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Abstract: Alumina powders were synthesized by sol-gel method 

using aluminum isopropoxide as the precursor, de-ionized water as 

a solvent and hydrochloride acid as a gelation agent. The alumina 

gel has been dried and sintered at different temperatures in the range 

200°C to 1200 °C. The synthesized samples were characterized by 

Termogravimetry analysis (TG/DTA), Fourier Transform Infrared 

Spectroscopy (FTIR), X-Ray diffraction (XRD), N2 adsorption / 

desorption techniques (BET) and Scanning Electron Microscopy 

(SEM). The X-ray diffraction diagrams showed the formation of 

different alumina’s phases such as ϒ-alumina obtained between 

400°C and 900°C, θ-alumina at 1000°C and finally α-alumina was 

obtained at 1100°C. According to the calcination temperature, the 

crystallite size varies between 15.4 and 41.5nm. FT-IR confirmed 

the presence of hydroxyl groups and Al-O bonding vibrations, the 

specific surface area was found in the range of 74,939 and 156,3255 

m2g-1, the pore diameter was in the range of 6,5579 to 9,4485nm 

and pore volume varies between  of 0,082435 to 0,30514 cm3g-

1depending as a function of heat treatment, and finally the SEM 

images reveal the formation of irregularly shaped particles with a 

disordered, heterogeneous structure. Likewise, thermal properties 

were investigated using the thermogravimetric method (TG) and 

differential thermal analysis (DTA), illustrating the thermal stability 

of the α-alumina phase at over 1100°C.  

 

Keywords: Aluminium Oxide(Al2O3); Phase transition; sol-gel; 

Calcinations; XRD;FT-IR;SEM;BET. 

 

 

1. Introduction 

 

Aluminum oxide with the chemical formula Al2O3, and commonly referred to by the 

generic name of alumina, has important applications in various domains, especially in the field 

of catalysis, it is used as support for catalysts [1-2-3], in electronic it is employed 

semiconductors, laser tubes sensors and capacitors owing to its strong electrical permittivity, 

good thermal conductivity and of its high gap[4-5-6].Alumina has found many applications in 

the biomedical field, particularly in dental and orthopedic implants because of its 

biocompatibility and for its low toxicity in the human body [7-8]. It has also been used for other 

applications such as ballistic armor, sealing rings, corrosion protection [9-10-11-12], 

reinforcements for composite materials and surface coatings in various fields of industrial 
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properties due to its exceptional properties such as high electrical insulation, high hardness, 

good wear resistance, chemical inertness, high melting point (2072°C), high rigidity and its 

good corrosion resistance[13-14-15-16]. 

Alumina crystallizes in various crystallographic structures, the more stable phase is α-

Al2O3 which has a corundum structure, the other metastable phases (γ-, δ-, θ-, κ-, ε-, η-, χ-

Al2O3) are also called transition alumina’s due to their appearance before the corundum 

structure during the dehydration of aluminum hydroxides. Each of the polymorphs alumina is 

observed in a defined temperature range. 

Nano-alumina powders can be synthesized using diverse methods like: Bayer [17], sol-

gel [10-11-18], ball milling [19-20], precipitation [21-22] and hydrothermal synthesis [23]. 

However, some of these methods have disadvantages: ball milling may incorporate impurities, 

the reactions generated during hydrothermal processes require high temperature and pressure, 

while the precipitation is complex and requires long washing and aging times [21-23-24]. 

Among these techniques, the Sol-gel method is the most promising because it has a good 

control of the sample morphology, texture, and chemical composition can be controlled by 

monitoring the synthesis parameters. It is also possible to prepare materials in a wide variety of 

forms: ultra-fine powders of high purity, fibers, solids, aerogels, thin films, and bulk materials 

at ambient temperatures [25-26]. 

The aim of this work is elaboration and characterization of alumina powders obtained 

by sol-gel method using aluminum isopropoxide as a precursor, water as a solvent and 

hydrochloride acid as gelation agent. The calcination in muffle furnace was performed, at 

different temperatures ranging from 200 to 1200°C with a pitch of 100°C, to determine the 

influence of temperature parameter on the crystalline quality of resulting alumina. The resulting 

materials were characterized by X-Ray diffraction (XRD), to find out crystalline phases, Fourier 

Transform Infrared Spectroscopy (FTIR) to identify the functional groups in the structure of 

the powders, The Brunauer-Emmet-Teller (BET) method was applied to calculate the specific 

surface area, and Scanning Electron Microscopy (SEM) for the observation of the 

microstructure of the prepared alumina particles. 

 

2. Materials and Methods  

 

2.1. Materials 

 

The sol-gel method was used to prepare alumina powders. The precursor is aluminium 

isopropoxide (≥98%) C9H21AlO3 (Sigma Aldrich), the solvent is demineralized water H2O and 

hydrochloride acid HCL 36.5-38% concentration (Sigma Aldrich) as gelation agent. 

 

2.2. Preparation of the alumina powders  

 

In a typical synthesis of alumina powder (Al2O3), 1 g of C9H21AlO3 was dissolved in 10 

ml of de-ionized water, with magnetic stirring at 80°C for 1h.Hydrochloride acid is added drop-

wise into the solution which will remain under stirring for an additional 30min, until it turns to 

a clear solution. The prepared solution was left to rest until gel formation. The obtained gel has 

undergone aging to room temperature for 2 days. After that, the samples were dried in thermal 

oven at 120°Cfor 8 hours and then calcined at 200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 

800°C, 900°C, 1000°C, 1100 and 1200 ° C for 3h in a muffle furnace with a temperature ramp 

of 5°C/min. The obtained powders were characterized by different techniques. 
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2.3. Characterization techniques 

 

The thermogravimetric method (TG) and differential thermal analysis (DTA) were 

carried out using LABSYS evo instrument and investigated in nitrogen atmosphere at a heating 

rate of 5°C/min from room temperature to 1200°C. 

The XRD patterns of prepared alumina powders were performed on a Bruker D8 

diffractometer using CuKα radiation (λ = 1.542Ǻ) with diffraction angle range  2θ=0° to 80° 

operating at an acceleration voltage of 40KV and a current of 40mA.The ICCD database was 

employed to identify the crystalline phase of the samples. 

The characteristic vibrations of the molecular bonds and the chemical nature of the 

samples were demonstrated by Fourier transform infrared spectroscopy (FTIR) using an IR 

Affinity-1 SHIMADZU type spectrometer. The samples were analyzed in the range 400 cm-1to 

4000 cm-1 at a scan rate of 40 rounds / min for 4 cm -1 resolution.  

The specific surface area and the pore size distribution of the samples were measured 

using a N2 adsorption-desorption analyzer on ASAP2020 Micrometrics apparatus. Before test 

the samples were degassed condition of 250°C for 300min at a ramp rate of 10°C/min. The pore 

size distribution, average pore diameter and total pore volume were calculated according to the 

Non-Local Density Functional Theory (NLDFT) method. 

The surface morphology was analyzed by scanning electron microscopy (SEM) using 

Quantum 250 instrument with tungsten filament from the FEI Company. 

 

3. Results and discussion 

 

3.1. Gravimetric and Differential Thermal Analysis (TG-DTA) 

 

Thermal gravimetric analysis (TG-DTA) of the gel dried at 120°Cfor 8 hours was 

performed and results are displayed in Figure 1. The TG profile shows that mass loss occurs in 

three stages. The initial weight loss occurs between room temperature and 100 ° C, this weight 

loss is estimated at 20%, and endothermic peak around 109.46 ° C is observed in the DTA curve 

which is mainly due to evaporation of water. The second step is observed between 200 ° C and 

400 ° C, and the weight loss is estimated at 28%, an endothermic peak around 430 ° C is 

observed on the DTA curve. This result is due to the decomposition of residual organic matter 

and the transformation of the crystalline phase. The γ-Al2O3 phase is formed by the dehydration 

reaction of the polycrystalline boehmite according to the reaction equation2AlOOH → Al2O3 +
H2O [18].Subsequently, no appreciable weight loss was observed in the sample due to the 

formation of a stable compound that is α-Al2O3. However, the DTA curve with a tendency to 

growth is observed, which indicates the suppression of the phase transformation. This 

phenomenon is mainly due to the stabilization of the crystalline structure. 
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Figure 1. Thermogravimetric curves a-TG and b-DTA of gel dried at 120°C. 
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3.2. X-ray Diffraction (XRD) 

 

The XRD patterns of the powders obtained after calcination at 200°C and 300°C are 

depicted in Figure 2. Spectra showed peaks at 2θ=13.44°, 28.05°, 37.87°, 49.20° ,54.68° ,64.87° 

,71.75° and 85.91°,matching respectively to planes (020), (120), (031), (200), (151), (002), 

(251), and (311) of boehmite, according to the (JCPDS-00-017-0940) database. The structure 

of boehmite has orthorhombic symmetry with the space group Amam and lattice parameters  

a = 3, 69Ȧ; b=2.24Ȧ and c = 2.86Ȧ.The intensity and the width of XRD peaks indicate 

that a larger amount of boehmite crystals are formed throughout the samples. 
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Figure 2. XRDpatterns of the alumina powders obtained after calcination at 200°C and 

300°C. 

 

The Figure 3 depicts the XRD patterns of the crystalline powders obtained after 

calcinations at 400,500,600, 700, 800 and 900°C. Spectra reveal peaks at 2θ=19.36, 32.64, 

36.78, 39.36 45.51, 60.69, 67,18 and 84,91° associated respectively to the planes (111), (220), 

(311) (222); (400), (511), (440) and (444)which are assigned to crystals ofγ-Al2O3 according to 

the (JCPDS file-00-010-0425).Thus, the obtained result make it possible to affirm that formed 

crystals have the cubic structure of γ-Al2O3withthe space group Fd3m and lattice parameters a 

= b = c = 7.90Ȧ. The increase in the temperature of calcinations did not change significantly 

the position of the peaks, thus indicating that there is no change of the phase structure [28].The 

observed slight shift expresses a small change in the lattice parameters. From spectra, one can 

note that the crystalline powders obtained after calcinations at 400°C, 500°C and 600°C have 

less intense peaks than those obtained with powders calcined at 700, 800 and 900°C which is 

explained by the enhancement of the degree of crystallization [27-28]. Also the full width at 

half maximum intensity (FWHM) decreases with calcination temperature which indicates an 

increase of crystallite size. The threshold temperature to achieve the γ-alumina phase was 

established at 400°C and the crystallization of this phase continues up to 900°C. 
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Figure 3. X-ray diffraction patterns of the crystalline powders obtained after calcination at 

400, 500, 600,700,800 and 900°C. 

 

The θ-alumina phase with monoclinic structure is observed in the sample calcined at 

1000°C, whose spectrum is represented in Figure 4. The lattice parameters are a = 5.70 Ȧ, b = 

2.92Ȧ and c = 11.90Ȧ according to the (JCPDS file 00-009-0440). 
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Figure 4. XRD pattern of the crystalline powder obtained after calcination at 1000°C. 

 

Likewise, calcinations at 1100 and 1200°C were performed and the XRD spectra of 

corresponding samples are shown in Figure 5. The increment of the temperature up to 1100°C 

the precursor has leaded to the crystallization of α-alumina phase and the intensities of peaks 

have risen and are in agreement with the (JCPDS file 00-042-1468) data of rhombohedral 

structure. The space group is R3c and lattice parameters are: a = 4.7885Ȧ; b = 4, 7588 Ȧ and c 

= 12, 9920Ȧ. 

Thus, XRD studies indicate the thermodynamically driven phase transformation from 

Al(OH)3 to AlOOH, γ, θ and α-phases of alumina under the heat treatment from 200°C to 

1200°C. The simple annealed at 1200°C show the presence of majority and stable α-phase. 

During thermal treatment, the stable α-alumina phase is obtained by a series of phase 

transformations according to the overall reactions shown below [29]: 

 

Al(OC3H7)3 + H2O
80°C
→  Al(OC3H7)2(OH) + C3H7(OH)                              (1) 
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2Al(OC3H7)2(OH) + H2O
HCl
→ C3H7O −

OH
⃓
Al
− O −

OH
⃓
Al 
− OC3H7 + 2C3H7OH                (2) 

2Al(OH)3
400°C
→   γ − Al2O3 + 3H2O                           (3) 

γ − Al2O3
1000°C
→    θ − Al2O3

1100°C
→    α − Al2O3                                                 (4) 
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Figure 5. XRD patterns of the crystalline powders obtained after calcination at 1100 and 

1200°C. 

 

The average crystallite size of the alumina nanoparticles was calculated using Debye-

Scherrer formula [24]:      D = 0.9λ β cos(θ)⁄          (5) 

Where D is the crystallite size, λ wavelength of the X-ray radiation (λ = 1.542Ǻ), θthe 

Bragg diffraction angle and βthe full width half maximum intensity (FWHM) of the diffraction 

peak. 

The obtained results are given in table 1 .The size values show that the average size of 

the crystallites increases as a function of the calcinations temperature, it varies between 15,4 

nm for treated powders at 200°C and 300°C according to the (020) plane and 41.5 nm for those 

treated at 1100°C and 1200°C according to the(104) plane. 

 

Table 1. Size of crystallites calculated with Debye-Scherrer relation 
Température °C 2θ (°) FWHM(°) D(size of crystallites)(nm) 

200 et 300°C 13,05 0,51 D(020)=15,4 

400,  500, 600, 700, 800  and 900°C 67,32 0,57 D(440)=16,7 

1000°C 67,44 0,23 D(215)=40,8 

1100 et 1200°C 34,90 0,20 D(104)=41,5 

 

3.3. Fourier Transform  Infrared (FTIR) Analysis 

 

In order to highlight the characteristic alumina groups and bonds and the effect of 

calcination, the alumina gels prepared at 200°C and 300°Cwere analyzed by FT-IR 

spectroscopy (Figure 6). For both samples the presence of a broad band at about 3291.97 cm-1 

and 3303.14 cm-1 is attributed to the vibration of the O-H bond due to the added solvent during 

the hydrolysis or during the condensation process [30-31]. The bands centered at 2104.18 cm-1 

and 2100.04 cm-1 characterize the vibration of the C-H bond of aluminum isopropoxide [32, 

33]. The bands at 1635,02 cm-1is due to the deformation vibration δ (H-O-H) of the water 

molecules present in the powder [28, 30, 33] and finally, the signal relating to the vibrations of 
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the C-O bonds is observed at 1069.05 cm-1 [30, 31, 33]. The Al-O bond is marked by the 

presence of an absorption band at 469.57 cm-1 [34, 35, 36]. 

1000 2000 3000 4000
0

70

140

 T
ra

ns
m

itt
ac

e 
(%

)

Wave number (cm-1)

 

 

200°C

300°C

469,57

1069,05

1635,02

3291,97

2104,16

 
Figure 6. FT-IR spectra of the alumina powders obtained after calcination at 200°C and 

300°C. 

 

For a calcination treatment superior at 400 ° C (Figure 7), the bands relating to the 

vibration frequencies of the Al-O bond appear clearly between 400 and 800 cm -1[31,35,37]. At 

the same time, the bands relating to organic groups disappear. These results are in agreement 

with the XRD study witch justifies the formation evolution of the transitional phases of alumina 

and the formation of stable phase of α-alumina. 
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Figure 7. Infrared spectra of the powders obtained after calcinations at 400°C, 900°C, 

1000°C, 1100°C and 1200°C. 

 

3.4. BET Analysis 

 

The textural properties of the powders synthesized at different calcinations temperatures 

were determined by the N2 adsorption-desorption isotherms and to evaluate the pore-size 

distribution, a further calculation was performed by applying the NLDFT method. The detail 

analyses of the isotherms are summarized in Figure 8 and table 2. 

The International Union of Pure and Applied Chemistry (IUPAC) classified the porous 

materials on the basis of the pores diameters (rp). In this category the porous materials are 

microporous (rp<2 nm), mesoporous (2 nm<rp<50 nm) or macroporous (50 nm<rp) [38]. 

The nature of the azote adsorption - desorption isotherms of samples synthesized at 900 

°C, and 1000 °C and the presence of large hysteresis loops (figure 8-b) at very low pressure of 
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P/ P0, which to classify the isotherm as type IV, according to the IUPAC classification,   

characteristics for mesoporous materials [39]. On the other hand for the adsorption-desorption 

isotherm of the alumina synthesized at 1100 °C in the present study follows the type IV 

isotherm. In fact, the isotherms obtained do not fit the adsorption and desorption curves and 

create a hysteresis loop at high relative pressures. The existence of this type of hysteresis loop 

and type IV isotherm in this sample indicates the mesoporous nature of the synthesized 

mesoporous alumina [40]. 

The BET method applied for adsorption isotherm allowed us to calculate the specific 

surface area table1.To evaluate the pore size distribution another calculation was carried out by 

applying the model NLDFT, and the results obtained are represented on Figure 8-b.The specific 

surface area of the sample calcined at 900°C who is from 156,3255 m2/g is much bigger relative 

to samples obtained after  heat treatment 1000°C and 1100°C attributed to 137,8060 m2/g and 

74,9390 m2/g respectively. Thermal treatment leads to the decomposition of residual organic 

groups and the collapse of the lamellar structure, to a volume contraction of the crystals and 

therefore to a reduction in the specific surface area, despite the loss of mass [38-40].On the 

other hand, it is clear from the results of Table 1, the pore volumes and pore diameters for the 

samples alumina obtained after calcinations at 900, 1000 and 1100°C sharply decreases with 

increasing calcinations temperatures. The pore distribution is in the range of 6.5579 to 9.4485 

nm confirming the mesoporous character of the samples synthesized. 
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(a)                                                                       (b) 

Figure 8. (a) Nitrogen adsorption-desorption isotherms and (b) NLDFT pore-size distribution 

of sample after heat treatment from 900°C to 1100°C. 

 

Table 2. Surface area, pore size, and pore volume of synthesized samples 
Samples Surface area (m2 g−1) Pore diameter (nm) Pore volume (cm3 g−1) 

900°C 156,3255 9.4485 0.305140 

1000°C 137,8060 8.4069 0.281555 

1100°C 74,9390 6.5579 0.082435 

 

3.5. Scanning electron microscopy 

 

Figure 9 collects the SEM micrograph of the powders obtained at various temperatures 

of calcinations; 900°C, 1000°C, and 1100°C. The SEM images in Figure 9(a1,b1,c1) show the 

formation of irregularly shaped particles with a disordered and heterogeneous rough surface 

structure with a narrower particle size distribution at the micrometer scale with an average size 

of 60μm - 110μm,however Figure 9(a2,b2) highlights the presence of irregularly shaped 

particles which are in the  3μm and 800nm range, it is also clear that  1100°C  Figure 9(c2), the 
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grains are then well defined and better formed in a homogeneous manner ,the average crystallite 

sizes were 130 and 200 nm  correspond to  the  alumina phase α-Al2O3   .These results also 

confirms the polycrystalline nature of α-Al2O3 particles, which are in consistent with the 

published results.  

The elementary chemical composition of the synthesized samples was examined using 

EDX (Energy Dispersive X-ray spectroscopy).  Quantitative measurement results obtained 

from EDX analysis (Figure.10) reveal the presence of Al and O with percentage weight of 38, 

11% and 61, 89 %, respectively. The presence of higher percentage weight of oxygen can be 

traced to the formation of Al2O3 in the powders obtained after calcinations superior or equal to 

400°C. 

 

 
(a1)        (a2) 

 
(b1)                                     (b2) 

 
(c1)            (c2) 

Figure 9. SEM micrograph of the powders obtained after calcinations at different 

temperatures: (a1, a2) 900°C, (b1, b2) 1000°C and (c1, c2) 1100°C. 
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Figure 10. EDX spectrum of Al2O3 sample at 1100°C. 

 

4. Conclusion 

 

This work consists of preparation powders of alumina obtained at different temperatures 

calcinations from the dried gel by using the sol-gel process. The results obtained from the XRD 

show the formation of three crystallized phases in various forms, the conversion to transition 

alumina gave a γ-alumina phase of cubic structure is obtained in the range 400 ° C and 900°C, 

applying a heat treatment at temperatures higher than 1000°C leads to obtaining crystalline θ- 

alumina phase and finally, the most thermodynamically stable phase α-alumina phase of 

rhombohedral structure, is observed at 1100 ° C. The effect of calcinations temperature on the 

average crystallite size was investigated. It was found that the average crystallite size alumina 

obtained at low calcination temperature was smaller than that obtained from high calcination 

temperature determined by the Debye-Scherrer formula. While the functional surface groups of 

Al2O3 were confirmed by Fourier transform infrared spectroscopy (FT-IR).The SEM images 

show that the synthesized powders are composed of small irregularly shaped particles of a few 

micrometers in size. EDX analysis reveals the presence of Al and O confirming the formation 

of alumina. The Sol-gel method has shown great efficiency for the synthesis of different 

alumina phases. 
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