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Abstract 
Nano alumina was synthesised using precursors from pre-heated kaolinitic 
clay at 600˚C, 700˚C, and 800˚C following by a bottom-up sol gel method that 
led to Al(OH)3. The latter was subsequently calcinated at 900˚C to form γ-
nano alumina (γ-Al2O3). The final products were characterised using X-ray 
Diffraction (XRD), Fourier transformed infrared Spectroscopy (FTIR), Scan-
ning electron Microscopy (SEM) coupled with Energy dispersive X-ray anal-
ysis (EDX) as well as Brunauer-Emmett-Teller (BET) for specific surface area 
measurement. The γ-nano alumina confirmed by X-ray patterns and infrared 
spectroscopy was found to be in a poorly crystalized form with 6.8 nm as crys-
tallite size. The specific surface area and the synthesis yield varied with the 
temperature of pre-heating kaolinitic clay. The best process yield, 17.88%, and 
specific surface area of 146.78 m2/g, was obtained with 700˚C as the best pre-
heating temperature of the precursor. Due to the characteristics of the product 
obtained, they could be very interesting in many applications such as adsorp-
tion given their high specific area and nanoscale structure. 
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1. Introduction 

Alumina, also known as aluminum trioxide of stoechiometric formula Al2O3, is 
known as one of the most widely metal oxides used in ceramics, metallurgical, and 
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chemical industries due to its interesting properties such as high-temperature re-
sistance, hardness, high melting point, thermal conductivity, amphotericity, chem-
ical inertness, abrasion resistance, good surface properties [1] [2]. The nanoscale con-
fers high-performance properties such as enhanced mechanical strength, greater 
chemical reactivity, high electrical conductivity, interesting fluorescence, etc. [3]-
[5]. The improvement in physico-chemical and structural characteristics is mainly 
due to the significant increase in specific surface area and porosity. These excep-
tional properties depend essentially on particle size and distribution [6].  

Alumina, well-known in its α, β, γ, η, θ, κ, and χ structural phases, is one of the 
most common adsorbents used in environmental engineering such as adsorption 
and catalysis, with remarkable optical and electronic properties [7] [8]. Several 
research works have also demonstrated the interesting properties of alumina na-
noparticle such as stability, low toxicity, the ability to be functionalized with a 
range of molecules and biocompatibility, which are favourable for their use in bi-
ology [6] [9]. These properties depend essentially on the microstructure, which is 
inseparable from the raw materials used and the synthesis process. In general, alu-
mina nanoparticles are synthesized from industrial precursors, including alumi-
num chloride, isopropoxides, and aluminum nitrates [10] [11]. The use of chem-
icals precursors for the synthesis is not really eco-friendly. Since nano alumina has 
a broad range of applications, development of low-cost processing routes for its 
synthesis is one of the most prominent industrial challenges [10]-[12]. 

Numerous processes for synthesizing alumina nanoparticles are described in 
the literature, including the sol-gel method [9] [13], microwave and vapor-phase, 
precipitation and leaching techniques, mechanochemical method, solvothermal 
method, and so on [12] [14]. In those different techniques, the control of the par-
ticles size, the pore distribution as well as the specific surface area remains a very 
interesting and challenging aspect. Alumina nanoparticle in its gamma structure 
(γ-Al2O3) has a high specific surface area and therefore more effective in afore 
mentioned applications [8] [13] [15]. In the perspective of sustainable develop-
ment, there is a growing trend for investigations using agro-industrial waste such 
as red mud, fly ash or even less used mineral materials [6] [9]. Few workers have, 
however, used clays materials such as kaolinitic clay for the synthesis of nano alu-
mina was nevertheless successfully obtained product with high specific area, me-
chanical, and thermal stability properties [16]-[18].  

That’s when we propose to synthesize nano alumina from kaolinitic clay with 
emphasis on the effect of the pre-heating temperature of the precursor and evalu-
ate product properties (specific surface area especially) by comparison with the 
results of others works. The kaolinitic clay is available and constitutes an alterna-
tive precursor to chemicals reagents for the synthesis of nano alumina. 

2. Experimental Methods 
2.1. Materials 

The Kaolinitic clay (Kc) used in this work was from Dibamba, Littoral Region of 
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Cameroon. Some chemicals such as sucrose pellets (99 wt%), hexane (96 wt%), 
hydrochloric acid (32 wt%), ammoniac (99.5 w%) acquired from PROLABO Ltd. 
were also used in minor quantities. The chemicals were used without any further 
purification. 

2.2. Characterization and Procedures 

The clay material was characterized by several techniques described as follow: the 
chemical composition was carried out by ICP analysis and the X-ray diffraction 
(performed with Bruker D8 Advance with Cu Kα1 radiation equipment). The dif-
ferential coupled with gravimetric thermal (DTA/TGA) analyses using a Setsys 
2400 de SETARAM apparatus, heating rate 5˚C/min). The phase composition was 
investigated by Fourier transform infrared spectra recorded in the range of 4000 
- 300 cm−1 using Bruker FT-IR Tensor 27 spectrophotometer.  

The mineralogical phase was enriched by wet sieving at 75 µm, and it was dried 
to obtain a powder fraction labelled as Kc. The synthesis process was in few steps, 
starting with the thermal activation of the clay at 600˚C, 700˚C, and 800˚C for 1 
hour in a model LH60/14 muffle furnace with a heating rate of 5˚C/min to deliver 
precursors according with the following equation.  

( ) ( )600 - 800 C
2 3 2 2 2 3 2 2Al O 2SiO 2H O Kc Al O 2SiO metakaolinite 2H O ⋅→ +⋅ ⋅    (1) 

The samples obtained were labelled MK600, MK700, MK800, where MK stands 
for Metakaolin. Those precursors were used for the synthesis of alumina nano-
particles following a modified sol-gel associated with the bottom-up process [19] 
[20]. Indeed, each precursor was chemically treated with a 2.5 N solution of hy-
drochloric acid for 2 hours at 90˚C, (5 > pH > 3) as shown in Equation (2). 

( )

( ) ( )( )( )
2 3 2 2 3 2 2

3 3 4
2 2

Al O 2SiO Fe O ,TiO ,SiO HCl

2SiO residue Al H O 3 Cl Fe Ti aqueous filtraten n
+ − + +

+

 → + + + + 

⋅ +

  
  (2) 

The mixture was filtered and the filtrate was then kept for further use. The am-
photeric character of aluminum (III) species is preferentially shifted to basic to 
facilitate its solubility in the water together with other oxides. The liquid phase 
recovered, typically alumina was submitted to react with ammonium hydroxide 
(NH4OH) to form Aluminum hydroxide (Al(OH)3) which is then soaked in hex-
ane to purify it and dried. Sucrose was added to minimize the particle agglomer-
ation. 

( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( )

3 11 22 11 4

4 2 2 2 23

AlCl aq C H O s 3NH OH l

Al OH 3NH Cl g 10C s 10H g CO g H O l 4O g

+ +

→ + + + + + +
 (3) 

The Aluminum hydroxide (Al(OH)3) obtained is then soaked in an appropriate 
quantity of hexane for 24 hours, then dry after filtration. The role of hexane is to 
rid the product of more organics impurities. The calcination at 900˚C of product 
in the last step permits the transformation in amorphous phase following the 
Equation (4). 
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( ) 900 C
2 33Al OH -Al Oγ→                      (4) 

The obtained powders were analysed with Scanning Electron Microscopy 
(SEM) using A Zeiss Ultra Plus FEG for surface morphology analysis, equipped 
with an Oxford detector EDX at 20 kV, which uses Aztec software for elemental 
analysis.  

The chemical bonds in the final products were investigated by Fourier trans-
form infrared spectra recorded in the range of 300 - 4000 cm−1 using Bruker FT-
IR Tensor 27 spectrophotometer in addition to powder diffraction patterns which 
were recorded in the high angle 2 theta range (5˚ - 70˚) using a Bruker D8 Advance 
with Cu Kα1 radiation. The scan speed and step sizes were 0.3/min and 0.001˚ 
respectively. 

The specific surface area was obtained by BET method, from N2 adsorption and 
desorption isotherms at 77 K, obtained from a Carlo Erba Sorptomatic 1990 vol-
umetric device, after outgassing the samples overnight at room temperature at a 
pressure lower than 10−4 Pa. 

The yield of the synthesis process (Y) was calculated following the equation [14] 
[21]. 

( ) NKi

Ki

% 100mY
m

= ×                        (5) 

where mNKi is the mass of Al2O3 obtained in the final step of procedure and mKi is 
the initial mass of Al2O3 in calcined kaolinitic clay (600˚C, 700˚C, 800˚C). 

For the determination of crystallite size, the X-ray patterns of the three alumina 
powders were considered. Some related peaks were then used to evaluate the av-
erage size (D) in the hkl direction, expressed in Å of the crystallites using Debye 
Scherrer equation [1] [22] [23]. 

cos
KD

HL
λ
θ

×
=

×
                        (6) 

where k is apparatus correction constant, or Scherrer constant (0.89); HL the an-
gular width at half-height lengh of the diffraction peak relative to the reticular 
plane (hkl) expressed in radians. HL = 2θ(L2) − 2θ(L1); λ: wavelength of the KαCu = 
1.5406 Å = 0.15406 nm; θ: half the wave deviation (half the Bragg angle, at the 
peak of the reflection under consideration, expressed in degrees). 

3. Results and Discussion 
3.1. Characteristics of the Starting Clay Material (Kc) 

The chemical composition of clay material (Kc) obtained by ICP analysis was 
shown in Table 1. 

The clay material has a high mass proportion of silica: SiO2 (76.06%), while 
alumina is comparatively low: Al2O3 (14.65%). This gives a SiO2/Al2O3 molar ratio 
of 5.19, classifying the clay as siliceous [24] [25]. In general, alkaline oxides (Na2O, 
K2O) and alkaline earth oxides (CaO, MgO) were present in very small quantities. 
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This indicates that the material is a low-melting point [4] [26]. The coloring ox-
ides TiO2 and Fe2O3 are present in very small quantities.  

Figure 1 shows the (XRD) patterns of the clay material (Kc). Some peaks of 
crystalline phases were revealed. 
 
Table 1. Chemical composition of raw clay material. 

Oxides SiO2 Al2O3 Fe2O3 MgO MnO CaO Na2O K2O TiO2 P2O5 LF#b 

W (%) 76.06 14.65 2.04 0.10 - 0.07 - 0.11 DL#a - 8.04 

a. detection Limit; b. loss on fire. 
 

 
Figure 1. X-ray patterns of clay material, (K) Kaolinite, (Q) Quartz), (A) Anatase, (L) 
Lepidocrocite.      
 

Kaolinite (Al2Si2O5(OH)4) (JCPDS 14-164) is the main mineral phase of the clay 
material studied, associated with other phases as quartz (JCPDS 5-490) (SiO2), 
lepidocrocite (FeOOH) (JCPDS 8-98), and anatase (TiO2) (JCPDS 4-447). 

The infrared spectrum of Kc presented in Figure 2 showed the typical appear-
ance of a kaolinite spectrum [3] [27]. The absorption bands at 3440 and 3370 cm−1 
corresponds to the vibrations of the O-H bonds of the adsorbed water molecules, 
while those at 3689, 3647, and 3619 cm−1 are attributed to the symmetrical elon-
gation vibrations of the free OH groups on the external surface and the elongation 
vibrations of the internal -OH groups of the kaolinite [14] [27]. The absence of 
the absorption band between 3665 and 3670 cm−1 reflects an inversion of the band 
intensities at 3647 and 3670 cm−1. This is only observed when there is disorder 
within the material [25] [26] [28]. The absorption bands located around 1114 - 
1116 cm−1, 998-1025 cm−1 on the spectrum correspond respectively to the defor-
mation vibrations of the Si-O and symmetrical Si-O-Si and asymmetrical Si-O-Al 
bonds [25] [29], while the bands at 908 and 909 cm−1 as well as those at 788 - 792 
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cm−1, 747 cm−1 and 663-677 cm−1 were attributed to the vibrations of the Al-O-Si 
and Al-OH bonds in kaolinite. The shoulders around 521 - 523 cm−1, and 458 cm−1 
shows the deformation vibrations of the Si-O-Si and Si-O-Al bonds [30] [31]. 
Shoulders around 1150, 714, and 695 cm−1 indicated the presence of quartz [25]. 
 

 
Figure 2. Fourier transform infrared spectra of clay.      
 

Figure 3 showed the (DTA and TGA) thermograms of the clay material and 
revealed that the shapes of the two curves were typical to those of kaolinitic clays 
[16] [26] [28] [32]. 
 

 
Figure 3. Plots of (a) DTA and (b) TGA thermograms of clay material (Kc).      
 

An endothermic peak on the DTA thermogram of clay around 80˚C accompa-
nied by a small loss of mass on the (TGA) curve, this thermal incident would 
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correspond to the endothermic phenomenon of the departure of the water of hy-
dration molecules [32] [33]. An endothermic peak was observed around 260˚C, 
with a mass loss of around 1.84% on the (TGA) curve corresponding to the dehy-
droxylation of lepidocrocite (γ-FeO(OH)) into maghemite (γ-Fe2O3) according 
the equation [25] [28]. 

259 C
2 3 2

Lepidocrocite WaterMaghemite
2 -FeOOH -Fe O H Oγ γ→ +                 (7) 

The content of this mineral from the proportion of loss on ignition related to 
this mineral gives 10.18% Lepidocrocite. Another endothermic phenomenon oc-
curs between 400˚C and 600˚C, corresponding to the dehydroxylation of kaolinite 
to form metakaolinite [25] [32]. 

( ) 500 C
2 5 2 2 2 3 24

water of constitutionMetakaoliniteKaolinite
Si O Al OH 2SiO Al O 2H O→ ⋅ +        (8) 

Around 574˚C there is an endothermic phenomenon with no loss of mass that 
reflects the polymorphic transformation of alpha quartz into béta quartz as shown 
in following equation. 

573 C
2 2

quartz quartz
-SiO -SiO

α β
α β→                   (9) 

Between 900˚C and 1000˚C, the exothermic peak on the DTA curves corresponds 
to the reorganization of metakaolinite and the formation of pseudo-spinel [34]. 

( ) 925 - 1000 C
2 2 3 2 3 2 2

crystalized SilicaPseudo-spinelleMetakaolinite
2 2SiO Al O 2Al O 3SiO SiO⋅ → ⋅ +     (10) 

These observations confirm that the treatment of Kaolinitic clay (Kc) up to 
700˚C, transformed it into metakaolinite which is a more reactive amorphized 
form. At this temperature, no reorganized phase was yet detected, which proves 
that the whole system was indeed activated so that hydrated minerals can de-
compose into primitive oxides [25] [32]. 

3.2. Characteristics of the Synthesized Alumina Nanoparticles 
3.2.1. XRD Patterns 
The X-ray patterns (Figure 4) of the three products synthesized on the basis of 
precursors MK600, MK700, and MK800 respectively permitted the determination 
of the mineralogical phases. The three diffractograms exhibit peaks which char-
acterize γ-nano alumina (2θ = 37.15; 46.15, and 66.75˚). These peaks correspond 
respectively to the (311), (400), and (440) planes on JCPDS file No. 29-63 [14] [35] 
[36]. The phases were therefore in a very poorly crystallized state given the 
amount of amorphous phase. The areas under the peaks were of similar sizes and 
do not really depend on the pre-heating temperature of the precursor. This can be 
explained by the further changes due to chemical reaction during the synthesis 
process. The so-called amorphous phase may be linked to the residual organic 
matter.  
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Figure 4. XRD patterns of nanolumina NK600 (from MK600), NK700 (from MK700), and 
NK800 (from MK700).      

3.2.2. Crystallite Size  
The zoom of hkl (440) peak has been assumed to be representative due to its high-
est intensity and used in the calculation of crystallite size (Figure 5). 
 

 
Figure 5. Peak of plane (440) to the nano alumina diffractogram.      

 
Table 2 shows the different values of the calculation parameters used to calcu-

late the crystallite size Equation (6). 
 
Table 2. Parameters of the calculations of the crystallite size. 

Parameters 2θ (L1) 2θ (L2) ∆ (2θ)˚ ∆ (2θ) r θ Cos (θ) D/nm 

NKi 65.55 67.85 2.30 0.040 0.020 0.99 6.81 
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3.2.3. FTIR of Nano Alumina 
The (FTIR) spectra (Figure 6) of the three synthesized products (NK600, NK700, 
and NK800) showed that the spectra were all similar and display characteristic 
adsorption bands of nano alumina [14] [15] [35]. Around 450 and at 1090 cm−1 
are the stretching vibration bands of the Al-O-Al bond. Around 1646 cm−1 was 
located a peak related to the bending mode of physically adsorbed water mole-
cules. At around 3358 cm−1 were the stretching vibrations of bonded OH groups 
and isolated OH groups [8] [14] [35]. Despite the difference in the pre-heating 
temperature, the bands are similar showing that the bonds present in the three 
synthesized products are the same. 
 

 
Figure 6. FTIR spectra of NK600, NK700, and NK800.      

3.2.4. SEM/EDX of Nano Alumina 
The SEM images of the alumina nanoparticles from precursor previously heated 
at 600˚C, 700˚C, and 800˚C presented in Figure 7 revealed that all the products 
have heterogeneous morphology, with large particles dominating in the case of 
NK600 and NK700, compared with NK800, where the particles were less large and 
closer. Moreover, the particles seem to be isolated from each other, independently 
of their respective sizes. These images were similar to those of alumina nanopar-
ticles found by some authors using different precursors [3] [8] [27]. In addition, 
EDX analysis of the contrasts in each of the products clearly shows that the species 
present in high proportion are aluminum (Al) and oxygen (O). This suggests that 
the chemical substance present was aluminum oxide (Al2O3). 

3.2.5. Specific Surface Area of Nano Alumina 
According to the surface morphology analysis, the specific surface area (SSA) of 
NK600, NK700, and NK800 were 141.7, 146.8, and 137.7 m2/g for precursor pre-
treated at 600˚C, 700˚C, 800˚C respectively. The more reactivity of the precursor, 
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higher the SSA of the nano alumina obtained was observed. Furthermore, the val-
ues were challenging with those found in the literature [3] [8] [12]. 
 

 

 

 
Figure 7. SEM images and EDX analysis of Nano alumina (a) NK600, (b) NK700, (c) 
NK800.      

3.3. Synthesis Process Yield 

Table 3 gives the synthesis yield from the three precursors. The synthesis yield, cal-
culated through Equation (5) and presented in Table 3, was found to be 17.88 % for 
the amorphization temperature of 700˚C compared with 14.4% and 12.24 obtained 
at 600˚C and 800˚C respectively. These values were well below those given by in-
dustrial precursors [14] [34] [35]. The results were in accordance with the respective 
reactivity of the precursors. Indeed, at the lower of 600˚C the clay material was not 
completely amorphized and the bonds between the tetrahedral and octahedral planes 
of the clay sheets were not sufficiently weakened to optimize oxide dissolution during 
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acid leaching and promote good synthesis yield. One part of the chemicals (HCl and 
NH4OH) might be used to dissolve the network.  
 
Table 3. Synthesis yield of nano alumina particle. 

Precursors MK600 MK600 MK600 

Yield (%) 14.4 17.88 12.24 

 
The precursor obtained at 700˚C (MK700) was the most reactive due to the 

transformation of the clay material into primitive oxides [25] [32]. In fact, as 
amorphization was linked to dehydroxylation, it has been shown by some authors 
that residual hydroxyl groups, around 10% of the -OH present in metakaolinite 
after its formation, were gradually eliminated [16] [35]. In addition, infrared stud-
ies of kaolinite dehydroxylation kinetics have shown that it was the -OH of the 
less firmly bonded outer octahedral sheets that first react with each other, releas-
ing around three-quarters of the water of constitution, followed by the elimination 
of the better-protected -OH of the tetrahedral and octahedral sheets. Whereas at 
800˚C, the reorganization process has already begun, involving the alumina spe-
cies, since some authors believe that the reorganization observed on the (TGA/DTA) 
thermogram has a combined effect resulting on the one hand, from the demixing 
of the system into Al2O3 rich domains and, on the other, from the diffusion of 
small, anisotropic particles at the grain boundary interfaces [20] [35].  

The metakaolinite in MK800 tends to give rise to a pseudo-spinel phase and the 
amorphous silica to a more crystalized form of quartz, or cristobalite. This leads 
to a more organized structure that finally decreases the reactivity of the precursor 
subsequently to useless consumption of reactants. Based on these results, the op-
timum temperature for amorphization of the material is 700˚C.  

A comparison of the present nano alumina particles with other obtained from 
different precursors has been made and the results are presented in Table 4. 
 

Table 4. Comparison of SSA and crystallite size with other works. 

Precursors Specific surface area (m2/g) Crystallite size (nm) Related references 

Aluminum dross (Calcium aluminum oxide) 36.46 75 [3] 

Aluminum nitrate: Al(NO3)3·9H2O 76 63.4 [35] 

Aluminum chlorite: AlCl3·6H2O 112.9 4.13 [8] 

Alumina nanoparticle with SDS modification 221.3 40 [37] 

Nano alumina from MK700 146.8 6.8 Present work 

 
According to Table 4 above, the nano alumina synthesized in this work ex-

hibits a higher SSA compared with many other adsorbents obtained from chem-
icals reagents and this is in accordance with the smaller crystallite size. Also, it 
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might be of great economic interest since it was obtained from low-cost available 
materials. Such good properties may broaden the applications fields of the prod-
uct. 

4. Conclusion 

The aim of the present study was to investigate the effect of pre-heating temper-
ature of the precursors (kaolinitic clay) for the synthesis of alumina nanoparti-
cles. The kaolinitic clay was pre-treated at different temperatures 600˚C, 700˚C, 
and 800˚C to obtain more reactive precursors. The latter underwent chemical 
reactions subsequently with Chlorhydric acid and Ammonium hydroxide solu-
tions followed by further treatment in sucrose and hexane. Three nano alumina 
NK600, NK700, and NK800 were successfully obtained and characterized by 
(XRD, FTIR spectroscopy, SEM/EDX), (BET) surface specific surface area. The 
yield of these particles varied with the amorphization temperature of the starting 
clay: 14.4% at 600˚C, 17.88% at 700˚C, and 12.24% at 800˚C. The X-ray patterns 
and infrared spectroscopy indicated that γ-nano alumina was effectively ob-
tained with crystallite size around 6.8 nm. The (BET) specific surface area (SSA) 
of NK600, NK700, and NK800 were 141.7; 146.8, and 137.7 m2/g for precursor 
pre-treated at 600˚C, 700˚C, 800˚C respectively. Scanning electron microscopy 
showed that the particles had a tendency to be isolated from each other, creating 
more active surface and porosity and thus promoting great reactivity. These re-
sults show that heat treatment of the initial material is important, increasing the 
characteristics of the final product. In this work, 700˚C is the optimum temper-
ature for heat treatment of the initial material (good yield, small crystallite size, 
high specific surface area). 
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