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Abstract: Nowadays, upcycling coal gangue into aggregates has become a popular method; neverthe-
less, the utilization of coal gangue fines (CGFs), a secondary waste generated during the production
of coal gangue aggregates, is rarely concerned. This paper attempted to upcycle calcined CGFs at
800 ◦C as the partial substitution of slag to prepare alkali-activated cement (AAC). The variation in
macroscopic compressive strength of AAC was studied, and the hydration mechanism of AAC was
explored in depth by microstructure. AAC with CGFs shows tremendous advantages in compressive
strength and hydration products. In the 10% calcined CGF content, the 3 d, 7 d, and 28 d compressive
strengths of AAC displayed pronounced increases of 8%, 25%, and 13%, respectively. The study
results showed that CGFs could replace the small amount of slag in AAC while providing a new
theoretical guide and technical support for upcycling CGF into helpful material.

Keywords: coal gangue fines (CGFs); alkali-activated cement (AAC); compressive strength;
microstructure; hydration products

1. Introduction

Coal gangue (CG) is the solid waste produced during coal mining and processing,
accounting for approximately 10–25% of the total coal production [1–3]. As a result of the
total stockpile of CG exceeding 7 billion tons in China [4], the long-term accumulation
of large amounts of CG pollute water and air and occupies land resources [5]. Because
CG has a chemical composition similar to clay minerals, it can be used as a building
material [6–8]. The standard CG disposal method now uses CG as a coarse aggregate
or fine aggregate of concrete. For instance, Salguero et al. [9] replaced part of the fine
aggregate with CG, revealing the fitness of the new material for macroscopic strength,
reaching higher macroscopic mechanical properties than traditional concrete. Li et al. [10]
found that CG replaces natural gravel as an aggregate and analyzed the micromechanical
properties of concrete by adjusting different water–cement ratios to explore the feasibility
of CG replacing natural gravel entirely. Zhou et al. [11] studied the influence of the
type and content of CG aggregate on the macroscopic properties of concrete. The results
showed that the macroscopic mechanical properties of CG coarse aggregate concrete could
meet the design requirements of C30 concrete, and it is suitable for the configuration of
medium- and low-strength concrete. In addition, CG as precursors to prepare/produce
alkali-activated cement (AAC) can replace Portland cement. Secondly, CG as a coarse/fine
aggregate can replace natural gravel, which has significant economic and ecological benefits.
Han et al. [12] investigated the preparation of AAC with water glass as an activator; when
the content of CG in AAC was less than 30%, the compressive strength of the mixture
was significantly greater than 40 Mpa. Zhu et al. [13] developed theoretical guidance
and technical support for the concrete industry’s large-scale and high-value use of coarse
CG aggregates.

However, coal gangue fines (CGFs) generated through gangue aggregates have always
been a concern. In typical gangue production, CGF accounts for about 20% of the total
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amount of gangue [11,14]. There are few studies on the application of CGFs, a secondary
waste generated during the resource utilization of CG. Consequently, the CGF becomes a
secondary waste in addition to raw CG. The use of CGFs to avoid secondary contamination
raises a new problem [15].

AAC consists of alkali activators and more than two precursors, and its main hydration
product is C-S-H and C-(A)-S-H. Besides, there are N-A-S-H hydration products in alkali-
activated metakaolin or fly ash cement. Herein, the binding capacity of AAC starts from
the destruction of the bonds of Si-O-Si, Al-O-Si, Ca–O, and Al–O–Al in precursors under
alkaline conditions. Both alkali-activated blast furnace slag cement and alkali-activated
metakaolin or fly ash cement belong to AAC bonding systems [16,17].

Owing to the low activity of raw CG, different activation methods can improve the
activity of CG. The activation methods of CG include mechanical activation [18], composite
activation [4], chemical activation [19], microwave radiation activation [20], and thermal
activation [21], of which thermal activation is the most common and essential. Thermal
treatment can reduce the kaolinite crystallinity by destroying the layered structure and
depolymerizing silica tetrahedrons of CGF. Under the action of high temperature, the
kaolinite in the CG transforms into the metakaolin, and the calcination temperature is the
direct source of the various activation effects [22]. Zhu et al. [15] discovered that kaolinite
in CG was calcined at 800 ◦C; owing to the dehydroxylation of Al-(O, OH) octahedra and
the depolymerization of Si-O tetrahedra, it was transformed into amorphous metakaolin
with high pozzolanic activity.

Nowadays, CGF generated from the production of coal gangue aggregates receives
less attention than coal gangue aggregate products. Most studies on using coal gangue as a
supplementary cementitious material involve a grinding process other than the as-received
secondary waste CGF. To fill this gap, this paper proposed to use calcined CGFs as the
substitute replacement for slag in the preparation of AAC. Thermal activation (800 ◦C)
was applied to enhance the reactivity of CGFs. This technology involves no grinding
process and, more importantly, provides a more practical method to use CGF thanks
to its low reactivity. In consideration of the above analysis, this paper proposed to use
metakaolin as the replacement for ground granulated blast furnace slag in the preparation
of AAC to explore the effect of metakaolin content (0%, 5%, 10%, 20%, 30%, and 40%)
on the compressive strength and hydration products of AAC, and the strength decrease
mechanism of AAC is analyzed in depth by microstructure.

2. Materials and Methods
2.1. Raw Materials

CG was collected from the Zhangji Mine in Huainan, China. It was crushed into coarse
and fine aggregates for the preparation of concrete. Through that process, 200-mesh CGFs
with sizes less than 75 µm were collected as secondary waste, used as recycled material in
this research, and calcined in a muffle furnace (Nabertherm LT15/12, München, German)
at 800 ◦C for two hours. Slag was provided by Shandong Kangcrystal New Materials
Co. (Zibo, China). The Brunauer, Emmett, and Teller (BET) area was 1535 m2/kg and the
apparent density was 2800 kg/m3. Table 1 shows the chemical compositions of metakaolin
and slag.

Table 1. Chemical composition of raw materials.

Materials
Chemical Composition/% (XRF)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2

metakaolin 56.26 27.48 10.73 1.56 0.48 0.21 0.77 1.51
slag 27.37 15.47 0.30 44.95 7.58 0.33 0.35 0.73

The primary chemical components of metakaolin are SiO2, Al2O3, and Fe2O3, as stated
in Table 1. The main composition of slag is the aluminosilicate glass phase, composed of
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SiO2, Al2O3, and Fe2O3. The phase composition of metakaolin and slag was analyzed by
XRD, as shown in Figure 1. Most metakaolin crystalline phases are quartz along with a
small amount of illite and feldspar. The particle size distribution of CGF, slag, and sand is
shown in Figure 2.

Figure 1. XRD pattern of raw materials: (a) CGF and (b) ground granulated blast furnace slag.

Figure 2. Particle size distribution of raw materials: (a) CGF with ground granulated blast furnace
slag and (b) sand.

After calcination at 800 ◦C, the microstructure of CGF was destroyed, and kaolinite
was dehydroxylated, the phase changed into metakaolin, and an uneven porous structure
was formed [20]. The water used in the experiment was taken urban tap water. NaOH of
analytical purity was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). River sand with a finesse of 2.6 was used as the fine aggregates.

2.2. Mix Proportion and Sample Preparation

The granular metakaolin with a particle size smaller than 75 µm was calcined at
800 ◦C for 2 h. On the mix proportion of AAC, the precursors of the AAC were slag, as
shown in Table 2, and CGFs treated with thermal procedures were used to replace the slag.
The metakaolin-added AAC was thus named CGF5, CGF10, CGF20, CGF30, and CGF40,
respectively. During the preparation of AAC, all dry materials were mixed in advance, and
then water was added and mixed for 3 min.

Table 2. Experimental mix proportion (g/100 g).

Sand Slag Water NaOH Metakaolin

Con 50 32.520 17.74 1.664 0
CGF5 50 30.894 17.74 1.664 1.626
CGF10 50 29.268 17.74 1.664 3.252
CGF20 50 26.016 17.74 1.664 6.504
CGF30 50 22.764 17.74 1.664 9.756
CGF40 50 19.512 17.74 1.664 13.008
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2.3. Test Methods
2.3.1. Compressive Strength

The compressive strength of 50 mm × 50 mm × 50 mm cubic AAC specimens was
measured at 3, 7, and 28 days. Three samples were tested for each mixing proportion,
and the three test values were averaged to generate strength test values for each mixing
ratio. The strength of specimens was measured under the testing conditions following
ASTM C192.

2.3.2. X-ray Diffraction Tests

The chemical composition of samples was tested using X-ray diffraction (XRD). Pro-
portional samples of all mixtures were analyzed timely after grinding the specimen to
avoid carbonation. The diffraction pattern was obtained at (2θ) of 5◦–60◦ with a scanning
rate of 5◦/min, and the step width was 0.02◦. During the XRD test, each fine sample was
scanned once. The XRD spectrum was analyzed by the commercial software Jade.

2.3.3. Scanning Electron Microscope Testing

A FlexSEM1000 scanning electron microscopy (SEM) was used to analyze the effect of
metakaolin on the morphologic alteration of AAC paste. After the compressive strength
test, representative samples were collected in ethanol to cease the hydration. The samples
were coated with a gold layer for 2 min to achieve excellent electrical conductivity before
testing. Then, the machine was started for observation.

2.3.4. Thermogravimetric Analysis Tests

TGA was utilized to investigate hydration products in cementitious material using
a sample finely processed through a 200-mesh sieve. Without sand, samples were first
produced in the proportions listed in Table 2. In the same curing chamber, it was cured for
28 days. Samples were collected, crushed, and immersed in ethanol for at least 24 h after
the aging period to prevent hydration.

2.3.5. Fourier Transform Infrared Tests

The chemical linkages in the hydration products were studied using Fourier transform
infrared spectroscopy (FTIR). The spectra had a wavenumber range of 500 to 4000 cm−1

and a resolution of 4 cm−1. FT-IR measurements on the combination powder used the
traditional KBr disc method.

3. Results and Discussions
3.1. Hydration Products Analyzed by TGA

Figure 3 shows the TGA spectra of six different amounts of metakaolin mixtures at
various curing ages. Four endothermic peaks existed in the TGA-DTG curves. The first
endothermic peak at around 60 ◦C could potentially be attributed to the decompositions of
ettringite (Aft) [23]. Besides, the endothermic peaks at 140 ◦C and 380 ◦C are related to the
dehydroxylation of C-(A)-S-H and dehydroxylation of the hydrotalcite-type phases [24,25].
Mass loss due to the decarbonization of calcite endothermic peak fell within ranges of
800 ◦C calcium carbonates [26]. Figure 3a shows the amount of burn loss for 3 d conserved
in different groups under standard conditions. Figure 3b depicts the TGA and DTG results
at the curing ages of 28 d. In contrast to Con, the exothermal peaks of metakaolin-added
mixtures in the TGA-DTG curves are prominent. As AAC does not add carbonate in
the mixing process, the formation of carbonate can be attributed to the carbonation of
hydration products in the open-air curing process, and the higher the content of CGF, the
more obvious the carbonation effect. Therefore, the mixture added with CGF is more likely
to be carbonated. Compared with 3 d, C-(A)-S-H gel decreased, and ettringite (Aft) content
increased after 28 days, which may be the reason for the increase in strength at 28 days.



Processes 2022, 10, 1557 5 of 12

Figure 3. TGA-DTG curves of AAC: (a) 3 d and (b) 28 d.

3.2. XRD Analysis

XRD patterns of the AAC paste samples with 0, 5%, 10%, 20%, 30%, and 40% metakaolin
at the age of 3 d and 28 d are shown in Figure 4. The diffraction peaks with 20 and 37◦

2θ belong to C-(A)-S-H [27]. The C-(A)-S-H gel formed positively affects the compres-
sive strength of alkali-activated metakaolin materials. As shown in Figure 4, the main
crystalline phases of Figure 4 are identical, including hydrotalcite, C-A-S-H, quartz, and
calcite. In contrast to Con, there is a quartz peak in the sample mixed with metakaolin,
so adding metakaolin may change the product type of alkali-activated reaction. The peak
value of crystal C-(A)-S-H diffraction peak increased at 28 d. The results show that the
C-(A)-S-H gel structure tends to be more ordered. Because of calcium, carbonation occurs,
the characteristic peak of calcite appears, and the formed C-(A)-S-H gel positively affects
the compressive strength of alkali-activated metakaolin [28].
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Figure 4. XRD spectra of AAC: 3 d and 28 d.

3.3. FTIR Analysis

Figure 5 shows the FTIR for the six groups in Table 2 at different ages of curing, and
the spectral range was 500~4000 cm−1. Figure 5a was conducted to observe the metakaolin
and CGF from the view of molecule bonds, showing the FTIR spectra of CGF before and
after being calcined at 800 ◦C in the range of 500–4000 cm−1. The characteristic FTIR bands
of AAC are usually distributed at around 1000 cm−1 and associated with the asymmetric
stretching of Si-O-T (T = tetrahedral Si or Al) structures in hydration products [7,29]. The
change in vibration peak reflects the bond characteristics of the hydration products and
indicates, to some extent, the degree of polymerization of materials [30]. The absorption
peak at 875 cm−1 corresponds to the asymmetric stretch of AlO4− groups [31]. The bending
vibration peak at about 3416 cm−1 refers to the H-OH bonds, which can be related to
chemically combined water in the reaction products [32]. Each group absorption peak at
1410~1480 cm−1 was attributed to O-C-O stretching vibration. The AAC has produced few
or no carbonates, which may result from carbonate being formed by the reaction of alkaline
substances with carbon dioxide in the air, associated with that of XRD and TGA [33,34].
The characteristic band of the AAC gel product is located between the characteristic band
of the N-A-S-H gel (1030 cm−1) and the characteristic band of the C-(A)-S-H gel (940 cm−1);
therefore, it is not a single gel product in AAC [35]. For samples cured at 3 d and 28 d, the
Si-O-T (T = tetrahedral Si or Al) band shifts from 995 cm−1 to 947 cm−1, associated with
the variation of hydration products. This observation suggests the further development of
gel products with prolonged curing in all samples, which is in good agreement with the
change in the fraction of gel products estimated by TGA testing [36].



Processes 2022, 10, 1557 7 of 12

Figure 5. FT-IR spectrum of AAC: (a) comparison results of FTIR patterns of metakaolin; (b) 3 d; and
(c) 28 d.
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3.4. Compressive Strength

Figure 6 shows the compressive strength of AAC under different content metakaolin
(0%, 5%, 10%, 20%, 30%, and 40%) at 3 d, 7 d, and 28 d. The compressive strength of all
specimens increases with time and has nothing to do with the content of metakaolin. As
shown in Figure 6, The compressive strength is enhanced with increased CGF content from
0% to 10%. However, compressive strength decreases as the CGF content increases from
10% to 40%. More specially, the addition of 10% metakaolin showed optimal increments
in the compressive strength of AAC, and the values were 8%, 25%, and 13% at 3 d, 7 d,
and 28 d, respectively. When the content of metakaolin reaches 20%, 30%, and 40%, the
28 d compressive strength of the designed mixes sample decreases by 13%, 24%, and
44%, respectively, indicating that the higher addition of metakaolin has a negative on
the compressive strength. The development of the compressive strength of the AAC is
attributed to the production of silicoaluminate polymer. With the addition of metakaolin,
the hydration product combines C-(A)-S-H gel and N-A-S-H gel.

Figure 6. Compressive strength development of AAC.

However, with the increased metakaolin, the increased active SiO2 content decreases
the Ca/Si ratio. Furthermore, many metakaolin particles in the AAC are unreacted in
the mixtures. Thus, the pores are filled with these unreacted CGF particles, resulting in
decreased strength owing to insufficient polymerization [6].

3.5. Microstructure Analyzed by SEM

Figure 7 shows the scanning electron microscopy (SEM) photos of metakaolin and
ground granulated blast furnace slag. It can be seen that the uncalcined CGF has a “scale-
shaped” lamellar stable crystallographic structure. However, the metakaolin formed after
calcination has a higher pozzolanic effect, which can better react with cementitious materials
to achieve higher strength. Figure 8 presents typical SEM images of AAC with metakaolin
with different contents. It can be seen that there are gelatin-like, flocculent products and
some spongy calcium–aluminum hydrate particles on the surface of each group of samples,
forming a relatively dense microstructure; as can be found in Figure 8a, needle-like products
formed on the surface of surrounding pastes and cracks caused by self-shrinkage in the
curing ages [37]. Figure 8b–f are the SEM images of AAC with metakaolin. With metakaolin
as the cementitious material, the resulting hydration products of AAC are C-A-S-H gels,
C-S-H gels, and N-A-S-H gels. The three gels are intertwined to form a reticular disorder
structure of AAC. However, replacing slag with a large amount of metakaolin will decrease
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the Ca/Si ratio, increase N-A-S-H gels, and decrease C-(A)-S-H gels, which is a fundamental
reason for the decrease in compressive strength in the curing ages [38]. Furthermore, the
massive unreacted metakaolin on the surface in Figure 8f loosens the AAC structure,
increases the porosity, and reduces the intensity of polymerization [39].

Figure 7. SEM images of (a) raw CGF; (b) metakaolin; and (c) ground granulated blast furnace slag.

Figure 8. Cont.
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Figure 8. SEM images of AAC with and without metakaolin: (a) Con; (b) CGF5; (c) CGF10; (d) CGF20;
(e) CGF30; and (f) CGF40.

4. Conclusions

The mechanical strength development of AAC slag replaced by metakaolin with
different dosages was studied, and the hydration products and microstructure of AAC
were tested. The results show that different contents of metakaolin samples have different
effects on AAC.

(1) The experimental results confirmed that the metakaolin could be used to substitute
slag. CGF10 presents higher mechanical strength compared with Con. The highest
compressive strength is achieved at 39.9 MPa after 28 days of curing when metakaolin
replaces 10% slag.

(2) High-content metakaolin samples present lower mechanical strength, slower setting,
and minor heat release than samples formulated with a lower metakaolin.

(3) The type of gel products formed in AAC does not vary significantly with the content
of CGF. However, the increase in the content of metakaolin increases the C-(A)-S-H in
gel products.

(4) The internal structure and chemical properties of CGF changed significantly after
calcination. In the calcination process, CGF underwent a dehydroxylation reaction,
resulting in an increase in its activity. The effect of aggregate filling in the early stage
of CGF and the pozzolanic effects can enhances the strength of AAC.
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