
Heat treatment and ethylene glycol influence on the synthesis of 
mullite prepared by the sol-gel process  

Campos, T.M.B.1, a, Machado, J.P.B.2,b , Cividanes, L.S.1,c, Brunelli, 
D.D.1,d, Thim, G.P.1,e  

1ITA-CTA, Praça Marechal Eduardo Gomes, 50, Vila das Acácias, S. J. Campos - SP, 

CEP: 12228-900, Brazil  
2INPE, Av. dos Astronautas, 1.758, S. J. Campos - SP, CEP: 12245-970, Brazil 

atiago-moreira22@hotmail.com, bjoaopaulo@las.inpe.br, clucianac@ita.br,  
ddeborah@ita.br, egilmar@ita.br 

Keywords: Mullite, sol-gel, and heat treatment. 

 
Abstract. Mullite is an excellent structural material due to its high temperature stability, high 
electrical insulation capabilities and creep resistance. In this work, mullite was obtained by a 
sol-gel process, using silicic sol, aluminum nitrate and ethylene glycol (EG) as reagents. They 
are used in the following volume ratios of silica sol dispersion to ethylene glycol: 1/0; 1/1 and 
1/3, named as AM-0, AM-1 and AM-3, respectively. After drying, the samples were thermal 
treated at several temperatures ranging from 1000 ºC to 1250 ºC. The samples were 
characterized by SEM (scanning electronic microscopy), XRD (X ray diffractometry) and 
BET specific surface area (BET). Mullite particles are fine and near equiaxed. Sample AM-1 
presented two crystallization processes: the first on 1000ºC forming tetragonal mullite and 
spinel phases, and the second on 1250 ºC forming only orthorhombic mullite. The sample 
AM-0 showed orthorhombic mullite after heat treatment on 1250 ºC. The sample AM-3 
crystallized to tetragonal mullite at 1000 ºC (a lower temperature). There is strong dependence 
on EG concentration with specific surface area, where it increases with the EG concentration. 

Introduction 

Mullite is the only stable crystalline phase of silica-alumina system (3Al2O3.2SiO2). This 
material was found in the Island of Mull. Mullite is a technologically important material, both 
in the field of traditional and advanced ceramics and its applications include heat exchange 
parts and heat insulation parts. This is due to its excellent properties, such as creep resistance, 
chemical stability, low dielectric constant, low coefficient of expansion and thermal 
conductivity. In light of this, the mineral deposits are not sufficient to supply the growing 
market. Thus, the development of synthesis route of this material is very important, either 
from mixtures of Al2O3 and SiO2 or from materials rich in these oxides [1-2]. 

Mullite can be obtained from a mixture of Al2O3 and SiO2 (or materials containing them) 
in the stoichiometric alumina/silica molar ratio equal to 3/2. The mullite powders have been 
prepared via solid state reaction from different mixtures consisting predominantly of 
aluminum silicates (clays, kyanite, andalusite and sillimanite) and alumina [2]. However, the 
crystallization temperature of mullite obtained from solid state reaction can reach 
temperatures up to 1600 ºC [4]. The crystallization kinetics depends on the precursor powders 
and the mixture degree of alumina and silica, since the diffusion rates of Si4+ and Al3+ in solid 
matrix are very slow [5-6]. This dependence can be observed at different temperatures of 
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mullite crystallization: when micrometric particles of γ-Al 2O3 coated with amorphous silica 
are used the crystallization occurs at 1400-1500 ºC [7], however, if nanometric particles of the 
same powders are used, the mullitization temperature reduces to 1300ºC [8]. Many synthesis 
routes have been developed to decrease the mullite crystallization temperature, such as: 
coprecipitation, colloidal, sol-gel and etc [4]. Between them, sol-gel processes have been 
showed excellent results, since precursors are mixed at atomic level. Mullite has been 
crystallized by sol-gel method from 900 to 1250 ºC [8-9]. 

The great sol-gel processes disadvantages is the expensive chemical precursors [4]. Thus, 
the developments of cheaper alternative routes are highly desirable. The most expensive 
precursor used in the mullite crystallization from sol-gel process is tetraethylorthosilicate 
(TEOS), being responsible for the economic viability of this technique. Therefore, efforts have 
been made for replacement this reagent by silica salts [10]. The most common silica salt is the 
sodium metasilicate, which has industrial applications in the textile industry, wastewater 
treatment and etc [11-12]. 

Mullite was crystallized using sodium metasilicate, as silica source, aluminum nitrate, as 
aluminum source, and water as solvent [10-5]. The use of water as solvent leads to the 
diphasic gel formation, which is constituted of silica nanometric particles. In the order hand, 
the use of alcohol as solvent often leads to single phase gel formations, which is constituted of 
atomically mixed precursors [5].  

This work aims to study the mullite synthesis by sol-gel process, using sodium metasilicate 
as silica source, aluminum nitrate, as aluminum source and ethylene glycol as solvent. It will 
be shown also that the crystallization temperature is dependent of EG contents. 

Experimental Procedure 

 
Silica sol and aluminum nitrate nonahydrate (Al(NO3)3.9H2O; Vetec) were used as sources 

of silica and alumina. Silicon and aluminum were used in mullite stoichiometric (molar ratio 
Al/Si = 3/1). Ethylene glycol (Vetec) was used as a chemical additive in three volumetric 
proportions in relation to silica sol dispersion: 1/0, 1/1 and 1/3. These samples were named as 
AM-0, AM-1 and AM-2, respectively.  

The silica sol was obtained by passing a sodium metasilicate (Na2SiO3·5H2O; Vetec) 
aqueous solution, (20% w/w), through a column containing ion exchange resin [10]. Then, 
aluminum nitrate and ethylene glycol were added to silica sol. The precursor solutions were 
transferred to an oven at 80 °C for gelation and xerogels formation (approximately 15 and 40 
days, respectively). The xerogels were pre-calcined at 430 °C (for removal of organic matter), 
and then were calcined at 1000, 1200 and 1250 °C for 5 hours. The amounts of mullite 
crystallized in these samples were determined by a calibration curve constructed using the 
XRD techniques described below. 

Calcined samples were analyzed by XRD, in a Philips diffractometer, PW 1830/1840 
model, using CuKα radiation and operating at 40 kV and 25mA. A calibration curve for 
tetragonal mullite was used to quantify the amount of crystallized mullite in the samples 
calcined at 1000 °C. This curve is based on XRD analysis of solid mixtures of pure CaF2 and 
pure tetragonal mullite (Mt). Where, CaF2 is used as internal standard. SEM analyses were 
made using the Jeol JSM-5310 microscope, in order to observe the influence of heat treatment 
on the microstructure of ceramic powders. Surface area analysis of the materials calcined at 
1000 and 1200 °C were made by BET specific surface area measurements, in order to 
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correlate the area change with the diffusion mechanism, which is the predominant mechanism 
of diphasic materials. 

 
Results and Discussion 

Fig. 1 shows the X-ray diffraction of samples AM-0, AM-1 and AM-2 calcined at 1000, 
1200 and 1250 °C for 5 hours. Fig. 1(a) shows the crystallization of only α-alumina after 
firing sample AM-0 at 1000 °C, while samples AM-1 formed tetragonal mullite and AM-2 
spinel phase after firings at same temperature. The intensities of mullite peaks at 26 ° [12, 13] 
of samples AM-1 and AM-3 are practically the same, using these peaks as references one can 
observe the decrease of the intensity spinel peak, in 45 °  [11, 13], as EG contents is increased. 
Therefore, ethylene glycol increases the homogeneity of mullite precursors and making 
possible the tetragonal mullite crystallization at 1000 °C, which is the mullite crystallization 
temperature prepared from single phase precursors [14]. Fig. 1(b) shows the disappearance of 
the spinel phase in all samples fired at 1200 °C. Thus, tetragonal mullite is formed by 
consumption of spinel. One can still observe that while the AM-1 and AM-2 formed only 
tetragonal mullite at 1200 °C, the sample AM-0 continued showing the crystalline peaks 
related to α-alumina formation. Tetragonal mullite could be obtained from sample AM-3 at 
1200ºC, which is close to the crystallization temperature for mullite obtained from TEOS 
[14]. Fig. 1(c) shows the orthorhombic mullite formation in all samples calcined at 1250°C 
and the sample AM-0 continues to form the α-alumina phase. 
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Fig. 1. XRD patterns of samples AM-0, AM-1 and AM-2 calcined at (a) 1000 °C for 5 hours, 
(b) 1200 °C for 5 hours and (c) 1250 °C for 5 hours; s = spinel, α = α-alumina, Mt = 
tetragonal mullite, Mo = orthorhombic mullite. 
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The results obtained by BET for samples AM-0, AM-1 and AM-2 calcined at 1000 and 
1200 °C are shown in Table 1. The amount of mullite formed at 1000 °C for each sample, 
obtained from the XRD patterns and the calibration curve, are also shown in this Table. 

Table 1 shows that sample synthesized with the highest ethylene glycol content, AM-2, 
crystallized the largest mullite amount. Therefore, ethylene glycol increases the homogeneity 
of the precursor, favoring the mullite kinetics. Samples AM-1 and AM-2 show higher surface 
area than the AM-0 when they was fired at 1000 °C. But, these surface areas are practically 
the same after firing at 1200 °C, since the surface area of samples AM-1 and AM-2 decreased 
substantially when they were fired at 1200 °C. 
 
Table 1. Effect of heat treatment on mullite amount and surface area. 

Amostras % m/m mulita 1000 °C Área 1000 °C [m2/g] Área 1200 °C [m2/g] 
AM-0 0 17 6 
AM-1 55 30 7 
AM-2 83,8 31 10 

 
Fig. 2 shows the SEM micrographs of samples AM-0, AM-1 and AM-2 calcined at: 1000 

ºC for 5 hours (Fig. 2 a, b and c, respectively) and 1250 °C for 5 hours (Fig 2. d, e and f, 
respectively). It can be seen from the images, and in agreement with the BET results, that 
samples with the same EG / Silanol volumetric proportion, calcined at 1000 ºC present 
smaller particles compared to samples calcined at 1250 ºC. Furthermore, for both 
temperatures, it is clear that AM-0 samples present particles with irregular shapes and samples 
AM-1 and AM-2 contain particles with near-angular shapes. This changing in the morphology 
of the particles is explained by the changing in the phases (from α to Mt, or from Mt to Mo) 
present on the samples. 
 

 

 (a) (d) 
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Fig. 2. SEM micrographs of samples AM-0, AM-1 and AM-2 calcined at: 1000 °C for 5 hours 
(Fig. 2 a, b and c, respectively) and 1250 °C for 5 hours (Fig 2. d, e and f, respectively). 
 
Conclusions 
 

Ethylene glycol showed to has a positive effect in the crystallization of mullite, with the 
suppression of undesirable phases like α-alumina. The experimental methodology used here 
showed to be effective in the obtaining of a tetragonal or orthorhombic mullite powder with 
fine particles, and in the temperature near 1200 ºC (near the crystallization temperature when 
using TEOS as precursor). These fine powders have adequate characteristics to be applied in 
the sintering process of heat insulation or heat exchanges parts. 

From these results, one can conclude that ethylene glycol is a promising candidate to 
substitute TEOS as a precursor in the sol-gel process of mullite crystallization, with the 
advantage of its lower cost. 
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