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Abstract: In order to comprehensively utilize coal gangue, we present fluidized calcination as
a new thermal technology for activating coal gangue and systematical study was conducted in
comparison with static calcination. The calcined products obtained by different calcination methods
under various temperatures were characterized by the means of X-ray diffraction (XRD), thermal
gravimetry-differential scanning calorimeter (TG-DSC), Fourier transform-infrared spectroscopy
(FT-IR) and scanning electron microscope-energy dispersive spectrometer (SEM-EDS). Chemical and
physical characteristics such as aluminium leaching rate, chemical oxygen demand and whiteness
of calcined products were also investigated. The results show that aluminium leaching rate could
reach to the maximal value 74.42% at 500 °C by fluidized calcination, while the maximal value
of 66.33% could be reached at 600 °C by static calcination. Products by fluidized calcination
obtained higher whiteness and lower chemical oxygen demand (COD) under the same calcination
temperature. The well-crystallized kaolinite transform to amorphous meta-kaolinite under 600 °C
and mullite presence under 1000 °C according to phase transformation, chemical bond variation
and microstructure evolution analysis. Fluidized calcination was more efficiently for combustion
of carbon/organic matter and dehydroxylation of kaolinite, which might applied in coal gangue
industry in future.

Keywords: coal gangue; fluidized calcination; static calcination; thermodynamic characteristics;
transformation behaviors

1. Introduction

Coal gangue is an associated resource of complex industrial solid waste discharged when coal
mining and washing in the production course [1,2]. The amount of coal gangue has already accumulated
3.8 billion tons and increasing at a rate of 0.2 billion tons per year in China, which has caused many
serious environmental problems [3,4]. In recent years, many types of research have been conducted to
develop its utilization as the abundant mineral resource for the production of paper, rubber, building
materials, and chemical products, etc. [5]

The main mineral composition of coal gangue is kaolinite, carbon/organic matter and iron minerals.
Kaolinite (Al,03-25i0,-2H,0) was phyllosilicate with 1:1 type structure formed by the connection
of S5iOy tetrahedral layer and AlO,(OH), octahedral layer [6-9], as shown in Figure 1. In this crystal
structure, the Si and Al elements didn’t have the chemical activity. Thermal activation by the calcination
for coal gangue at 600-900 °C as the most common activation method [10,11].
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Figure 1. Model for of crystal structure kaolinite. White ball: H; red ball: O; purple ball: Al; yellow
ball: Si. (a) Ball-and-stick model; (b) Polyhedron model.

Combustion of carbon/organic matter and dehydroxylation of kaolinite are two principal
reactions in calcination process, after this process, performance indexes such as whiteness and activity
of calcined products are significantly improved for industry applications [3,12,13]. The burnout level of
carbon/organic matter of calcined products can be measured by the chemical oxygen demand (COD),
and the activity of meta-kaolinite can be evaluated by leaching rate of aluminum from meta-kaolinite
in hydrochloric acid solution [14-18].

The fluidized bed technology provides the advantages of uniform temperature as well as the
high efficiency of heat and mass transfer, which hence widely used in many industries and fields such
as alumina calcination and iron ore magnetization roasting [19,20]. In view of this, we considered
absorbing these advantages in order to form fluidized calcination technology suitable for the coal
gangue utilization.

Prior to this, few research on fluidized calcination of coal gangue have been reported. Therefore,
in order to explore the possibility of fluidized calcination for coal gangue, the calcination behaviors
by fluidized calcination in comparison with static calcination should be studied comprehensively
and systematically. In this paper, the activation behavior, the reaction in the process, performance of
products and the phases and structure changes for the fluidized calcination and static calcination were
investigated in detail.

2. Experimental Procedures

2.1. Materials

The coal gangue used in this experiment was collected from Shuozhou, Shanxi province.
The mineralogical phase is characterized by X-ray diffraction (XRD) as shown in Figure 2.
Chemical analysis of the sample was shown in Table 1. It indicates kaolinite and quartz are the major
crystallized minerals presented in the raw coal gangue. The ignition loss (LOI) is mainly including
adsorbed water, crystal water, carbon and organic matter.

The morphologic features of the raw coal gangue from scanning electron microscope and energy
dispersive spectrometer (SEM and EDS) analyses are shown in Figure 3 and Table 2. It can be seen that
primary element of the particles are Al, Si and O. The ratio of Al/Si is between 0.92 and 0.96 in the
particles, which is close to Al/Si of kaolinite. It demonstrates the particles are mainly kaolinite minerals.
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Figure 2. X-ray diffraction (XRD) pattern of raw coal gangue.

Table 1. Chemical composition of coal gangue (mass %). VM: Volatile matter; LOI: Loss on ignition.

A1203 8102 F8203 Ti02 CaO MgO K20 NaZO P S C VM LOI
37.06 463 0.26 038 0.055 0.046 0.072 0.022 0.007 0.038 1.63 1.17 15.64
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Figure 3. Scanning electron microscope (SEM) images and energy dispersive spectrometer (EDS)
analysis of raw coal gangue. (a) SEM image; (b) spot scanning; (c) surface scanning of Si element;
(d) surface scanning of O element; (e) surface scanning of Al element.
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Table 2. EDS analysis of raw coal gangue.

Content (wt %)

Elements
Point-1 Point-2 Point-3
O 52.98 62.90 49.29
Al 22.77 18.20 24.24
Si 24.25 18.90 26.47
Al/Si 0.94 0.96 0.92

2.2. Calcination Methods

The raw coal gangue was dry grinding for —45 um, occupying 85% of the specific surface area
of 1030 m?/kg with minimum fluidization velocity of 0.08 m/s. The sample was calcined at various
temperatures (via 400 to 1000 °C) for 180 min by fluidized calcination and static calcination, respectively.
The fluidized calcination experiments were performed in a customized vertical tubular furnace system
as shown in Figure 4, the internal diameter of the tubular furnace was 25 mm. During the experiments,
the 15 g sample was put on the gas distributor, and the furnace was heated at the rate of 10 °C/min,
the air was supplied as the inert gas through the bottom of the tubular furnace at a constant flow rate
of 800 mL/min. The static calcination was used closed programmable box-type resistance furnace with
the temperature controlled (KSL-1400X; HF-Kejing Materials Technology Co., Ltd., Hefei, China), and
the 15 g sample was put in the crucible, and the resistance furnace was heated at the rate of 10 °C/min.
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Figure 4. Schematic of fluidized calcination experimental apparatus.

2.3. Testing Methods

TG-DSC (thermal gravimetry-differential scanning calorimeter) technique was the method
widely used to characterize the combustion behavior of the coal gangue powder during calcination.
Experiments were carried out in a simultaneous thermal analyzer (Netzsch Scientific Instruments
Trading Ltd., Selb, Germany), and the experiment was carried out under air atmosphere from room
temperature to 1200 °C at a heating rate of 10 °C/min [13].

The content of Al,O3 of calcined coal gangue was analyzed to determine by the chemical titration.
The conventional dichromate method (K;Cr,O; method) was used to measure chemical oxygen
demand (COD) value according to the National Standard of China (JC/T 2156-2012) [21]. The whiteness
of calcined coal gangue was measured with the whiteness meter WSB-2 [17].

The leaching processes as follows: 2 g of calcined coal gangue and 50 mL 20 wt % hydrochloric
acid solutions were added in a 3-mouth flash with solid-liquid ratio of 1:25 g/mL. The flask was
heated to 90 °C in magnetic stirrers and stirred for 60 min. Then the mixture was filtered and washed
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with deionized water for many times, the filtrate was analyzed to determine aluminum by inductively
coupled plasma atomic emission spectrometer (ICP-AES), and the dissolution percentages of Al,O3
were calculated [18,22]. The dissolution of Al** in hydrochloric acid solution was the indicator to
evaluate the activation efficiency of calcined coal gangue. Leaching of calcined coal gangue in HCI
solution with the main reaction:

ALOs + 6HCl — 2AIC; + 3H,0 )

The phase transformation of calcination products was investigated by PANalytical X pert PW3040
(PANalytical B.V. Ltd., Almelo, The Netherlands). The operating voltage and current were 40 kV and
40 mA, respectively. The diffraction angle was scanned from 5° to 90°.

The chemical structures of calcined coal gangue under different calcination temperatures were
analyzed by Fourier transform infrared spectra using Nicolet 380 FT-IR spectrometer (Thermo Fisher
Scientific Ltd., Waltham, MA, USA), and 1 mg sample accompanied with 100 mg KBr usually [23].
The spectra were recorded in the range of 4000-500 with 4 cm~! resolution.

The morphology and microstructure of calcined products were observed by scanning electron
microscopy (SEM; S-3400N; Hitachi, Ltd., Tokyo, Japan) and composition analysis was carried out by
energy-dispersive spectrometry (EDS) combined with SEM. At the same time, samples were coated
with gold using a sputter coater to increase conductivity prior to SEM characterization [24].

3. Results and Discussion

3.1. Thermal Analysis

The result of TG-DSC analysis of the sample is presented in Figure 5. The sample undergoes
a series of physical and chemical variations with the increasing temperature, and these variations are:
The weight loss of 1.89% is attributed to the absorbed water is liberated and the ignitable substances
decompose and burn before 455.6 °C. Structural hydroxyl groups were removed from kaolinite by
a reorganization of the octahedral layer of kaolinite to meta-kaolinite (Al,O3-25i0;) as described by
Equation (2), when temperature raised up to a range of 455.6~691.1 °C, resulting in weight loss of
about 13.62%.
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Figure 5. TG and DSC analysis of raw coal gangue under air flow.

The result of TG-DSC analysis of the sample is presented in Figure 5. The sample undergoes
a series of physical and chemical variations with the increasing temperature, and these variations are:
The weight loss of 1.89% is attributed to the absorbed water is liberated and the ignitable substances
decompose and burn before 455.6 °C. Structural hydroxyl groups were removed from kaolinite by
a reorganization of the octahedral layer of kaolinite to meta-kaolinite (Al,O3-25i0;) as described by
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Equation (2), when temperature raised up to a range of 455.6~691.1 °C, resulting in weight loss of
about 13.62%.

The endothermic peak presented at 532.3 °C in Figure 5 might be contributed by the
dehydroxylation of kaolinite and formation of meta-kaolinite; the exothermic peak at 1009.7 °C is due to
the transformation of meta-kaolinite into mullite (3Al,03-25i0O,) as presented by Equation (3) [25-27].
It deduced that kaolinite in coal gangue begins to decompose into amorphous meta-kaolinite at 450 °C
and transforms to the crystallized mullite when the temperature reaches up to 1000 °C. The two
thermal induced processes can be described by the following reactions [5,28]:

450°C

A1203 -25i0, - 2H, O —— A1203 - 2510, + 2H20(g) (2)
3(Al,03 - 28i0,) “29°S; 3A1,0; - 2Si0, + 4Si0, 3)

3.2. Chemical and Physical Characteristics

It can be seen from Figure 6, the content of Al,O3 in the fluidized calcination products
increased faster and higher than the static calcination products before 600 °C, indicating that the
fluidized calcination was better efficiency to obtain high quality products by combustion of carbon,
dehydroxylation of kaolinite and removal of other impurities at low temperatures. The Al,O3 content of
products by two different calcination methods tended to be stable after 700 °C, which was corresponded
well with the thermal analysis. The content of Al,O3 increased to the maximum value 44.99% and
44.95%, respectively at 1000 °C.

The hydrochloric acid leaching calcination product presents a different behavior by fluidized
calcination and static calcination showed in Figure 6. Aluminium leaching rate of calcined products
increases with calcination temperature and reaches to the maximal value at 500-600 °C then decreased
dramatically when temperature rise to 1000 °C. This was mainly attributed to the formation of
meta-kaolinite derived from the dehydration of kaolinite start at 450 °C, which would increase the
reactivity of and the aluminium extraction rate of calcined coal gangue [29]. It is noted that aluminium
leaching rate from calcined products by fluidized calcination is 25% higher than the leaching rate
of static calcination at 500 °C. It implied that the fluidized calcination was more efficient to increase
the reactivity of calcined products. Aluminum leaching rate was reduced to a minimum at 1000 °C,
which was due to the transformation of meta-kaolinite into mullite.
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Figure 6. Aluminium leaching rate of calcined products by fluidized calcination (a) and static
calcination (b) at various temperatures.

Figure 7 shows that the COD value of fluidized calcination products reduce to 428 pug/g and the
whiteness increases to 81.8 as the temperature increased to 1000 °C. Meanwhile, the COD of static
calcination product reduces to 820 pg/g and the whiteness increases to 75.3 at the same temperature.
The COD value and the whiteness in coal-bearing kaolin are mainly influenced by carbon and organic
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matter, and they will be reduced or eliminated by combustion as the temperature increased in harmony
with thermal analysis. It was found that calcined products could obtain lower COD value and higher
whiteness by the fluidized calcination, which suggest that fluidized calcination was more efficient than

static calcination for removal of impurities such as carbon and organic matter.
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Figure 7. Chemical oxygen demand (COD) and whiteness of calcined products by fluidized calcination (a)
and static calcination (b) at various temperatures.

3.3. X-ray Diffraction Analysis

XRD patterns of calcined coal gangue by different calcination methods at various temperatures are
shown in Figure 8. The calcination level can be evaluated by the crystallinity of kaolinite and quartz,
the two primary diffraction peaks of kaolinite are at 12.4° and 24.9°, and the primary diffraction peak
of quartz is at 21°. Accompanied temperature rise, the intense peaks of kaolinite gradually disappear,
which caused by the breakages of AI-OH bonds and the dehydroxylation of kaolinite [30]. The intense
peak of kaolinite at 12.4° completely disappear at 600 °C by fluidized calcination but remain at 600 °C
by static calcination, which means dehydroxylation of kaolinite by fluidized calcination was more
effective than static calcination. The kaolinite becomes amorphous from 450 °C and transforms to
mullite at 1000 °C, and the fluidized calcination produced more mullite at 1000 °C than the static
calcination as shown in Figure 8. It is noted that mullite has low activities, which was also consistent
with the analysis results of the thermal analysis and the leaching rate of aluminum. Therefore, the
temperature should be controlled accurately in order to get better activity properties.
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Figure 8. XRD patterns of calcined products by fluidized calcination (a) and static calcination (b) at

various temperatures.
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3.4. Fourier Transform Infrared Spectroscopy Analysis

A comparison of the functional groups for calcined products by different calcination methods
is determined by FTIR spectra in the region 4000-500 cm ! and described in Figure 9. FTIR spectra
results are important in investigating combustion of carbon/organic matter and dehydroxylation of
kaolinite. We can see that calcined products have similar development rules by fluidized calcination
and static calcination. According to Hongfei Cheng [23], bands at 3695 and 3619 cm~! were O-H
stretching vibrations, which are the hydroxyl stretching of inner surface hydroxyl and the inner
hydroxyl of kaolinite respectively. The band at 1632 cm ! is attributed to O-H stretching and bending
vibrations of absorbed water, indicates that absorbed water present on the raw coal gangue. None of the
preceding bands was present on the spectra of calcined product after 600 °C, which suggest suggests
that the coal gangue underwent dehydroxylation and produced meta- kaolinite. The disappearance
of bands at 914 and 539 cm ™! signifies the breakages of AI-OH and Si-O-Al functional groups in
kaolinite. The absence of 803 and 697 cm~! and appearance of 1100 and 810 cm~! demonstrates
that the depolymerization of silica tetrahedrons. Aromatic CH bond around 756 cm™! are intense in
uncalcined coal gangue and gradually eliminated with the temperature increased, which attributed to
combustion of carbonaceous or organic matter and combustion in coal gangue [31].
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Figure 9. Fourier transform infrared spectroscopy spectra of calcined products by fluidized calcination (a)
and static calcination (b) at different temperatures.

3.5. Scanning Electron Microscope Analysis

Morphology and microstructure evolution analysis of calcined products by different calcination
methods are collected in the Figure 10. It can be known from SEM images (a-600 and b-600) that
meta-kaolinite had the irregular characteristics of lamellar structures under 600 °C, and more scale-shaped
lamellar structures dissociated from the group particle by the fluidized calcination. This might be due
to the dehydroxylation of kaolinite and phase transform to meta-kaolinite. The structure of the
aluminum oxide octahedral layer was destroyed, while the silicic oxygen tetrahedron preserved
the original lamellar structure, which made the meta-kaolinite maintain the majority of lamellar
structures. As mentioned in the previous Section 3.2, we could confirm that the leaching rate and
react activity of calcined mainly depend on the non-crystallizing degree of kaolinite after calcination.
The meta-kaolinite lamellar structure produced the disordered structure at 800 °C, and fluidized
calcination products appeared to have more obvious disordered structure. The lamellar structure
disappeared by fluidized calcination and a small amount of lamellar structure is still maintained by
static calcination at 1000 °C, which coincides well with thermal analysis, meta-kaolinite transformed
to mullite when temperature reaches up to 1000 °C. The microstructural evolution demonstrated
that activation of coal gangue using calcination with fluidized calcination has the good effect for
accelerating crystal transformation and reactivity.



Minerals 2017, 7, 19

(a)-600°C

20.0kV 12.3mm x10.0k SE

20.0kV 12.2mm x10.0k SE

(2)-1000°C

20.0kV 12.2mm x10.0k SE

(b)-600°C

20.0kV 12.2mm x10.0k SE

(b)-800°C

20.0kV 12.2mm x10.0k SE

(b)-1000°C

20.0kV 12.1mm x10.0k SE

9of11

Figure 10. Scanning Electron Microscope images of calcined products by fluidized calcination (a) and

static calcination (b) at different temperatures.

4. Conclusions

)

)

®)

Thermal activation of coal gangue by fluidized calcination and static calcination was discussed in
this work. The major findings can be concluded as below:

Kaolinite, quartz, unburned carbon and organic matter were the main mineral compositions in the
raw coal gangue. TG-DSC analysis indicates that kaolinite begins to decompose into amorphous

meta-kaolinite at 450 °C and transforms to mullite as temperature reaches up to 1000 °C.

According to chemical and physical characteristics of calcined products, fluidized calcination
products could obtain higher activity, higher whiteness and lower COD under same calcination

temperature compared with static calcination.

XRD analysis illustrated that kaolinite peaks at 12.4° disappeared completely at 600 °C and more
mullite peaks presence at 1000 °C by fluidized calcination, which was proved by the disappearance
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4)

of O-H stretching vibration in infrared spectra results. Morphology evolution analysis showed
that fluidized calcination could accelerate crystal phase transformation and improve the activity
of calcined products.

Combustion of carbon/organic matter and dehydroxylation were more quickly and effectively by
fluidized calcination, due to the high efficiency of heat and mass transfer, which could produce
product with excellent performance and stable quality.
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