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structure which changed into the amorphous metakaolinite structure [19]. Such structure changes were
similar to those in mechanically activated coal gangue for 20 h grinding time. So, the desired results by
thermal activation can be achieved by a sufficiently long mechanical activation process. (3) The peaks
of Si–O–Al and O–Si–O in the range of 650–400 cm−1 changed significantly. The peaks of Si–O–AlVI

at 540 cm−1 and 430 cm−1 disappeared in the thermally activated coal gangue, and the new peaks of
Si–O–AlIV at 570 cm−1 appeared. Such results indicated a significant decrease of AlVI–O structure in the
kaolinite structure and the formation of a new AlVI–O structure in the metakaolinite structure [19,45].
(4) The complete disappearance of CO3

2− structure at 1435 cm−1 after thermal activation indicated the
destruction of the carbonate structure in coal gangue, which was consistent with the disappearance of
the calcite peak in XRD (Figure 5). (5) There were no obvious changes to the peaks in the range of
800–650 cm−1 and 470 cm−1.

Briefly, under the condition of thermal activation, the hydroxyl groups in coal gangue were
completely removed and the kaolinite structure was significantly destroyed. The appearance of the
AlIV–O structure representing the amorphous metakaolinite structure indicated the improvement
of coal gangue activity, so, thermally activated coal gangue can be used as raw material for
geopolymer preparation.

3.3. Analysis of Macro- and Micro-Properties of CGGP

The CGGP, with excellent mechanical properties, can be prepared by the geopolymerization of
activated coal gangue and alkali medium [10,22]. The UCS is one of the main and most widely used
testing methods for the mechanical properties of rocks in mining engineering projects [46,47]. The UCS
results of the three CGGP specimens are shown in Figure 7.

Figure 7. Uniaxial compressive strength (UCS) results of the CGGP specimens.

Figure 7 shows that the average UCS results of the three CGGP specimens fluctuated in the
range of 8.55–17.85 MPa, which gives higher UCS results than the previous gangue-cemented paste
backfill [48,49]. With the increase in the thermal activation temperature of coal gangue materials,
the UCS of CGGP specimens increased first and then decreased. The CGGP specimen prepared by
the thermal activation at 800 ◦C had the largest average UCS, 17.85 MPa, which was 66% (+/−17%)
and 110% (+/−21%) higher than those recorded at 700 ◦C-CGGP and 900 ◦C-CGGP, respectively.
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The main reason was that the presence of more active metakaolinite structures in the thermal activation
coal gangue at 800 ◦C (according to Figures 5 and 6) gave stronger coal gangue reactivity and this
became more beneficial to the geopolymerization process. When the temperature increased to 900 ◦C,
part of the active structure in coal gangue was destroyed, resulting in a decrease in coal gangue
reactivity [50], which was not conducive to the geopolymerization; thus, the compressive strengths of
CGGP specimens were relatively weak. The XRD spectra of CGGP specimens are shown in Figure 8.

Figure 8. XRD spectra of CGGP specimens.

Figure 8 shows that the crystalline structure of the CGGP specimens was simple, especially the
quartz structure. The new diffraction peaks at 25.58◦ and 31.46◦ (Figure 5) disappeared in CGGP
specimens, indicating that these structures had a great impact in the geopolymerization. The FTIR
spectra of CGGP specimens are shown in Figure 9.

From Figure 9: (1) The main peaks of the three CGGP specimens were almost the same, indicating
the similarity of the main structures of CGGP. However, compared with the thermally activated coal
gangue (700 ◦C-CG), there were significant changes mainly in the ranges of 3800–3200 cm−1 and
1200–950 cm−1. (2) In CGGP, the broad peak of hydroxyl stretching vibration at 3440 cm−1 and the
bending vibration peak of hydroxyl at 1653 cm−1 characterized the chemical binding water generated
during geopolymerization [22]. The center of the Si–O stretching vibration spectrum in the range
of 1200–950 cm−1 shifted from 1085 cm−1 to 1011 cm−1 and was extended, which was an important
point, characterizing the existence of a large number of Si–O–Si and Si–O–AlIV structures in the
geopolymer [22,25,30]. The appearance of the AlIV-O tetrahedral structure peak at 878 cm−1 confirmed
such a conclusion. (3) The difference between the three CGGP peaks was mainly the variation of the
peak intensity in the 1200–950 cm−1 range. The peak intensity of CGGP prepared by thermal activation
of coal gangue at 900 ◦C was relatively weak at 1011 cm−1, which indicated that the structure of Si–O–Si
and Si–O–AlIV in the CGGP structure was less, and the geopolymerization degrees of the 700 ◦C-CGGP
and 800 ◦C-CGGP were weaker. The peaks of the AlIV–O tetrahedral structure at 878 cm−1 were also
weakened, which confirmed the same conclusion. So, the new structure in the 900 ◦C-CGGP was
relatively less, resulting in a relatively lower UCS result of the 900 ◦C-CGGP specimen.
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Figure 9. FTIR spectra of CGGP specimens.

In sum, the microstructure of CGGP was significantly different from that of the thermally activated
coal gangue, indicating the formation of a new structure in CGGP. The relatively lower content of the
new structure was the main reason for the lower UCS result of the CGGP.

4. Conclusions and Future Prospects

In this paper, the microstructure changes of coal gangue activated by different mechanical and
thermal activation methods, as well as the macro-mechanical properties and microstructure changes of
the CGGP were studied. The main conclusions are as follows:

(1) Mechanical activation and thermal activation are two effective methods for changing the reactivity
of coal gangue, whereby both can destroy the stable kaolinite structure and improve the activity
of coal gangue. Both FTIR and XRD spectra showed the removal of inner surface hydroxyl and
inner hydroxyl, a decrease of Si–O–AlVI structure, and an increase of AlIV–O structure in the
activated coal gangue.

(2) The activation effect and microstructure change of coal gangue were different under different
activation methods. With the increase in mechanical activation time, the crystal structure of
kaolinite in coal gangue decreased and disappeared completely after 20 h grinding. Thermal
activation can completely remove the hydroxyl in the kaolinite structure and form the active
metakaolinite structure in coal gangue. However, when the activation temperature was too
high (900 ◦C), the new structure in thermally activated coal gangue was destroyed, which was
disadvantageous to the further improvement of the coal gangue activity.

(3) The structure of activated coal gangue can be destroyed by the alkaline medium and reconstituted
to form CGGP. The UCS results of CGGP prepared by different thermal activations of coal gangue
were different. The UCS result of 800 ◦C-CGGP was the largest, which was higher than those
recorded with 700 ◦C-CGGP and 900 ◦C-CGGP, respectively. In this paper, results showed that
the optimized thermal activation temperature for coal gangue is about 800 ◦C.

(4) The reason for the lower compressive strength of CGGP was that the active metakaolinite
structures were destroyed in thermally activated coal gangue, which led to the decrease of the
coal gangue activity and appeared to be a disadvantage for the geopolymerization. FTIR and
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XRD spectra showed the formation of new structures in CGGP, while the new structures in CGGP
with low compressive strengths were relatively lower.

Coal gangue is a good inorganic material with an aluminosilicate structure for the preparation
of geopolymers. Further research work needs to be carried out around the following respects:
(1) quantitative analysis of the new structure composition in CGGP to reveal the reaction mechanism;
(2) collecting more kinds of coal gangue samples in order to study their activation characteristics using
different activation methods; and (3) research on the application of CGGP at the mining engineering
site, such as backfilling materials in gob or filling body besides the roadway along the gob in coal mines.
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