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In this research, ALLO, powders were successfully synthesized by employing differ-
ent initial materials of aluminum nitrate and aluminum acetate through the facile
solution combustion approach. AL,O, based insulation materials possess many es-
sential applications in steel manufacturing industries regarding their considerable
heat-resistance characteristics. To study the crystal structure, microstructure, and
surface chemistry of the synthesized oxides, X-ray diffraction (XRD), scanning
electron microscope (SEM), and Fourier transform infrared spectroscopy (FTIR)
were employed. It was found that the use of aluminum acetate facilitates the syn-
thesis of semi-crystalline AL O, in the synthesis condition, while regardless of the
used initial materials, calcination treatment at 1000 °C gives rise to the improve-
ment of crystallinity. Additionally, the SEM observations clarified that through the
employment of aluminum acetate, very fine particles with the approximate size of
1 pm were produced. The FTIR characterizations revealed that the peaks at 570
and 790 cm™' originate from Al-O bonds in the octahedral and tetrahedral coordi-
nation and confirmed the synthesis of AL O,. In short, to produce Al,O, powders,
the utilization of combustion by urea fuel and aluminum acetate brings appropriate
characterizations.

1. Introduction

Nowadays, there are many industries like steel man-
ufacturing that use vast amounts of refractory materials.
Recent urgent needs for controlled energy usage and ad-
equate energy consumption require high-quality thermal
insulation compounds. The research in the fields of re-
fractory compounds addresses the mentioned demands.

Although traditional refractory bricks used in steel
manufacturing possess sue heat-resistance applications
and their final cost is relatively low, they are now being
substituted by advanced insulators such as alumina wool
and mullite wool. However, if the conventional cheap re-
fractory compounds can be produced in porous shapes,
their performance and insulation characteristics at ele-
vated temperatures will be improved. Herein, the porous
refractory bricks can be considered a proper candidate
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for many vital industries. Now, many ceramics such as
alumina, silica and spinels can be employed as refractory
ceramics [1-7]. AL O, is one of the common oxides used
in different applications [8]. Alumina-based materials,
such as o/ alumina, a mixture of o/f alumina and mullite
(A1S1,0,), provide suitable alternatives to silicon oxide
[9]. In addition, alumina can be synthesized through dif-
ferent approaches like solid state, Sol-Gel, combustion
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and ets. [10-11]. Different synthesis approaches bring
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versatile characterizations suitable for various applica-
tions [12-13]. In this research combustion synthesis was
employed since it can provide fine and uniform particle
size [14-17]. In addition, given that for the insulation
properties, the synthesized alumina should be porous,
one can expect that combustion synthesis can be consid-
ered as excellent approach for the production of alumina.
Meanwhile, this approach is speedy and low amounts of
energy is consumed. In other words, the main benefits of
facile combustion synthesis are the relatively low cost
of equipment, low ignition temperature, production of
porous materials, and proper homogeneity of products.
Additionally, this approach is also considered as an eco-
nomic technique because an exothermic reaction results
in production of remarkable amounts of heat within a
short period as well as generation a porous nanostructure
[18-20].

Motivated by this background, to synthesis alumina,
combustion method was carried out by the utilization of
aluminum nitrate and aluminum acetate, individually.
Meanwhile, the crystal structure, microstructure, and sur-
face chemistry of the synthesized alumina powders were
characterized by X-ray diffraction (XRD), scanning elec-
tron microscope (SEM), and Fourier transform infrared
spectroscopy (FTIR).

2. Experimental
2.1. Materials Preparation

The combustion synthesis method was considered to
produce Al,O, ceramic powders. The starting materials
including aluminum nitrate (AI(NO,),.6H,0), aluminum
acetate (AI(CH,COO),), and urea (CH,N,O) were pur-
chased at the highest possible grade. In a typical syn-
thesis of Al,O, nano-ceramics, aluminum nitrate and or
aluminum acetate was dissolved in a very small amount
of de-ionized water and gently stirred for 15 minutes at
the ambient temperature in an alumina crucible. Then,
urea was added to the mixture during vigorous stirring.
The obtained precursor solution was transferred into an
electric furnace at 500 C (see Fig. 1). The spontaneous
combustion leads to making foamy and low dense pro-
duction in the crucible. To remove the remaining organic

compounds and suitable crystallinity, the powders were
heated at the temperature of 1000 °C for two h. The tem-
perature of 1000 °C is an optimum temperature for get-
ting crystallized Al O, since higher temperatures leads to
sever growth of particles and waste of energy. It should
be noted that the explained procedure was carried out by
both of aluminum nitrate and aluminum acetate, individ-
ually.

2.2. Materials Characterization

The crystal structures of our materials were charac-
terized by X-ray diffraction (XRD, Rigaku, Japan) with a
rotating anode and Cu Ka radiation source (A = 0.15418
nm). To draw the crystal structure of alumina, VESTA
software was utilized. In addition, to study the micro-
structure of ceramics, a scanning electron microscope
(SEM, JSM6360, Japan) was employed. Meanwhile,
Fourier transform infrared spectroscopy (FT-IR, Thermo
Science Nicolet 6700, USA) was used to study the sur-
face chemistry of the synthesized oxide.

3. Results and discussion
3.1. Thermodynamics and Crystallography

As it was already explained, the used initial materi-
als for the combustion synthesis can be AI(NO,),.6H,0/
Al(CH,COO), and CH,N,O. Given that the exist water
molecules in AI(NO,),.6H,O will be evaporated within
the combustion process, one can expect that AI(NO,), can
be considered as the initial material in the related reac-
tion.

Aluminum Nitrate Eq.(1)
2A1(NO3)s + 5 CH4sN,O — ALOs +

5 CO;z + 8Nz + 10H.0O

Aluminum Acetate Eq.(2)

2A1(CH3COQO)3 + CHsN,O — AlLLOs +
13 CO2+ Nz +9 H,0O

Combustion synthesis

Urea

A1(NO,); 6H,0 or
AI(CH;COO0),

15 min, 25 °C

crucible

Distilled water
1 Alumina

Dissolving

Addition of
fule

Stirring

—

15 min, 500 °C 2 h, 1000 °C

m—C 6 —
_’@_’

Foamy powder
Heating Calcination

at Furnace

Fig. 1. Schematic view of combustion synthesis of Al,O, nanoparticles.
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Accordingly, it is seen that via the production of 1
mol AL O,, large amounts of gaseous molecules (23 mol)
are released. This phenomenon results in the production
of porous and fine particles of Al,O,. Meanwhile, it can
be easily found that the employed combustion procedure
can be known as a green approach since the released gas-
es are not dangerous components for our environment.
The produced temperature (T,) in the mentioned combus-
tion synthesis can be easily estimated as follows:

Where T, is the initial temperature that, as was de-
scribed earlier, in this work is 500 °C. Additionally,
AH, AHP, and Cp are formation enthalpies of reactants,

formation enthalpies of products, and heat capacity of
products at the constant pressure, respectively. Shok-
ouhimehr et al. showed that the obtained T, of the combus-
tion synthesis can approximately reach the high tempera-
ture of 2200 °C [4]. Fig. 2. shows the molecular structure
of CH,N,O and also the crystal Structure of A1, O,. Corre-
spondingly, the CIF 1008776 and 1000017 were used, re-
spectively. The molecular structure of CH,N,O possesses
a short range ordering while that of AL,O, shows a well
ordered and crystallized structure with a space group of
Fm-3m. Tables 1 and 2. show the crystallographic char-
acterizations of CH,N,O and Al O,, respectively. Here-
in, the atomic coordinates, space groups, unit-cell vol-
umes, lattice parameters, and lattice angles have been
presented.

Fig. 2. Crystal Structures of CH,N,O and AlO,.

Table 1. Crystallographic characterizations of CH,N,O.

Formula Space group Space group Unit-cell
X y z name number volume
CH4N20 151.005076
1 C 1 0.00000 0.50000 0.33300 P-421m 113 A3
2 0 | 0.00000 0.50000 0.59680 a B c
3N | 0.14390 0.64390 0.18320 5.66100 5.66100 4.71200
4 H |0.25220 0.75220 0.28390 alpha Beta gamma
5H | 0.13650 0.63650 0.97240 90.00 90.00 90.00
Table 2. Crystallographic characterizations of AL O,.
Formula Space group Space group Unit-cell
name number volume
AO3 X y z R-3c¢ 167 255.033311 A3
10 ]0.69365 0.00000 0.25000 a B c
2 Al | 0.00000 0.00000 0.35217 4.76060 4.76060 12.99400
alpha Beta gamma
90.00 90.00 120.00
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3.2. Crystal Structure

Fig. 3. shows the X-ray diffraction (XRD) spectrum
for the combustion synthesized Al,O, powders, when
aluminum nitrate (AI(NO,),.6H,0) was used as the ini-
tial material. It is seen that after synthesis, the produc-
tion possesses an amorphous structure. In other words,
the combustion temperature was not enough to elimi-
nate the organic compounds of the used fuel. So, the
powders were calcined at 1000°C for 2 h. The related
XRD spectrum reveals that the crystal structure of the
calcined alumina powder has formed successfully. It has
been shown that the XRD spectrum is in a good fitting
with JCPDS No. 01-075-0921. Similarly, Fig. 4. shows
the XRD spectrum for the combustion synthesized
Al O, powders, when aluminum citrate (Al(CH,COO),)
was used as the initial material. It is seen that the XRD
graph of the calcined oxide agrees well with JCPDS No.
00-001-1303. It is observed that after 2 h of calcination
at 1000°C the XRD spectrum has dramatically changed
from semi crystalline to fully crystalline situation. In
other words, the temperature of 1000°C has been very
effective for evaporating the organic compounds and
improving the crystallinity of productions. The crys-
tallographic characterizations of the synthesized Al O,
using aluminum nitrate and aluminum citrate have been
compared in Table 3. Interestingly, the use of mentioned
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initial materials leads to very similar crystallographic
characterizations but the use of aluminum citrate gives
rise to the formation of more proper chemical formula
of ALLO, production with a smaller unit cell volume.

3.3. Microstructure Observations

Fig. 5. shows the SEM images of combustion syn-
thesized AL O, powders after calcination at 1000 °C
when aluminum nitrate (AI(NO,),.6H,0) was used as
the initial material. It is found that the particle size is
mainly in the range of 1-4 um while severe aggregation
has occurred.

Fig. 6. shows the SEM images of Al,O, powders
after calcinations at 1000 °C. when aluminum acetate
(AI(CH,COO0),) was used as the raw material. In this
condition, the approximate particle size is 1 um and al-
most no aggregation can be seen. Noteworthy, through
the use of AI(CH,COO),, the particle sizes of the pro-
duction are in a very narrow distribution.

3.4. FTIR Analysis

Fig. 7. presents the FTIR images of the combustion
synthesized AL,O, powders by the use of aluminum ni-
trate (AI(NO,),.6H,0) and aluminum acetate (AI(CH-
,C00),).
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Fig. 3. XRD spectra of the combustion synthesized Al,O, powders (using aluminum nitrate).
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Fig. 4. XRD spectra of the combustion synthesized Al,O, powders (using aluminum citrate).

Table 3. Crystallographic characterizations of Al,O, synthesized by the use of Aluminum nitrate/citrate.

Items Aluminum Aluminum
Nitrate Citrate
Reference Code 01-075-0921 00-001-1303
ICSD Name Aluminum Oxide | Aluminum Oxide
Empirical Formula Al2.66603.999 AbLO3
Chemical Formula (A1203)1333 AL203
Crystal System Cubic Cubic
Space Group Fm-3m Fm-3m
Space Group No. 225 225
a(A) 3.95 341
b (A) 3.95 3.41
c(A) 3.95 341
Alpha (%) 90 90
Beta () 90 90
Gamma (°) 90 90
Calculated Density 3.66 3.47
(g/em’)
Volume of Cell (10 61.63 39.65
6 pm?)
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Fig. 5. SEM images of combustion synthesized Al,O, powders (by the use of aluminum nitrate
(AI(NO,),.6H,0)).
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Fig. 6. SEM images of combustion synthesized Al,O, powders (by the use of aluminum acetate
(AI(CH,CO0),).

Intensity (a.u)

AI(NO;);.6H,0

|

1

|

I

1

I

|

1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 7. The FTIR images of the combustion synthesized Al,O, powders by the use of aluminum
nitrate (Al(NO,),.6H,0) and aluminum acetate (Al(CH,COO),).
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Correspondingly, the very weak peaks at 570 and
790 cm™! are attributed to Al-O bonds in the octahedral
and tetrahedral coordination. The formation of this bond
interestingly confirms the successful synthesis of Al O,
insulation materials. Additionally, the slight band at 1040
cm’! is attributed to Al-O-H bonds. Herein, this band is
attributed to the bonding between AL O, and the surface
moisture and hydroxyl groups. The literature survey re-
veals that the band appearing at about 1410 cm-1 orig-
inates from the presence of CO,* groups. Furthermore,
the infrared absorption peaks at 1634 and 3540 cm' aris-
es from the surface moisture and the stretching vibration
of O-H bond [12-13].

4. Conclusions

In this paper, AL,O, powders were successfully syn-
thesized by employing different initial materials via a
combustion approach. The XRD analysis revealed that
although both aluminum nitrate and aluminum acetate
provide the production of crystallized Al O, (after calci-
nation) while the use of aluminum acetate facilitates the
synthesis of AL,O, crystal structure with smaller crystal-
lite size and crystal volume. Moreover, the SEM obser-
vations proved that the employment of aluminum acetate
leads to the formation of very fine microstructure with
the approximate particle size of 1 um while no severe
aggregation was occurred. Furthermore, FTIR analysis
confirmed the successful syntheses of AL O,.
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