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Abstract. Mullite is a relatively rare mineral in nature, formed under exceptional conditions of 
high temperature and pressure, which can be used to synthesize this mineral. Mullite presents 
good chemical and thermal stability among others properties that explain the importance of 
mullite in traditional and advanced ceramics. This research proposes the development of a 
process to synthesize mullite using the wastes from kaolin processing industries located in the 
Rio Jari (Monte Dourado-PA) and Rio Capim (Ipixuna-PA) districts. The synthesized materials 
will be studied for application as silicon-aluminum refractory bricks. The steps are mineralogical 
and chemical characterization, verifying the differences between the materials processing 
through firing of the wastes at increasing levels of temperature with 100 oC increments, ranging 
from 600 to 1000oC and 1200 to 1500ºC, during 3 hours at each level. Methods include the study 
of temperature and impurities effects through X-ray-powder and scanning electron microscopy 

 
Introduction 

 
The use of kaolin in any industrial segment requires previous physical and chemical treatment 

to minimize the amounts of impurities to or below standard levels established according to the 
desired application. 
In the Amazon region, northern Brazil, more specifically in the states of Pará (PA) and Amapá 
(AP), huge kaolin deposits can be found in two important districts: 1) Rio Jari (Morro do Felipe 
– AP), exploited by CADAM Company (Caulim da Amazônia S.A.) and 2) Rio Capim District 
(Ipixuna – PA), exploited by two main companies: PPSA (Pará Pigmentos S.A.) and IRCC 
(Imerys Rio Capim Caulim S. A.), who are processed for paper coating. These kaolin deposits 
represent about 70% of the brazilian reserves, which have been the object of many economic and 
scientific studies. 

Kaolin processing units normally produce two types of wastes: quartz in the form of sand that 
is returned to the mining site, and an aqueous suspension mainly composed of kaolinite, that 
corresponds to approximately 25% of the processed ore. Both are disposed of in large ponds and 
not have a proper use. 

The method for mullite sintering uses oxides, hydroxides, salts, and aluminum silicates as 
starting materials and the mullitization temperature is controlled by the several parameters, one 
of them is the presence of impurities, which influence the formation of mullite, promoting the 
crystallization of different mineral phases and increasing resistance. This work presents a 
preliminary study of the process of mullite synthesis using kaolin wastes as starting materials and 
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showing the effects of the mullitization temperatures and of the metal incorporated in mullite as 
well as the mineralogical, physical, chemical and technological aspects for their use in refractory 
materials. 
 
Chemical analysis  

The particle size data from the chemical analysis and loss of mass by heating are compiled in 
Table 1. One can observe that mass loss for both samples of wastes, and alumina and silicate 
content are quite close to the theoretical ones for kaolinite. The theoretical composition is 
Al2O3.2SiO2.2H2O (39.50 % Al2O3. 46.54 % SiO2, 13.96 % H2O or mass loss).  
 
Table 1    
Chemical Composition of the wastes 

Chemical 
Oxides (%) 

CR PR PRF 

(PR+1.5F

e) 

CDF 

 

Theoretical 
kaolinite 

SiO2 44.10 46.50 45.70 38.54 46.54 

Al2O3 37.40 38.40 37.73 36.81 39.50 

Fe2O3 1.96 0.69 2.15 10.37  

TiO2 2.14 0.96 0.94 1.12  

CaO 0.01 - - <0.01  

MgO - - - 0.03  

Na2O - - - 0.15  

K2O 0.05 0.10 0.10 0.07  

LOI 13.70 13.60 13.36 13.01 13.96 

Total 99.36 100.25 99.98 100.10 100.00 

 
DTA/TG 

DTA and TG curves of the CR and PR samples are showed by the Figures 1 . It is observed 
that both of them have similar patterns, with characteristic of kaolinite. The endothermic peak, 
around 540ºC, is related to the removal of the OH links into the octahedral sheet and the 
formation of metakaolin, Brindley & Nakahira (1959). 

The exothermic reaction at about 978ºC is generally related to the recrystallization of mullite 
(Romero, 2005) or the phase Al-Si spinel or γ-Al2O3 formation (Schneider et al., 1994). TG 
curves show loss weight 13.98% and 12.94% to CR and PR samples respectively. 

The difference between the samples is a presence of a little endothermic peak around 282ºC, 
in CR sample. It could be possible attributed at an amorphous aluminum hydroxide, as 
mentioned by Santos (1989).  
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Figure 1.  DTA/TG – CR and PR samples 
 
X-ray diffraction 

Figures 2 and 4 display XRD patterns for the CR and PR samples, for each firing temperature 
- 600ºC, 700ºC, 800ºC, 900ºC, 1000ºC, and 1200ºC in order to observe the series of 
transformations that take part with kaolinite during heating. The kaolinite characteristic peaks 
(7.149 Å, 4.468 Å, and 3.578 Å) and anatase was observed at 600ºC for the CR sample, for the 
PR-600, kaolinite (7.161 Å, 4.425 Å, and 3.579 Å), anatase, and quartz. The two figures also 
show the formation of two bands (d= 2.39 Å / 37.67 2θ and d=1.97 Å / 45.81 2θ) in the CR-900 
and CR-1000 samples, the second one (45.81 2θ) was reported by Sen & Thiagarajan, (1988) to 
be a metastable phase (Al-Si spinel/ γ-Al2O3). However, a better technique would be electron 
diffraction on a selected area to confirm this assumption. 

For the PR-1000 sample besides the anatase and quartz peaks, two mullite peaks also appear. 
 

   2θ            2θ       
 
Figure 2. XRD patterns for CR samples after firing     Figure 3. XRD patterns for PR samples 
after firing. 
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Textural analysis from fired waste samples  

Waste samples images are displayed in groups: 
. Temperature influence over particle morphology for both wastes, at low to middle (600ºC, 

800ºC, 1000 ºC) to high (1400 ºC e 1500ºC) temperatures;  
. Structural and non-structural effects of impurities, like iron, on mullite formation 

. Non-crystalline phase removal by 4 minutes and 14 minutes immersion in 5% HF solution to 
reveal the morphology of crystals formed after firing. 

The SEM pictures for the polished-section specimens of CR and PR samples fired at 1500ºC 
without HF etching, can be seen in Figures 4 and 5. The CR picture shows clearly acicular 
prismatic interlaced mullite crystals inside a wide pore. No particle morphology can be observed 
outside this void, although the composition determined by X-ray diffraction reveals the presence 
of mullite and cristobalite, besides a non-crystalline silicate phase, as a result of phase 
transformation reactions. The PR picture also shows a cavity where both inside and outside the 
void, prior pseudo-hexagonal particles are well sintered. The sample is mainly composed of 
mullite, cristobalite and vitreous silicate. A supposed glass-phase covers the mullite particles. 
 

                                                             
Figure 4. SEM, in polished section, from                          Figure 5. SEM, in polished section, from  
fired waste CR at 1500ºC, without HF etching                    fired waste PR at 1500ºC, without HF etching. 
 

Influence of Fe on mullite formation. 

 Comparing Figures 6 and 7 for same samples and firing temperatures (1400ºC e 1500ºC), the 
CR samples show many prismatic particles which correspond to mullite while in the PR samples 
don’t show this kind of particles. Such is the effect of Fe on the structure of the CR samples, 
favoring the growth of the prismatic mullite particles.   

Based on the observations above, we conducted a study of the influence of added Fe to the PR 

samples (without structural Fe) at the same temperature range and compare the results with those 

of the CR samples (with structural Fe). Iron was added to the PR samples as 1.5% Fe2O3 (same 

amount as in the CR samples) and were named PRF samples. 

  

 

 
 
 
 
 

Figure 6. SEM from CR waste fired at 1400 ºC and 1500oC, respectively.           

  CR-1400 CR-1400 CR-1500 CR-1500 
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Figure 7. SEM, PR sample green bodies fired at 1400 and 1500oC, respectively. 
 

0

200

400

600

800

1000

1200

5 10 15 20 25 30 35 40 45 50 55 60 65

PRF-1500

PRF-1400

PRF-1300

2Θ

M

M

M

M

M

M
M

M

M

H

H

H

H

M
M

H

C

C

Mg

Mg
Mg

M -    Mullita
C -    Cristobalita
H -    Hematita
Mg - Magnetita

 
Figure 8. XRD patterns for PRF samples, after firing at 1300ºC, 1400ºC and 1500ºC. 

 

The PRF samples, fired at 1300ºC, 1400ºC e 1500ºC (giving samples PRF-1300, PRF-1400, 
and PRF-1500), were characterized by x-ray diffraction and the results are shown in Figure 8. 
The samples show mullite, cristobalite, hematite, and magnetite characteristic peaks, the 
intensity of the main mullite and cristobalite peaks increasing with increasing temperature. 

 For the PRF-1400 and PRF-1500 samples, mullite and cristobalite peaks show diminishing 
intensity with increasing temperature while magnetite peaks intensity increases.   

The hematite and magnetite peaks indicate that not all the added Fe was dissolved in the 

vitreous phase. 

Comparison between structural and non-structural Fe.    

The prismatic mullite particles formed in the PRF samples fired at 1500ºC are larger and 
better defined than those of the CR samples fired at the same temperature as shown in Figure 9. 

 

  

 
 

Figure 9. SEM Micrographs of PRF and CR samples fired at 1500ºC on polished section and on 
thin layer, respectively, and immersed in HF for 4 minutes.   

  

PRF-15 HF CR-15 HF 

PR-1400 PR-1500 
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Conclusions 

Chemical analysis of the wastes from kaolin processing allows us to conclude that these 
material are mainly composed of kaolinite and due to the very high alumina contents, both 
wastes are very promising to be used in white grog for white and refractory ceramics application. 
The high contents of Fe and Ti in the CR sample, in comparison to the PR one, may prevent its 
use in refractory materials. 

The X-ray diffraction results on the 1500oC samples show that metakaolinite quartz 
(>1200oC) and non-crystalline silicate, in higher proportion when compared to quartz, are 
transformed into cristobalite. 

Although published results set the transformation of anatase into rutile at around 750oC or 
close to 900oC, its presence was detected in the samples at 1200oC and above. 

The HF etching on the specimens revealed better-defined acicular mullite particles in the CR 
sample – which has higher Fe and Ti contents – than in the PR sample. 

The cumulative masses retained on a 325 mesh sieve are higher than those allowed for paper 
filling or coating as for paints or pigments and should not be considered for such uses by the 
firing method of this work.   

Shifts in the mullite peaks are observed for the PRF-1300, PRF-144, and PRF-1500 samples 
suggesting the substitution of Al by Fe in the mullite structure, also observed by Schneider et al. 
(1994).  

Added Fe has a significant influence on the forming and growth of mullite particles at 1400ºC 
and 1500 ºC.  

Mullite prismatic particles formed in the PRF samples are larger and better defined than in the 
CR samples.  
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