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Abstract 

This study investigates the influence of SiO₂/Al₂O₃ molar ratios (2.25–3.00) and the replacement of 
red mud (RM) with GGBS (50–63%) on the performance of RM-based geopolymers to address the 
environmental issues posed by RM, including its high alkalinity and heavy metal content. The results 
indicated that increasing the SiO2/Al2O3 ratio and incorporating GGBS reduced the fresh properties 
of the geopolymers. A higher SiO2/Al2O3 ratio promoted the development of compressive strength, 
likely due to the elevated concentration of soluble silicates. The RM-based geopolymers with higher 
GGBS content also exhibited greater compressive strength. Moreover, the drying shrinkage and 
water permeability of RM-based geopolymers increased as the SiO2/Al2O3 ratio and the GGBS content 
increased. The sustainability assessment revealed that CO₂ emissions were influenced by the 
SiO2/Al2O3 ratio. In comparison to other RM-based geopolymers, the CO₂ emissions and costs in this 
study were reduced by 13.13%–44.33% and 3.64%–39.68%, respectively. This study discusses the 
effects of the SiO₂/Al₂O₃ molar ratios on the reaction process and strength formation mechanism of 
RM-based geopolymers, which provides an effective strategy for the resource utilization of RM. 

Keywords: low-carbon building materials; red mud; economic Analysis; compressive strength; waste 
management 
 
 

1. Introduction 

The environmental impact of carbon dioxide (CO2) emissions from Ordinary Portland Cement 
(OPC) production has driven increased research into alternative materials that can effectively replace 
OPC. [1,2]. Geopolymers, which consist of a framework structure formed by the condensation of 
tetrahedral silicoaluminate units, have emerged as a promising alternative [3]. They have gained 
wide attention in sustainable building materials due to their high early strength, chemical corrosion 
resistance, heat resistance, and durability [4]. Geopolymers are typically synthesized using alkaline 
solutions to activate aluminosilicate materials, including ground granulated blast furnace slag 
(GGBS) [5], fly ash (FA) [6], silica fume (SF) [7], metakaolin (MK) [8], coal gangue (CG) and rice husk 
ash (RHA) [9,10], etc. Compared to OPC, geopolymer production reduces energy consumption and 
CO2 emissions by approximately 50% and 80%, respectively [11,12]. However, the growing attention 
to the resource value of GGBS, FA and SF has led to higher production costs, market prices and 
increased consumption of these materials. Therefore, it is necessary to explore alternative materials. 

Red mud (RM) is an industrial solid waste commonly used as a precursor material in 
geopolymers for various civil engineering applications [13]. RM is a highly alkaline by-product (pH 
10–13) generated during alumina production [14,15]. Additionally, Al₂O₃, SiO₂, and Na₂O are the 
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primary components of RM, which can be employed as precursors for geopolymer synthesis [16,17]. 
It serves as an alkali source and can be utilized as a precursor. Zakira et al. [18] developed high-
performance RM-based geopolymers using a high proportion of RM and silica fume. The 
compressive strengths reached 61.2 MPa at 3 days and 65.7 MPa at 28 days, respectively. Tian et al. 
[19] observed that higher RM content tended to improve compressive strength and stiffness. Nikbin 
et al. [20] produced high-performance RM-based geopolymers and found that both the mechanical 
performance and elastic modulus decreased as RM content increased. The dissolution of RM or 
aluminosilicate is crucial in controlling the physical and mechanical properties of geopolymers [21–
23]. Therefore, the research on the preparation of geopolymer cementitious materials using RM has 
garnered widespread attention. 

The performance of geopolymers is affected by changes in their initial molar ratios, particularly 
those of SiO2/Al2O3, Na2O/Al2O3, and H2O/Na2O [24–26]. Several researchers have demonstrated the 
significance of the SiO₂/Al₂O₃ ratio in influencing the mechanical properties and microstructural of 
geopolymers [5,27]. Higher compressive strength has been observed in geopolymers with an 
SiO₂/Al₂O₃ ratio of around 2 and a Na₂O/Al₂O₃ ratio between 0.38 and 1.43 [28,29]. Rowles et al. [30] 
reported a peak compressive strength of 64 ± 3 MPa at a SiO2/Al2O3 ratio of 2.5, while Kim et al. [31] 
demonstrated that geopolymer activated with NaOH and a Si/Al ratio of 3.0 achieved the highest 
strength due to stable Si–O–T bonds. However, strength tends to decrease when the SiO2/Al2O3 ratio 
exceeds a certain value [32]. Zheng et al. [27] observed that FA-based geopolymers with intermediate 
SiO2/Al2O3 ratios achieved the best compressive strength. Duxson et al. [33] pointed out that the 
SiO₂/Al₂O₃ ratios as crucial parameters influencing geopolymerization. In addition, the Na2O/Al2O3 
and H2O/Na2O ratios are vital for successful geopolymer synthesis [34]. Davidovits et al. [35] 
suggested optimal ranges of 0.8–1.6 for Na2O/Al2O3 and 10–25 for H2O/Na2O to ensure high strength 
and durability. Therefore, assessing the mechanical properties of RM-based geopolymers according 
to their initial molar ratios is more appropriate, as these ratios have a greater influence than other 
factors such as NaOH solution concentration, water/binder ratio, and alkaline activator liquid to 
binder ratio [36]. Further investigation into how different initial molar ratios affect the properties of 
RM-based geopolymers is necessary. 

This study investigated the influence of initial molar ratios (SiO₂/Al₂O₃, Na₂O/Al₂O₃, and 
H₂O/Na₂O) on the fresh and mechanical properties of RM-based geopolymers. Firstly, the SiO2/Al2O3 
ratio was varied while keeping the Na2O/Al2O3 and H2O/Na2O ratios constant, with GGBS added to 
improve the performance of RM-based geopolymers. Subsequently, the flowability, setting time, 
compressive strength, drying shrinkage and water permeability were evaluated to develop high-
performance geopolymers. The reaction mechanism and products were analyzed using XRD, FTIR, 
TG-DTG and SEM-EDS techniques. Finally, the CO₂ emissions and costs of RM-based geopolymers 
with varying SiO₂/Al₂O₃ ratios were studied and compared with other geopolymers containing RM 
and GGBS. 

2. Experimental Program 

2.1. Raw Materials 

The RM and GGBS employed in this study were provided by Lingshou Mineral Products Co., 
Ltd., China. Their chemical compositions were listed in Table 1. RM was identified as an alkaline 
aluminosilicate material, with SiO₂/Al₂O₃ and Na₂O/Al₂O₃ molar ratios of 1.15 and 0.91, respectively. 
The particle morphological of RM and GGBS were shown in Figure 1. The thermal treatment for RM 
was fixed at 800℃ according to previous studies [37]. Figure 2 shows the particle size distribution of 
RM and GGBS, as determined using a laser particle size analyser, and the volume median diameters 
(D₅₀) of RM and GGBS were 2.76 μm and 10.15 μm, respectively. 

The alkaline activators consisted of industrial-grade sodium silicate (Na2O·nSiO2) and analytical-
grade sodium hydroxide (NaOH). The Na₂O•nSiO₂ solution, supplied by Henan Borun Casting 
Materials Co., Ltd., had a chemical composition of 31.4% SiO₂, 11.9% Na₂O, and 56.7% H₂O. The 
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solution's modulus and density were 2.68 and 1.485 g/mL, respectively. The NaOH powders, 
purchased from Guangdong Xilong Chemical Co., Ltd., had a purity greater than 96.0%. 

Table 1. Chemical composition (wt%) of RM and GGBS. 

Raw material Al2O3 SiO2 CaO Na2O Fe2O3 TiO2 Other
s LOI 

RM 25.11 16.93 6.02 11.60 36.43 1.54 1.70 - 
GGBS 13.70 31.10 40.90 0.38 0.65 1.26 2.85 0.96 

 
Figure 1. SEM images of RM and GGBS. 

 
Figure 2. Particle size distribution of RM and GGBS. 

2.2. Material Design and Preparation 

Table 2 presents the classification of the mixtures into two groups. Group 1 was designed to 
explore the effect of the SiO₂/Al₂O₃ ratio while keeping the Na₂O/Al₂O₃ and H₂O/Na₂O ratios 
constant. Group 2 focused on evaluating the influence of replacing RM with GGBS, regardless of 
changes in the overall molar ratios. In this group, the water-to-binder (w/b) ratio was fixed at 0.5, and 
the Na₂O/precursor ratio was set at 0.04 to eliminate the their impact on the performance of the 
geopolymer. The w/b ratio was determined based on the total water content, including the water 
contained in Na₂O•nSiO₂ solution and any additional water added. The proportions of the alkaline 
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activator and RM-GGBS mixtures were adjusted according to the chemical compositions of the raw 
materials to achieve SiO2/Al2O3 ratios ranging from 2.25 to 3.12 and Na2O/Al2O3 ratios between 0.85 
and 0.92. The alkaline activator mixture, composed of NaOH powder and Na₂O•nSiO₂ solution, was 
diluted with deionized water to achieve an H₂O/Na₂O molar ratios of 17.24. 

Table 2. Mix proportions of thermally-activated RM–based geopolymers (wt%). 

No. 
Precursors Activators a 

SiO2/Al2

O3 
Na2O/Al2

O3 
H2O/Na2

O 
Water 

a 
Remark

s R
M 

GGB
S 

NaO
H 

Na2OnSi
O2 

Si300 36 64 0.035 0.074 3.00 0.85 17.24 0.363 
Group 

1 
Si275 43 57 0.032 0.069 2.75 0.85 17.24 0.390 
Si256 50 50 0.026 0.072 2.56 0.85 17.24 0.406 
Si225 56 44 0.031 0.048 2.25 0.85 17.24 0.457 
GBS5

0 50 50 0.026 0.072 2.56 0.85 17.24 0.406 

Group 
2 

GBS5
4 46 54 0.029 0.080 2.72 0.87 17.24 0.395 

GBS5
8 42 58 0.032 0.088 2.90 0.89 17.24 0.385 

GBS6
3 37 63 0.035 0.098 3.12 0.92 17.24 0.372 

a Relative to the total mass of the precursors. 

Figure 3 illustrates the preparation process and experimental setup for RM-based geopolymers. 
RM and GGBS were mixed for 60 seconds using a laboratory-type JJ-5 cement mortar mixer. The 
alkaline activator was prepared by thoroughly mixing NaOH powder, Na₂O·nSiO₂ solution and 
deionized water, which was then sealed and cooled to room temperature. The mixing process began 
by adding the blended powders to the mixing bowl, followed by the addition of the alkaline solution, 
ensuring thorough mixing to obtain a uniform paste. The fresh geopolymer paste was then poured 
into cubic molds with dimensions of 40 mm × 40 mm × 40 mm. Subsequently, the filled molds were 
placed on a vibration table for approximately 60 seconds to eliminate trapped air and were covered 
with plastic film to prevent moisture loss. Specimens were left at ambient temperature for 24 hours. 
After demolding, all samples were transferred to a standard curing room maintained at 20 ± 2°C and 
over 95% relative humidity, where they were cured for the specified periods of 3, 7, 28, and 56 days. 

 

Figure 3. Procedure of the RM-based geopolymers preparation and the experiments. 
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2.3. Testing Methods 

2.3.1. Flowability 

The stirred RM-based geopolymer paste was poured into a truncated cone mold set on a flat 
glass plate. The conical mold had a height of 60 mm, with top and bottom diameters of 36 mm and 
60 mm, respectively. The surface of the mold was leveled using a scraper, followed by starting the 
timer and vertically lifting the mold. After approximately 30 seconds, the maximum flow diameters 
of the geopolymer paste were measured in two perpendicular directions, and the average of these 
measurements was recorded as the flowability of RM-based geopolymers. 

2.3.2. Setting Time 

The RM-based geopolymer paste was cast into a frustum-shaped mold featuring an upper 
diameter of 65 mm, a lower inner diameter of 75 mm, and a height of 40 mm. The initial setting time 
of the RM-based geopolymers was determined 30 minutes after preparation, under standard curing 
conditions. The Vicat instrument was used, and it revealed that the geopolymer paste attained its 
initial setting phase when the test needle fell to a distance of 4 mm ± 1 mm from the glass surface. 
After the initial setting time was measured, the molds were removed from the glass plate, inverted 
by 180° with the larger diameter facing upwards, and placed back on the glass plate. The final setting 
time was recorded at 5-minute intervals, and the endpoint was identified when the test needle no 
longer produced visible impressions on the bottom surface of the specimen. 

2.3.3. Compressive Strength 

The prepared paste was poured into cubic molds measuring 40 mm × 40 mm × 40 mm molds, 
sealed with plastic wrap, and then cured for 3, 7, 28, and 56 days. Subsequently, the compressive 
strength of the RM-based geopolymers was evaluated at each curing time. Compressive strength tests 
were conducted using a WDW-10C 10-ton universal testing machine. The loading rate was 
maintained at 2.4 kN/s, and the average compressive strength was calculated based on three 
specimens per group. 

2.3.4. Drying Shrinkage 

Drying shrinkage samples were cast into molds measuring 25 mm × 25 mm × 280 mm, with 
copper nail heads pre-inserted at both ends, The molds were then cured at a constant temperature of 
20 ± 1 ℃ for 24 hours. For each mix proportion, three samples were produced. The samples were 
then placed in a dry curing chamber maintained at controlled conditions (20 ± 2°C, relative humidity 
50 ± 4%) for a predetermined period. The dimensional variation of each RM-based geopolymer 
specimen was accurately determined using a micrometer and length comparator. 

2.3.5. Water Permeability 

For the water permeability test, samples were cast in molds with dimensions of 175 mm (top 
diameter), 185 mm (bottom diameter), and 150 mm (height). Three samples were prepared for each 
group. The RM-based geopolymers were sealed with paraffin containing a small amount of rosin, 
placed into the test molds of the apparatus, and the sealing was checked before starting the test. The 
initial test pressure was maintained at 0.2 MPa for 1 hour, Subsequently, the pressure was increased 
incrementally by 0.1 MPa per hour until water seepage was observed, and the seepage height was 
recorded. If no seepage was observed on the top surface after 1 hour under 1.5 MPa pressure, the 
specimens were broken to measure the penetration depth of water. 

2.3.6. SEM-EDS Analysis 

After the compressive strength test, samples were taken from the middle section, immersed in 
anhydrous ethanol to leach unbound mixing water, and then oven-dried at 60 ℃ for 48 hours. The 
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microstructures of RM-based geopolymers were examined using a Apreo 2C SEM, and then 
elemental analysis was performed. After drying, the samples were fixed onto conductive tape and 
sputter-coated with a thin gold layer for 45 seconds to improve conductivity. The acceleration voltage 
was set to 10 kV for morphological imaging and 15 kV for energy spectrum mapping, using a 
secondary electron (SE) detector. 

2.3.7. FTIR Analysis 

The dried samples were ground and passed through an 80 μm sieve for microscopic analysis. 
The precursor powder was thoroughly blended with KBr at a mass ratio of 1:100. The composite 
powder was pelletized in a 13 mm to form a transparent pellet. FTIR spectra were measured using a 
PerkinElmer Spectrum 2 spectrometer in the range of 450 to 3,900 cm⁻¹, with a resolution of 4 cm⁻¹, 
performing a total of 32 scans to enhance data accuracy and reliability. 

2.3.8. XRD Analysis 

XRD analysis was performed to characterize the mineralogical properties of RM-based 
geopolymers. Prior to testing, samples were dried and ground to a particle size below 80 μm. The 
trough was filled with 2 g of powder and flattened using a glass plate. Subsequently, the analysis was 
performed using a Shimadzu XRD-6100 diffractometer equipped with a copper target. Scanning was 
carried out over a 2θ range of 10° to 90°, with a step size of 0.02° and a scan speed of 5°/min. The 
instrument operated at 40 kV and 30 mA. 

2.3.9. TG-DTG Analysis 

The TG-DTG test was performed to investigate the thermal decomposition characteristics of 
various mineral phases in the RM-based geopolymers. The powder sample of approximately 5 mg 
was taken and evenly distributed at the bottom of the alumina crucible. Subsequently, the crucible 
was placed in the sample chamber of the thermogravimetric analyzer. The analysis was performed 
with a PerkinElmer Pyris 1 simultaneous thermal analyzer. The test was carried out over a 
temperature range of 50–800 °C at a heating rate of 10 °C/min, under a N₂ atmosphere. 

3. Results and Discussion 

3.1. Fresh Properties and Hardened Properties 

3.1.1. Flowability 

Figure 4 presents the impact of GGBS substitution and the SiO₂/Al₂O₃ ratio on the flowability of 
RM-based geopolymer slurry. Figure 4(a) that the flowability significantly decreased as the 
SiO2/Al2O3 ratio increased, with the flow diameter dropping from 165 mm to 125 mm as the ratio rose 
from 2.25 to 3. This decreased in flowability attributes of the slurry was mainly caused by two 
principal factors: Firstly, the viscosity of RM-based geopolymer slurry increased with higher 
SiO₂/Al₂O₃ ratio. Higher viscosity enhanced internal friction between particles, thereby reducing the 
flowability of the slurry [38]. Secondly, mixtures with higher SiO₂/Al₂O₃ ratios exhibited greater 
reactivity, promoting the release of more [SiO₄]⁴⁻ species and the polycondensation of Si–O–Si bonds 
under alkaline conditions [39]. This led to the formation of a more complex three-dimensional gel 
network, which reduced the slurry’s flowability. 

Figure 4(b) demonstrates that the flowability of RM-based geopolymer slurry decreased with 
increasing GGBS content. When the GGBS content increased from 0.5 to 0.63, the flow diameter was 
reduced from 155 mm to 130 mm. GGBS exhibits high hydration reactivity. Its particles have 
relatively smooth surfaces, but the presence of sharp edges on some particles provides more reaction 
sites, which leads to an increased water demand. Moreover, the high content of reactive species in 
GGBS led to rapid dissolution in an alkaline environment and facilitated the formation of C-(A)-S-H 
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gels [40]. This process accelerated curing process and reduced the flowability of RM-based 
geopolymer slurry. 

 

Figure 4. The effect of (a) SiO2/Al2O3 ratio and (b) GGBS on the flowability of RM-based geopolymers. 

3.1.2. Setting Time 

Figure 5 shows the influence of the SiO₂/Al₂O₃ ratio and GGBS replacement on the setting times 
of RM-based geopolymers. Figure 5(a) reveals that with fixed ratios of Na₂O/Al₂O₃ and H₂O/Na₂O, 
increasing the SiO₂/Al₂O₃ ratio from 2.25 to 3 shortened the the initial setting time from 81 to 56 
minutes and the final setting time from 102 to 77 minutes. This acceleration was attributed to the 
higher availability of reactive silicate tetrahedra, which promoted polycondensation reactions and 
accelerated the formation of the three-dimensional aluminosilicate gel network [29]. 

Figure 5(b) shows that replacing RM with GGBS also reduced the setting times of RM-based 
geopolymers. The initial setting time decreased from 72 min to 60 min, and the final setting time was 
reduced from 95 min to 81 min as the GGBS content increased from 0.5 to 0.63. The results showed 
that soluble calcium accelerated geopolymer formation [41]. The acceleration resulted from the 
formation of calcium silicate hydrates gel, which provided nucleation sites and promoted the 
geopolymerization process [42]. Additionally, the reduction in setting time with increasing GGBS 
content was also associated with an increase in the SiO₂/Al₂O₃ ratio from 2.56 to 3.12. Therefore, the 
SiO₂/Al₂O₃ ratio is a key factor governing the setting of geopolymers in both groups. 

 
Figure 5. The effect of (a) SiO2/Al2O3 ratio and (b) GGBS on the setting times of RM-based geopolymers. 

3.1.3. Compressive Strength 

Figure 6 presents the compressive strength of RM-based geopolymers at curing ages of 3, 7, 28, 
and 56 days. The compressive strength was significantly affected by the SiO₂/Al₂O₃ ratio and GGBS 
addition. In general, the compressive strength of all geopolymer samples increased with curing age. 
Figure 6(a) shows that the compressive strength increased significantly as the SiO₂/Al₂O₃ ratio 
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increased from 2.25 to 3. The compressive strength of reference Si225 sample was 44.2 MPa at 56 days. 
Specifically, the RM-based geopolymers with SiO₂/Al₂O₃ ratios of 2.56, 2.75, and 3.00 exhibited 
compressive strength increases of 6.3%, 11.3%, and 16.1%, respectively. The polymerization product 
C-(A)-S-H contributed to the compressive strength development of RM-based geopolymers. As the 
SiO₂/Al₂O₃ ratio increased, the number of silicate tetrahedra rose, which promoted the formation of 
more C-(A)-S-H network structures and a denser geopolymer gel phase [43]. Moreover, the SiO₂ 
dissolution rate enhanced with the increase of the SiO₂/Al₂O₃ ratio in RM-based geopolymers. This 
may be due to the interference of high concentrations of soluble silicates, which also promoted the 
dissolution of aluminum [26]. Figure 6(a) also reveals that the development of early compressive 
strength was significantly governed by the SiO₂/Al₂O₃ ratio. The compressive strength of Si225 was 
15.6 MPa at 3 days, while it was 22.7 MPa for Si300. 

Figure 6(b) shows that replacing RM with GGBS can improve compressive strength. The 
compressive strength of RM-based geopolymers with 50% GGBS addition was 47 MPa at 56 days. 
Compared to the GBS50 sample, the compressive strengths of the GBS54, GBS58, and GBS63 samples 
increased by 3.2%, 6%, and 8.9%, respectively. This enhancement was due to the granular structure 
of GGBS and its higher pozzolanic reactivity, which accelerated calcium reactions and resulted in the 
formation of increased amounts of C-(A)-S-H gel [44]. In addition, the heat generated by the 
exothermic reaction between GGBS and the alkaline solution promoted the geopolymerization 
process. This reaction consumed water, enhanced the dissolution of RM and GGBS particles, and 
increased the alkalinity of the system, thereby accelerating the polycondensation rate [18]. The 
presence of calcium played a critical role in the early compressive strength development of RM-based 
geopolymers. The compressive strength of GBS54 and GBS63 samples increased to 17.6 MPa and 20.2 
MPa, respectively. This was attributed to the higher pozzolanic reactivity of GGBS compared to RM, 
and the use of calcium-rich precursors formed additional nucleation sites. Consequently, replacing 
RM with GGBS promoted more polymerization reactions and product formation, resulting in higher 
compressive strength of RM-based geopolymers [45]. 

 

Figure 6. The effect of (a) SiO2/Al2O3 ratio and (b) slag content on the compressive strength of RM-based 
geopolymers. 

3.1.4. Drying Shrinkage 

Figure 7 exhibits the impact of the SiO₂/Al₂O₃ ratio and GGBS addition on the drying shrinkage 
of RM-based geopolymers. Figure 7(a) illustrates that the drying shrinkage rate gradually decreased 
with an increase in the SiO2/Al2O3 ratio between 2.25 and 3. The drying shrinkage of the Si256, Si275, 
and Si300 samples decreased by 5.2%, 14.8% and 22.2% compared to the Si225 sample, respectively. 
Increasing the SiO₂/Al₂O₃ ratio was found to improve the microstructure of RM-based geopolymers, 
thereby enhancing their resistance to shrinkage. Moreover, the drying shrinkage of geopolymers was 
primarily influenced by the loss of mesoporous water [46]. The increased ratio of SiO2/Al2O3 can 
accelerate the hydration process and promote the formation of C-(A)-S-H and N-A-S-H gels, resulting 
in a denser structure and reduced mesoporosity. Therefore, this reduced the compressive effect of 

0

15

30

45

60

Si225Si256Si275

  3d   7d   28d   56d

C
om

pr
es

siv
e 

st
re

ng
th

 (M
Pa

)

Si300
0

15

30

45

60

GBS63GBS58GBS54

  3d   7d   28d   56d

C
om

pr
es

siv
e 

st
re

ng
th

 (M
Pa

)

GBS50

(a) (b)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 July 2025 doi:10.20944/preprints202507.0800.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0800.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 19 

 

capillary pressure in the mesopores on the gel network and decreased the drying shrinkage of RM-
based geopolymers [47]. 

Figure 7(b) shows the effect of GGBS replacement rate on drying shrinkage. When RM was 
replaced with GGBS at contents of 54%, 58%, and 63%, the drying shrinkage of RM-based 
geopolymers was reduced by 5.5%, 10.2% and 14.1%, respectively. This can be attributed to the higher 
alkaline activation reactivity of GGBS compared to RM. The hydration process was accelerated by 
the increased GGBS content, leading to changes in the pore structure distribution and porosity of 
RM-based geopolymers [48]. The crystalline phases in the geopolymer increased stiffness and 
reduced drying shrinkage. The increase in GGBS replacement rate enhanced the Ca²⁺ concentration 
in the system, which raised the potential for carbonation of RM-based geopolymers and promoted 
the formation of more CaCO₃ crystals [49]. In addition, the increase in Ca²⁺ content partially 
accelerated the hydration rate and reduced the evaporation of free water [50]. 

 

Figure 7. The effect of (a) SiO2/Al2O3 ratio and (b) slag content on the drying shrinkage of RM-based 
geopolymers. 

3.1.5. Water Permeability 

Figure 8 illustrates the water permeability results of the geopolymers under varying SiO₂/Al₂O₃ 
ratios and GGBS content replacing RM. Figure 8(a) shows that the water permeability of RM-based 
geopolymers decreased as the SiO₂/Al₂O₃ ratio increased from 2.25 to 3. The Si256, Si275, and Si300 
samples showed a decrease in water permeability of 5.2%, 9.7%, and 17.2% compared to the Si225 
sample, respectively. The reduction in water permeability was attributed to the accelerated formation 
of C-(A)-S-H gels under higher SiO₂/Al₂O₃ ratios, leading to a more continuous and dense 
microstructure. This effectively filled the capillary and macropores within the RM-based 
geopolymers, thereby reducing pore connectivity [43]. Furthermore, the compactness and pore 
structure of RM-based geopolymers were closely linked to the formation of Si–O–Si bonds [51].The 
results indicated that increasing the SiO₂/Al₂O₃ ratio facilitated the development of Si–O–Si bonds, 
thereby enhancing the polymerization process and decreasing the water permeability of RM-based 
geopolymers. 

Figure 8(b) shows that the water permeability of RM-based geopolymers decreased as the GGBS 
content increased from 50% to 63%. When GGBS was added at 54%, 58% and 63%, it led to decreases 
of 3.1%, 7.2%, and 11.6% in water permeability, respectively. The reduction in water permeability 
was closely linked to the microstructure of the geopolymers. This was attributed to the increased Ca²⁺ 
concentration resulting from the higher GGBS addition, which further facilitated C-(A)-S-H gels 
formation. These C-(A)-S-H gels possessed a strong filling ability, contributing to a more compact 
structure of the geopolymer [52]. Moreover, the high reactivity of GGBS under alkaline activation 
accelerated C-(A)-S-H gel formation. This process consumed the free water in the system and reduced 
the interconnected porosity formed by water evaporation, thereby decreasing water permeability [53]. 
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Figure 8. The effect of (a) SiO2/Al2O3 ratio and (b) slag content on the water permeability of RM-based 
geopolymers. 

3.2. Microstructure 

In Section 3.1, it was observed that the RM-based geopolymers exhibited optimal performance 
in terms of setting time, compressive strength, and water permeability when the SiO₂/Al₂O₃ ratio was 
3.0. To further explore the influence of varying SiO₂/Al₂O₃ ratios on the hydration characteristics of 
RM-based geopolymers, this study examines three representative samples—Si225, Si256 (GBS50), 
and Si300. The aim was to explore how varying SiO2/Al2O3 ratios influence the hydration mechanism 
and to further clarify the improvement in the properties of RM-based geopolymers under these 
conditions. 

3.2.1. FTIR and XRD Analyses 

Figure 9 presents the FTIR spectra of the Si225, Si256, and Si300 samples cured for 28 days. 
Increasing the SiO₂/Al₂O₃ ratio reduced the absorption peaks around 3445 cm⁻¹ and 1641 cm⁻¹, which 
are associated with the stretching vibrations of O–H bonds and the bending vibrations of H–O–H 
bonds, respectively. In the Si225 sample, the prominent absorption peaks at 3445 cm⁻¹ and 1640 cm⁻¹ 
revealed the presence of significant amounts of adsorbed water and Ca(OH)₂ within the system. In 
contrast, the Si300 sample showed a weakening of these peaks’ intensity, indicating that the higher 
SiO₂/Al₂O₃ ratio promoted the condensation reaction of [SiO₄]⁴⁻ units. This led to a more efficient 
consumption of adsorbed water, which was incorporated into the dense C-(A)-S-H gel network, 
refining the pore structure [54]. The broad peak at around 1423 cm⁻¹ was attributed to the stretching 
vibration of the O-C-O bond in CO₃²⁻. The CO₃²⁻ peak at 1423 cm⁻¹ was more pronounced in Si225 
than in Si300. The incomplete incorporation of Ca²⁺ into the C-(A)-S-H gel at lower SiO₂/Al₂O₃ ratios 
resulted in carbonate formation. Additionally, the RM-based geopolymers may have carbonated due 
to exposure to air and contact with CO₂. The wide peak at approximately 995 cm⁻¹ corresponded to 
the main asymmetric stretching mode of Si-O-T (T = Si or Al) [55]. As the SiO₂/Al₂O₃ ratio increased 
from 2.25 to 3, the Si-O-T absorption peak shifted from 991 cm⁻¹ to 999 cm⁻¹, indicating an 
enhancement in the polymerization degree of the aluminosilicate network in RM-based geopolymers. 
This facilitated the development of a dense gel structure mainly controlled by Si–O–Si bonds [56]. 
Furthermore, a higher SiO₂/Al₂O₃ ratio caused an increase in the wavenumber of the Si–O vibrational 
absorption peak around 480 cm⁻¹. These findings indicated that the FT-IR spectra of all the samples 
exhibited similarities, and there may be variations in the crystallinity of the materials in the 
amorphous regions. 

Figure 9 shows the XRD pattern of Si225, Si256, and Si300 samples cured for 28 days. The 
identified components included C-(A)-S-H, N-A-S-H, quartz, calcite, hematite, hydrotalcite and 
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calcium hydroxide [57]. In the Si225 sample, the quartz peak exhibited a relatively high intensity in 
the 20°–40° range, indicating incomplete reaction of the siliceous materials due to the low SiO₂/Al₂O₃ 
ratio. Additionally, the characteristic peaks of calcite and calcium hydroxide were observed at 29.25° 
and 49.75°, respectively. This was because calcium ions were not fully incorporated into the C-(A)-S-
H gel network. The formation of calcite and calcium hydroxide through carbonation or hydration 
resulted in a more porous and less compact structure. In contrast, the Si300 sample exhibited a 
significant reduction in the intensities of the quartz, calcite and calcium hydroxide peaks. The 
intensity of the broad amorphous peak corresponding to C-(A)-S-H and N-A-S-H enhanced between 
20° and 35°. The intensity of the characteristic peak for hydrotalcite decreased at 24.45°. This indicated 
that the silicate-driven condensation reaction promoted the formation of a dense amorphous gel 
phase, with a higher degree of Ca²⁺ involvement in the development of the C-(A)-S-H gel network 
[58]. The study revealed that higher SiO₂/Al₂O₃ ratios resulted in denser gel network formation, 
which enhanced the compressive strength of RM-based geopolymers. 

 
Figure 9. FTIR and XRD curves of RM-based geopolymers cured for 28days: (a) Si225; (b) Si256; (c) Si300. 

3.2.2. TG-DTG Analysis 

Figure 10 shows the TG-DTG curves of the Si225, Si256, and Si300 samples cured for 28 days. 
The TG-DTG curves revealed four distinct weight loss processes within the temperature range of 
50°C to 800°C. The peak observed between 89.17°C and 162.34°C was primarily attributed to the 
dehydration of C-(A)-S-H or ettringite (AFt) in the hydration product [59]. This peak corresponded 
to the formation of hydration products, with varying SiO₂/Al₂O₃ ratios in C-(A)-S-H leading to a wide 
range of dehydration temperatures. The second weight loss process, observed between 218.67°C and 
347.51°C, was caused by the decomposition of Al(OH)₃ or hydrotalcite. The third and fourth weight 
loss stages took place between 414.84°C and 535.35°C, and 614.84°C and 735.52°C, respectively. The 
absorption peak between 414.84°C and 535.35°C was primarily caused by the dehydration and 
decomposition of Ca(OH)₂ [60]. The temperature range of 614.84°C–735.52°C was attributed to the 
decarbonation of carbonate minerals such as CaCO₃, which formed during the carbonation of 
Ca(OH)₂ in the curing process [61]. Compared to the Si225 and Si256 samples, the Si300 sample 
released a greater amount of amorphous gel at 28 days. This phenomenon was reflected in the weight 
loss of the hydration product C-(A)-S-H-bound water, with absorption peaks occurring between 
89.17°C and 162.34°C. The increase in gel formation was attributed to the higher SiO₂/Al₂O₃ ratio, 
which promoted the formation of C-(A)-S-H. Moreover, the RM exhibited low activity, and the 
addition of GGBS increased the concentration of Ca²⁺, which reacted with [SiO₄]⁴⁻, [AlO₄]⁴⁻, and CO₃²⁻ 
monomers to generate C-(A)-S-H gels and CaCO₃ crystals, thereby improving the compressive 
strength of the composite [62]. In general, the increase in the SiO₂/Al₂O₃ ratio resulted in a higher 
quantity of hydration products and a denser gel network, which in turn reduced moisture adsorption 
in the pores. These findings were consistent with the drying shrinkage and water permeability 
analysis. 
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Figure 10. TG-DTG curves of RM-based geopolymers cured for 28days: (a) Si225; (b) Si256; (c) Si300. 

3.2.3. SEM-EDS Analysis 

Figure 11 shows the SEM-EDS images of the Si225, Si256, and Si300 samples at 28 days. The 
SiO₂/Al₂O₃ ratio influenced the quantity of hydration products and the microstructural density in 
RM-based geopolymers. In the Si225 sample, CaCO₃ and Ca(OH)₂ crystals were embedded within 
the loosely interwoven C-(A)-S-H gel network. The surface of the Si225 sample exhibited extensive 
long cracks and large pores, which contributed to a loosely structured matrix and reduced mechanical 
properties. When the SiO₂/Al₂O₃ ratio increased, the C-(A)-S-H gel formed a dense microstructure 
through highly polymerized silicate tetrahedra. The crystals of CaCO₃ and Ca(OH)₂ were embedded 
into the C-(A)-S-H gel, leading to shortened crack lengths, reduced pore size and decreased pore 
quantity, which enhanced the microstructural density of RM-based geopolymers. This phenomenon 
was attributed to the increased SiO₂/Al₂O₃ ratio, which promoted the polycondensation rate of silicate 
ions in an alkaline environment [63]. This promoted C-(A)-S-H gel formation and the precipitation 
and crystallization of Ca²⁺ with CO₃²⁻/OH⁻, leading to the development of a gel-crystal 
interpenetrating network structure [64]. In addition, the amount of C-(A)-S-H in the hydration 
products increased with a higher SiO₂/Al₂O₃ ratio, which significantly improved pore filling and 
crack repair, leading to a densified structure with high compressive strength. 

The EDS analysis of the Si225, Si256, and Si300 samples confirmed that the surface compositions 
were predominantly composed of Fe, Ca, Si, Al, and Na. The spots 1–3 located on the surface of the 
C-(A)-S-H gels exhibited Ca/Si ratios from 1.02 to 1.43 and Si/Al ratios between 1.58 and 1.68. 
Specifically, the Ca/Si ratio for Si300 was 1.43, compared to 1.02 for Si225. The Si/Al ratio for Si300 
was 1.68, while for Si225, it was 1.62. The results indicate that higher Ca/Si and Si/Al ratios in C-(A)-
S-H gels typically correspond to a highly cross-linked three-dimensional structure. Therefore, it can 
be concluded that increasing the SiO₂/Al₂O₃ ratio promoted the polymerization degree of the C-(A)-
S-H gel network, leading to a denser microstructure and enhancing the compressive strength of RM-
based geopolymers. 
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Figure 11. SEM-EDS images of RM-based geopolymers cured for 28days: (a) Si225; (b) Si256; (c) Si300. 

3.3. Sustainability Analysis 

The carbon emissions and costs generated in the experiment mainly arise from the production 
and transportation of materials. The raw material cost and carbon emission data used in this study 
were sourced from previous research [59,64–67]. Table 3 lists the CO₂ emissions and costs for each 
raw material. RM exhibited considerably higher CO₂ emissions compared to GGBS, and NaOH 
released significantly more CO₂ than Na₂O·nSiO₂. The GGBS and Na₂O·nSiO₂ contributed substantial 
amounts of SiO₂ to the geopolymer system. Increasing the SiO₂/Al₂O₃ ratio enhanced the compressive 
strength and reduced CO₂ emissions. Furthermore, GGBS was more expensive than RM, indicating 
that its use may increase the cost of geopolymers. Therefore, optimizing the GGBS replacement rate 
was necessary [68]. 

In order to assess the sustainability impact of RM-based geopolymers, Table 4 compares the cost 
and CO₂ emissions of samples with different SiO₂/Al₂O₃ ratios to those of geopolymers containing 
RM and GGBS. The RM-based geopolymers with similar compressive strengths showed unit volume 
CO₂ emissions and cost ranging from 327.53–347.62 kg/m³ and 881.3–1162.04 CNY/kg, respectively. 
Compared to the reference RM-based geopol[59,64–67ymers, the CO₂ emissions and costs were 
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reduced by 13.13%–44.33% and 3.64%–39.68%, respectively [69–71]. This further illustrated their 
synergistic contribution to sustainability. The CO₂ emissions of RM-based geopolymers first 
decreased and then increased as the SiO₂/Al₂O₃ ratio increased from 2.25 to 3. In the range of 
SiO₂/Al₂O₃ ratios between 2.25 and 2.56, the reduction in CO₂ emissions was primarily attributed to 
the decreased consumption of RM and NaOH. However, when the SiO₂/Al₂O₃ ratio exceeded 2.56, 
achieving a higher ratio required a substantial increase in the quantities of GGBS and Na2O·nSiO2. 
The results indicated that an appropriate increase in the SiO₂/Al₂O₃ ratio promoted the densification 
of the aluminosilicate network, enhanced mechanical properties and reduced CO₂ emissions. This 
effectively improved compressive strength with environmental and economic outcomes. 

Table 3. CO₂ emissions and costs of each constituent of RM-based geopolymers. 

Material type CO2 emissions Cost a 
(kg CO2•eq/kg) (CNY/kg) 

RM [59,64] 0.303 0.22 
GGBS [59,65] 0.067 0.5 
NaOH [59,65] 3.2 7.53 

Na2O·nSiO2 b [59,66] 0.4 4.67 
Water c [67] 0 0.0083 

a Market price may fluctuate. b Sodium silicate mentioned here refers to the solid content of the solution, 
excluding water. c Water includes the additional water added and the water in the activators. 

Table 4. CO₂ emissions and costs of RM-based geopolymers per unit volume. 

type 
Mixtures in references Mixtures in this study 

[69] [70] [71] Si225 Si256 Si275 Si300 
RM (kg/m3) 714.05 519.56 471.05 613.00 551.40 484.83 413.31 

GGBS (kg/m3) 714.05 779.35 706.57 481.64 551.40 642.68 734.78 
NaOH (kg/m3) 95.25 58.45 52.99 33.93 28.67 36.08 40.18 

Na2O·nSiO2 (kg/m3) 48.41 55.20 101.28 52.54 79.40 77.80 84.96 
Water (kg/m3) 428.43 487.09 500.49 569.21 551.40 541.21 528.12 

CO2 emissions (kg/m3) 588.38 418.77 400.16 347.62 327.53 336.54 337.03 
Cost (CNY/kg) 1461.03 1205.96 1333.07 881.30 988.30 1019.21 1162.04 

Compressive strength (28, 
MPa) 36 34 37 30.1 32.8 34.5 37.5 

CO2 intensity (kg/m3/MPa) 16.34 12.32 10.82 11.55 9.99 9.75 8.99 
Cost intensity 

(CNY/m3/MPa) 
40.58 35.47 36.03 29.28 30.13 29.54 30.99 

4. Conclusions 

In this study, the fresh and hardened properties, along with the microstructural characteristics 
of RM-based geopolymers prepared with varying SiO₂/Al₂O₃ ratios and GGBS replacement rates 
were investigated. In addition, the environmental and economic effects were assessed for 
geopolymers with different SiO₂/Al₂O₃ ratios. Based on the experimental results and discussions, the 
conclusions derived from the findings were as follows: 

(1) The high SiO2/Al2O3 ratio and increased GGBS addition raised the concentrations of SiO2 and 
Ca²⁺ in the system, respectively. This accelerated the formation of a three-dimensional gel 
network, resulting in reduced setting time and flowability of RM-based geopolymers. 

(2) Increasing the SiO₂/Al₂O₃ ratio and GGBS addition enhanced the 56-day compressive strength 
by 6.3–16.1% and 3.2–8.9%, respectively. The higher SiO₂/Al₂O₃ ratio increased the concentration 
of [SiO₄]⁴⁻ units and facilitated the dissolution of Si and Al. GGBS promoted the release of Ca²⁺ 
and exothermic reactions, thereby improving the strength of RM-based geopolymers. 
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(3) When the SiO₂/Al₂O₃ ratio increased, drying shrinkage was reduced by 22.2% due to the 
enhanced formation of C-(A)-S-H/N-A-S-H gels and a decrease in mesopore content. High GGBS 
addition reduced the shrinkage by 14.1%, primarily promoting C-(A)-S-H gels formation, 
facilitating CaCO₃ crystallization and reducing the evaporation of free water. Both approaches 
reduced water permeability by optimizing the pore structure and enhancing the densification of 
the gel network. 

(4) The primary hydration products of RM-based geopolymers included C-(A)-S-H, N-A-S-H, 
calcite, hydrotalcite and calcium hydroxide. These products effectively filled the pores, leading 
to a more compact microstructure. SEM-EDS analysis further showed that raising the SiO₂/Al₂O₃ 
ratio reduced crack length and pore quantity. CaCO₃, Ca(OH)₂ and C-(A)-S-H formed an 
interpenetrating gel-crystal network structure. The Ca/Si ratio in the C-(A)-S-H gel increased 
from 1.02 to 1.43, and the Si/Al ratio rose from 1.62 to 1.68. 

(5) In comparison to the referenced RM-based geopolymers, the CO₂ emission and costs in this 
study were reduced by 13.13%–44.33% and 3.64%–39.68%, respectively. The CO₂ emissions of 
RM-based geopolymers were closely influenced by the SiO₂/Al₂O₃ ratio. Adjusting the 
SiO₂/Al₂O₃ ratio effectively reduced CO₂ emissions, thereby promoting sustainability. 
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