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In the present study, it was aimed to investigate the synthesis of iron based magnetic alu-

minium oxide nanocomposites (IMANCs) by solution combustion (SC) method using various

fuel types at various amounts. IMANCs were synthesized using aluminium nitrate and

iron nitrate as oxidizers. Urea, glycine and sucrose were chosen as fuel types at various

amounts, respectively, to examine their effects on size and morphology of nanocomposites

synthesized. The chemical compositions, morphologies and thermal behaviors of IMANCs

synthesized were compared with data obtained from characterization studies using X-Ray

Diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spec-

troscopy (EDS), Thermogravimetric and Differential Thermal Analysis (TG/DTA), Fourier

Transform Infrared Analysis (FT-IR), Surface Area and Porosity Analyzer. The character-

ization studies revealed that IMANCs were synthesized successfully by SC method with

nanoscale properties. It was found that IMANCs synthesized using stoichiometric amount

of  glycine had porous and smaller particle size with higher surface area compared to other

samples synthesized by urea and sucrose, respectively. There is no documentation found

on  glycine based synthesis of IMANCs by SC method in the literature so far. Additionally,

this original paper is the first report on the synthesis of IMANCs by applying calcination and

reduction processes following SC reaction using various fuel types at various amounts. It was

resulted that the samples synthesized by SC method had smaller particle sizes compared to

the  samples which were synthesized by applying calcination and reduction processes fol-

lowing SC reaction using stoichiometric amount of urea, glycine and sucrose as fuel types,

respectively.
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.  Introduction

anoscience has been defined as the key factor for unlocking
ew generation of materials and art of manipulating mat-

er at the nanoscale [1,2] such as nanoparticles, nanocrystals,
anofibers, nanocomposites, which also overall named as
anostructured materials, with novice properties and func-
ionalities [3–30]. Nanoparticles and nanocomposites have
reated huge interest due to their novel and significant mag-
etic, electrical, optical, mechanical and chemical reactivity
roperties thanks to their small size and high surface area to
olume ratio when compared to their bulk materials [31,32].
n the literature, many  studies were demonstrated on the syn-
hesis of various nanocomposites/nanoparticles with various

ethods for their applications in various fields [33–43].
Aluminium oxide, one of the superior nanostructured

aterials, although has several crystalline structures as
tated by [44], alpha phase aluminium oxide (�-Al2O3) and
amma phase aluminium oxide (�-Al2O3) are the most
nown crystalline structures [45]. Even, �-Al2O3 and �-Al2O3

ontain the same ratio of Al and O atoms, the only dif-
erence between them is their crystal structure. �-Al2O3

nd �-Al2O3 have hexagonal and tetragonal crystal struc-
ure, respectively [46]. �-Al2O3 is known as the most stable
hase of aluminium oxide, and �-Al2O3 is mostly defined
s amorphous with porous structure [47]. Aluminium oxide
anoparticles have chemical, electrical, optical, thermal and
atalytic properties besides their physico-chemical properties
ike hardness, improved thermal stability, superior strength
o bases and acids, mechanical strength, eminent insula-
ion and transparency properties [32,48,49]. Moreover, relevant
anoparticles are widely studied for advanced engineering
pplications such as catalyst of reactions, additive of paints,
igments or ceramics, refractory materials, abrasive grains,
iocompatible materials, nanocomposite for structural and
lectrical applications, etc. [32,50,51].

Even though nanoparticles have favored properties, they
re subjected to be generated in better and/or customized ver-
ions to meet the requirements. By combining two or more
aterials, it is possible to produce the nanocomposites with

ynergetic and improved properties [52]. Composite materials
ased on polymeric, ceramic or metallic matrices reinforced
ith ferrite nanoparticles can be used as biomedical materials,
rug delivery materials, magnetic contrast agents, catalysts,
igments, purifiers and removing substances such as ions,

mpurities, etc. [53]. It was also studied on the synthesis of
ron and iron based magnetic nanoparticles and nanocompos-
tes as those materials provides high saturation magnetization
nd high coercivity [54–56]. By applying magnetic field, iron
ased magnetic nanocomposites can be separated from the

iquid phase. Hence, magnetic nanocomposites have increas-
ng attention for many  application areas such as catalysts,
errofluids, clinic drug delivery, magnetic storage media, color
maging, effective adsorbents, etc. [52,57–59]. However, the
xidation occurred on the surfaces of the iron particles cause a

ajor problem, that can be solved by embedding iron nanopar-

icles into aluminium oxide nanoparticles [59].
There are various synthesis methods for preparation of

anoparticles or nanocomposites such as sol–gel method [60],
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hydrothermal method [61], wet impregnation method [52],
high-energy ball milling method [59], co-precipitation [62] and
solution combustion method [51], etc. Among these meth-
ods, the solution combustion synthesis (SCS) which was firstly
used in 1980 for production of nanoscale materials has several
advantages. SCS is a self-sustained thermal process including
several exothermic reactions. Even, SCS process can be con-
sidered as self-propagating high-temperature synthesis (SHS)
or combustion synthesis (CS) [63], that has several differences
from SHS and CS such as (i) the initial components are mixed
in aqueous solution at the molecular level and sizes of ions
in the solution are in range from 0.1 to 1 nm at SCS pro-
cess. Solid powders are used for SHS process and the sizes
of powder are in the range from ∼102 to 105 nm,  (ii) for SCS
method, the majority heat is generated from oxidation of
organic fuel components, but for SHS method, the heat is
generated during synthesis reaction, and (iii) SCS method pro-
duces large amount of gaseous products during the reaction
which enables to provide porous and finely dispersed solid
nanoparticles [64].

On the other hand, SCS method depends on chemical
composition of oxidizer, fuel and solvent used. For exam-
ple; metal nitrates, hydrates, sulfates and carbonates are
used as oxidizer or reducing agents and urea, sucrose, glu-
cose or other water soluble carbohydrates are used as a
fuel type [51,65]. The solution combustion reaction mech-
anism is effected with respect to flame types, fuel types,
fuel to oxidizer ratio, ignition temperature, water amount,
etc. [31]. SCS method provides homogeneously distributed,
nonagglomerated, multi-component nanopowders for their
usage as catalyst, preparation materials for fuel cells, etc.
[66]. In addition to being a quick and easy process, SCS has
more  advantages such as low cost, saving time and energy
for synthesis of high purity grade and homogeneous nano-
size powders without usage of further thermal treatments
compared to other methods [2,31,63]. For example, in co-
precipitation method, reactions are hard to control and this
feature indicated that is not a repeatable method for syn-
thesize of nanoparticles and nanocomposites [32,50]. Sol–gel
method known as a low-cost technique, but this method has
some difficulties in controlling of the synthesis and the drying
steps, and also accumulation of the contaminants in the gel
[32,67,68]. Moreover, high-energy ball milling method provides
a wide particle size distributions and residues remaining on
the surface due to contamination [32,69].

In the study performed by Wang et al. [65], iron based
magnetic aluminium oxide nanocomposites (IMANCs) were
synthesized by solution combustion method using urea as fuel
type. They stated that the calcination is the necessary step
to obtain Fe2O3/Al2O3 nanocomposites, although the solu-
tion combustion reaction was carried out at high temperature.
Zhang et al. [70] synthesized Fe2O3/Al2O3 nanocomposites by
solution combustion method. They reported that Fe2O3/Al2O3

had regular, spheroidal shape and porous structure from SEM
and TEM images, and their averagely pore size and surface
area were found as 64.76 nm and 4.01 m2/g, respectively.
Therefore, in the present study, it was aimed to synthe-
size iron based magnetic aluminium oxide nanocomposites
(IMANCs) by solution combustion method using various fuel
types at various amounts. For this purpose, urea, glycine
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of SC
Fig. 1 – Schematic representation 

and sucrose were used as fuel types at various amounts
to investigate their effects on the size and morphology of
nanocomposites synthesized. There is no report on the solu-
tion combustion method for synthesis of iron based magnetic
aluminium oxide nanocomposites (IMANCs) using glycine as
a fuel has yet been published in the literature. Besides, no
report was found on the synthesis of IMANCs by applying
the calcination and reduction processes following the solu-
tion combustion reaction using various fuel types at various
amounts. Then, the characterization studies of IMANCs syn-
thesized were performed by X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM) and Energy Dispersive X-ray Spec-
troscopy (EDS), Thermogravimetric and Differential Thermal
Analysis (TG/DTA), Fourier Transform Infrared Analysis (FT-
IR), and Surface Area and Porosity Analyzer. As a result,
IMANCs synthesized can be utilized as a potential nano-
adsorbent for adsorption of various substances from aqueous
solutions, etc.

2.  Materials  and  methods

Aluminium nitrate nonahydrate (Al(NO3)3·9H2O), iron nitrate
nonahydrate (Fe(NO3)3·9H2O) and sucrose (C12H22O11) were
purchased from Merck. Urea (98+ %) (CO(NH2)2) and glycine
(99%) (C2H5NO2) were obtained from Alfa Aesar.

2.1.  Preparation  of  iron  based  magnetic  aluminium
oxide  nanocomposites
Iron based magnetic aluminium oxide nanocomposites
(IMANCs) were synthesized using two oxidizers, aluminium
nitrate Al(NO3)3 and iron nitrate Fe(NO3)3, and three fuel types,
urea (CO(NH2)2), glycine (C2H5NO2) and sucrose (C12H22O11)

Table 1 – The oxidizers, fuel types and stoichiometric fuel ratio
nanocomposites synthesized by solution combustion method.

Sample name Oxidizer 

Al(NO3)3 solution
(mL)

Fe(NO3)3 solution
(mL)

Urea solution
(mL)

SC-FA-U1 11 11 3 

SC-FA-U2 11 11 6 

SC-FA-G1 11 11 – 

SC-FA-G2 11 11 – 

SC-FA-S1 11 11 – 

SC-FA-S2 11 11 – 
S process for IMANCs synthesis.

at various fuel amounts, respectively, by solution combus-
tion method. The schematic representation of SCS process for
IMANCs synthesis is represented in Fig. 1.

Firstly, precursor solutions were prepared for the synthesis
of relevant nanocomposites. For this purpose, oxidizer solu-
tions were prepared by adding 15 g of Al(NO3)3 and 15 g of
Fe(NO3)3 to 24 mL  of distilled water, respectively, and they
were mixed until obtaining homogeneous solution by mag-
netic stirrer. Similarly, 16.67 M urea, 3.33 M glycine and 2.92 M
sucrose homogeneous solutions were prepared to be used as
fuel solution. Secondly, 11 mL  of Al(NO3)3 solution was mixed
with 11 mL  of Fe(NO3)3 solution, and stirred at 500 rpm by mag-
netic stirrer without any heating. Then, after adding 3 mL  of
16.67 M urea solution (coded as SC-FA-U1), the final mixture
was stirred at 500 rpm for 15 min  at room temperature. Then,
this mixture was heated up to 400 ◦C on the hot plate with-
out mixing. During heating, a gelatinous mixture was formed
due to the evaporation. By the release of gaseous products,
the solution combustion reaction suddenly took place and
continued until the solution become free from water to form
final foam-like product. This step continued approximatively
20 min.

For the rest of the sample preparations, similarly, 6 mL  of
urea (coded as SC-FA-U2), 9 mL  of glycine (coded as SC-FA-
G1), 18 mL  of glycine (coded as SC-FA-G2), 2.25 mL  of sucrose
(coded as SC-FA-S1) and 4.5 mL  of sucrose solutions (coded
as SC-FA-S2) were added respectively to precursor mixture
of Al(NO3)3 and Fe(NO3)3. SC-FA-U1, SC-FA-G1 and SC-FA-S1
were synthesized using 50% of stoichiometric amount of fuel.
On the other hand, SC-FA-U2, SC-FA-G2 and SC-FA-S2 were

synthesized using stoichiometric amount of fuel (100%). The
oxidizers, fuel types and stoichiometric fuel ratios for synthe-
sis of IMANCs by solution combustion method are given in
Table 1 in details.

s for iron based magnetic aluminium oxide

Fuel types Stoichiometric fuel ratio
(%)

Glycine solution
(mL)

Sucrose solution
(mL)

– – 50
– – 100
9 – 50

18 – 100
– 2.25 50
– 4.5 100
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Table 2 – Specifications of synthesized samples.

sample name Specifications of synthesized samples

SC-FA-U1 Synthesized by 50% of stoichiometric amount of urea as fuel type
SC-FA-U2 Synthesized by stoichiometric amount of urea (100%) as fuel type
SC-FA-U2-H Synthesized by stoichiometric amount of urea (100%) as fuel type, calcined and then reduced under hydrogen atmosphere
SC-FA-G1 Synthesized by 50% of stoichiometric amount of glycine as fuel type
SC-FA-G2 Synthesized by stoichiometric amount of glycine (100%) as fuel type
SC-FA-G2-H Synthesized by stoichiometric amount of glycine (100%) as fuel type, calcined and then reduced under hydrogen atmosphere
SC-FA-S1 Synthesized by 50% of stoichiometric amount of sucrose as fuel type
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Scanning Electron Microscopy (FE-SEM) images were obtained
using a Gemini Leo-SUPRA 35VP by applying carbon coat-
ings. The compositional analysis of samples was investigated
by the mapping results obtained from SEM–EDS analysis.

Table 3 – Magnetic attraction of synthesized samples.

Sample name Magnetic attraction

SC-FA-U1 No attraction
SC-FA-U2 Attracted
SC-FA-U2-H Attracted
SC-FA-G1 Attracted (low)
SC-FA-G2 Attracted
SC-FA-S2 Synthesized by stoichiometric amount of sucrose (10
SC-FA-S2-H Synthesized by stoichiometric amount of sucrose (10

During the solution combustion synthesis, the reactions
ccurred between the oxidizers (Al(NO3)3 and Fe(NO3)3) and
he fuels (urea and glycine) were expected as follows (Eqs. (1)
nd (2)):

Al(NO3)3·9H2O + 2Fe(NO3)3·9H2O + 10CO(NH2)2 → Al2O3

+ Fe2O3 + 10CO2 + 56H2O + 16 N2 (1)

Al(NO3)3·9H2O + 3Fe(NO3)3·9H2O + 10 C2H5NO2 → 3/2Al2O3

+ 3/2Fe2O3 + 20CO2 + 79H2O + 14N2 (2

According to the study performed by [51], the reaction
ccurred between the oxidizers (Al(NO3)3 and Fe(NO3)3) and
ucrose was given in Eq. (3).

Al(NO3)3·9H2O + Fe(NO3)3·9H2O + C12H22O11 → Al2O3

+ Fe+3 + 6CO + 6C + 38H2O + 9NO2 + 3e− (3)

The general thermal dissociation equations of Al(NO3)3 and
e(NO3)3 were given in Eq. (4) [71] and Eq. (5) [72], respectively.

l(NO3)3 → Al2O3 + 6NO2 + 3/2O2 (4)

e(NO3)3 → Fe2O3 + 6NO2 + 3/2O2 (5)

After synthesis reaction step, all final foam-like samples
btained were grinded by using mortar and pestle, washed
ith distilled water for three times and dried in oven at 100 ◦C

or 1 h. Among the synthesized samples represented in Table 1,
he samples coded as SC-FA-U2, SC-FA-G2 and SC-FA-S2 were
hosen for further treatments such as calcination and reduc-
ion process, respectively.

For the calcination process, the samples were calcined in a
urnace at 1000 ◦C for 1 h for removing the rest of impurities.
hen, following the calcination process, these samples were
ubjected to the reduction process. For this purpose, the sam-
les were reduced at 1000 ◦C in tube furnace under hydrogen

tmosphere for 1 h. The samples, SC-FA-U2, SC-FA-G2 and SC-
A-S2 after calcination and reduction processes, were coded
s SC-FA-U2-H, SC-FA-G2-H and SC-FA-S2-H. The nominations
f the synthesized samples are presented in Table 2.
s fuel type
s fuel type, calcined and then reduced under hydrogen atmosphere

Magnetic attractions of the synthesized nanocomposites
were checked by using commercially available neodymium
magnet (NdFeB), and shown in Table 3.

2.2.  Characterization  studies

The synthesized IMANCs were characterized using the follow-
ing devices. X-Ray Diffraction patterns (XRD) were obtained
using a Philips PANalytical X’Pert Pro analyser with Cuk� radi-
ations and scanning angle 2� ranged between 10◦ and 90◦

with 1◦/min scanning rate at 45 kV and 40 mA.  Field-emission
SC-FA-G2-H Attracted
SC-FA-S1 No attraction
SC-FA-S2 Attracted (low)
SC-FA-S2-H Attracted
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 of (a
Fig. 2 – XRD patterns of synthesized samples

Thermogravimetric analysis of the samples was performed
using EXSTAR SII TG/DTA6300 from room temperature to
1200 ◦C with a heating rate of 20 ◦C/min under air atmosphere.
Fourier Transform Infrared (FT-IR) spectroscopy measure-
ments were obtained using a Perkin Elmer Spectrum 100 in
the wave  number range of 4000–500 cm−1. Samples of FT-IR
analysis were prepared by mixing the sample with KBr at a
volume ratio of 1:100. BET surface area, pore volume and pore
size were examined by analyzing N2 adsorption/desorption
isotherms, using a Quadrasorb SI surface area and pore size
analyzer. The surface area of synthesized sample was calcu-
lated by Brunauer–Emmett–Teller (BET) theory.

3.  Results  and  discussion

3.1.  X-Ray  Diffraction  (XRD)  analysis

XRD analyses were carried out for the determination of chem-
ical compositions and identification of phases formed of the
synthesized samples. The X-ray diffraction peaks of the sam-
ples synthesized using urea as a fuel type coded as SC-FA-U1,
SC-FA-U2 and SC-FA-U2-H are shown in Fig. 2a, b and c,
respectively. XRD analysis of SC-FA-U1 showed that very low

crystallization was developed (Fig. 2a). XRD analysis of SC-FA-
U2 suggested that the sample produced is Fe3O4 (magnetite)
(96-900-2328 entry number) and Al2O3 (96-152-8428 entry
number) (Fig. 2b). The X-ray diffraction peaks of SC-FA-U2-H
) SC-FA-U1, (b) SC-FA-U2 and (c) SC-FA-U2-H.

are presented in Fig. 2c. The diffraction peaks were displayed
at 2� values of 25.52◦, 35.09◦, 37.68◦, 43.27◦, 52.57◦, 57.47◦,
66.46◦, 68.16◦ and 76.85◦. From these peaks, XRD analysis sug-
gested that the sample produced is �-Al2O3 (96-900-7497 entry
number). Moreover, the diffraction peaks were displayed at 2�

values of 44.61◦, 64.93◦ and 82.25◦ and the sample produced is
iron (Fe) (96-901-3473 entry number).

The X-ray diffraction peaks of the samples synthesized
using glycine as a fuel type coded as SC-FA-G1, SC-FA-G2
and SC-FA-G2-H are shown in Fig. 3a, b, and c, respectively.
XRD analysis of SC-FA-G1 suggested that the sample produced
is Fe3O4 (magnetite) (96-900-2327 entry number) and �-Al2O3

(96-120-0006 entry number) (Fig. 3a). XRD analysis of SC-FA-
G2 suggested that the sample produced is Fe3O4 (magnetite)
(96-900-2331 number) and Al2O3 (96-810-3515 number). From
X-ray patterns of synthesized samples, SC-FA-G1 crystallinity
was  less than SC-FA-G2 (Fig. 3a and b). The X-ray diffraction
peaks of SC-FA-G2-H represented in Fig. 3c were displayed at
2� values of 25.60◦, 35.09◦, 37.79◦, 43.34◦, 52.58◦, 57.48◦, 66.52◦

and 66.22◦. From these peaks, XRD analysis suggested that
the sample produced is �-Al2O3 (96-900-7497 entry number).
Moreover, the diffraction peaks were displayed at 2� values of
44.63◦, 64.90◦ and 82.19◦ and XRD analysis suggested that the
sample produced is iron (Fe) (96-901-3473 entry number).
The X-ray diffraction peaks of the samples synthesized
using sucrose as a fuel type coded as SC-FA-S1, SC-FA-S2 and
SC-FA-S2-H are shown in Fig. 4a, b and c, respectively. The X-
ray diffraction peaks of SC-FA-S1 and SC-FA-S2 are presented
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Fig. 3 – XRD patterns of synthesized samples of (a) SC-FA-G1, (b) SC-FA-G2 and (c) SC-FA-G2-H.

Fig. 4 – XRD patterns of synthesized samples of (a) SC-FA-S1, (b) SC-FA-S2 and (c) SC-FA-S2-H.
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, (a.2
Fig. 5 – SEM images of synthesized samples: (a.1) SC-FA-U2
SC-FA-S2, (c.2) SC-FA-S2-H.

in Fig. 4a and b. XRD analysis suggested that the sample pro-
duced seem to be amorphous structure. The X-ray diffraction
peaks of SC-FA-S2-H are presented in Fig. 4c. The X-ray pat-
terns of SC-FA-S2-H were similar to SC-FA-U2-H and SC-FA-G2-
H. The diffraction peaks at 2� values of 25.57◦, 35.15◦, 37.72◦,
43.33◦, 52.56◦, 57.51◦, 61.17◦ and 66.43◦. From these peaks, XRD
analysis suggested that the sample produced is �-Al2O3 (96-
900-9784 entry number). Moreover, the diffraction peaks were
displayed at 2� values of 44.75◦, 65.10◦ and 82.39◦ and the sam-
ple produced is iron (Fe) (96-411-3932 entry number).

3.2.  Scanning  Electron  Microscopy  (SEM)  and  Energy
Dispersive  X-ray  Spectroscopy  (EDS)  analysis

The morphology, surface structures and compositional analy-
sis of the samples were analyzed with SEM–EDS micrographs.
From SEM images of the samples synthesized using urea
as a fuel type coded as SC-FA-U2 (Fig. 5a.1) and SC-FA-
U2-H (Fig. 5a.2), it was found that the composites were
synthesized successfully in nanoscale by using urea as a

fuel. The particle sizes of SC-FA-U2 and SC-FA-U2-H were
determined as approximately 60 nm and 200 nm,  respectively.
Additionally, these particles were featured mostly spherical
shape.
) SC-FA-U2-H; (b.1) SC-FA-G2, (b.2) SC-FA-G2-H; (c.1)

From SEM images of the samples synthesized using glycine
as a fuel type coded as SC-FA-G2 (Fig. 5b.1) and SC-FA-G2-
H (Fig. 5b.2), the particle sizes of these samples were found
around 60 nm and 200 nm,  respectively. Besides, the sample
of SC-FA-G2 contained very small particles as seen in Fig. 5b.1.
Moreover, the formation of porous structures and spherical
particle shape was observed from the SEM images of the sam-
ples synthesized using glycine as a fuel type (Fig. 5b.1 and 5b.2).

From SEM images of the samples synthesized using sucrose
as a fuel type coded as SC-FA-S2 (Fig. 5c.1) and SC-FA-S2-H
(Fig. 5c.2), average particle sizes of these samples were found
approximately 120 nm and 250 nm,  respectively. Moreover, the
particle morphology of these samples was spherical. It was
concluded that using sucrose as a fuel caused formation of
the agglomerated particles.

According to SEM images, the samples calcined in
furnace and reduced under hydrogen atmosphere after
solution combustion reaction coded as SC-FA-U2-H, SC-FA-
G2-H and SC-FA-S2-H had more  agglomerated and greater
particle size compared to samples produced without cal-
cination and reduction processes, SC-FA-U2, SC-FA-G2 and
SC-FA-S2.
The compositional analyses of SC-FA-U2-H, SC-FA-G2-H
and SC-FA-S2-H samples were determined by Energy Dis-
persive X-ray Spectroscopy (EDS) analysis (Fig. 6a.1–c.1).
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Fig. 6 – SEM–EDS analysis of samples synthesized: SC-FA-U2-H, (a.1) EDS spectrum, (a.2) EDS mapping result; SC-FA-G2-H,
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b.1) EDS spectrum, (b.2) EDS mapping result; SC-FA-S2-H, (c

he uniformity of Fe, Al and O atoms distributions were
nvestigated by elemental mapping analysis for SC-FA-U2-H,
C-FA-G2-H and SC-FA-S2-H, as shown in Fig. 6a.2, b.2 and c.2,
espectively. The EDS spectrums of the IMANCs were proved
he presence of Fe, Al and O atoms within the composites.
onsequently, homogenously distributed Fe, Al and O atoms
ithin IMANCs were successfully synthesized.

SC-FA-U2-H, SC-FA-G2-H and SC-FA-S2-H were synthesized
o contain 50% by weight of Fe. From EDS analysis, it was
btained that SC-FA-U2-H, SC-FA-G2-H and SC-FA-S2-H were

ncluded 59.2, 60.8 and 46.6% weight percentages of Fe, respec-
ively. The compositional analysis of synthesized samples
f SC-FA-U2-H, SC-FA-G2-H and SC-FA-S2-H obtained from
nergy Dispersive X-ray Spectroscopy (EDS) analysis are given

n Table 4.

Table 4 – The compositional analysis of synthesized
samples of SC-FA-U2-H, SC-FA-G2-H and SC-FA-S2-H
obtained from EDS analysis.

Sample name Iron
(wt%)

Oxygen
(wt%)

Aluminium
(wt%)

SC-FA-U2-H 59.2 26.5 14.3
SC-FA-G2-H 60.8 25.9 13.3
SC-FA-S2-H 46.6 29.4 24.0
DS spectrum, (c.2) EDS mapping result.

3.3.  Thermogravimetric/Differential  Thermal  Analysis
(TG/DTA)

The thermal behaviors of the samples before calcination were
analyzed by Thermogravimetric and Differential Thermal
Analysis (TG/DTA). From TG and DTG curves of SC-FA-U1
(Fig. 7a), initial mass loss of 14.2% from room temperature to
205 ◦C, corresponding to the evaporation of absorbed water
as stated by Maldonado et al. [73]. As can be seen in Fig. 7b,
the endothermic reaction took place in the temperature range
of room temperature to 205 ◦C. The second mass loss was
observed as 10.4% at the temperature range of 205–700 ◦C.
Lucio-Ortiz et al. [74] suggested that the mass loss could be
related to the rest of nitrates and the boehmite transformation
into aluminium oxide. As seen in Fig. 7a, very small amount
of mass increase was occurred at around 770 ◦C for sample of
SC-FA-U1. This case could be related with the adsorption of
oxygen on the particle surface or thermal transformation of
iron (III) oxide hydrate as stated by Kalska-Szostko et al. [75]
Prasad and Rao [76] explained the thermal transformation of
iron (III) oxide hydrate using Eq. (6) as follows:

◦ ◦
Fe2O3·2FeOOH·2.6H2O(30–200 C) → 2Fe2O3·H2O(220–400 C)

→ 6Fe2O3·H2O(400–450 ◦C) → 6Fe2O3·H2O(450–600 ◦C)

→ �-Fe2O3 (6)
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Fig. 7 – (a) TG/DTG curves and (b) DTA curve of SC-FA-U1. Fig. 8 – (a) TG/DTG curves and (b) DTA curve of SC-FA-U2.
From TG and DTG curves of SC-FA-U2 (Fig. 8a), the initial
mass loss of 7% between 25 ◦C and 215 ◦C can be attributed
to physically absorbed water. From Fig. 8b, the endothermic
reaction took place at the temperature range of 25–215 ◦C.
The second mass loss was detected as 5.7% at the tem-
perature range of 215–400 ◦C due to the decomposition of
nitrates, boehmite-aluminium oxide conversion and forma-
tion of iron oxide as also stated by Maldonado et al. [73]. A
slight increase of mass was observed for SC-FA-U2 sample as
seen in Fig. 8a. The reason of the mass gain can be explained
by the adsorption of oxygen on the particle surface or thermal
transformation of iron (III) oxide hydrate as stated in the stud-
ies performed by Kalska-Szostko et al. [75] and Prasad and Rao
[76].

From TG and DTG curves of SC-FA-G1 (Fig. 9a), initial
mass loss of 10% between 25 ◦C and 261 ◦C can be attributed
to physically absorbed water. Fig. 9b shows occurrence of
the endothermic reaction. The second mass loss was 4% at
the temperature range of 261–410 ◦C, corresponding to the
decomposition of nitrates, boehmite aluminium oxide con-
version and formation of iron oxide as stated in the study
performed by Maldonado et al. [73]. A slight increase of mass
was observed for the sample of SC-FA-G1 as seen in Fig. 9a. The
cause of the mass gain may be the adsorption of oxygen on the
particle surface or phase transformation of iron oxide as stated
in the study performed by Kalska-Szostko et al. [75]. Addition-
ally, the color of SC-FA-G1 changed after thermogravimetric
analysis.

From TG and DTG curves of SC-FA-G2 (Fig. 10a), the mass
loss was 6% between the temperatures of 25 ◦C and 450 ◦C,

corresponding to evaporation of physically absorbed water
(Fig. 10b), boehmite aluminium oxide conversion and forma-
tion of iron oxide as mentioned by Maldonado et al. [73] in their
Fig. 9 – (a) TG/DTG curves and (b) DTA curve of SC-FA-G1.

study. From TG curve of SC-FA-G2, a slight increase of mass
was observed. The reason of the mass gain can be explained
by the adsorption of oxygen on the particle surface or phase
transformation of iron oxide as stated by Kalska-Szostko et al.
[75] in their study.

From TG and DTG curves of SC-FA-S1 (Fig. 11a), the
endothermic reaction was occurred at the temperatures of
25–230 ◦C (Fig. 11b). In the first region, the temperature range
of 25–230 ◦C, the mass loss was obtained as 11% due to
the evaporation of absorbed water. In the second region, at

the temperature range of 230–370 ◦C, 17.3% mass loss was
observed. This could be associated with decomposition of
nitrates and evaporation of water. In the final region, 4% mass
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Fig. 10 – (a) TG/DTG curves and (b) DTA curve of SC-FA-G2.
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ig. 11 – (a) TG/DTG curves and (b) DTA curve of SC-FA-S1.

oss was observed, and this could be corresponding to the con-
ersion of boehmite into �-Al2O3 and formation of iron oxide
s stated by Maldonado et al. [73] and Lucio-Ortiz et al. [74] in
heir study.

From TG and DTG curves of SC-FA-S2 (Fig. 12a), the sig-
ificant mass loss was detected in three regions. In the first

egion, 11% of mass loss occurred at the temperature of
etween 25 ◦C and 200 ◦C, this can be attributed to removal
f absorbed water (Fig. 12b). In the second region, 3.5% mass

oss was observed at the temperature from 200 ◦C to 315 ◦C.
Fig. 12 – (a) TG/DTG curves and (b) DTA curve of SC-FA-S2.

This can be associated with decomposition of nitrates and
evaporation of water. In the final region, 7.5% mass loss was
observed between 315 ◦C and 450 ◦C, corresponding to the con-
version of boehmite into �-Al2O3 and formation of iron oxide
as stated by Maldonado et al. [73] and Lucio-Ortiz et al. [74] in
their study.

3.4.  Fourier  Transform  Infrared  (FT-IR)  Analysis

The chemical structures of the synthesized samples were
determined by Fourier Transform Infrared (FT-IR) Spec-
troscopy, and the FT-IR spectra are illustrated in Fig. 13 for
all samples examined. Broad O–H stretching band appeared
at around 3600–3200 cm−1 revealed the presence of hydroxyl
groups [77] as supported by TG/DTA analysis shown in
Figs. 7–12. The samples synthesized using sucrose as fuel type
coded as SC-FA-S1 and SC-FA-S2 showed the medium band
at about 2340 cm−1 was ascribed to groups CO2 as stated by
Zhang et al. [70] in their study. The additional peaks appeared
in the region of 1600–1300 cm−1 were mainly ascribed to
the bending vibration of ionic CO3

−2 [65,70]. The band at
850–580 cm−1 was assigned to Al–O vibration in IMANCs as
stated by Bozorgpour et al. [77] in their study. Besides, the for-
mation of Fe3O4 nanoparticles was confirmed with the peaks
laying in the region between 600 cm−1 and 500 cm−1 were cor-
responding to Fe3O4 as mentioned by Yew et al. [78] in their
study. The peaks of synthesized IMANCs were found at about
550 cm−1 in the spectra, which is associated with stretching
vibration mode of Fe–O [70,77,78]. Besides, as seen in Fig. 13,
for the samples of SC-FA-U2-H, SC-FA-G2-H and SC-FA-S2-H,
the disappearance of the characteristic bands in the region of
4000–1000 cm−1 was observed after the calcination and reduc-

tion processes.
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Fig. 13 – FT-IR spectra of samples synthesized.

Table 5 – Surface area and porosity analysis of SC-FA-G2
and SC-FA-G2-H.

Parameters SC-FA-G2 SC-FA-G2-H

SBET (m2/g) 19.69 4.95
Pore volume(BJH  adsorption) (cm3/g) 0.0693 0.0319
Pore volume(BJH  desorption) (cm3/g) 0.0719 0.0321
Vmicropore (cm3/g) 0.0023 0.0007
3.5.  Surface  Area  and  Porosity  Analysis

According to the results obtained from SEM analysis as seen
in Fig. 5, the samples of SC-FA-G2 and SC-FA-G2-H among
other synthesized samples examined showed more  porous
structure. Therefore, these two samples were chosen for
further analysis of the surface area and porosity. From surface
area and porosity analysis, the sample of without calcination
and reduction processes coded as SC-FA-G2 (19.69 m2/g) had
approximately 4 times greater surface area than the sample
of calcined in furnace and then reduced under hydrogen
atmosphere coded as SC-FA-G2-H (4.95 m2/g) (Table 5). Addi-
tionally, Zhang et al. [70] in their study also synthesized

iron based aluminium oxide composites (Fe2O3/Al2O3) by
solution combustion method using stoichiometric amount
of urea as fuel. They found that the synthesized sample
has approximately 4.01 m2/g surface area which is 5 times
Pore size(BJH  adsorption) (nm) 18.74 41.89
Pore size(BJH  desorption) (nm) 14.83 35.44

less than the surface area of the sample synthesized in the
present study. The only difference between two  studies is the
fuel type used during the synthesis of the samples.
The adsorption–desorption isotherms and pore volume
analysis by BJH desorption method of SC-FA-G2 sam-
ple are shown in Fig. 14. From IUPAC classifications of
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Fig. 14 – (a) The adsorption–desorption isotherms and (b)
pore volume analysis by BJH desorption method of
SC-FA-G2.
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Conflicts  of  interest
dsorption isotherms, the Type II isotherm was found as the
est adsorption–desorption isotherms for SC-FA-G2. Type II

sotherm obtained with a non-porous or macroporous adsor-
ent as stated by Alothman [79]. Moreover, Type II(b) isotherm
xhibit Type H3 hysteresis loop. Similar hysteresis loop was
lso obtained in the present study with SC-FA-G2 in the partial
ressure range of 0.45–0.98 (Fig. 14a). The narrow hysteresis

oop is the result of inter-particle capillary condensation,
sually within a nonrigid aggregate as stated by Rouquerol
t al. [80]. From the pore size analysis (Fig. 14b), the pore size
alues approached to 18.74 nm and 14.83 nm after adsorption
nd desorption analysis by the BJH method, respectively.

.  Conclusions

n the present study, iron based magnetic aluminium oxide
anocomposites (IMANCs) were synthesized by solution com-
ustion method using Al(NO3)3 and Fe(NO3)3 as oxidizers and
rea, glycine or sucrose as fuel types at the amounts of stoi-
hiometrically 50% and 100%. The synthesized samples were
haracterized by XRD, SEM–EDS, TG/DTA, FT-IR and Surface

rea and Porosity Analyzer. The main findings were summa-

ized as follows:
 9;8(2):1746–1760 1757

• From XRD analysis, SC-FA-U1 showed amorphous character.
On the other hand, SC-FA-U2 showed crystalline structure
of nanocomposite (Fe3O4 and Al2O3) formation.

• XRD analysis of SC-FA-G1 and SC-FA-G2 showed the crys-
talline structure. SC-FA-G1 comprises of Fe3O4 and �-Al2O3,
whereas SC-FA-G2 comprises of Fe3O4 and Al2O3.

• From XRD analysis of SC-FA-S1 and SC-FA-S2, developed
amorphous structure.

• XRD analysis of SC-FA-U2-H, SC-FA-G2-H and SC-FA-S2-H,
showed that all the samples have �-Al2O3 and Fe formation.
Besides, reduction of iron based magnetic aluminium oxide
nanocomposites under hydrogen atmosphere was needed
for transformation of Fe2O3 to Fe.

• Only the samples of SC-FA-U2, SA-FA-U2-H, SC-FA-G1, SC-
FA-G2, SA-FA-G2-H, SA-FA-S2 and SA-FA-S2-H showed the
magnetic attraction which were checked by commercially
available neodymium magnet (NdFeB).

• From SEM images, the samples of SC-FA-U2, SC-FA-G2 and
SC-FA-S2 synthesized by solution combustion method had
smaller particle size at around 60 nm,  60 nm and 120 nm,
respectively. In contrast with, the samples which were
synthesized by applying the calcination and reduction pro-
cesses following the SC reaction (SC-FA-U2-H, SC-FA-G2-H
and SC-FA-S2-H) had particle size at around 200 nm,  200 nm
and 250 nm,  respectively. Moreover, SC-FA-G2 showed more
porous structure among the other synthesized samples.

• The EDS spectrums of the IMANCs were proved the presence
of Fe, Al and O atoms within the composites. Besides, the
EDS mapping showed that the synthesized IMANCs showed
homogeneously distributed structure.

• The results obtained from TG/DTA analyses of synthesized
samples were also confirmed by XRD analysis. The mass
gain observed for the samples synthesized using urea and
glycine as fuel types, and that could be explained by the
oxidation of the particles causing an increase.

• FT-IR spectra showed the formation of IMANCs due to
vibrations of Al–O and Fe–O according to presence of the
absorption peaks in the range of 850–500 cm−1.

• The surface area of SC-FA-G2 synthesized by solution com-
bustion method using stoichiometric amount of glycine was
found as 19.69 m2/g that was five times higher compared
to the value obtained, 4.01 m2/g, in the study performed by
Zhang et al. [70].

To sum up, according to the data obtained from the
characterization studies, it was concluded that IMANC syn-
thesized by solution combustion method using stoichiometric
amount of glycine as fuel type, coded as SC-FA-G2, showed
more porous structure and smaller particle size distribution
compared to other samples synthesized. Hence, for further
studies, the potential usage of SC-FA-G2 sample as an effective
nano-adsorbent can be investigated for the adsorption of var-
ious substances such as proteins, heavy metals, dyes, drugs,
etc. from aqueous solutions on waste water treatment, etc.
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