114 m?/g

a-Phase (muffle furnace or MW)
Polyhedral (muffle furnace)
Spherical (MW)

50—250 nm (muffle furnace)
18—20 nm (MW)

- The pH of the precursor solution controls
the morphology and the microstructure of
the synthesized powder

- Particle size increases with increasing the
citrate-to nitrate ratio in the fuel-lean
condition and decreases in the fuel-rich
condition

- Volumetric ratio (nitrate to acetylacetone)
is a critical factor in the formation of a-
Al,03 powder

- Well-crystallized a-Al,05 is obtained after
calcination at 1000 °C for 2 h

Pure a-alumina phase with small crystal-
lite size was obtained from urea and
ammonium nitrate as starting fuels

Glycine has a great potential for alumina
synthesis with amorphous structure

- Amount of gas and flame temperature in-
crease with the increase in fuel/oxidizer
ratio

MW-assisted urea—nitrate gel combustion
synthesis yields finer particles with very
small agglomerate size as compared with
the well-known furnace combustion
method

(continued on next page)
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Table 1 (continued )

Major findings

Phase/particle shape/size/surface area

Process

Method of reaction

Composition of the
initiation

Author

combustion mixture

- The combustion process is affected by the

0.8)

- Amorphous (if ¢

- Water-dissolving

- Heating

- Aluminum open

- Aluminum nitrate

- Urea

Zhuravlev et al. [18]

relative urea content
- Formation of «-alumina at temperatures

- o-Phase (if ¢ =1, 1.2)
- 52-54 m?[g

cylindrical reactor
- Electric heater with

- Red:Ox stoichiometric ratio:

between 600 and 800 °C
- Crystallite size decreases with increasing

a power of 1.5 kW

- NM

¢=081,12
- Aluminum nitrate
- Glycine

- o-Phase (1000 °C)
- Spherical (600 °C)

- Water-dissolving

Farahmandjou and

annealing temperature
- o-Alumina is prepared without any puri-

- Heating at 100 °C

Golabiyan [24]

- Hexagonal (1000 °C)

- 10—80 nm

for3 h
- Heat treatment at

- pH=2-3

fication or washing

600 and 1000 °C

for4 h

Abbreviations: MW, Microwave oven; NM, not mentioned; SP, stoichiometric proportions.

Phase, particle shape, size, and surface area of combustion products were mentioned as indicated by the original author.
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produced, and that, after annealing above 1100 °C, it could
be transformed into «-Al,03. Zhuravlev et al. [ 18] have used
thermal analysis and IR spectroscopy methods to measure
the reaction temperature reached during the combustion
reactions of the aluminum nitrate—urea mixtures. The
temperature in the reaction zone was recorded by a special
program using a Pt/Pt — 10 Rh thermocouple. The forma-
tion of a-alumina was detected at temperatures ranging
between 600 and 800 °C. In particular, the combustion
temperature of the aluminum nitrate—urea system was
higher than the one for aluminum nitrate—glycine mix-
tures (Fig. 1), and thus urea seems to be the most conve-
nient fuel to be used for the combustion synthesis of o-
Al0s.

The morphological and textural properties of SC-
derived products (particle shape, surface area, and crys-
talline size) vary depending on the fuels nature (Fig. 2). In
the presence of urea, well-crystallized «-Al,03 powders
with a surface area ranging from 5 to 115 m?/g were ob-
tained. «-Al,03 powders were characterized by nearly
hexagonal platelet particles (Fig. 2a) [3,18,19] with sizes
ranging from 200 to 800 nm [3,19]. Other fuel-types pro-
duce amorphous powders with different nanoparticle
morphologies; the aluminum nitrate—glycine combustion
product presents spherical-shaped particles [23,24]
(Fig. 2b) with a diameter size in the range of 35—80 nm
[24], and the nitrate—citric acid combustion product dis-
plays particles with irregular shapes (Fig. 2¢) [27].

As previously reported, a wide variety of fuels are
available for the combustion synthesis method. However,
the ignition characteristic of various fuels differs in relation
to the chemical activity of the ligand groups of the fuel
molecule. The ignition character of a fuel can effectively

T°C
800 -
g ,
600 - ﬁ
b l 2
$
400 + ; I
‘ 4
| 4
|
200 - ~
0 . . . . ' .
0 200 400 600 800 1000 1200

time, s

Fig. 1. Adiabatic combustion temperature evolution in (1) aluminum
nitrate—urea mixture and (2) aluminum nitrate—glycine mixture in stoi-
chiometric proportions. Reprinted from Ref. [18].
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Fig. 2. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) micrographs of Al,03 powders prepared by SCS from (a) aluminum
nitrate—urea solutions, (b) aluminum nitrate—glycine solutions, and (c) aluminum nitrate—citric acid solutions calcined at 1050 °C for 2 h. Reprinted from Refs.

[3.24,27].

affect the exothermicity of the combustion reaction
(enthalpy and flame temperature), the burning rate, and
the amount of gases generated during combustion.
Depending upon the fuel used, the combustion reaction
will be flaming type (volume combustion), nonflaming
type (smoldering or layer-by-layer combustion), or explo-
sive type. In case of the use of urea, the combustion reac-
tion is flaming type, manifests with a high flame
temperature (>1000 °C) and high burning rate. The
observed high flame temperature is due to the exothermic
reaction between the gaseous decomposition products of
aluminum nitrate solutions, as nitrogen oxides (NOy) and
urea, as isocyanic acid (HNCO), ammonia (NH3), and carbon
dioxide (CO,) species. Because of the high flame tempera-
ture, the particles undergo slight sintering resulting in
larger agglomerated particles. Although the particles are
agglomerated, the crystallite sizes will be in the submicron/
nanosized range because of the short duration of heating.
By changing the fuel from urea to glycine, the combustion
reaction is much controlled, follows a smoldering type and
propagates slowly from one layer to another. In this case,
the combustion reaction is characterized by a reduced
flame temperature (<1000 °C), slow burning rate, and a
large amount of gas. Alumina prepared by the combustion
of glycine has larger surface areas and smaller particle sizes,
mostly in nanosize, as compared with the one prepared by
the combustion of urea. Other fuels like hydrazine and
carbohydrazide that burn at lower temperatures than urea
were also found to be suitable for alumina synthesis and to
produce finer particles.

As general behavior, the low combustion temperature
favors small particle sizes and prevents the particles from
agglomeration, but leaves behind higher levels of impu-
rities in the final products (carbon particles, hydroxides,
carbonates, etc.). It is interesting to note that urea is still
among the most attractive fuels studied for the combustion
synthesis of alumina and related oxides, resulting in the
formation of highly thermally stable, pure, and homoge-
neous powders, contrary to others fuels that need further
thermal treatments at high temperatures to reach a high
purity of the final products.

Bhaduri et al. [15] have examined the effect of a fuel/
oxidizing agent ratio on the phase formation using
different compositions of aluminum nitrate—urea

solutions, in stoichiometric and off-stoichiometric pro-
portions. They reported that the molar ratio is crucial in the
nucleation of the alumina crystalline phases. Furthermore,
Freitas et al. [16] have used an infrared pyrometer to
measure the reaction temperature during the combustion
of different aluminum nitrate—urea composition mixtures.
The authors showed that by diminishing the urea amount a
decrease in the combustion temperature was observed, and
consequently, particles with smaller size that easily
agglomerate were produced.

Meng et al. [17] have studied the effect of the fuel
composition on phase stability, morphology, and crystal-
lites size of the synthesized alumina. In this investigation,
aluminum nitrate and urea were the main reagents used;
starch ((CgH1005);) or ammonium nitrate (NH4NO3) was
added as a fuel additive. By adding ammonium nitrate, the
authors obtained well-crystallized «-Al,03 powders with
fine particles in the size range from 20 to 800 nm. However,
the addition of starch led to an amorphous powder, which
was transformed into well-crystallized a-alumina with a
small crystalline size (~30—50 nm) after heat treatment in a
muffle furnace at 1100 °C for 1 h.

Pathak et al. [26] have showed that the morphology of
the synthesized powder could be affected by varying the
pH of the parental solutions. They suggested that the in-
crease in nitrate ion concentration at low pH (2, 4, and 6)
leads to a slow decomposition of the precursors, thus
resulting in flaky powders. At a high pH value (10), a rapid
decomposition of the precursors takes place and a powder
consisting of well-divided nanoparticles is produced. The
same result was obtained by Peng et al. [28] during their
study on the effect of the precursor solution pH for the
aluminum nitrate—glycine combustion route.

Ignition is also an important step of the SCS. Different
devices, such as muffle oven [3,15,17,23,25], hot plate
[16,20,21,28], aluminum open cylindrical reactor [18], and
pressure reactor [19] have been used for supplying the
required energy for the preparation of SC-alumina—based
materials. In recent investigations [29,30], an alternative
strategy for SC-reaction ignition based on microwave
heating has been developed. Laishram et al. [29] have
compared two ignition methods. In the first, a stoichio-
metric aluminum nitrate—urea solution was heated in a
domestic microwave oven working at 900 W, 2.45 GHz,
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whereas in the second, a similar solution was heated in a
preheated muffle furnace at 700 °C. The authors have
identified the microwave combusted nanoparticles as o~
Al,0O3 with fine particle size, ranging from 18 to 20 nm, and
a quite uniform spherical morphology (Fig. 3a). However,
the well-known furnace combustion method has produced
particles of bigger size (50—90 nm), with a polyhedral
morphology (Fig. 3b). During this investigation, it was
demonstrated that heating by microwave favors a contin-
uous emission of the evolving gases all along the process.
Furthermore, the consequent well-controlled dissipation of
the heat from the material core generates finer and more
uniform particle size and smaller agglomerates.

3. SCS of alumina-based materials

SC is a very promising method for the preparation of
alumina composites, alumina composites/nanocomposites,
alumina-supported catalysts, and metal aluminates
(MAI,04). In this section, a list of alumina-derived materials
prepared by SC is presented. In addition, their properties
and applications are described, focusing on the preparation
procedures and the influence of the synthesis parameters
(composition of initial solutions, ignition method, etc.) on
the physicochemical properties of the final materials. De-
tails of various hybrid processes based on combustion
synthesis are also presented.

3.1. Alumina composites/nanocomposites

3.1.1. Alumina/zirconia

Zirconia (Zr03) exhibits higher mechanical properties
as compared with alumina. Therefore, zirconia is often
added to the alumina matrix to enhance certain mechanical
properties such as toughness, strength resistance, and
hardness. Zirconia-toughened alumina (ZTA) finds appli-
cations in heat engines, rocket nozzle cutting tools, and
biomedical implants [31—33]. The Al,03/ZrO, system can
be easily prepared by the combustion of aqueous solutions
containing stoichiometric amounts of aluminum nitrate,
zirconium nitrate (ZrO(NOs);), and carbohydrazide [34] or
urea [35]. The combustion-derived powders, obtained by
using carbohydrazide as fuel, showed improved mechani-
cal properties such as toughness and hardness. A modified

SC approach has been adopted by Aruna and Rajam [36] in
the preparation of nanosized ZTA composite, using the
corresponding metal nitrates as oxidizing agents and a
mixture of fuels consisting of ammonium acetate
(C2H7NO,), urea, and glycine. Tahmasebi and Paydar [37,38]
have reported different strategies for the preparation of
Al,03/20 wt % ZrO, nanocomposite powder. In a first
approach, different fuel mixtures including urea, ammo-
nium acetate, and starch were used. The authors suggested
that an excess of starch, used as fuel, could diminish the
exothermicity of the combustion reaction carried-on with
conventional heating methods, thus producing a nano-
structured ZrO,/Al,O3 powder with well-dispersed
alumina and zirconia nanoparticles and small crystallite
size (<20 nm) (Fig. 4a,b) [37]. In a second approach, a
microwave-assisted SC technique, using urea as fuel, was
proposed. This process resulted in finer crystallites as
compared with the previous case [38], with a narrow par-
ticle size distribution and a well dispersion of zirconia
nanoparticles in the alumina matrix (Fig. 4c).

3.1.2. Alumina/ceria

The alumina/ceria (Al,03/CeO;) system is currently
receiving great attention in the field of catalytic converters
for the treatment of vehicle exhaust gases [39,40]. The
ability of CeO, to reversibly exchange oxygen is a key
feature in this application. Moreover, the Al;03/CeO; sys-
tem can act as an excellent support system for acid catalysis
[41,42]. An active Al,03/CeO; catalyst for carbon monoxide
(CO) oxidation was obtained [43] in a one-step microwave-
induced SC from metal nitrate mixtures with urea as fuel.
By using the fuel mixing approach and tuning the ratio
between glycine, urea, hexamine (CgH12N4), and oxalyldi-
hydrazide (C;HgN40), Deshpande et al. [44] were able to
selectively produce CeO,—Al;03—CeAlO3 mixed oxide for
CO oxidation. Similarly, the CeO,—Al,03—CeAlO3 system
was prepared by Venancio and de Miranda [45] as a solid
oxide fuel cell functional anode material. The CeO,.
—Al,03—CeAlOs electrocatalyst was obtained starting from
metal nitrates mixed with citric acid, as fuel. Ngoc Nhiem
et al. [46] have prepared nanostructured Al,03/Ce0O; cata-
lyst with Ce/Al molar ratio of 1:9, 2:8, 3:7, 4:6, and 5:5, then
calcined at 850 °C, for the oxidation of CO, by gel com-
bustion method, using polyvinyl alcohol ((C;H40),) and

Fig. 3. TEM images of a-Al,03 nanopowder prepared by SCS using (a) microwave heating and (b) furnace heating at 700 °C. Reprinted from Ref. [29].
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Fig. 4. TEM images of ZTA powder prepared by SCS using (a) urea + conventional heating method, (b) urea + 5% starch + conventional heating method, and (c)

urea + microwave heating method. Reprinted from Refs. [37,38].

metal nitrates as starting materials. A conversion of 99.7%
was achieved for CO oxidation at 160 °C with a catalyst with
Ce/Al molar ratio of 1. This conversion temperature was
significantly lower than the reported value for Al,03/CeO,
system prepared by the classical combustion method, using
urea as fuel [43], or a fuel mixture containing glycine, urea,
hexamine, and oxalyldihydrazide [44].

3.1.3. Copper/alumina

Copper exhibits excellent electrical and thermal con-
ductivities. Pure copper has, however, low tensile strength
and elastic modulus. The addition of nanoscale alumina
particles to copper matrix can improve the mechanical
properties of copper without affecting its electrical con-
ductivity [47—49]. Therefore, copper/alumina (Cu/Al,03)
nanocomposites have attracted attention for their potential
use as high-performance electrode materials for industrial
spot welding [50]. A Cu/Al,03 nanocomposite was obtained
in one-step SCS from an aqueous solution mixture of cop-
per nitrates (Cu(NOs);), aluminum nitrates, urea, and
graphite [51]. Graphite was initially added to prevent
oxidation of copper into copper oxide after the completion
of the combustion reaction. It was noted that the com-
bustion led to a good dispersion of the nanosized alumina
on the copper matrix. Park et al. [52] have prepared bulk
Al,03 with well-dispersed Cu phase, using combustion of
metal nitrates and urea solutions, followed by a reduction
treatment, to reduce CuO to Cu. Also in this case, the
combustion route showed good results in the efficient
dispersion of fine Al,03 particles.

3.14. Other alumina composites

Similarly, a variety of alumina composites, like the
Al;03—Si0, mullite system, have been prepared by the SCS
method [53]. Additives like MgO, ZrO,, TiO, (0—5 wt %), and
rare earth metal oxides like Y03, La;03, and CeO, were
investigated to examine their effect on the mullite sintering
[54]. The mullite—cordierite composites (MgO-
—Al;03—Si07) have also been prepared by the combustion
of aluminum nitrate, magnesium nitrate (Mg(NOs),)/
magnesia (Mg0), fumed silica (SiO2), and urea heteroge-
neous mixture at 500 °C [55]. Ajamein and Haghighi [56]
have recently studied the microwave-assisted SCS of
various Cu0—Zn0O—Al,03 nanocatalysts. These synthesized
materials were applied for the steam reforming of meth-
anol, using metal nitrates, and sorbitol (C¢H140¢), ethylene

glycol (CoHgO3) [57], or urea [58], as fuels. The schematic
representation of the microwave-assisted SCS of CuO—Z-
n0O—Al,03 nanocatalysts is shown in Fig. 5. Nasiri et al. [59]
have studied the effect of the alumina content on the
superparamagnetic properties of a Ni/Al,03 nano-
composite synthesized starting from Al(NO3)3-9H,0,
Ni(NOs)2-6H30, graphite, and urea gel. Graphite is added to
the solution to prevent the oxidation of metallic nickel at
high temperature. By increasing the alumina content from
3 to 45 wt %, smaller nickel particles and higher super-
paramagnetic properties could be obtained. Naemi et al.
[60] have produced Ag/Al,03 nanocomposite, containing
1—-10 wt % of metallic Ag, using metal nitrates—ammonium
carbonate ((NH4),CO3) solutions, ignited in a preheated
furnace at 400 °C, followed by an annealing stage at 900 °C
for 2 h.

3.2. Alumina-supported catalysts

3.2.1. Nickel/alumina

Several research groups have used combustion synthe-
sis to prepare a series of Al,Os-supported nanoscale Ni
catalysts. These catalysts were used in various industrial
catalytic processes, including reforming reactions and
ethanol decomposition. Roy et al. [61,62] have studied the
effect of preparation methods and surface treatment of an
SC alumina support on the performance of nickel/alumina
(Ni/Al,03) catalysts for ethanol reforming. First series of Ni/
Al>03 catalysts with different Ni loadings (2, 5, and 10 wt %)
were prepared by the sol—gel method. For the second se-
ries, the Al,O3 support was prepared by the SCS method.
Then, Ni (2, 5, and 10 wt %) was dispersed on the support by
a standard wet impregnation method. Before the catalytic
run, the free NiO particles on the support surface were
reduced under hydrogen flow. The Ni/Al,03 catalysts syn-
thesized by the combustion method presented a higher
metal dispersion and ethanol conversion, as compared
with those prepared by the sol—gel method [61]. To study
the effect of surface modification, 10 wt % of Ni was
dispersed on both modified and unmodified SC powders
using the standard wet impregnation method, and then the
samples were thermally treated at 350 °C. The surface
modification of Al;03 carried out by plasma pretreatment
led to a Ni catalyst with enhanced catalytic activity and
selectivity [62]. Similarly, Cross et al. [63] have prepared
dispersed Ni nanoparticles on y-Al,03 support for ethanol



214 K. Frikha et al. / C. R. Chimie 22 (2019) 206—219

Fuel:

Precursors:

o Cu(NO3)2

;:11 ‘Timl lycal Zn(NO3)2

- ‘1_\ ene glyco ALMNOs);

s Al(OH);
Foamy s .
Nanocatalyst
H:O vapor
Microwave Assisted
Solution Combustion
Synthesis

Microwave

Fig. 5. Preparation of CuO—Zn0O—Al,03 nanocatalysts by SCS using sorbitol, ethylene glycol, or urea as fuels. Reprinted from Ref. [56].

decomposition reactions. In a typical experiment, y-Al,03
pellets with a ring geometry were immersed into a reactive
solution of nickel nitrate hydrate (Ni(NOs),-6H,0) and
glycine for 1 s to 30 min, and then placed on a hot plate
maintained at 500 °C to initiate the combustion. To keep
the metal dispersion, the catalyst pellets were reduced
with hydrogen at 300 °C. The authors have reported that
short impregnation times lead to a nonuniform distribution
of Ni into the pellets, thus negatively affecting the catalyst
selectivity to hydrogen, during ethanol decomposition.
Zhao et al. [64] have prepared Ni/Al,O3 catalysts with
various Ni contents (from 10 to 50 wt %) by the SC method,
and 30 wt % Ni/Al,0s3 catalyst by the impregnation method,
for CO methanation. Before the reaction, the catalysts were
heated under H, flow to reduce NiO to metallic Ni. SCS-
derived catalysts exhibited a higher catalytic activity than
that of 20 wt % Ni/Al,03 catalysts obtained by the classical
impregnation. The SC catalysts displayed good temperature
stability and total CO conversion already at 320 °C. Zeng
et al. [65] succeeded in further improving the catalytic ac-
tivity of Ni/Al,0O3 catalysts up to 100% conversion of CO, in
the 300—320 °Crange, by adding titanium (Ti) species with
loadings varying from 1 to 5 wt %.

In the same context, Gao et al. [66] have prepared Ni/
Al,03 catalysts (with 20 wt % Ni loading) by microwave-
assisted SC using urea, glycine, ethylene glycol, or citric
acid as fuels as illustrated in Fig. 6. The catalysts were then
tested in CO methanation. The microstructure and perfor-
mance of the reduced Ni/Al,O3 catalysts seem to strongly

depend on the type of fuel used during the synthesis.
Further studies were carried out by Gao et al. aiming to
evaluate the influence of the urea quantity [67] and fuel
additives (ammonium acetate, starch, and polyethylene
glycol) [68] on the combustion process, the microstructure,
and the intrinsic catalytic activity of Ni/Al,03 catalysts.
They found that the combustion enthalpy increased with
the urea/metal nitrates ratio. The presence of high urea
amounts leads to a high combustion temperature, facili-
tating NiO migration into the Al,0s matrix to form the
NiAl,O4 spinel and that displays a low activity (Fig. 7). If
ammonium acetate is used as a fuel additive the nano-
structure and activity of the Ni/Al,0O3 catalysts are higher
than those obtained for the catalysts prepared with starch
and polyethylene glycol, as illustrated in Fig. 8.

3.2.2. Cobalt oxide/alumina

Highly active supported Co oxide catalysts for methane
oxidation were prepared by Zavyalova et al. [69] using a
combination of wetness impregnation and combustion
method. y-Al,03 supports impregnated with aqueous so-
lutions of various reactive mixtures (cobalt acetate
(Co(CH3C00),), cobalt nitrate (Co(NOs);)/cobalt acetate,
and mixtures of cobalt nitrate with urea, citric acid, glycine,
and glycerine (C3H5(OH)3)) were dried at 110 °C and ignited
on a hot plate preheated in the 230—250 °C range. For
comparison purposes, a 10 wt % Co304/y-Al;03 catalyst was
prepared by the conventional impregnation method. The
catalysts obtained with the combination of impregnation
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Fig. 7. Schematic representation of the influence of complexation in precursor solution and combustion energetic on dispersion and migration of NiO particles

into Al,03 matrix. Reprinted from Ref. [67].

and combustion method from equimolar redox mixtures of
cobalt nitrate/glycine or cobalt nitrate/cobalt acetate were
found to have the highest activity in methane oxidation
(complete conversion of methane at 400—425 °C). Another
example of cobalt oxide/alumina (Co304/Al,03) catalyst
was obtained by SC using «-Al,03 supports instead of y-
Al,O03 supports and tested for phenol decomposition.
Activated a-Al,03 supports were mixed with nitrate—urea
mixtures, stirred for 30 min, and heated in furnace at
500 °C for 30 min [70]. The physicochemical characteriza-
tions showed that crystallites of Co304 and a-Al,03 were
present as two distinct chemical phases, with bigger par-
ticle size than those obtained with y-Al,03 supports, as
reported in previous works [69] (Fig. 9).

3.2.3. Pt, Pd, Ag, or Au/alumina

The SC approach was also successfully used to prepare
highly dispersed noble metal such as Pt, Pd, Ag, and Au on
alumina. Bera et al. [71] were the first authors to report on
the synthesis of supported Pt, Pd, Ag, and Au catalysts by
the combustion method. In a typical synthesis, an aqueous
solution of aluminum nitrate, noble metal salts, and urea
was introduced into a furnace preheated at 500 °C. The
combustion process brought about spherical nanometal
particles (~7—15 nm in diameter) uniformly dispersed on
large surface area «-Al,03 powder (Fig. 10). These catalytic
materials displayed a good activity in CO oxidation and NO
reduction. Greca et al. [72] conceived three different
methods for the preparation of Pd/Al,03 catalysts with 0.5
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Fig. 9. SEM images of supported Co oxide catalysts prepared by SCS with nitrate—urea mixtures using (a) y-Al,03 and (b) a-Al,03 supports. Reprinted from Refs.

[69,70].

and 1 wt % Pd for the selective oxidation of ethanol. In a first
experiment, they used the conventional wetness impreg-
nation method. In a second experiment, the simultaneous
combustion synthesis of the support and active phase was
performed. In a third experiment, the independent com-
bustion synthesis of the support, followed by impregnation
with the active phase, was applied. In particular, the
alumina obtained by combustion synthesis and impreg-
nated with 1 wt % Pd showed a high ethanol conversion
(~90%) and selectivity to acetic acid (>60%), at reaction
temperatures between 180 and 200 °C.

3.3. Metal aluminates

Kingsley et al. [73] reported for the first time the prep-
aration of metal aluminates MAIl,O4 (where M = Mg, Ca, Sr,

Ba, Mn, Fe, Co, Ni, Cu, and Zn), using the corresponding
metal nitrate and urea/carbohydrazide redox mixtures.
Metal aluminates MAI,O4 (where M = Mn, Cu, and Zn)
have been produced from SC using aluminum nitrate,
ammonium nitrate, metal acetate precursors, and different
fuels such as urea, carbohydrazide, oxalyldihydrazide,
hexamine, or glycine. The spinels obtained were nanosized
(15—65 nm) oxides with a surface area varying from 40 to
180 m?/g, depending on the kind of fuel [74]. Cobalt alu-
minates (CoAl,04) were prepared by an SC process using
cobalt nitrate, aluminum nitrate, and urea [75], citric-acid
[76], or glycine [77] as fuels. Recently, Ragupathi et al.
[78] have proposed a novel green SCS to produce cobalt
aluminate powders using Aloe vera plant extract as fuel.
Two reaction ignition methods, microwave heating and
conventional furnace heating, were applied. The authors
noted that the microwave ignition provided smaller
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Fig. 10. TEM images of (a) 1% Pt/Al,05 and (b) 1% Pd/Al,05 catalysts prepared by SCS using aluminum nitrate, noble metal salts, and urea precursors. Reprinted

from Ref. [71].

nanoparticles and a more uniform particle size distribution
than those obtained in the furnace (Fig. 11). A similar
approach was adopted for the synthesis of NiAl,O4 [79],
CuAl,04 [80], and ZnAl,O4 [81]. Nanoscale powders of
nickel aluminates were also produced from SC using nickel
and aluminum nitrates as oxidizers and urea [82], glycine
[83], Sesamum indicum leaves [84], or Opuntia dillenii haw
plant extract [85] as fuels.

4. Conclusions

This review showed how the SCS offers a versatile tool
for the formulation and preparation of a wide variety of
technologically useful alumina and related oxides with
improved properties.

However, despite the large number of SCSs reported and
the wide variety of SC-obtained compounds, information
on the reaction mechanism of combustion synthesis, the
mechanism of nanocrystalline particle formation, and the
modeling of combustion synthesis processes is still scarce.
Also, it is clear that further research is required to better

understand the thermal regime of the combustion
reactions.

The rapid combustion reaction and complex nature of
the SC process makes it difficult to control the nucleation
and growth steps of products. In the light of these obser-
vations, researchers have developed alternative strategies
for inhibiting the agglomeration and enabling the tuning of
the microstructure properties in a conventional SCS. One
solution is to use microwave energy in the so-called “mi-
crowave-assisted solution combustion synthesis.”

In microwave-assisted SCS, the heat is generated by the
rapid change in dipole moments or dielectric polarizations
of the precursor molecules, which leads to a uniform
heating from the core to the surface of the material. This
controlled heating brings about a fine particle size distri-
bution, ultimate good phase dispersion, and a uniform
morphology of the nanoparticles of the final material.

Another fundamental issue is related to environmental
impacts of hazardous (NO;, NO, N0, and N,0s) gases that
might be released during large-scale applications of SC
processes. Recently, sustainability issues have emerged,

Fig. 11. TEM micrographs of CoAl,04 powder produced from metal nitrates—Aloe vera system prepared by (a) furnace ignition, calcined at 650 °C for 3 h and by

(b) microwave heating. Reprinted from Ref. [78].
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urging the need for improving the methodologies used in
the SCS. The sustainability concept requires the consump-
tion of less toxic precursors, in water or more environ-
mentally benign solvents, using the smallest number of
reagents and synthetic steps, as well as minimizing the
energy consumption and the generated byproducts and
waste quantities. In this context, researchers have devel-
oped an environmentally friendly approach “green SC”
using plant extract (Aloe vera, Sesamum indicum leaves,
Opuntia dillenii haw plant extract), as a bioreducing agent in
the preparation of metal oxide precursor powders.

Following the recent improvement in the SC chemistry,
the combination of the microwave-assisted SC and the
green SC approaches appears to meet the demands of
materials science engineering in making materials with
interesting proprieties and environmental friendly.

Thanks to the joint efforts of researchers, the SC has
become a promising synthesis route in modern material
science and technology. Looking into the future, many
promising improvements and technological developments
in the nanocombustion synthesis can be expected.
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