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INTRODUCTION

Large amounts of industrial solid waste are 
currently produced worldwide, and they come 
in a variety of forms with significant variations 
in their physical and chemical properties, as 
well as unequal distribution throughout different 
geographical areas. These wastes are generally 
grouped into three main categories: silica-alumi-
na-based solid wastes [1], calcium-based solid 
wastes (e.g. steel slag), and alkaline solid wastes 
(e.g. slag, calcium carbide slag, and red mud) [2]. 
The disposal of enormous amounts of industrial 
solid waste not only consumes valuable land and 
depletes natural resources but also poses major 
risks to environmental safety and human health 
[3]. As a result, developing long-term resource use 

strategies for managing such large amounts of gar-
bage is critical. Harnessing their potential to pro-
duce construction materials can not only facilitate 
effective waste management but also yield sub-
stantial economic and social benefits by maximiz-
ing their residual value [2]. By using these waste 
materials, geopolymers solve the problem of dis-
posing of garbage in landfills while also lowering 
the demand for ordinary Portland cement (OPC) 
[4]. Geopolymers minimize CO2 emissions, use 
low-cost industrial waste, and increase structural 
performance, making them a sustainable alterna-
tive to natural resource usage [5].

Geopolymerization is a chemical process 
that uses alumino-silicate-rich materials as slag, 
fly ash [6,7], metakaolin [8,9], red mud [10] 
and silica fume to build a three-dimensional 
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alumino-silicate framework called polysialates 
[11]. Usually, aqueous silicates and activators 
such as potassium or sodium hydroxide are used 
in an alkaline environment for this reaction [12]. 
These activators interact with alumino-silicate 
sources to form sodium alumino-silicate hydrate 
(N-A-S-H) gel, the main binding phase that gives 
the geopolymer strength  to form three-dimen-
sional network of SiO4 and AlO4 tetrahedra [4].

Red mud (RM) a by-product of the extrac-
tion of alumina from bauxite ores, is rich in iron 
oxide and is highly alkaline because of its high 
concentration of silicon dioxide and aluminium 
oxide [13–15]. Although the alumina indus-
try produces approximately 120 million tons of 
RM annually worldwide, its use is still restricted 
because of its high basicity and related environ-
mental risks [16]. Nonetheless, RM-sourced GC 
has shown promise in the construction industry 
for creating tiles, blocks, and panels that provide 
superior thermal insulation, increased fire resis-
tance, and reduced weight [17]. Zhang et al. [18] 
developed RM-FA-based geopolymers at ambi-
ent temperature and investigated the parameters 
that influence their mechanical characteristics, 
microstructure, and chemical composition. It was 
discovered that a higher Si/Al and Na/Al ratio 
resulted in a stronger geopolymer. Hu et al. exam-
ined geopolymers made with red mud (RM) and 
fly ash (FA). RM with C-grade FA at room tem-
perature gave 15.2 MPa strength, while F-grade 
FA produced a weak geopolymer. This weakness 
is typical of low-calcium alkali-activated systems 
that lack rapid strength [19]. Yang et al. reported 
that red mud mixed with 20% GGBFS in geo-
polymer systems improves the density, lowers 
porosity, and promotes sustainable building by 
effectively using waste. After 28 days, the com-
pressive strength increases by 83% and flexural 
strength by 93.75% respectively [20]. Although 
few studies have examined the effects of varying 
sodium hydroxide concentrations on the perfor-
mance of red mud-based geopolymers, the major-
ity have focused on higher NaOH molarities, such 
as 8–12M. Only a few experiments have exam-
ined lower NaOH molarities, such as 6M, 4M, 
and 2M. Rifaai et al. [21] found that NaOH con-
centrations below 8M provided adequate setting 
durations and facilitated geopolymerization up 
to 7M, whereas higher concentrations slowed the 
setting and hampered the reaction owing to repul-
sive forces. Chen et al. [22] found that increas-
ing the NaOH concentration from 4M to 12M 

increased microstructural density and N-A-S-H 
gel formation while decreasing porosity, with the 
lowest macropore fraction observed at 6M. Previ-
ous research has demonstrated that the molarity 
of NaOH has a major impact on the kinetics of 
geopolymerization and development of strength. 
The compressive strength is improved by mod-
est increases (e.g., 2M to 4M) that improve silica 
and alumina dissolution. Aluminosilicates may 
precipitate quickly at higher molarities, which 
restricts polymerization. This limits the micro-
structural development and gel formation, which 
frequently results in strength reduction outside 
the ideal range (e.g., 4M to 6M) [23].

After China, India is the world’s second-
largest steel producer in 2023. According to the 
World Steel Association, global steel output has 
steadily from 1.654 million tons in 2013 to 1892 
million tons in 2023. Additionally, by 2030, this 
number is expected to rise to 1.974 million tons, 
according to the International Energy Agency. 
India produces over 19 million tons of steel slag 
annually in various parts of the country. This 
amount is expected to increase dramatically, 
reaching around 60 million tons by 2030 [24]. 
With this significant rise in steel production, the 
generation of steel slag has also increased dras-
tically. This surge in slag output necessitates its 
sustainable utilization. Notably, the chemical 
composition of steel slag (SS) is similar to that 
of Portland cement containing CaO, SiO2, Fe2O3, 
Al2O3 and MgO[25]. And it has some common 
mineral composition including dicalcium silicate 
(C2S), tricalcium silicate (C3S) and free calcium 
(f-CaO), which exhibit hydration activity. The 
strength of geopolymers is increased by the high 
CaO  content in steel slag-rich binders[26]. The 
release of soluble Ca2+ ions by CaO encouraged 
the development of N-A-S-H and C-A-S-H gels, 
which enhanced the mechanical performance. 
Additionally, the C-A-S-H gel speeds up the geo-
polymerization process by acting as a nucleation 
site [4]. Sankar et al. found that the formation of 
C–S–H gels and C–(A)–S–H gels in the geopoly-
mer structure led, to the formation of Ca- and Na-
based geopolymers and accelerated the strength 
development of the geopolymer as the slag/fly ash 
ratio increased [27]. According to Niklic et al., 
the [28] compressive strength of fly ash geopoly-
mers can be increased by adding up to 30% EAF 
slag. Additionally, the presence of C-(A)-S-H and 
N-A-S-H gels resulted in a denser microstructure 
increasing the compressive strength. Wang et al. 
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[29] found that adding steel slag (SS) and Ca(OH)2 
to low-calcium FA-RM geopolymers improved 
the formation of C(N)-A-S-H and C-S-H gels, 
enhanced the microstructure, and dramatically 
enhanced compressive strength, reaching 30.6 
MPa after 28 days with 4 wt.% Ca(OH)2 and par-
tial RM replacement by SS. These similarities 
make steel slag and red mud potential alternative 
in construction materials providing a sustainable 
pathway for both waste valorization and carbon 
footprint reduction. 

Geopolymers possess a greater ability for 
CO2 curing through mechanisms such as mineral 
carbonation. CO2 mineralization has been utilized 
in various industrial waste materials such as steel 
slag, red mud, blast furnace slag, cement waste, 
and recycled concrete waste [5]. The primary reac-
tion product of geopolymers is a sodium alumino-
silicate hydrate (N-A-S-H) gel includes calcium 
aluminosilicate hydrate (C-A-S-H) and calcium–
sodium aluminosilicate hydrate (C-(N)-A-S-H) 
[30]. Geopolymers also offer a more alkaline envi-
ronment than that of regular Portland cement. The 
C-A-S-H and C-(N)-A-S-H gels were the most 
exposed to carbonation reactions among these 
stages. However, when geopolymers are carbon-
ated, the pH of the pore fluid drops, preventing 
further hydration. The decalcification of calcium- 
rich C-(A)-S-H and its subsequent conversion to 
N-A-S-H reduces gel cohesiveness and strength. 
In contrast, the gel structure was barely altered by 
the carbonation of N-A-S-H, and very little calci-
um carbonate crystal were formed [31]. Red mud 
and steel slag as reactive calcium and magnesium 
phases react with CO2 and forms stable carbon-
ates. Red mud-based geopolymer pastes activated 
with low molarity NaOH (0.5–2M) shown that 
0.5M provided the highest strength under normal 
curing, while 2M performed best under carbon-
ation. XRD and SEM revealed the development 
of N-A-S-H gel and sodium carbonate. Low 
molarity promotes geopolymerization, whereas a 
higher molarity facilitates CO2 sequestration[32]. 
Duraisamy et al. found that mineral carbonation 
of red mud increases strength by 11.6% at 25 °C, 
64% at 45 °C, and 50% at 65 °C, with a significant 
improvement observed at 45 °C [33]. Sintered 
red mud (SRM) revealed good carbon absorp-
tion and utilization capabilities, and the addition 
of 10% carbonated SRM resulted in increased 
strength development [34]. The carbonation of 
alkali-activated slag pastes in a high-humidity 
environment resulted in the capture of 78.8 kg of 

CO2 per ton and enhanced the strength by 34.6%. 
This was because of the formation of CaCO3 and 
CaMg(CO3)2, which contributed to the densifica-
tion of the matrix [31]. Ladle slag as a precur-
sor for alkali-activated materials which the abil-
ity to capture CO2. The addition of 0.20% SDS 
increased CO2 sequestration by 48% to 6.17%, 
which slightly decreased strength but improved 
overall sustainability [35]. 

Research gap and objective of the study

RM, a highly alkaline byproduct of alumina 
manufacturing, shows potential as a geopolymer 
precursor; however, it typically has low strength 
because of its low calcium and reactive silica con-
centration. While RM activation and its blend-
ing with different additives have been studied 
in the past, the combined effects of CO2 curing, 
alkali molarity modification, and the addition 
of calcium-rich (SS) have not been thoroughly 
addressed. Therefore, little is known about how 
these factors affect microstructural evolution, 
strength development, and CO2 curing efficiency. 
The integrated assessment of alkali molarity and 
carbonation curing on RM–SS-based geopoly-
mer systems is the study’s scientifically unique. 
It addresses carbon-efficient building techniques 
while offering fresh perspectives on reaction pro-
cesses and performance improvement.
The objective of the study is as follows:
1.	To improve the mechanical performance of 

low-calcium RM-based geopolymers, RM was 
partially replaced with calcium-rich SS in vari-
ous amounts.

2.	To investigate the effect of the alkali activator 
molarity (four levels) on geopolymerization 
and the subsequent mechanical and micro-
structural qualities.

3.	To evaluate the impact of CO2 curing, compres-
sive strength development, and microstructural 
evolution.

4.	To characterise hydration and reaction prod-
ucts using XRD and SEM techniques, and to 
discover correlations between microstructure 
and mechanical performance.

5.	To promote sustainable construction materials 
by valorising industrial by-products (RM and 
SS) and evaluating the effects of CO2 curing.

To overcome the low strength of low-calci-
um RM based geopolymers, calcium – rich SS 
replacing RM at four different molarities with 
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CO2 curing. This study investigates the effects 
of SS and CO2 curing on compressive strength, 
hydration products, and microstructure.

MATERIALS AND METHODS

Materials

RM and SS were used as the geopolymer 
precursors. Sodium silicate solution and sodium 
hydroxide pellets were used as alkali activa-
tors. SS used in this study is BOF was received 
from astrra chemicals. Commercial sodium sili-
cate solution (grade N, SiO2/Na2O molar ratio = 
2.50, density = 1.42 g/cm3 at 20 °C, solids con-
tent: 28.5 wt% SiO2, 12.5 wt% Na2O, 59.0 wt% 
H2O) was used as received from astrra chemi-
cals. XRD  revealed that RM contains Fe2O3, 
FeO(OH), Al(OH)3, γ-AlO(OH), TiO2, and 
Na3Al6Si6O24(Cl2SO4·CO3), with minor SiO2, 
whereas SS is composed of SiO2, C4AF, C2S, C3S, 
and small Fe3O4. The median diameter D50 of RM 
and SS are 36.23 µm and 5.51 µm respectively. 
PSD shows that RM has a broad particle size dis-
tribution, but SS has a narrower distribution with 
a lower median size, signifying increased reactiv-
ity as shown in Figure 1. The chemical composi-
tion of RM & SS are given in Table 1. 

Sample preparation and testing methods

Geopolymer sample preparation

The geopolymer paste was prepared by siev-
ing the red mud through a 75 µm sieve and mixing 
it with steel slag in different mix proportion. The 
SS was used as a replacement for RM by 20%, 
40%, 60%, 80% and 100%. The sodium silicate to 
sodium hydroxide ratio was maintained at 2:1, a 
commonly used mid-range value near the report-
ed optimum (≈ 2–2.5), to ensure sufficient soluble 
silica without excessive viscosity or efflorescence 
[36]. The liquid-to-binder (L/B) ratio was fixed 
at 0.45 to balance workability and strength. The 
mix design parameters were determined based on 

preliminary trials and literature [37]. In addition, 
a 100% steel slag mix was used as a reference to 
assess the impact of calcium-rich precursors on 
gel formation and mechanical performance. Sodi-
um hydroxide concentrations of 2M, 4M, 6M and 
8M were used. The alkali solution was prepared 
prior one day of casting. Then, the obtained mix 
is poured into cylindrical mould of size 6.5 × 3.00 
cm. The samples were cured under two differ-
ent curing conditions : non-carbonation for 7AC, 
14AC & 28AC at 25 ± 2 °C, 60% RH and 7 days 
CO2 curing (7CC, 7CC+ 7AC & 7CC + 21AC) at 
30 ± 2 °C and 85 ± 5% relative humidity. Figure 
2 shows the RM-SS based geopolymer sample 
preparation process & testing methods. Table 2 
lists the mix proportion of geopolymer paste in 
weight by %.

Testing methods

The compressive strength of 6.5 × 3.0 cm 
cylindrical specimens was examined using a 
2000 kN compression testing machine (CTM-
SHIMADZU, Concreto 2000X). A loading rate 
of 0.5 MPa/s was used until failure, according to 
a protocol derived from IS 516 (2021) and ASTM 
C109. Each mixture was evaluated with three 
specimens. Microstructural examination was per-
formed using SEM at 10,000× magnification for 
the non-carbonated and CO2 cured samples. XRD 
was done on powdered samples using a RIGAKU 
Smart Lab 3 kW (CuKα, 40 kV, 40 mA) over 2θ = 
5–80° with 0.02° intervals. Phases were detected 
using X′Pert High Score Plus and spectra were 
viewed using OriginPro.

RESULTS AND DISCUSSION

Compressive strength

Non-carbonated RM- SS based geopolymer paste

The compressive strengths of red mud (RM) 
and steel slag (SS)-based geopolymer pastes were 
cast using different molarities (2M, 4M, 6M, and 

Table 1. Chemical composition and physical properties of raw materials

Raw materials
Chemical composition in (wt%) Physical properties

SiO2 Al2O3 CaO Fe2O3 MgO SO3 D10 (µm) D50 (µm) D90 (µm)

RM 19.27 35.14 2.325 29.73 0.94 0.36 10.35 36.23 88.87

SS 38.68 20.74 24.89 0.31 12.00 1.39 1.54 5.51 11.95
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8M) and progressively replaced with red mud 
(0–80%) without carbonation as shown in Fig-
ure 3. The results show that both the alkaline 
activator concentration and RM-SS ratio play a 
significant role in the mechanical properties of 
the mixes. At 2M, with increasing SS content, 
the compressive strength gradually increased and 
peaked in 2NC 4 and 2NC 5. Because of its high 
calcium concentration, it enhances the formation 

of C-(A)-S-H type gel and C-S-H in addition to 
the N-A-S-H type gel from RM. SS plays a sig-
nificant role in improving matrix densification 
and strength development. Calcium – rich steel 
slag significantly improves geopolymerization 
[38]. Additionally, Sun et al. discovered that 
alkali-activated SS exhibits hydration processes 
and products comparable to cement. The inclu-
sion of SS can significantly increase hydration 

Figure 1. Particle size distribution and XRD of raw RM and SS

Figure 2. RM-SS based geopolymer sample preparation process & testing methods
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activity of the geopolymer system and encourage 
the formation of additional hydration products, 
including C-S-H type gel in the matrix [39]. At 
4M, the 4NC 2 mix showed the highest strength. 

This suggests that a balanced ratio of RM and SS 
promotes a synergistic effect by enhancing both 
dissolution and gel formation, which leads to 
the coexistence of C-(A)-S-H and N-A-S-H type 

Table 2. Mix proportion of geopolymer paste in (%)

Curing Specification RM SS Molarity Liquid / binder 
ratio

Alkaline 
activator module

Non carbonation

2NC 1 80 20 2M 0.45 2

2NC 2 60 40 2M 0.45 2

2NC 3 40 60 2M 0.45 2

2NC 4 20 80 2M 0.45 2

2NC 5 0 100 2M 0.45 2

4NC 1 80 20 4M 0.45 2

4NC 2 60 40 4M 0.45 2

4NC 3 40 60 4M 0.45 2

4NC 4 20 80 4M 0.45 2

4NC 5 0 100 4M 0.45 2

6NC 1 80 20 6M 0.45 2

6NC 2 60 40 6M 0.45 2

6NC 3 40 60 6M 0.45 2

6NC 4 20 80 6M 0.45 2

6NC 5 0 100 6M 0.45 2

8NC 1 80 20 8M 0.45 2

8NC 2 60 40 8M 0.45 2

8NC 3 40 60 8M 0.45 2

8NC 4 20 80 8M 0.45 2

8NC 5 0 100 8M 0.45 2

CO2 curing

2C 1 80 20 2M 0.45 2

2C 2 60 40 2M 0.45 2

2C 3 40 60 2M 0.45 2

2C 4 20 80 2M 0.45 2

2C 5 0 100 2M 0.45 2

4C 1 80 20 4M 0.45 2

4C 2 60 40 4M 0.45 2

4C 3 40 60 4M 0.45 2

4C 4 20 80 4M 0.45 2

4C 5 0 100 4M 0.45 2

6C 1 80 20 6M 0.45 2

6C 2 60 40 6M 0.45 2

6C 3 40 60 6M 0.45 2

6C 4 20 80 6M 0.45 2

6C 5 0 100 6M 0.45 2

8C 1 80 20 8M 0.45 2

8C 2 60 40 8M 0.45 2

8C 3 40 60 8M 0.45 2

8C 4 20 80 8M 0.45 2

8C 5 0 100 8M 0.45 2

Note: *RM – red mud, SS – steel slag, NC – non-carbonated, C – CO2 cured. Mix codes: first digit = NaOH 
molarity (2 or 4 M), NC/C = non-carbonated or carbonated condition, final number = Mix sequence*.
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gels, leads in a denser and stronger microstruc-
ture [40]. Slag promotes C-S-H gel formation in 
low-alkaline environments. Because red mud is 
alkaline in nature, it does not require a high molar 
alkaline activator. Therefore, mixing slag with 
red mud increases the possibility of C-S-H gel 
formation at low molarity. This could be a result 
of the high strength of the paste at a low molar-
ity [23]. The compressive strength decreased for 
all mixes as the molarity increased to 6M. This 
reduction in strength owing to excessive alka-
linity, causes rapid precipitation of the reaction 
product, with incomplete geopolymerization and 
formation of microcracks. Chen et al. (2024) also 
found that increased molarity prevents the devel-
opment of long-term strength in RM-slag based 
geopolymers and hinders gel formation[41]. The 
mix with higher SS content 6NC 4 and 6NC 5 still 
has better strength compared with RM rich mixes, 
suggesting that calcium plays a role in enhanc-
ing matrix stability. Comparing 8M to 6M, the 
compressive strength exhibited a slight recovery, 
with 8NC 2. This suggests that the effectiveness 
of geopolymerization increased when a moder-
ate alkalinity and an ideal RM–SS ratio are com-
bined. However, pore development and structural 
flaws can result from an excessively high alkalin-
ity [32] [23,42]. The optimal ratio of RM–SS geo-
polymers is a promising sustainable substitute for 
traditional binders because it produces a denser 
microstructure and superior compressive strength 
when red mud and steel slag are optimally bal-
anced, especially at moderate activator molarities.

CO2 cured red mud steel slag based 	
geopolymer paste

The Figure 4 shows the compressive strength 
of the geopolymer pastes from RM and SS with 
different molarity concentrations under CO2 curing. 
At 2M & 4M, increasing the SS content generally 
enhanced the compressive strength of the RM-SS 
based geopolymers, except for 2C 5 and 4C 5. 2C 
4 exhibited the highest compressive strength due 
to its calcium content. Adequate calcium from slag 
contributes to the formation of C-A-S-H type gel, 
while 20% RM leads to the formation of N-A-S-H 
type gel. When exposed to CO2, dissolved calcium 
reacts to form CaCO3, which is found within the 
pores. These pores are filled with CaCO3, which 
boosts the strength, densifies the matrix, and reduc-
es porosity[43,44]. This advantageous carbonation 
predominates at low to moderate molarities (2–4M) 
with a larger slag content (>50% SS), where CaCO3 
precipitation refines pores without excessive C-(A)-
S-H decalcification[45]. At higher molarities (6M 
and 8M), the increasing OH- concentration acceler-
ates dissolution and results in fast gel precipitation. 
Although this can increase the early strength gain in 
the 6M, the reaction products tend to become coars-
er and non-uniform, with entrapped porosity and 
microcracks that affect long-term performance[46]. 
Carbonation changes are harmful because high 
alkalinity (>6M) encourages C-(A)-S-H decalcifi-
cation, where CaCO3 synthesis competes with gel 
binding for Ca²⁺ ions, resulting in silica gel forma-
tion, shrinkage, and a reduction in strength, which 
is especially noticeable.

Figure 3. Compressive strength of non- carbonated RM-SS based geopolymer paste 
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Carbonation causes lots of Ca species and 
free alkalis to react with the CO2. However, some 
calcium is absorbed into unstable phases that 
decalcify, leading to shrinkage, microcracking, 
and structural integrity loss [47]. Strength tends 
to decline or remain inconsistent when compared 
to 2M & 4M. At 8M, the reaction becomes much 
more aggressive, resulting in very disordered gel 
networks and severe defects due to fast gelation 
and shrinkage [48]. Although a strong alkalinity 
initially protects against CO2 entry, carbonation 
still destabilizes C-(A)-S-H type gel, leading to 
efflorescence and pore coarsening. CaCO3 gener-
ated was limited to minor densification [49]. As 
a result, mixtures activated with 8M NaOH often 
exhibit poor mechanical performance and dura-
bility under carbonation.

XRD analysis

Non-carbonated RM-SS based geopolymer paste

XRD analysis of the non-carbonated RM-SS 
based geopolymer cured for 28 days with varying 
molarity is shown in Figure 5. A broad hump in 
the 20–38° range was seen in all samples, indicat-
ing the production of an amorphous aluminosili-
cate gel phase such as C–A–S–H type gel(calcium 
aluminosilicate hydrate) and N–A–S–H type gel 
(sodium aluminosilicate hydrate). These amor-
phous phases were the main binding products 
of geopolymerization [29]. In 2M, 2NC 1 shows 
sharper and more intense unreacted minerals such 
as hematite, quartz, wustite, magnetite, boehmite, 
and gibbsite as crystalline peaks, indicating partial 

crystallinity and low gel content. The particularly 
noticeable amorphous hump in 2NC 4 indicates 
a larger gel content and better geopolymerization 
under these circumstances. In contrast, 2NC 5 has 
a broad amorphous backdrop and decreased crys-
talline intensity, indicating the creation of a more 
polymerized network.

In 4M, sharp crystalline peaks remain in 4NC 
1, with little broad hump found between 20–35°, 
indicating negligible amorphous gel formation. 
A diffuse hump in the 20–35° range is still vis-
ible in 4NC 5, suggesting the coexistence of an 
amorphous geopolymer gel with crystalline prod-
ucts, despite the presence of a very intense peak at 
around 29°, which corresponds to calcite or a com-
parable Ca-containing phase. Conversely, 4NC 2 
had the highest amorphous phase among the three 
samples, with lower peak intensities and, a more 
noticeable hump in the 20–35°. In 6M, 6NC 1 had 
extremely sharp peaks of quartz, calcite, hema-
tite, and magnetite, with only a slight amorphous 
hump, indicating high crystallinity. Strong calcite 
peaks predominate in 6NC 4, where the amor-
phous signal is partially reduced, suggesting less 
gel formation. However, 6NC 5 confirmed a larg-
er amorphous gel content with lower peak inten-
sities, a broad hump at 20–35°, and an increased 
baseline. In 8M, 8NC 1 had more crystalline 
peaks with fewer C-A-S-H & N-A-S-H type gels. 
However, 8NC 2 confirms a slightly more amor-
phous gel than 8NC 1 at around 20–35°. As the 
amount of slag increased to 80 to 100%, second-
ary peaks of calcite (CaCO3), calcium silicate 
hydrate (C–S–H) gel, and alite (Ca3SiO4) were 

Figure 4. Compressive strength of RM-SS based geopolymer paste to CO2 curing
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observed. Additionally, previous research has 
shown that C-S-H gels are the primary binding 
phase of geopolymer slag materials [29,50]. The 
peaks around 29.68° & 49.5° belongs to calcite 
and the Ca2+ present in the steel slag reacts with 
atmospheric CO2 air forms CaCO3 [51] formed 
more in 2NC 4, 2NC 5, 4NC 5, 6NC 4, 6NC 5 
and 8NC 2. Samples with lower molarity such 
as 2M and 4M promote amorphous phase forma-
tion, enhancing the early compressive strength 
through effective gel development and network 
polymerization. Conversely, higher molarity (6M 
& 8M) levels lead to distinct crystalline phases, 
potentially hindering additional gel formation 
and strength is also reduced [18].

XRD of RM-SS based geopolymer paste 	
subjected to CO2 curing

Figure 6 presents the XRD analysis of the 
RM-SS-based geopolymer paste subjected to 
CO2 curing for 28 days, with varying molari-
ties. In samples 2C 1, 4C 1, 6C 1, and 8C 1, 
there were more crystalline phases, including 
hematite, quartz, titanium oxide, periclase, 

magnetite, and brownmillerite, which acted as 
inert and filler materials in all RM 80% & SS 
20% mixes. A broad hump in the 20–40° range 
was observed in all samples, indicating the forma-
tion of an amorphous aluminosilicate gel phase, 
such as C–A–S–H type gel (calcium alumino-
silicate hydrate) and N–A–S–H type gel (sodium 
aluminosilicate hydrate) [52]. In 2M, sample 2C 
5 shows slight amorphous phase gel formation 
along with some calcite and periclase, while 2C 
4 exhibits a broad amorphous hump of C-A-S-H 
& N-A-S-H type gel around 20–40°, along with 
more calcite. Natron is formed from the reac-
tion of Na+ ions in red mud with CO2. Unreacted 
materials were also present in 2C 5, but the peak 
intensity was less than that in 2C 1 & 2C 5. In 
4M, 4C 1 displays sharp crystalline phases indi-
cating that all the raw materials are not dissolved 
properly and a small amount of amorphous phase 
is formed. While 4C 4 has an increase in the 
amorphous phase compared to 4C 1, it indicates 
that a strong amorphous phase is observed owing 
to an increase in molarities to 4M. In 2C 4 and 
4C 4, the steel slag content increased to 80%, and 

Figure 5. XRD pattern of the non-carbonated RM-SS based geopolymer paste: A) 2M, B) 4M, C) 6M, D) 8M. 
1 – CSH, 2 – hematite, 3 – wustite, 4 – boehmite, 5 – gibbsite, 6 – calcite, 7 – quartz, 8 – titanium oxide,

9 – periclase, 10 – magnetite, 11 – alite, 12 – calcium iron oxide, 13 – gehlenite
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calcium present in the slag reacted with CO2 
curing to form calcite (CaCO3) [53,54]. Calcite 
peaks were stronger at 4C 4 & 2C4, owing to CO2 
curing. Calcite at 29.4° 2θ in 2–4M high-slag 
mixes (2C4, 4C4) demonstrates advantageous 
pore-filling; silica at ~22° 2θ alongside calcite 
in 6–8M mixes indicates C-(A)-S-H decalcifica-
tion from Ca2+ competition [55]. In 6M, 6C 1 
displayed more pronounced peaks between 20° 
and 40°, indicating a significant amount of crys-
talline material. Conversely, in 6C 5 the shaded 
hump area suggests the presence of amorphous 
C-A-S-H and N-A-S-H gels, although these gels 
coexisted with unreacted crystalline compo-
nents. The presence of the crystalline peaks sug-
gests that the geopolymerization process is not 
yet fully complete. 

In 8M, 8C 1 has more unreacted minerals. 
This is indicated by clear crystal peaks and a 
weaker non-crystal area. 8C 5 shows more geo-
polymerization and gel formation. This was 
observed in the weaker crystal peaks and stron-
ger gel areas. Out of the three, 8C 4 had the 
most gel phase. It has the highest non-crystal 
peak and weakest crystal peaks in the given area 

[56]. During CO2 curing, calcium and free alka-
lis react with CO2. Some calcium forms unstable 
parts that deteriorate later, causing shrinkage 
and crackings. The CaCO3 formed added a mini-
mal density without significant strengthening. 
Consequently, the compressive strength at 6M 
and 8M decreases compared that to lower con-
centrations (2M and 4M).

SEM analysis

Non- carbonated RM-SS based geopolymer paste

After 28 days of curing at ambient tempera-
ture, SEM was employed to analyze the morpho-
logical properties of the geopolymers made from 
RM and SS. Figure 7 shows the corresponding 
micrographs of the synthesized geopolymer 
paste. In 2NC 1 and 2NC 4, a heterogeneous 
microstructure was revealed, characterized by 
loosely packed unreacted particles, voids, and 
microcracks on one side, and denser C-(A)-S-H 
type and N-A-S-H type gels on the other. 2NC 
1 indicates potential weakness, whereas 2NC 4 
contains calcite and C-S-H structures. However, 

Figure 6. XRD of RM-SS based geopolymer paste subjected to CO2 curing: A) 2M, B) 4M, C) 6M, D) 8M.
1 – calcite, 2– quartz, 3 – titanium oxide, 4 – hematite, 5 – natron, 6 – gibbsite, 7 – calcium iron silicate,

8 – periclase, 9 –brownmillerite, 10 – magnetite, 11 – bohmite, 12 – gehlenite
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2NC 5 exhibited a denser and more complete 
C-A-S-H type and N-A-S-H type gel, along with 
C-S-H, resulting in improved strength. Similar 
to 2NC 1, 4NC 1 shows partial gel formation 
with more unreacted materials in the granular 
and porous regions. In 4NC 5, an uneven geo-
polymer microstructure was observed, where 
unreacted particles were embedded within the 
binding matrix formed by the C-A-S-H type 
gel and partial disintegration. Comparing 2NC 
5 and 4NC 2 reveals dual gel formation, such 
as C-A-S-H type and N-A-S-H type gel, with 
embedded C-S-H and more unreacted materi-
als acting as fillers in pores, limiting the reac-
tivity of the materials. In 6NC 1, there was less 
gel formation with more unreacted and loose 
particles, resulting in reduced strength. A more 
packed and compact structure was seen in 6NC 
4, with more microcracks and pores. In contrast, 
6NC 5 had a compacted structure with fewer 
microcracks and unreacted particles than 6NC 4, 
and denser C-A-S-H type and C-S-H structures 
were formed. Both 8NC 1 and 8NC 2 contain 
more loose particles and unreacted materials, 
with very little gel formation, resulting in sig-
nificantly reduced strength compared to other 
samples. At low molarity, an increase in the RM 
content led to partially compacted gel formation 
with unreacted materials. Conversely, at higher 
molarities and with increased RM content, prop-
er gel formation was absent, resulting in more 
unreacted materials. A higher molarity can cause 
rapid geopolymerization, which may inhibit gel 
formation and lead to excess alkali in the matrix 
[23]. When the SS content was increased to 100% 
at lower molarities, the calcium-rich slag formed 
calcite and C-S-H along with gel formation. 
However, at higher molarities with increased SS 
content, the structure becomes coarser and more 
heterogeneous. Excess alkalinity results in more 
pores owing to the hindered gel formation [42]. 
Geopolymers synthesized from calcium silicate 
sources exhibit decreased compressive strength 
in alkaline environments, as most calcium pre-
cipitates as calcium hydroxide and less C-S-H 
gel forms. Consequently, the strength of the cal-
cium-rich geopolymer was lower owing to the 
increased alkalinity of the matrix [23].

SEM of RM-SS based geopolymer paste			 
to CO2 curing

The SEM analysis was carried out to inves-
tigate the microstructure of the RM-SS based 

geopolymer paste with varying molarity under 
CO2 curing, as shown in Figure 8. The SEM image 
indicates that in (a) 2C 1 and (d) 4C 1, at low 
molarity, there is an increase in red mud content, 
resulting in more unreacted red mud particles and 
pores, along with some gel formations and natron 
due to CO2 curing. The geopolymer gel network 
remains weak at low molarity, and carbonation 
obstructs pores, reducing strength due to insuffi-
cient geopolymerization. The pore structure was 
further altered, and gel growth was restricted by 
the formation of sodium carbonates, or natron 
[57]. In contrast, at higher molarities such as (f) 
6C 1 and (h) 8C 1, there is a heterogeneous for-
mation with pores, and some natrons are filled 
with pores. Faster and more gel formation occurs 
at high molarity, but carbonation may premature-
ly convert these gels into carbonate phases, weak-
ening the binding structure and diminishing the 
overall strength [32,57]. In (c) 2C 4 and (e) 4C 
4, where the steel slag content increases to 80% 
at a lower molarity, there is a denser C-A-S-H 
type and N-A-S-H type gel with more calcite and 
some angular unreacted materials. Complete dis-
solution and geopolymerization were observed. 
Because calcite and other carbonation products 
can precipitate within pores due to slower geo-
polymerization, carbonation curing can enhance 
strength under low molarity conditions, densify 
the microstructure and improv durability and 
compressive strength [58]. Conversely, at 8C 4, 
gel formation with more angular raw materials 
is incorporated into the gel, resulting in reduced 
strength compared with lower molarity.

COMPARATIVE INFLUENCE OF 
CARBONATED AND NON-CARBONATED 
CONDITIONS ON GEOPOLYMER 
PERFORMANCE

Compressive strength

Effect of steel slag content 

The addition of steel slag (SS) had a major 
impact on the compressive strength develop-
ment of the RM -based geopolymer paste under 
both CO2 and non-carbonated curing. Beyond its 
chemical contribution, the smaller particle size 
distribution (PSD) of steel slag allows for better 
interstitial filling between binder and larger red 
mud particles, which improves particle packing 
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and creates a denser microstructure. Compared 
to matrices dominated by coarser fillers, this 
optimized packing improves load transfer and 
reduces internal voids, resulting in a 15–30% 
increase in compressive strength in blended 
systems [59]. Chemically, the presence of SS 
increases the reactivity of the system because of 
its calcium- and silicate-rich composition, pro-
moting the production of new binding phases 
such as C-A-S-H type and C-S-H gels in addition 

to the normal N-A-S-H type gel network [29]. In 
non-carbonation curing, 2NC 5 & 4NC 5 mixes 
with higher amount of steel slag have increased 
strengths compared to those with lower slag 
content. The synergistic effect of steel slag and 
red mud is responsible for this improvement, 
because the Ca2+ ions in the slag speed up con-
densation processes and densify the matrix [60]. 
The mixes with the optimal SS proportion at 
2M and 4M NaOH had maximum compressive 

Figure 7. Non-carbonated RM-SS based geopolymer paste a) 2NC 1 b) 2NC 4 c) 2NC 5 d) 4NC 1 e) 4NC 5 
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strengths of approximately 40 MPa and 32 MPa, 
respectively, exhibiting effective geopolymer-
ization and gel interlocking. However, with CO2 
curing shown in Figure 3, the positive effect 
of SS was partially countered by carbonation-
induced reactions. The Ca-rich slag phases 
reacted with CO2 to generate CaCO3, resulting 
in pore modification but lowering the available 

Ca2+ for C-A-S-H type gel formation [61]. As 
a result, CO2 cured samples exhibited slightly 
lower strengths than non-carbonated samples. 
Despite this, 4C 4 and 2C 4 mixes with minimal 
SS content retained relatively superior strength, 
suggesting that SS increased the carbonation 
resistance of the red mud-based geopolymer via 
microstructural densification. Overall, the steel 

Figure 8. SEM of RM-SS based geopolymer paste under CO2 curing: a) 2C 1, b) 2C 5, c) 2C 4, 
d) 4C 1, e) 4C 4, f) 6C 1, g) 6C 5, h) 8C 1, i) 8C 5, j) 8C 4
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slag increases strength under non-carbonation 
curing and slightly reduces improvement in car-
bonated environment by reducing the fine turn-
ing pore structure and matrix densification.

Effect of molarity

The molarity of the alkaline activator had a 
significant impact on the compressive strength 
of the RM-SS-based geopolymer paste. Fig-
ures 3 and 4 indicate that compressive strength 
gains  with molarity up to 4M after gradually 
decreasing for both CO2 cured and non-carbon-
ated specimens. At 2M, partial dissolution of 
aluminosilicate species caused insufficient geo-
polymer gel formation, resulting in decreased 
strength. Under both curing circumstances, the 
4M mix produced the highest strength, indicat-
ing that this molarity offered the best possible 
balance between the rates of dissolution and con-
densation. The molarity increased to 6M & 8M. 
Increased alkalinity may cause the soluble silica 
and alumina to dissolve more quickly from the 
precursor. Excess OH- ions might cause rapid 
precipitation of aluminosilicates, hindering geo-
polymerization in later stages. Higher molarity 
may result in a decrease in strength [62]. Under 
CO2 curing, however, the 4M mix lost 15–25% of 
its strength because sodium carbonate (Na2CO3) 
was formed in the pore network and the alkalis 
were partially neutralized. As molarity increased 
to 6M and 8M, compressive strength decreased, 
probably due to extra Na+ ions causing gel separa-
tion and efflorescence [63]. Carbonation reduced 
strength differences in high-molarity samples 
compared with non-carbonated curing. This sug-
gests that the denser matrix inhibited CO2 diffu-
sion but did not increase gel binding. Geopoly-
merization and strength were best at moderate 
alkalinity levels (around 4M). Both low and very 
high levels slowed the reaction. Carbonation 
weakened the gel structure at all levels, especially 
in lower, more porous materials.

Mineral phase

The crystalline and amorphous phases found 
in the RM-SS based geopolymer paste under 
both CO2 cured and non-carbonated conditions 
were identified using X-ray diffraction (XRD) 
research. This comparison provides insight into 
the impact of geopolymerization, phase evolution, 
and carbonation’s on the structural integrity of the 
binder matrix. In carbonation curing as red mud 

increased, the strength of the amorphous hump 
decreased, indicating reduced geopolymer gel 
formation and geopolymerization. Stronger peaks 
of hematite (Fe2O3), anatase (TiO2), gibbsite (Al 
(OH)3), some wustite (FeO), magnetite and quartz 
(SiO2) indicated more unreacted crystals. Red 
mud adds minerals that react minimally [64]. The 
amorphous aluminosilicate gel exhibited a broad 
hump around 20–38°. The amorphous hump 
became more intense as the amount of steel slag 
increased, suggesting improved geopolymeriza-
tion and the creation of C-S-H, N–A–S–H type and 
C–A–S–H type gels. Steel slag resulted in a denser 
amorphous structure, as indicated by the decrease 
in crystalline peaks from calcite, hematite, and 
quartz [29]. A low alkalinity (4M NaOH) resulted 
in a stronger amorphous hump and a lower inten-
sity of unreacted crystalline phases, indicating 
improved geopolymerization. During CO2 curing, 
carbonate peaks (Na2CO3, CaCO3) were strength-
ened with more red mud. The weaker amorphous 
hump showed carbonation consumed geopolymer 
gel, weakening the aluminosilicate network and 
potentially a decrease in mechanical strength [65]. 
Some amorphous structure were retained upon 
carbonation at moderate molarity (4M), whereas 
lower molarity samples showed practically full 
gel transformation into carbonates. High molarity 
samples also showed carbonate peaks, although 
they were slightly more amorphous due to the ini-
tial stronger gel formation.

Microstructural analysis

The SEM images highlight the significant 
microstructural variations between non-carbon-
ated and CO2 cured red mud–steel slag geopoly-
mer pastes. In the non-carbonated specimens, 
the matrix was relatively compact and uniform, 
featuring well-developed C–A–S–H type and 
N–A–S–H type gels, minimal porosity, and only 
a few unreacted particles of red mud or steel slag, 
especially in mixtures with a higher slag content 
[58]. In contrast, the CO2 cured samples showed 
a disrupted gel network, with increased pores and 
voids, and the presence of carbonate crystals such 
as calcite and natron, which partially replaced 
or obstructed gel formation. Micro-cracks are 
more common, and there is a higher amount of 
unreacted material, suggesting that carbonation 
hinders complete geopolymerization [40,66]. 
Furthermore, the molarity of the alkali solution 
has a major influence on the microstructure of 
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CO2 cured and non-carbonated: at low molari-
ties (2M), the matrix is rather porous with par-
tial gel formation, whereas moderate molarity 
(4M) promotes a more compact and continuous 
gel structure. A higher molarity (6–8M) results 
in localized agglomeration and some unreacted 
particles, indicating that excessive alkalinity may 
impede uniform geopolymerization [40]. A dense 
and well-connected N-A-S-H gel network with 
optimal strength is produced at moderate NaOH 
molarity (4M) when sufficient OH- availability 
permits balanced dissolution and controlled poly-
condensation. However, excessive alkalinity at 8 
M causes flash precipitation because silicate and 
aluminate species quickly become supersaturat-
ed. This disrupts gel formation, increases internal 
stresses, and encourages microcracking and pore 
coarsening, all of which eventually weaken the 
binder’s microstructure and strength [67]. Over-
all, the combined effect of carbonation and alkali 
molarity demonstrates that intermediate molarity 
during non-carbonated curing results in the densest 
microstructure, whereas carbonation and extreme 
molarities degrade matrix integrity. A higher steel 
slag content promotes gel formation in both cur-
ing situations. Nevertheless, the negative micro-
structural effects of carbonation, such as lower 
gel continuity, increased porosity, and crystalline 
deposits, are evident, correlating to the reported 
loss in mechanical performance during carbonated 
curing. SEM observations align with XRD find-
ings and compressive strength: dense, continuous 
C-A-S-H type gels in 2C4/4C4 (4M, high SS) 
matched the peak strength and calcite at 29.4° 2θ, 
while microcracked, porous matrices in 6C5/8C5 
(6–8M) align with Q4 silica peaks at ~22° 2θ and 
strength decline from C-(A)-S-H type gels decal-
cification. This microstructure-mechanical cou-
pling demonstrates that CO2 curing improves low-
molarity/high-slag mixtures while having a nega-
tive impact on high-molarity mixes.

CONCLUSIONS

This research shows that adding calcium-
rich steel slag significantly increases the com-
pressive strength of red mud-based geopolymers 
under non-carbonated curing by densifying the 
matrix and encouraging the production of C–A–
S–H type and C–S–H gels. Although mixes 
with appropriate slag concentration, especially 
at 2C4 and 4C4, retain increased strength and 

carbonation resistance due to microstructural 
densification, CO2 curing lowers this strength 
enhancement owing to the consumption of Ca2+ 
ions through CaCO3 production. While lower 
molarities led to insufficient gel formation and 
higher molarities caused rapid precipitation and 
agglomeration, 4M showed the highest com-
pressive strength among the investigated alkali 
molarities under both CO2 cured and non-car-
bonated conditions, suggesting an ideal balance 
between precursor dissolution and gel condensa-
tion. All molarities experienced strength reduc-
tion because of CO2, with porous, low-molarity 
systems experiencing more noticeable losses. 
In contrast, the 4M mixes displayed compara-
tively less strength loss despite partial Na2CO3 
production. Crystalline and amorphous phases 
coexisted in RM–SS geopolymers, according to 
XRD results. Increasing the steel slag content 
increased the amorphous hump between 20° and 
38° and encouraged the production of C–S–H, 
N–A–S–H type, and C–A–S–H type gels while 
decreasing unreacted crystalline phases. Higher 
red mud concentration, on the other hand, exac-
erbated carbonate formation during CO2 cured 
and increased crystalline phases such hematite, 
anatase, gibbsite, and quartz, weakening gel net-
works. While low molarity caused substantial 
gel conversion to carbonates and high molarity 
only demonstrated partial amorphous retention, 
CO2 cured samples at 4M preserved a relative-
ly greater amorphous structure. Even at higher 
steel slag contents, carbonation caused gel deg-
radation, increased porosity, microcracking, and 
carbonate crystal formation, which ultimately 
reduced matrix integrity. Microstructural obser-
vations further confirmed that non-carbonated 
samples displayed a dense and homogeneous 
matrix at 4M.
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