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Abstract 
To achieve effective utilization of coal gangue, the effects of different slag contents on 
coal gangue-slag geopolymer mortar material (CSGM) were investigated. Results showed 
that for slag content at 40%, alkali equivalent at 7%, alkali solution modulus at 1.2 and 
water-cement ratio at 0.42, CSGM showed the highest compressive strength, which was 
47.1 MPa. The increase in slag content caused an improvement in the compressive 
strength of CSGM, but a decrease in flexural strength. As the mineral powder content 
increases, the initial and final setting times of the sample are significantly shortened. The 
prepared CSGM has good resistance to sulfate attack. The higher slag content increased 
the formation of N-A-S-H and C-A-S-H gels, leading to a further refined microstructure 
and pore structure. 
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1. Introduction 

Coal gangue is a solid waste discharged during coal mining, and it accounts for 1/10 to 1/4 of all coal 
mining by-products. China has a stockpile exceeding 7 billion tons[1, 2]. The accumulation, 
spontaneous combustion, and rainwater erosion of coal gangue pose serious threats to the surrounding 
soil, groundwater, and the living environment [3-6]. Therefore, it is urgent to accelerate the resource 
utilization of coal gangue. 

Geopolymers are produced by the geopolymerization of aluminosilicate-rich mineralogies, such as 
metakaolin, slag, and fly ash, with alkali metal ion activators. It possesses high compressive strength 
[7, 8], good durability [9, 10], and chemical stability [11], as well as low energy consumption and reduced 
pollution levels [12, 13].Because the main chemical components of coal gangue are SiO2 and Al2O3, 
and it contains a silicoaluminate structure, coal gangue may serve as a raw material for geopolymer. 
Existing research has shown that due to the low reactivity of coal gangue, geopolymer materials can 
be prepared from coal gangue only through thermal activation or by adding other highly reactive 
materials, such as slag [14-16]. Li [17]found that adding slag to the raw material, because of its high 
calcium content, helps improve the strength of the geopolymer. Huang et al. [18] found that the low 
active calcium content in coal gangue was the main reason for the low strength of geopolymers when 
using calcined coal gangue to prepare geopolymers. Ma et al.[19] observed that increasing the slag 
content led to a decrease in the geopolymer setting time and an increase in compressive strength. 
However, current research primarily focuses on geopolymers prepared from highly active materials 
such as calcined coal gangue, slag, metakaolin, and fly ash. There are few reports on the preparation 
of geopolymers using coal gangue as the main raw material. 
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Therefore, in this study, coal gangue-slag geopolymer mortar material (CSGM) was prepared from 
coal gangue and slag, and sodium silicate and sodium hydroxide were used as alkali activators. The 
main purpose of this study was to determine the effect of varying slag content on the performance of 
CSGM and to propose a solution for the utilization of coal gangue. Through the Brunauer-Emmett-
Teller (BET) and the scanning electron microscopy (SEM), the effect of different slag contents on 
the pore structure and microstructure of CSGM was determined. 

2. Raw Materials and Test Methods 

2.1 Raw Materials 

Coal gangue: Coal gangue was obtained from Panzhihua (Sichuan, China). The main mineral 
components were quartz, clinochlore, and muscovite. The main chemical components were SiO2 and 
Al2O3. The XRD results for determining the phase composition of the calcined coal gangue are shown 
in Figure 1. 

S95 slag was obtained from Gongyi (Henan, China). Table 1 shows the main chemical composition 
of the raw material. 

 

 
Figure 1. XRD patterns of calcined coal gangue 

 

Table 1. Chemical compositions of raw material 

Chemical composition SiO2 Al2O3 Fe2O3 K2O MgO CaO LOI 

Calcined coal gangue 59.22 14.77 5.49 4.62 4.41 2.28 9.21 

Slag 34.5 17.7 1.03 — 6.01 34.0 6.76 

Alkali activator: Industrial grade Na2SiO3 (initial modulus ratio of SiO2/Na2O = 3.26, SiO2 content 
of 26.98%, and Na2O content of 8.53%) and NaOH (molecular weight of 40, purity ≥ 96%). 

Standard sand was obtained from Xiamen (Fujian, China). 

2.2 Experimental Design and Preparation 

In this study, the raw materials included 60%-100% coal gangue, 0%-40% slag, and Na2SiO3 and 
NaOH as the alkaline activators. NaOH particles were mixed with Na2SiO3 and then cooled to room 
temperature to prepare an alkali solution with a modulus of 1.2. Each group of samples had a cement-
sand ratio of 0.5 and a water-cement ratio of 0.42. Specific CSGM mixing ratios are shown in Table 
2. The alkali solution modulus corresponds to the mass ratio of SiO2/Na2O in the activator solution. 

The alkali equivalent is the ratio of the Na2O content in the activator solution to the total mass of the 
raw materials [20]. According to the mix proportions of CSGM in Table 2, the raw materials and 
standard sand were placed in a mixer for dry mixing for 60 s. Then, the prepared alkali activator and 
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water were added to the mixer together, with a mixing time of 120 s. Finally, the prepared mortar was 
poured into a mould of  40 mm×40 mm×160 mm. Following 1 day of curing under conditions of 
RH=95±1% and T=20±2 ℃, the specimen was demolded and transferred to the standard curing room 
to continue curing until the required ages (7 d and 28 d) and then tested. CSGMs maintained up to 28 
days of age were immersed in a 5% Na2SO4 solution and water, respectively, for 28 days before being 
tested. 

 

Table 2. Mixing proportions for CSGM 

Specimen notation Coal gangue /g Slag/g Alkali equivalent /% Modulus Water-cement ratio 

K0 450 0 7 1.2 0.42 

K1 405 45 7 1.2 0.42 

K2 360 90 7 1.2 0.42 

K3 315 135 7 1.2 0.42 

K4 270 180 7 1.2 0.42 

2.3 Test Method 

The compressive strength and flexural strength of the CSGM were tested after curing for 7 and 28 
days. For each curing time, three samples were selected and tested on a universal testing machine. 
The setting time of the CSGM was tested using a Vickers hardness tester. BET analysis was 
conducted using a TriStar II 3020 version 3.02 Physical Adsorption Meter to determine the pore size 
distribution of the CSGM. Adsorbent: N2. 

SEM (Merlin Compact) were used to characterize the microstructure of CSGM. E-beam accelerating 
voltage of 15 kV. 

3. Results and Analysis 

3.1 Setting Time 

 
Figure 2. CSGM setting time with different slag contents 

 

The effect of different slag contents on the setting time of CSGM is shown in Figure 2. As the slag 
content increased from 0% to 40%, both the initial and final setting times of the samples decreased 
continuously. The shortest initial setting time was 57 minutes, and the final setting time was 79 
minutes, respectively, when the slag content reached 40%. Compared to the sample with 0% slag 
content, both the initial and final setting times of each sample were significantly reduced. This 
demonstrates that the slag content has a significant effect on the setting time of CSGM. This is 
because C-A-S-H gel (hydrated calcium silica-aluminate) forms more easily than N-A-S-H gel 
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(hydrated sodium silica-aluminate) under alkaline conditions. Therefore, increasing the slag content 
raises the Ca2+ content. This leads to a faster generation of C-A-S-H gel, which in turn results in a 
faster setting time. The more C-A-S-H gel that is generated, the quicker the setting time becomes [21, 

22]. 

3.2 Compressive and Flexural Strength 

The influence of different slag contents on the compressive and flexural strength of CSGM is shown 
in Figure 3. As the slag content increases from 0% to 40%, the compressive strength shows an 
improving trend, but the flexural strength shows a decreasing trend. At a slag content of 40%, CSGM 
achieved its highest compressive strength, which was 42.4 MPa, and its lowest flexural strength was 
3.55 MPa. Compared to specimens with 0% slag content, the 28-day compressive strength of the 
specimens increased by factors of 71%, 127%, 148%, and 159% for slag contents of 10%, 20%, 30%, 
and 40%, respectively. This indicates that the addition of slag is an effective method to improve the 
compressive strength of pure coal gangue geopolymer mortar. The 28-day flexural strength decreased 
in all samples, except for a slight increase with the addition of 10% slag (a 9.6% improvement). 
Especially at 30% and 40% slag content, the flexural strength decreased significantly, by 31.1% and 
32.0%, respectively. The 28-day compressive strength did not increase significantly compared to the 
7-day strength, indicating the early strength gain property of CSGM. This suggests that the 
geopolymerization reaction is largely completed during the early stage [23, 24]. 

 

 
Figure 3. CSGM compressive and flexural strength with different slag contents (a) compressive 

strength, (b) flexural strength 

3.3 Sulfate Resistance 

Table 3. Sulfate resistance results of CSGM 

Specimen notation Influences 28 d Compressive strength /MPa 28 d Flexural strength /MPa 

K0 
Water 16.2 4.98 

Na2SO4 Solution 16.4 4.94 

K1 
Water 28.2 5.01 

Na2SO4 Solution 28.3 4.97 

K2 
Water 37.4 4.83 

Na2SO4 Solution 37.4 4.81 

K3 
Water 40.6 3.60 

Na2SO4 Solution 40.3 3.58 

K4 
Water 42.6 3.55 

Na2SO4 Solution 42.5 3.55 
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The test results of the sulfate attack resistance of CSGM with different slag contents are shown in 
Table 3. After soaking in a 5% Na2SO4 solution, neither the compressive nor the flexural strength of 
the samples showed significant differences, except for a slight decrease in the compressive strength 
of samples K3 (30% slag content) and K4 (40% slag content); however, the rate of strength loss was 
not significant. This shows that by adding slag, CSGM still maintains good resistance to sulfate attack. 

3.4 Pore Structure Analysis 

The effects of the different slag contents on the pore size distribution within the CSGM are shown in 
Figure 4. Table 4 shows the pore structure parameters. As shown in Figure 4, the pore sizes of both 
groups of specimens were mainly distributed within the ranges of 50-100 nm, 20-50 nm, 5-20 nm, 
and 2-5 nm. The pore size distribution for both groups was essentially identical, showing a dominance 
of mesopores (2-50 nm), and both groups featured the presence of micropores (<2 nm). When the 
slag content increased from 20 to 40%, the large pores (>50 nm) decreased significantly, the peak 
pore size of the samples decreased gradually (from 34.7 nm to 23.4 nm), and the amount of pores of 
2-20 nm increased with the increase of the slag content, and the total pore volume of the samples 
decreased gradually, and the specific surface area of the pores increased. This is because with the 
increase of slag content, the introduction of Ca2+ increased, so that the coal gangue involved in 
depolymerization and polaycondensation gradually increased, increasing the generation of hydration 
products N-A-S-H gel and C-A-S-H gel, the increase in the number of hydration products blocked 
the pore space, resulting in the structure of the specimen is more dense, and the lower porosity of the 
C-A-S-H gel can be better to fill the pore space, which reduces the porosity of the specimen [25], which 
in turn improves the strength of the sample. 

 

Table 4. Pore structure parameters of CSGM 

Samples 
Cumulative pore volume 

/(cm3/g) 
Specific surface area of 

pores /(m2/g) 
Average pore size /nm 

Slag-20% 0.054 12.672 15.904 

Slag-40% 0.059 14.613 15.141 

 

 
Figure 4. Pore structures of the CSGM (a) cumulative volume distribution curve, (b) pore size 

distribution curve, and (c) pore volume comparison plot 
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3.5 SEM Analysis 

An SEM image of CSGM after curing for 28 d is shown in Figure 5. CSGM contained many 
aluminosilicate gels and some unreacted coal gangue particles. Based on a comparison of the SEM 
images at 10 μm scale, the increase in slag content had a significant effect on the microstructure 
density of the samples. When the slag content was 0%, CSGM (K0) contained fewer gels, and 
unreacted coal gangue particles were visible on the surface of the sample. This indicates that the 
depolymerization and polycondensation of coal gangue in the samples are inadequate. As shown in 
Figure 5(b) to (d), with the increase of slag content, the number of gels in the CSGM gradually 
increases, the coverage area expands, and the overall structure becomes increasingly dense and 
homogeneous. Especially, Figure 5(d) shows that when the slag content is 40% (K4), the gel within 
the sample covers the largest area and appears in fragments, and the structure is the most dense, so 
this sample has the highest compressive strength. This is mainly because the addition of slag 
introduces a calcium source, and the [SiO4]4- and [AlO4]5- in the reaction system will combine with 
Ca2+ ions to form a C-A-S-H gel, and the higher the slag content, the more gel is generated in the 
sample, the microstructure becomes gradually denser, and ultimately, the compressive strength 
continues to improve [26]. 

 

 
Figure 5. SEM images of the CSGM after curing for 28 d with (a) 0% slag content, (b) 20% slag 

content, (c) 30% slag content, (d) 40% slag content 

4. Conclusion 

When the slag content was 40%, the compressive strength of CSGM was the highest. An increase in 
the slag content decreased the flexural strength of CSGM, but was beneficial for increasing the 
compressive strength of CSGM. An increase in the slag content consistently improved the 
compressive strength of CSGM at each curing age. 

The initial and final setting times of CSGM were significantly shortened by increasing the slag 
content from 0% to 40%, with a greater generation of C-A-S-H gel corresponding to a faster setting 
time. The prepared CSGM exhibits improved sulfate resistance. 

The addition of slag optimized the pore structure of the samples. When the slag content increased 
from 20 to 40%, the large pores (>50 nm) decreased significantly. The peak pore size of the samples 
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gradually decreased from 34.7 nm to 23.4 nm. As the slag content increased, the amount of pores in 
the 2-20 nm range also increased. The average pore size of the samples was gradually refined, the 
pore size distribution became more homogeneous, and the microstructure became denser. 

Under the action of alkali activator, the increase of slag content promotes the condensation reaction 
between Ca2+ and silica-aluminate materials, which generates more C-A-S-H gels, thus enhancing 
the compressive strength of CSGM. 
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