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Abstract: This paper is aimed at investigating activation behaviors for coal-series kaolin using 

fluidized bed calcination as a novel method. The properties of calcined products at different 

temperature by fluidized bed calcination were evaluated by determination of weight loss rate, 

whiteness, chemical oxygen demand (COD), aluminum dissolution degree. The thermal behaviors 

and reaction mechanism were characterized by thermo gravimetric-differential scanning calorimetry 

(TG-DSC), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), particle size 

distribution (PSD) and scanning electron microscopy (SEM). The results showed that calcination 

temperature was essential factor determining the properties and crystallinity of calcined products 

using fluidized bed calcination. Coal-series kaolin transformed into irregular and amorphous 

metakaolin with excellent properties as calcined at 600-900 °C, which attributed to the 

dehydroxylation of kaolinite and combustion of carbon/organic matter. Calcined kaolin eliminated 

activity ascribed to the recrystallization into mullite when calcination temperature was over 1000 °C. It 

was believed that fluidized bed calcination was an efficient thermal activation technology for coal-

series kaolin and the calcination temperature should be controlled accurately. 
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1. Introduction 

Coal-series kaolin is an associated resource as tailings in coal mining and washing industry and 

widely distributed in China. The hard kaolin ore associated with the coal is described as coal-series 

kaolin. Mass accumulations of the coal-series kaolin have contributed to resource waste and 

environment deterioration, which has been one of factors restricting sustainable development of 

resource utilization (Wang et al., 2016). The utilization of coal-series kaolin as resource material will 

not only decrease pollution to environment, but also bring economic benefits (Qiao et al., 2008). The 

main components of coal-series kaolin were kaolinite, quartz, carbonaceous matter, organic matter 

and the other impurities such as iron mineral. Kaolinite (Al2O3·2SiO2·2H2O) is primary mineral with 

low activity attributed to 1:1 layer stable crystal structure, which formed by SiO4 tetrahedral sheets 

and AlO2(OH)4 octahedral sheets shown in Fig. 1 (Johnson and Arshad, 2014; Liu and Yang, 2014). 

Thermal technology such as calcination is an effective method to activate coal-series kaolin through 

dehydroxylation of kaolinite and combustion of carbon/organic matter (Liu et al., 2015). The calcined 

kaolin can be transformed into meta-kaolinite, amorphous SiO2 and Al2O3 after calcination at 

appropriate temperature (Kuang et al., 2016; Souri et al., 2015; Zhou et al., 2015). And the calcined 

kaolin has excellent product properties such as high chemical activity, high whiteness and high 

dissolution degree of aluminum, which can be widely applied the production of paper, functional 

materials, building materials, and chemical products (Liew et al., 2012; Xu et al., 2015; Zhou et al., 

2012). However, the temperatures outside the reasonable ranges could lead to the beginning of 
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crystallization, the presence of new stable phase (mullite and cristobalite etc.) and the decreased 

activity in calcined products (Cao et al., 2016b). Therefore, in order to get high-quality calcined kaolin, 

the calcination temperature should be controlled accurately (Zhang et al., 2016). Fluidized bed 

technology is easier for controlling, realizing large-scale, higher efficiency on heat and mass transfer 

process, and better bed temperature distribution than traditional devices (Khadilkar et al., 2014; Scala 

and Salatino, 2003; Zhang, 2009). High-performance fluidized bed technology has been widely used in 

chemical engineering, curatorial industry and other fields. Zeng et al. (2015) has made successful 

extraction of vanadium from stone coal by roasting in a fluidized bed reactor. Li and Zhu (2012) has 

achieved high recovery of low grade hematite via fluidized bed magnetizing roasting. The fluidized 

bed technology was considered to have great potential to thermal treatment of ore at large scale. 

However, the study of fluidized bed technology applied in calcination process of coal-series kaolin has 

been rarely reported. 

 

 

Fig. 1. Crystal structure of kaolinite (Element color: white =H; red=O; purple=Al; yellow= Si) 

The purpose of this paper is to present fluidized bed calcination applying to activation of coal-

series kaolin and investigate the influence of calcination temperature on activation behaviors of 

calcined products by the novel method. The properties of calcined products such as weight loss rate, 

whiteness, chemical oxygen demand and dissolution degree of aluminum were investigated. 

Furthermore, the thermal behaviors and reaction mechanism were discussed by means of TG-DSC, 

XRD, FT-IR, PSD and SEM. This research has important significance for comprehensive utilization of 

coal-series kaolin with large scale, high-efficiency production of calcined kaolin with excellent 

properties and development of new fluidized bed equipment at reasonable calcination temperature. 

2. Materials and methods  

2.1 Minerals 

The raw coal-series kaolin used in this study was collected from Shuozhou (Shanxi Province, China). 

The raw coal-series kaolin is wet ultrafine ground on which we then conducted the Chemical 

compositions, XRD, SEM, and PSD analysis. Chemical compositions analysis of coal-series kaolin was 

carried out and shown in Table 1. It is clearly evident that the raw coal-series kaolin samples consist of 

Al2O3 (37.83%) and SiO2 (47.38%), respectively. X-ray diffraction patterns were used to determine the 

mineral composition of raw coal-series kaolin and the results were shown in Fig. 2. It indicates 

kaolinite (Al2O3·2SiO2·2H2O) and quartz (SiO2) are the major crystallized minerals presented in the 

raw coal-series kaolin. SEM image and EDS spectra of raw coal-series kaolin were measured and 

shown in Fig. 3. The results show that the raw coal-series kaolin has a high purity of 95.69% kaolinite, 

which can be calcined to prepare a high reactive calcined kaolin. Particle size distribution of raw coal-

series kaolin was investigated and shown in Fig. 4. The result indicates that the raw coal-series kaolin 

particle was milled to 85% passing 15 μm during the wet ultrafine grinding by stirred mill. 

Table 1. Chemical compositions of raw coal-series kaolin (wt%) 

Al2O3 SiO2 Fe2O3 TiO2 CaO MgO C P S LOI 

37.83 47.38 0.24 0.39 0.04 0.12 1.68 0.011 0.027 14.74 
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Fig. 2. X-ray diffraction spectra of raw coal-series kaolin 

 

Fig. 3. SEM image and EDS spectra of raw coal-series kaolin 

 

Fig. 4. Particle size distribution of coal-series kaolin, (a) volume fraction, (b) cumulative volume 

2.2 Apparatus and procedure 

The fluidized bed calcination experiments were performed in a customized bench-scale fluidized bed 

as shown in Fig. 5. The fluidized bed apparatus consists of a fluidized bed reactor, an electric furnace, 

a temperature controller and a gas supply system. The fluidized bed reactor was made of high purity 

quartz glass and was 25 mm in inner diameter. Experiment was started by feeding exactly 15 g 

samples and heating the reactor to a desired temperature with the rate of 10 °C/min, and then high-

purity air at a constant flow rate of 800 cm3/min was fed into the reactor to form the roasting 

atmosphere. The sample was dry grinding for −15 µm occupying 85% of the specific surface area of 

1.99 m2/g with minimum fluidization velocity of 0.07 m/s. After calcination 180min, the fluidized bed 

reactor was cooled quickly to the room temperature with nitrogen and the samples were taken out for 

analysis. 
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Fig. 5. Schematic diagram of the bench-scale fluidized bed reactor 

2.3 Property test methods 

The weight loss rate of calcined kaolin was calculated with the formula 
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where α was weight loss rate, M0 was the mass of samples before calcination, MT was the mass of 

samples after calcination at desired temperature, Mf was final mass of samples after reaction 

completely. 

The whiteness was an important index of the calcined kaolin, which should reach a certain 

standard to produce paper making or substitute part titanium pigment in some fields (Chen et al., 

2014). The whiteness of calcined kaolin was investigated using the whiteness meter WSB-2 (XinRui 

Instruments & Meters CO., LTD. ShangHai, China). 

The burnout level of carbon and organic matter in coal-series kaolin can be measured by the 

chemical oxygen demand (COD). The COD of calcined products should satisfy requirement of no 

more than 2700 μg/g, which can be applying in functional materials such as glass fiber. The COD 

value of calcined kaolin was measured by sulfuric acid dichromate method according to the National 

Standard of China (JC/T 2156-2012). 

The dissolution degree of aluminum in hydrochloric acid served as the index of evaluating the 

activation efficiency of calcined kaolin (Guo et al., 2014; 2015). The leaching processes were as follows: 

8 g of calcined kaolin was added to 200 cm3 agitated HCl solution in a 3-mouth flask, the flask was 

heated to 90 °C and stirred for 60 min by magnetic stirrers with 900 rpm. Then the mixture was 

filtered and washed with deionized water many times, the filtrate was analyzed to determine 

aluminum by inductively coupled plasma atomic emission spectrometer (ICP-AES) and the 

dissolution degree of aluminum from calcined kaolin was calculated (Cui et al., 2015). 

2.4 TG-DSC measurement 

The thermal behavior of coal-series kaolin was analyzed by thermogravimetric-differential scanning 

calorimetry (TG-DSC) using a thermal analyzer (Netzsch Scientific Instruments Trading Ltd., SelbCity, 

Germany). The TG-DSC analysis was performed at the air or nitrogen atmosphere with a flow rate of 

50 cm3/min and heated from room temperature to 1200 °C at constant heating rate of 10 °C/min. 

2.5 XRD measurement 

Detailed mineralogical phase information of calcined products was obtained by X-ray diffraction 

(XRD) analysis using PANalytical X'pert PW3040 (PANalytical B.V. Ltd., Almelo, Netherlands). The 

XRD measurement was operating at 40 kV, 30 mA; diffraction angle range of 2θ was from 10° to 90° 

with a step of 0.02° (2θ) and a scanning rate of 12°/min. 
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2.6 FT-IR spectra measurement 

The Fourier transform infrared spectroscopy (FT-IR) analysis was carried out by Nicolet 380 FT-IR 

spectrometer (Thermo Fisher Scientific Ltd. Manufacturer, Waltham City, America Country) to further 

probe the structure transformation (Liew et al., 2012). 1 mg sample accompanied with 100 mg KBr 

usually and the spectra were recorded in the range of 4000–500 cm−1. 

2.7 PSD measurement 

Particle size distribution (PSD) was measured by using a laser particle size analyzer on a Mastersizer 

2000 (Malvern Instruments Ltd., UK). Samples were feed into a flask with 500 cm3 deionized water 

and agitated at 3000 rpm. Ultrasound dispersion was applied for 5 min prior to measurement. In 

feeding the particle size analyzer, the suspension was incrementally transferred to the sample cell 

until the laser obscuration reached 10% (Liang et al., 2017). At least three measurements were made 

and the average was calculated. 

2.8 SEM measurement 

The microstructure and morphologies were observed by scanning electron microscope (SEM) using S-

3400N (Hitachi, Ltd., Tokyo, Japan). The samples were coated with gold using a sputter coater to 

increase conductivity prior to SEM characterization. 

3. Results and discussion 

3.1 TG-DSC analysis 

In order to study thermal behaviors of coal-series kaolin, TG-DSC analysis was conducted and shown 

in Fig. 6. According to literature reports (Ilic et al., 2016), there are three main stages of thermal 

decomposition for coal-series kaolin, it is respectively the dehydration stage, the organic 

carbon/organic matter combustion stage and the dehydroxylation of kaolinite stage. Thermal analysis 

of coal-series kaolin in absence of oxygen shown in Fig. 6(b), the weight loss of 13.65% is attributed to 

the dehydration and the dehydroxylation of kaolinite. And the combustion of carbon and organic 

matter causes the weight loss to increase by 2.37% under air flow shown in Fig. 6(a). 

The endothermic peak presented at 490 °C in Fig. 6 is contributed by the dehydroxylation of 

kaolinite and formation of meta-kaolinite according to reaction: 

 
450°C

2 3 2 2 2 3 2 2 g
Al O 2SiO 2H O Al O 2SiO 2H O     .    (1) 

The exothermic peak at 1010 °C is due to the transformation of meta-kaolinite into crystallized 

mullite (3Al2O3·2SiO2) according to reaction: 

  °C1000

2 3 2 2 3 2 23 Al O 2SiO 3Al O 2SiO 4SiO    .    (2) 

The exothermic peak at 580 °C in Fig. 6(a) may be caused by the combustion of carbon and organic 

matter, the exothermic peak at 615 °C in Fig. 6(b) may be caused by the pyrolysis of the organic 

matter. 

 

Fig. 6. TG-DSC curves of raw coal-series kaolin, (a) under air flow, (b) under nitrogen flow 
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3.2 Property of products 

The weight loss rate linearly increases with increasing temperature from 400 to 600 °C and remains 

stable with increasing temperature over 600 °C shown in Fig. 7(a). It can be observed in Fig. 7(b) that 

the whiteness of kaolin increased with the increasing calcination temperature. But the highest 

whiteness was obtained after 900 °C, this is mainly due to most of the carbon and organic matter was 

burnt out with the increasing of calcination temperature. COD values decreased as the calcination 

temperature increased shown in Fig. 7(c). As the temperature continued to increase, COD value of the 

calcined product was decreased to 2217 μg/g at 500 °C could approach to the industry standard (2700 

μg/g). The COD value could reduce to 460 μg/g with the rise of the temperature to 900 °C. The results 

could be attributed to the combustion of carbonaceous/organic matter and dehydroxylation of 

kaolinite and was consistent with the foregoing TG-DSC analysis. However, few fine carbonaceous 

and organic matters are closely associated with kaolinite in the coal-series kaolin and required higher 

temperature to burn out. Fig. 7(d) shows the aluminum dissolution degree of calcined kaolin using 

hydrochloric acid leaching. The aluminum dissolution degree increased with increasing temperature 

and reached 60% above at 600-900°C, however, the aluminum dissolution degree declined to nearly 

zero at 1000°C, which was due to the transformation of meta-kaolinite into stable phase mullite with 

low activity.  

  

   

Fig. 7. Product properties of calcined kaolin at different temperature by fluidized bed calcination, (a) weight loss 

rate, (b) whiteness, (c) chemical oxygen demand, (d) dissolution degree of aluminum 

3.3 XRD analysis 

Fig. 8 presents the XRD patterns of calcined product at different temperature. The presence of 

kaolinite can be evaluated by the broadening of the 2-Theta=10-30° peak, particularly the two primary 

peaks of kaolinite at 12.53° with (001) surface and 25.14° with (011) surface as shown in Fig. 8(b). The 

decrease and disappearance of peaks at 12.53° and 25.14° suggests a significant breaking in the 

crystallinity, primarily because the kaolinite transformed into meta-kaolinite with the increase 

temperature to 600 °C. As show in Fig. 8(a), the kaolinite in calcined coal-series kaolin becomes 

completely amorphous from 600 °C, the amorphous hump in the spectra growing from 600 °C to 
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900 °C. And the amorphous meta-kaolinite can achieve high dissolution degree of aluminum in 

harmony with the results of section 3.1. Meanwhile, the intensity of diffraction peak of quartz at 26.66° 

with (011) surface increased obviously and the peak at 20.87° with (100) surface gradually emerged as 

shown in Fig. 8(a). Remarkably, the peak of mullite can be observed at 1000°C, mainly because the 

amorphous meta-kaolinite transformed to new stable crystal mullite phase (3Al2O3·2SiO2) with low 

activities as mentioned in the previous thermal analysis. The mullite phase has contributed to the 

precipitous decline of aluminum dissolution degree of calcined products at 1000 °C. 

 

 

Fig. 8. XRD patterns of calcined product at different temperature by fluidized bed calcination 

3.4 FT-IR analysis 

Structural characterization of calcined products at different temperature is displayed in Fig. 9. 

According to current research (Hollanders et al., 2016), kaolinite exhibits distinctive bands in the OH 

stretching region, 3700-3600 cm-1. As shown in Fig. 9, the band near 3620 cm-1 represents the inner OH 

groups, and the other bands near 3695 cm-1 originate from internal octahedral surface OH groups, the 

two distinctive bands can be seen in uncalcined coal-series kaolinite. The intensities of the bands at 

3669 cm-1 and 3653 cm-1 tend to weaken with increasing of temperature and eventually disappear over 

600°C, which suggests that temperature below 500°C is not sufficient for the dehydroxylation by 

fluidized bed calcination. The bands of 916 cm-1 (Al-O-H bands), 803 and 755 cm-1 (OH-bands), 696 

and 540 cm-1 (Si-O-Alvi vibrations) disappeared, indicating the dehydroxylation of kaolinite and 

transformation of meta-kaolinite. The appearance of new vibration at 809 cm-1 can be connected with 

the change from octahedral coordination of Al in kaolinite to tetrahedral coordination in meta-

kaolinite (Fitos et al., 2015). 

 

 

Fig. 9. FT-IR spectra of coal-series kaolin at different temperature by fluidized bed calcination 

3.5 PSD analysis 

Particle size distribution of the raw coal-series kaolin and calcined kaolin at different temperature are 

observed in Fig. 10, the mean particle size (D50) is depicted in Fig. 11. As shown in Fig. 10, particle size 
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distribution of coal-series kaolin is shifted to coarser particles after fluidized bed calcination, thus 

indicating that fluidized bed calcination caused partial aggregation of smallest particles (Ilic et al., 

2016). The mean particle size (D50) of the coal-series kaolin is increased from 5.77 μm to 22.49 μm 

under 400 °C, and keep stable at about 29 μm under 500~1000 °C as presented in Fig. 11. 

 

Fig. 10. Particle size distribution of calcined products at different temperatures by fluidized bed calcination, (a) 

uncalcined, (b) 400, (c) 500, (d) 600, (e) 700, (f) 800, (g) 900, (h) 1000 °C 

 

Fig. 11. Mean particle size (D50) of calcined products at different temperatures by fluidized bed calcination 

3.6 SEM analysis 

For better understanding of the morphology and the physical properties of calcined products by 

fluidized bed calcination under different temperature, the microstructural evolution was studied 

using SEM shown in Fig. 12. With increasing temperature, more scale-shaped lamellar structures 

separate from the group particles by the heat airflow, and turns to irregular and porous by the 

fluidized bed calcination from 600 to 800 °C. The structure of the AlO2(OH)4 octahedral layer was 

destroyed, while the SiO4 tetrahedron preserved the original lamellar structure, which made the meta-
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kaolinite maintain the majority of lamellar structures (Cao et al., 2016a). We could confirm that the 

dissolution degree and react activity of calcined kaolin mainly depend on the non-crystallizing degree 

of kaolinite after calcination, which is consistent with reported results in Section 3.2, 

 

Fig. 12.SEM images of calcined kaolin at different temperatures by fluidized bed calcination,  

(a) 500 (b) 600, (c) 700, (d) 800, (e) 900, (f) 1000 °C 

4. Conclusions 

In a present study, properties, phase transformation and microstructure evolution of calcined 

products by fluidized bed calcination with elevating temperature were investigated and these 

following conclusions could be drawn: 

Kaolinite in coal-series kaolin transformed into meta-kaolinite at 490 °C, meta-kaolinite 

recrystallized into mullite at 1010 °C according to TG-DSC analysis. The weight loss rate and the 

whiteness increased with temperature, chemical oxygen demand (COD) decreased gradually and 

declined to800μg/g with temperature after 900 °C. The calcined kaolin had higher activity at 600-

900 °C with higher aluminum dissolution degree and lost activity at 1000 °C. 

The diffraction peaks of kaolinite in coal-series kaolin vanish at 600 °C because of its 

transformation to meta-kaolinite, which can be proved by the disappearance of OH stretching 

vibration peaks of kaolinite in FT-IR analysis, Meanwhile, new crystalline phase mullite emerged after 

1000 °C. Particle size distribution of coal-series kaolin is shifted to coarser particles after fluidized bed 
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calcination attributed to partial aggregation of smallest particles. Morphology observation proves that 

the lamellar structure of kaolinite is destroyed into an irregular and porous phase at 500-900 °C and 

then transforms into a crystalline structure after 1000°C. 

The fluidized bed calcination is an efficient thermal activation technology to obtain calcined kaolin 

with excellent properties at ideal temperature field.  
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