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ABSTRACT
Chemical looping combustion (CLC) is a promising combustion technology that separates CO2 from the flue gases without requiring highenergy consumption. CLC uses oxygen carriers to transfer oxygen to the fuel. The performance of oxygen carriers greatly depends on the
powder material and preparation method. This study investigated the effects of calcination temperature, calcination time and fuel types on
phases, morphology and elemental composition of NiO/NiAl2O4 powder prepared by solution combustion synthesis using octyl alcohol and
lauric acid. It was found that high crystalline nanostructured NiO/NiAl2O4 powder consisting of submicron particles can be successfully
produced with 2:1 molar ratio of aluminum nitrate to nickel nitrate and calcined at 1300°C for 2 hours using either fuel. However, lauric
acid was found to produce smaller crystallite size as well as particle size compared to octyl alcohol, which has the potential to be used as
oxygen carriers in CLC.
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INTRODUCTION
Nowadays, many approaches [1] are taken by the industry to control the emission of greenhouse gases
(GHGs) such as Carbon dioxide (CO2), Methane (CH4) and Nitrogen dioxide (N2O) that contributes to the
pollution in the environment and causes rapid climate changes. One of the methods [1, 2] includes separating the
CO2 from the flue gases. This pure CO2 can be treated in many ways before disposal to the environment [2].
However, this process consumes large amounts of energy (650-700 kJ per mole of CO2) [3] and has low
efficiency (7.1-9.1% energy penalty) [4]. Chemical Looping Combustion (CLC) is a method to capture the CO2
during combustion with low energy consumption, high efficiency of energy conversion, low emissions of GHGs
to the environment and no special equipment. The method has managed to reduce energy penalty to 4.1% [4].
The CLC system is composed of two reactors, the fuel reactor and air reactor. Inside the fuel reactor, metal
oxide is used as an oxygen carrier, which reacts with fuel to form metallic materials, CO2 and H2O. The H2O
will be condensed and subsequently produce pure CO2 when released from the fuel reactor. Meanwhile, the
metallic material is circulated in the air reactor to be re-oxidized using air. The regenerated metal oxide, which
metal based from Copper (Cu), Cobalt (Co), Nickel (Ni), Ferum (Fe) or Manganese (Mn) is circulated back to
the fuel reactor to complete the cycle. The operating temperatures for CLC vary between 600°C – 1200°C [5].
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The efficiency of CLC greatly depends on the material and preparation method of oxygen carriers.
Common metals that are used as oxygen carriers are Cu, Co, Ni, Fe and Mn [6]. However, inert materials such
as Nickel aluminate spinel (NiAl2O4), Alumina (Al2O3), Silicon dioxide (SiO2) and Yttria-stabilized zirconia
(YSZ) can be used together with the metal oxide to improve the mechanical properties and physicochemical
performance of the oxygen carriers [6]. One of the oxygen carriers that has good chemical reactivity with inert
materials is NiO/NiAl2O4. This material has been studied widely as an oxygen carrier for CLC application due
to its resistance to high temperature and excellent regenerability during the reduction and oxidation process [6].
The mass percentage of metal oxide to inert material also plays an important role in determining the
performance of the oxygen carrier. The highest reactivity can be achieved with mass percentage of 60% NiO
and 40% NiAl2O4 [6].
Previous studies [7-9] demonstrated that the properties as well as the microstructure of oxygen carriers are
influenced by the preparation method. Ishida et al. [7] prepared NiO/NiAl2O4 using a dissolution method and
obtained a spherical particle with diameter larger than 97 μm. Zhao et al. [8] produced NiO/NiAl2O4 powder
using sol-gel method and obtained particles with sizes 125-180 μm. However, both methods consume a lot of
time (30 – 40 hours). Cho et al. [9] synthesized NiO/NiAl2O4 using a freeze-granulation method, which reduced
the preparation time, but the resulting particles had low mechanism strengths. Few studies [10] investigated the
effect of oxygen carrier size on the performance of CLC. Micron sized oxygen carriers were found to have
superior mechanical properties, more stable at high temperature, as well as capable of reducing sulphur content
which is not favorable in CLC [10]. The solution combustion synthesis method is an easy and time-saving
production method that is capable of producing submicron nanostructured powders with high purity and
crystallinity using only simple tools [11-17].
Many factors can affect the production of powder by solution combustion such as the type of fuel,
calcination temperature and calcination time. Fuel can influence the particle size and agglomeration [11]. Erri et
al. [18] succeeded in producing NiO/NiAl2O4 with good reactivity during CLC using glycine as fuel. However
recent researches focus on producing powder using renewable fuel [13-14]. Raguphathi et al. [13] used aloe vera
as fuel to produce NiAl2O4 powder. However the process took more than 15 hours to complete. Razak et al. [14]
successfully synthesized nanosized ZnO powder using palm oil derived fuel within less than 11 hours.
Calcination temperature can affect the crystalline structure of powder as well as particle size. Zelati et al. [15]
found that better crystallinity can be obtained when the temperature is increased. Moreover, high purity can be
achieved when the calcination temperature is increased [16]. Zhang et al. [17] reported that powder with high
crystallinity can be produced with longer calcination time. These are the key parameters to successfully produce
nanostructured NiO/NiAl2O4 oxygen carriers for CLC by solution combustion synthesis method.
In this study the NiO/NiAl2O4 powders were prepared by solution combustion synthesis method using
renewable fuel, palm oil derived octyl alcohol and lauric acid. Few extensive studies [7-8] were found on the
morphological and compositional changes during synthesis of oxygen carriers. Therefore, the focus of this study
is to investigate the evolution of morphology, structural characterization and elemental composition of
NiO/NiAl2O4 powder using two different fuels, and by varying the calcination temperature and the calcination
time that can be used as oxygen carrier in CLC application. The samples were characterized using x-ray
diffraction (XRD), field emission scanning electron microscopy (FESEM), and Energy Dispersive X-ray (EDX)
and X-ray Photoelectron Spectroscopy (XPS).
MATERIALS AND METHODS
The NiO/NiAl2O4 powders were prepared by solution combustion synthesis method. Aluminum nitrate
nonahydrate, Al(NO3)3.9H2O (Sigma Aldrich) and nickel (III) nitrate, Ni(NO3)2.6H2O (Acros Organics) were
mixed with octyl alcohol and lauric acid (Cognis Oleochemicals (M) Sdn Bhd) to form a mixture solution with
molar ratio of 2:1 aluminum nitrate to nickel nitrate obtained from stoichiometric equation. Octyl alcohol (C8)
and lauric acid (C12) which are derived from palm oil, consist of 8 carbon chains and 12 carbon chains
respectively. This mixture solution was heated on top of the stirring hot plate (FAVORIT, HS0707V2) to form
dried gel. The dried gel burned spontaneously at 300°C for 30 minutes and started to form loose powder.
Powder produced using octyl alcohol and lauric acid are named sample C8 and C12 respectively. These samples
were calcined at various temperatures from 280°C, 600°C, 800°C, 1050°C and 1300°C for 1 hour. Then the
samples were calcined at 1300°C for 2 h, 4 h and 10 h.
The weight loss of the reactants during combustion was analyzed using Pyris 1 Thermogravimetric Analysis
(TGA) (PERKIN ELMER) at 5°C/min with samples mass of 3-4 mg. These samples were heated at 1300°C.
Phase was identified using X-Ray Diffractometry (XRD) (SHIMADZU 6000) that uses CuKα radiation at a
scan speed of 3°/min. The data were collected at scan range of 10° to 90° with voltage and current of 30 kV and
20 mA respectively. Meanwhile, morphology was observed using the Field Emission Scanning Electron
Microscopy (FESEM) (HITACHI SU8030) with acceleration voltage from 1 to 5 kV. The elemental
composition of the powder was analyzed using Energy Dispersive X-Ray (EDX) and X-Ray Photoelectron

284

N. F. Afandi et al, 2016
Advances in Environmental Biology, 10(7) July 2016, Pages: 282-293

Spectroscopy (XPS) (ULVAC-PHI Quantera II). XPS were taken by monochromatized with Al Kα radiation (hυ
= 112.0 eV). XPS was used to study mass percentage of NiO and NiAl2O4 compound inside the powder. The
crystallite size of these samples was measured using the Scherer equation as shown below [19];

D=

Z0.09λ
β cosθ

(1)

Where D is crystallite size (in nm), λ is the radiation wavelength (for CuKα radiation, λ 1.5406Å), θ is the
diffraction peak angle and β is the broadening of the line (“half width”) measured at half its maximum intensity
(in radians).
RESULTS AND DISCUSSIONS
Effect of calcination temperature on microstructures of NiO/NiAl2O4 powder:

Fig. 1: Percentage of weight loss against temperature of NiO/NiAl2O4 powder produced using octyl alcohol and
lauric acid.
Figure 1 shows the TGA analysis for sample C8 and C12. The analysis determined the weight loss of
reactants during combustion process. When octyl alcohol was used as fuel, the first weight loss occurred
between 30°C - 150°C with 48% weight loss. The second weight loss occurred between 150°C – 229°C with
12% weight loss. The third weight loss occurred between 229°C – 280°C with 18% weight loss followed by the
final weight loss of 10% between 280°C – 1050°C. The overall weight loss was 88% and the overall yield of the
reaction was 12%. When lauric acid was used as fuel, the first weight loss occurred between 30°C – 119°C with
40% weight loss. The second weight loss occurred between 119°C – 207°C with 18% weight loss followed by
third weight loss of 21% between 207°C – 280°C. The overall weight loss was 83% and the overall yield of the
reaction was 17%. The first weight loss indicates loss of water in gel through evaporation and beginning of the
combustion process between metal nitrate and fuels [20]. Then the second weight loss was due to the abundance
of heat produced from the redox reaction [16]. The third weight loss was due to the completion of the
combustion process between metal nitrates and fuel. From the overall yield of the reaction, lauric acid was
found to combust faster than octyl alcohol at 280°C. Solution combustion using octyl alcohol and lauric acid
was found to complete faster than using starch, glycine and citric acid as reactants [21-22].
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Fig. 2: XRD peaks of NiO/NiAl2O4 powder produced using octyl alcohol and calcined at various temperatures
for 1 hour.

Fig. 3: XRD peaks of NiO/NiAl2O4 powder produced using lauric acid and calcined at various temperatures for
1 hour.
Figure 2 and figure 3 show the XRD patterns of sample C8 and C12 respectively calcined at various
temperatures for 1 h. Calcination at 280°C produces an amorphous structure which might correspond to Ni-Al-O
or Ni-O or Al-O compound for both fuels [12]. Then, calcination at 600°C produces diffraction peaks at 2θ =
37.1° [111], 43.2° [200], 62.8° [220], 75.6° [311] and 78.7° [222] which correspond to NiO (JCPDS 47-1049)
for both fuels. Only single phase of NiO was formed corresponding to FCC crystalline structure [23]. Two more
peaks formed at 800°C which correspond to NiAl2O4 peaks. According to Salhi et al. [24], homogenous
crystalline phase of NiAl2O4 yields at temperatures higher than 725°C, which explains the peaks observed in
Fig. 2 and Fig. 3. More NiAl2O4 peaks start to form when the powder was calcined at 1050°C using both fuels.
However, better crystalline structure can be obtained when the temperature was increased to 1300°C depicted by
sharper NiO and NiAl2O4 peaks. Furthermore, NiO/NiAl2O4 powder with high purity can be obtained at
1300°C. No impurities such as Al2O3 were present in the powder even though Matori et al. [25] stated that
formation of Al2O3 occurs at temperatures higher than 1200°C. Sutka et al. [11] reported that solution
combustion method is capable of producing powder with high purity. Therefore the formation of other
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impurities such as Al2O3 can be suppressed when NiO/NiAl2O4 powder was synthesized by solution combustion
method using octyl alcohol and lauric acid, which is consistent with Sutka’s work. Moreover, both fuels are
capable to produce NiO/NiAl2O4 powder with the same phase when calcined at the same temperature.

Fig. 4: Crystallite size of NiO and NiAl2O4 particles produced using octyl alcohol and lauric acid and calcined
at various temperatures for 1 hour.
Table 1: FWHM values of NiO/NiAl2O4 powder produced using octyl alcohol and lauric acid and calcined at various temperatures for 1
hour.
Calcination temperature FWHM value
(°C)
Octyl Alcohol
Lauric acid
NiO
NiAl2O4
NiO
NiAl2O4
600
0.3721
0.6000
800
0.3520
0.2993
0.5078
0.8800
1050
0.2934
0.2963
0.2534
0.2318
1300
0.1249
0.1880
0.1248
0.2030

The crystallite size of the NiO/NiAl2O4 powder was obtained using Debye-scherrer’s equation shown in
equation 1. The crystallite size and FWHM value of samples C8 and C12 calcined at different temperatures for 1
hour are given in Fig. 4 and Table 1 respectively. At 600°C, 800°C, 1050°C, and 1300°C, the crystallite size of
the powder ranged between 15 nm – 24 nm, 8 nm – 30 nm, 25 nm – 36 nm, and 40 nm – 95 nm. The FWHM
values decrease as temperature is increased which indicates that crystallite size increases as calcination
temperature is increased. This growth in crystallite structure is caused by the abundance of heat from rise in
temperature [26]. The crystallite size of the powder produced by octyl alcohol and lauric acid ranged between
24 nm – 95 nm and 15 nm – 68 nm respectively. Smaller crystallite size can be obtained using lauric acid
compared with using octyl alcohol. This difference in crystallite size can be attributed to the nature of the fuels
which affects the combustion behavior. Lauric acid which belongs to the carboxylate group provides more
oxygen atom than octyl alcohol which belongs to the hydroxyl group. The extra oxygen atoms result in different
evolution of gases that ultimately alter the size and microstructure of the final product [27]. Regardless, the final
crystallite size is still within nanoscale which implies that there was no significant crystallite growth during the
phase transformation. This is due to the fact that phase transformation hinders any significant crystallite
coarsening.
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Fig. 5: SEM images of NiO/NiAl2O4 powder produced using octyl alcohol and calcined at (a) 600°C (b) 800°C
(c) 1050°C (d) 1300°C for 1 hour.

Fig. 6: SEM images of NiO/NiAl2O4 powder produced using lauric acid and calcined at (a) 600°C (b) 800°C (c)
1050°C (d) 1300°C for 1 hour.
Figure 5 and figure 6 show microstructures of samples C8 and C12 respectively calcined at various
temperatures for 1 hour. A similar behavior was observed in both samples. Calcination at 600°C produced
agglomerated powders with pseudo-spherical particles. Calcination at 800°C produced more interconnected
grains and sintering necks between particles. These features resulted from large amount of heat that was
generated during combustion and caused particle to agglomerate [28]. However the agglomeration is weak and
fragile which can break up easily. Owing to the sufficient amount of heat generated to stimulate the formation of
crystalline structure, particles started to transform to high crystalline structure with equiaxed morphology at
1050°C. The particles continue to grow into higher crystalline structure with more prominent equiaxed
morphology at 1300°C. But the powder consists mixture of spherical and irregular particles with equiaxed and
smooth morphology. This is due to the inhomogeneous temperature distribution resulting from insufficient
calcination time. Although calcination temperature of 1300°C is sufficient enough to produce high crystalline
powder with equiaxed morphology, the presence of irregular particles indicates that calcination time needs to be
extended to allow for homogeneous temperature distribution throughout the NiO/NiAl2O4 powder. Oxygen
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carriers with high crystalline structure are more favorable for CLC application because of its improved
mechanical properties [29].
Effect of calcination time on microstructures of NiO/NiAl2O4 powder:

Fig. 7: XRD peaks of NiO/NiAl2O4 powder produced using octyl alcohol and calcined at 1300°C for various
calcination time.

Fig. 8: XRD peaks of NiO/NiAl2O4 powder produced using lauric acid and calcined at 1300°C for various
calcination time.
Figure 7 and Fig. 8 show XRD analyses of samples C8 and C12 respectively calcined at 1300°C for 1 h, 2
h, 4 h and 10 h. Sharper peaks were formed for samples calcined for 2 hours and above. This indicates that
powder with better crystallinity is obtained for samples calcined for 2 hours or more. Oxygen carriers with high
crystalline structure are more favorable for CLC application compared to amorphous structure because of its
improved mechanical properties [29]. Moreover, these results indicate that the calcination time does not play a
crucial role in identifying the phase of the samples. As shown in Fig. 7 and Fig. 8, no other phases except NiO
and NiAl2O4 were detected in the NiO/NiAl2O4 powders produced using octyl alcohol and lauric acid and
calcined at 1300°C, for up to10 hours.
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Fig. 9: Crystallite size of NiO and NiAl2O4 particles produced using octyl alcohol and lauric acid and calcined
at 1300°C for various time.
Table 2: FWHM values of NiO/NiAl2O4 powder produced using octyl alcohol and lauric acid and calcined at 1300°C for various time.
Calcination time (h)
FWHM value
Octyl Alcohol
Lauric acid
NiO
NiAl2O4
NiO
NiAl2O4
1
0.1249
0.1880
0.1248
0.2030
2
0.1198
0.1780
0.1200
0.1987
4
0.0805
0.1345
0.1130
0.1870
10
0.0758
0.1050
0.1050
0.1850

The crystallite size and FWHM value of samples C8 and C12 calcined at 1300°C for various calcination
times are given in Fig. 9 and Table 2 respectively. At 1 h, 2 h, 4 h and 10 h, the crystallite size of the powder
ranged between 40 nm – 95 nm, 40 nm – 95 nm, 55 nm – 120 nm, and 60 nm – 150 nm. The FWHM values
slightly decrease as time is increased from 1 hour to 2 hours which indicates that crystallite size did not grow as
calcination time is increased from 1 hour to 2 hour. This is because the heat generated from prolonged exposure
allow for homogeneous temperature distribution throughout the NiO/NiAl2O4 powder to form a higher
crystallinity [26]. This is consistent with the sharper peaks observed in Fig. 7 and Fig. 8. The FWHM values
decreased substantially as time is increased to 10 hours which indicates a steeper growth in crystallite size. This
significant growth is attributed to the atomic mobility enhanced by the presence of more heat [15]. Once the
temperature distribution throughout the powder is homogeneous, the extra heat will result in grain growth or
increase in crystallite size. The crystallite size of the powder produced by octyl alcohol and lauric acid ranged
between 40 nm – 150 nm and 40 nm – 75 nm respectively. Therefore NiO/NiAl2O4 powders with the smallest
crystallite size can be produced using lauric acid and calcined at 1300°C for 2 hours.
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Fig. 10: SEM images of NiO/NiAl2O4 powder produced using octyl alcohol and calcined at 1300°C for (a) 1h
(b) 2h (c) 4h (d) 10h

Fig. 11: SEM images of NiO/NiAl2O4 powder produced using lauric acid and calcined at 1300°C for (a) 1h (b)
2h (c) 4h (d) 10h.
Figure. 10 and figure 11 illustrate microstructure images of sample C8 and C12 respectively at 1300°C for
various calcination times. After calcination for 1 hour the powder exhibit particles with a mixture of equiaxed
and irregular morphology. As calcination time is increased to 2 hours the irregular particles transform
completely into fine equiaxed particles. This is because enough heat was generated from prolonged exposure to
stimulate the formation of nanocrystalline structure with particles of regular size and shape [26]. As the
calcination time is further increased to 4 and 10 hours, the particles start to grow bigger into submicron size.
Both samples exhibited similar behavior. However longer calcination time enables particles to grow into
submicron size without jeopardizing its nanocrystalline structure. Conventional method of preparing oxygen
carriers can only manage to produce powder with micron size [11-13]. Oxygen carriers with submicron particles
are more favorable for CLC application because of its superior mechanical properties. The size of oxygen carrier
can influence the performance of CLC. Small particles provides less diffusional resistance, which increase the
rate of oxidation and reduction process in CLC. This in turn increases the reactivity of the oxygen carriers as
well as the performance of CLC [11]. NiO/NiAl2O4 powders with submicron particles can be obtained using
either octyl alcohol and lauric acid and calcined at 1300°C for 2 hours but the smallest particle size can be
produced using lauric acid.
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Fig. 12: SEM image and the corresponding EDX point analysis of NiO/NiAl2O4 powder produced using octyl
alcohol and calcined at 1300°C for 2 hours.
Figure 12 and figure 13 illustrate elemental composition of samples C8 and C12 calcined at 1300°C for 2
hours. The point analyses performed on the NiO/NiAl2O4 powder revealed only NiO and NiAl2O4. There was
indication of very little presence of carbon content. Table 3 shows the atomic percentage of elements present in
the powder produced using both fuels. Although the difference is very small, it is apparent that less carbon is
produced when lauric acid was used. This is attributed to the lower carbon content present in lauric acid which
corresponds to the higher oxygen content of the fuel [30,31]. The presence of carbon would inhibit densification
of the powder during calcination which makes them not suitable for CLC [28]. As shown in figure 12 and figure
13 carbon content in the final product can be controlled to a minimal when NiO/NiAl2O4 powder was
synthesized by solution combustion method using octyl alcohol and lauric acid and calcined at 1300°C for 2
hours.

Fig. 13: SEM image and the corresponding EDX point analysis of NiO/NiAl2O4 powder produced using lauric
acid and calcined at 1300°C for 2 hours.
Conclusions:
This research focuses on the synthesis of nanostructured NiO/NiAl2O4 powder by solution combustion
method using octyl alcohol and lauric acid. Analyses were conducted on the NiO/NiAl2O4 powder produced
under different parameters. Based on this study, several conclusions can be summarized as follows;
• Nanostructured NiO/NiAl2O4 powder was successfully produced by solution combustion synthesis
method using octyl alcohol and lauric acid as fuel. The optimum parameters include aluminum nitrate to nickel
nitrate molar ratio of 2:1, calcination temperature of 1300°C, and calcination time of 2 hours.
• NiO/NiAl2O4 powder produced using octyl alcohol and lauric acid under the optimum parameters
possesses the following characteristics; high crystallinity, no impurities, no residual carbon, submicron particles
with equiaxed morphology.
• NiO/NiAl2O4 powder produced using lauric acid exhibited smaller crystallite size as well as particle
size compared to powder produced using octyl alcohol.
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