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A B S T R A C T

Cement production generates substantial carbon emissions, necessitating low-carbon alternatives. 
This study utilized high-dosage carbide slag, a solid waste byproduct of the acetylene industry, to 
prepare an environmentally friendly and low carbon cementitious materials-CFG (Carbide slag- 
Fly ash-GGBS system). To investigate the comprehensive performance of CFG, the effects of 
different dosages of carbide slag (CS, 10 %-70 %) and silica fume (SF, 0 % or 10 %), as well as the 
CO2 capture capacity, were investigated. The environmental assessment was also carried out by 
using the Life Cycle Assessment (LCA) method. The flexural and compressive strengths of CFG 
with 10 % CS reached 7.7 and 29.2 MPa, respectively, at 28 days. It is clear from the micro- 
analysis that the CS mainly acts as an alkaline stimulant in the cementitious system and can 
effectively activate FA and GGBS to produce gels. Excessive CS in the system caused Ca(OH)2 
accumulation, which negatively affected the system’s strength. This can be remedied by adding 
SF and carbonization. In particular, after carbonation, the compressive strength of specimens with 
30 % CS increased by 32.7 % from 31.1 MPa to 35.7 MPa and with 70 % CS increase by 80 % from 
11 MPa to 19.8 MPa, demonstrating excellent carbon sequestration enhancement properties. The 
environmental evaluation of the system using LCA shows a substantial suppression of CO2 
emissions and energy consumption, with 89.12 % and 80.35 % reduction, respectively, compared 
with ordinary Portland cement. Therefore, along with the massive consumption of solid waste, 
CFG is an environmentally friendly material with the potential to replace conventional cement.

1. Introduction

Carbide slag (CS) is a solid waste byproduct primarily composed of calcium hydroxide, produced during the hydrolysis of calcium 
carbide to produce acetylene gas. Statistics show that about 150–190 million tons of CS globally are produced annually [1,2]. 
Approximately 56 million tons of CS are mainly produced annually in China [3,4], while less than 40 % is effectively utilized [5,6]. The 
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substantial accumulation of this alkaline CS waste occupies significant land resources, resulting in severe air, water, and soil pollution 
[7,8], and poses a significant challenge to sustainable production processes. As a result, the treatment and utilization of CS have 
essential value for environmental sustainability and have attracted considerable research interest.

Several strategies have been proposed to expand the recycling of CS. Due to its high Ca(OH)2 content, CS is often employed to treat 
acidic gases, such as converting SO2 in flue gas to achieve desulfurization [9]. It can also be a substitute for quicklime as a neutralizing 
agent in treating acidic wastewater or wastewater containing toxic elements [10,11]. As a calcium-rich material, CS has been studied 
to synthesize high-value chemicals like light/nano calcium carbonate and calcium format [12,13]. However, the market demand for 
the utilization methods mentioned above is relatively small, and the consumption scale of waste CS is limited, which cannot signif
icantly change the corresponding environmental issues [14].

Further, cement production is pivotal in construction, marked by substantial output and significant environmental impact. The 
industry’s high consumption of resources and extensive pollution levels are concerning [15–17]. Each ton of cement is estimated to 
produce approximately 0.8 tons of CO2 emissions, contributing significantly to atmospheric CO2 levels [18]. Recent studies have 
emphasized the potential of calcium-rich industrial wastes like fly ash (FA), ground granulated blast furnace slag (GGBS), and CS to 
serve as alternative binder materials, addressing environmental concerns [19–21]. Utilizing these industrial wastes to produce 
low-carbon cementitious materials could markedly improve the recycling rate of CS, reduce the cement industry’s reliance on natural 
resources, and alleviate environmental pollution.

Currently, research on the use of CS to produce cementitious materials has received increasing attention. Qi et al. [22] conducted 
mechanical tests on a cementitious material consisting of CS and GGBS and found that it could reach a strength of about 15.29 MPa at 
28 days. Similarly, Li et al. [23] found that the compressive strength of the CS-GGBS system was about 21 MPa after 28 days when the 
CS content was 5 %. The authors also discovered that the system’s strength decreased as the CS content increased. Through experi
ments, Feng et al. [24] found that the increase in the dosage of CS could increase the number of hydration products in the CS-GGBS 
cementitious system. In addition to the combination of CS and GGBS, Dueramae et al. [25] used CS and FA to prepare cementitious 
materials, with a mass ratio of 3:7. The results showed that the system’s compressive strength after 28 days was about 22.3 MPa. 
Microscopic analysis revealed that the FA particles did not react completely, failing to form sufficient effective gel products. Namarak 
et al. [26] also synthesized cementitious materials from CS and FA based on the same mass mix ratio (3:7) and found that the 
compressive strength of the system at 28 days was about 19 MPa. Phongthorn et al. [27] reported the law of strength variation in the 
CS-FA cementitious system with CaO/(SiO2+Al2O3) ratios in the range of 0.9–1.7. The results indicated that the strength of the system 
first increased and then decreased with the increase of CS dosage and that the incorporation of CS had a certain facilitating effect on the 
pozzolanic reaction of FA. In addition, some researchers have made binary cementitious materials by mixing CS with materials such as 
rice husk ash and bagasse. However, inferior to the CS-GGBS and CS-FA systems, the compressive strength after 28 days was relatively 
low (less than 15 MPa) [28,29].

Previous studies have shown that the binary cementitious system consisting of CS, GGBS, or FA can have a certain degree of 
mechanical performance, which is better than that of other binary systems. This may be due to the fact that GGBS and FA contain 
mainly amorphous silica-alumina phases, as well as partially crystalline phases, which are potentially volcanic-ash-active and high in 
Si and Al, and can be hydrated to produce relatively large amounts of gellant materials under certain conditions [30]. However, it must 
also be pointed out that the compressive strength of both the CS-GGBS system and the CS-FA system is still some distance away from 
that of conventional cement. This may be due to the limited amount of active SiO2 and Al2O3 provided by a single GGBS or FA, which is 
insufficient to generate enough gel material through subsequent reactions, resulting in an insufficiently dense system interior. 
Therefore, existing studies mostly focus on binary systems, establishing a ternary cementitious system (CFG) based on CS, GGBS, and 
FA with increased silica-aluminum content in the components might enhance the later hydration products and potentially increase the 
overall strength of the cementitious system. In addition, although some studies have shown that CS can promote the hydration reaction 
of GGBS and FA, the specific mechanism is unclear. The dosage of CS in the cementitious system in the existing studies is relatively low 
(5 %-25 %), so further studies are needed to analyze the effect of different dosages of CS on the system and the specific mechanism of 
action. Additionally, many studies have shown that silica fume (SF) can improve the performance of cement-based materials [31,32]
through synergistic effects, but its potential positive impact on low-carbon cementitious systems still needs verification. Furthermore, 
CS is rich in Ca(OH)2, which may have carbon sequestration potential, as confirmed by previous studies [33–35]. However, the 
interaction mechanism between CS and CO2 within cementitious systems has been explored to a limited extent.

This study explores the feasibility of preparing low-carbon cementitious systems using a combination of CS, FA, GGBS, and SF. To 
facilitate the large-scale application of solid waste, the effect of CS doped at levels ranging from 10 % to 70 % is systematically 
investigated. Specifically, the workability and strength development of the CFG system at 3, 7, and 28 days are analyzed, and 
microscopic mechanism analysis is incorporated to determine the optimal mix proportions. Due to the possibility of excess alkaline 
calcium hydroxide in the CFG with high-dosage CS, carbonation tests are conducted to assess the carbon capture and performance 
enhancement capabilities of CFG. Additionally, since solid waste is used to replace cement, a Life Cycle Assessment (LCA) is employed 
to evaluate the energy-saving and emission-reduction effects of CFG throughout the preparation process, thereby demonstrating its 
comparison with ordinary Portland cement (OPC) in terms of carbon emissions and energy consumption. Therefore, this study is 
considered to propose an innovative cementitious material system.
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2. Materials and methods

2.1. Raw materials

The materials used to prepare the CFG system in this experiment include CS, FA, GGBS, SF, standard sand, and water. CS, provided 
by Nanjing Jinjiali New Materials Technology Co., Ltd., was initially in slurry form and dried at 105◦C. FA supplied by Henan Borun 
Casting Materials Co., Ltd. was Grade 1 low-calcium FA. GGBS, sourced from Henan Borun Casting Materials Co., Ltd., was S95 grade 
slag. SF was obtained from Gongyi Hengnuo Filter Material Co., Ltd. The chemical compositions determined by X-ray fluorescence 
(XRF) analysis are shown in Table 1. It can be speculated that FA and GGBS may provide silicon and aluminum for the hydration 
reaction, while Ca(OH)2 (81.09 wt%) in CS may provide a high pH environment to promote the dissociation of Si-O-Al bonds in FA/ 
GGBS. Further, the high silica content in SF may undergo Si-O-Si bond cleavage in the alkaline medium, and then reacts with Ca2 + ions 
from Ca(OH)2 to form calcium silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-A-S-H) gels.

The mineral phases and microstructures of the raw materials were analyzed using X-ray diffraction (XRD) and scanning electron 
microscopy (SEM), as shown in Fig. 1. The primary mineral component of CS was Ca(OH)2, characterized by a plate-like morphology 
with a rough surface and a large specific surface area [36,37]. FA exhibited significant amounts of quartz and mullite, primarily in 
spherical structures. GGBS displayed a distinct amorphous peak, indicating a high content of amorphous SiO2 and Al2O3, with mi
crostructures predominantly composed of irregular plate-like particles. SF showed peaks in the 10–20◦ range, suggesting a substantial 
amount of active SiO2, with microstructures mainly consisting of spherical particles. The particle size distribution (PSD) of each 
material was measured using a NKT5200-H laser particle analyzer (Shandong Nikete Instrument Co., Ltd.), as shown in Fig. 1(i) to (l).

Table 1 
Chemical composition of the raw materials (wt%).

Materials CaO SiO2 Al2O3 SO3 Fe2O3 MgO Na2O K2O TiO2 LOI

CS 81.09 11.00 2.57 1.57 0 1.28 0.96 0.39 0.20 0.24
FA 5.22 48.56 29.67 1.73 6.32 1.82 0.92 1.17 1.13 3.46
GGBS 40.20 30.05 14.28 2.81 0.43 8.61 0.43 0.52 1.96 0.71
SF 0.10 96.23 0.31 - 0.07 0.11 0.97 - - 2.6

Fig. 1. XRD, SEM and PSD analysis of raw materials: (a) XRD of CS; (b) XRD of FA; (c) XRD of GGBS; (d)XRD of SF; (e) SEM of CS; (f) SEM of FA; (g) 
SEM of GGBS; (h) SEM of SF;(i) PSD of CS; (j) PSD of FA; (k) PSD of GGBS; (l) PSD of SF.
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2.2. Mix proportions and preparation of CFG

2.2.1. Mix proportions
Based on previous experimental studies and literature reviews, the optimal mixing ratio of FA to GGBS was 1:2 [38,39]. A constant 

water-to-binder mass ratio of 0.5 was used to prepare the mortar samples, with a binder-to-aggregate ratio of 1:3. Various CS dosages 
(0 %, 5 %, 10 %, 20 %, 30 %, 40 %, 50 %, 60 %, and 70 %) were incorporated into the CFG mixtures to investigate the effects of 
different CS contents on the performance of the CFG system. In addition, according to studies related to cementitious materials [40], 
10 % silica fume (SF) was added to the 30 % CS mixture to verify the possible improvement effect of SF on the system. The mixture 
design is detailed in Table 2.

2.2.2. Sample preparation
According to GB/T 17671–2021, all proportioned dry materials were uniformly mixed, and water and standard sand were thor

oughly stirred to form the cement mortar. The slurry was poured into standard moulds and de-moulded after 24 h in a standard curing 
chamber. Standard triplet mortar specimens of 40 mm × 40 mm × 160 mm were prepared for determining the flexural and 
compressive strengths of the characteristic mix proportions, while standard triplet mortar specimens of 40 mm × 40 mm × 40 mm 
were prepared for compressive strength of the remaining mix proportions and carbonation tests. The standard curing chamber con
ditions were maintained at a temperature of 20 ± 2◦C and a relative humidity of 95 ± 5 %. The detailed preparation process and 
testing methods are illustrated in Fig. 2.

2.3. Experimental methods

2.3.1. The water requirement for normal consistency and setting time
The Vicat apparatus measured the water required for the cementitious materials to achieve normal consistency and the setting time 

according to the guidelines specified in GB/T 1346–2011. The initial setting time is recorded when the needle penetrates to a depth of 

Table 2 
Mix proportions of mortar samples.

Mix No. CS(%） FA(%) GGBS(%) Sand(%) SF(%) Water (%)

0CS* 0 33.3 66.7 300 - 50
5CS* 5 31.7 63.3 300 - 50
10CS* 10 30 60 300 - 50
20CS 20 26.7 53.3 300 - 50
30CS* 30 23.3 46.7 300 - 50
40CS 40 20 40 300 - 50
50CS* 50 16.7 33.3 300 - 50
60CS 60 16.7 33.3 300 - 50
70CS* 70 13.3 26.7 300 - 50
30CS10SF 30 20 40 300 10 50

Note: The group 30CS10SF indicates 30 % CS and 10 % SF dosing, and those with * are characteristic proportioning groups, for which both flexural 
and compressive strengths were tested, while the remaining groups were only tested for compressive strength.

Fig. 2. Preparation and test flow chart of CFG cementitious material:(a) preparation of specimens and working performance tests; (b) mechanical 
property tests, microanalysis, and carbonization tests.
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5 mm, and the final setting time is determined when the needle no longer leaves a visible mark. The jumping table method determined 
the fluidity under the standard GB/T 2419–2005. The flow table was lifted and released 25 times, and the spread diameter of the paste 
was measured to assess the flowability, reported as the average of three measurements.

2.3.2. Flexural and compressive strength
A three-point flexural strength test was conducted at 3, 7, and 28 days of curing, following the standard GB/T 17671–2021. The 

specimens were tested using a universal testing machine (DY-208JC) at a constant loading speed of 50 N/s ± 10 N/s. The reported 
results are the averages of three specimens. According to the standard GB/T 17671–2021, the samples were tested by a fully automatic 
pressure testing machine (DY-208JC) for compressive strength at 3,7 and 28 days of curing. The applied loading rate was 2400 N/s 
± 200 N/s. Triplicate samples were tested for each group, and the average values are reported.

2.3.3. Microstructure and composition analysis
Cement paste specimen were prepared and subjected to pressure damage. Samples were taken from the center of the crushed 

fracture surface and immersed in absolute ethanol to halt hydration for XRD, SEM analyses. Before testing, the specimens were dried in 
an oven at 60◦C until a constant weight was achieved, then ground to pass through a 100-mesh sieve. The phase composition at 
different curing ages was analyzed using a BRUKER D8 ADVANCE XRD, scanning the samples at a 5◦/min speed in the 10–70◦ range. 
The SEM-EDS analysis was conducted using a Hitachi S-3400N scanning electron microscope equipped with an energy dispersive X-ray 
spectrometer (EDS). The samples were gold sputter-coated to improve conductivity. Both secondary electron (SE) and backscattered 
electron (BSE) images were taken for morphological and compositional analysis. The measurements were performed under a high 
vacuum mode at an accelerating voltage of 20 kV, to observe the microstructure, analyzing the response mechanisms of the micro
structural products, gels, and their distribution changes. EDS was used to determine the elemental composition, examining the syn
ergistic and competitive mechanisms of the materials during the setting and hardening process.

Fig. 3. The workability of CFG: (a) setting time and water requirement of standard consistency; (b) mortar fluidity; (c) fitting relationship of setting 
time; (d) fitting relationship of mortar fluidity.
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2.3.4. CO2 sequestration
The carbonation test followed the standard procedure [41] using mortar specimens (40 mm*40 mm*40 mm) and a CCB-70 

carbonation chamber. After standard curing for 28 days (20 ± 2℃ and 95 ± 5 % relative humidity), the specimens were dried in 
an external environment for 48 h before being placed in the carbonation chamber. The distance between the specimens was kept at no 
less than 50 mm. The chamber was then sealed, and the CO2 flow rate was gradually adjusted to maintain a concentration of 20 ± 3 %, 
with humidity at 70 ± 5 % and temperature at 20 ± 2◦C. As shown in Fig. 2(b), after 28 days of carbonation, compressive tests were 
first conducted, followed by measurements of the carbonization depth on the fracture surface. Finally, samples were taken from the 
fracture surface, ground, and sieved for microscopic analysis.

3. Results and discussion

3.1. The workability of CFG

To verify the practical application performance of the CFG system, its workability was first tested. The variation trends of water 
required for a standard consistency, the setting times, and the fluidity under different CS dosages are presented in Fig. 3.

From Fig. 3(a), it can be seen that as the proportion of CS increased, the water demand for standard consistency also rose. On the 
contrary, from Fig. 3(b), the data indicate that the flowability of the system decreased as the amount of CS increased. As shown in Fig. 1
(i), the particle size of CS is mostly around 12.1 μm, so it has a relatively large specific surface area. These changes are primarily due to 
the large specific surface area and loose, porous, and plate-like structure of the CS (as shown in Fig. 1(e)), which enhances its water 
absorption capacity and the friction with the cementitious components. Consequently, more water is required to achieve consistency, 
and the system’s fluidity decreases at the same water content [29]. Further, from both Fig. 3(a) and (c), it can be seen that the setting 
time showed a downward trend before 10CS (mixed with 10 % CS, 30 % FA and 60 % GGBS) and then gradually stabilized. The initial 
setting time of CFG ranged from 2.4 to 7.1 h, and the final setting time ranged from 3.4 to 8.9 h, which generally satisfies the re
quirements of ordinary Portland cement (OPC) (GB/T 2419–2005, initial setting time greater than 0.75 h, final setting times less than 

Fig. 4. Mechanical properties of CFG under different curing ages and CS dosages: (a) flexural strength of characteristic mixes; (b) compressive 
strength of characteristic mixes; (c) compressive strength of all mixes; (d) fitting relationship between compressive strength and CS dosage.
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6.5 h). In the 0CS mix, the observed semi-rigid state after approximately 7 h is likely due to superficial stiffening caused by surface 
moisture loss, rather than true setting or hydration. As FA and GGBS do not exhibit self-cementitious properties without an activator 
like CS, no significant strength development is expected (refer to subsequent Fig. 4). Compared to 0CS, the initial and final setting times 
of 10CS were reduced by 33.8 % and 61.4 %, respectively, which indicates that CS may participate in the reaction of the cementing 
system as an activator [42,43]. This is attributed to the fact that the main component of CS is Ca(OH)2, which can increase the pH value 
in the pore solution when dissolved in water. Thus, the addition of CS provides an alkaline environment that accelerates the hydration 
reaction and promotes the formation of hydration products, such as calcium silicate hydrate (C-S-H) and calcium aluminate hydrate 
(C-A-S-H), which are crucial for the development of strength in Cementitious materials. Additionally, calcium ions in CS provide more 
nucleation sites for hydration reactions, facilitating the aggregation of hydration products [44–46].

Further, from Fig. 3(a), it can be known that when 10 % silica fume was added to the 30CS system, i.e. for the 30CS10SF (mixed 
with 30 % CS, 20 % FA, 40 % GGBS, and 10 % SF) group, the water required for the paste to reach standard consistency had a slight 
increase from 0.355 to 0.385. Moreover, as shown in Fig. 3(b), the flowability decreased to 121 mm, equivalent to 83.4 % of the 30CS 
group. As shown in Fig. 1(l), these variations are probably attributed to the fine particle size of silica fume, which has an average size of 
9.44 μm. Therefore, it has a higher water binding capacity, significantly increasing the water demand [47]. Compared with 30CS, the 
initial and final setting times of 30CS10SF were extended to 7.1 and 8.9 h, respectively, with increases of 195.8 % and 122.5 %. This is 
because the silicate phase in spherical silica powder particles exhibits lower hydration reactivity, making it more challenging to 
participate in the hydration reaction during the initial curing period. Therefore, due to the fact that the silicate phase in SF has low 
reactivity, the hydration process is delayed, forming fewer hydration products during the initial curing period [48].

Multiple candidate models were evaluated in this study, including linear, logarithmic, and single exponential functions, for data 
fitting. The highest R2 values were achieved by the single exponential function, indicating optimal data fitting performance. Conse
quently, the exponential function was used for describing the relationship between CS dosage and material performance character
istics. Eqs. (1) and (2) below show the specific fitting formulas, with the R2 of 0.99. It is found that the setting time of the paste is highly 
negatively correlated with the content of CS. 

Inital = 4.68exp(−CS(%)/4.93) +2.35;R2 = 0.99 (1) 

Final = 4.56exp(−CS(%)/12.05) +3.47;R2 = 0.99 (2) 

Where CS (%) represents mass percentages of CS in the system; Initial/Final. represents the initial and final setting time of mortar with 
different dosages of CS, h.

In addition, the fitting curves of mortar flowability data are shown in Fig. 3(d), with the specific fitting formula shown in Eq. (3). It 
can be concluded that the flowability of mortar is also highly negatively correlated with the dosage of CS. 

Fluidity = 83.02exp(−CS(%)/14.87) +126.77;R2 = 0.92 (3) 

In which Fluidity. represents the flowability of mortar with different dosages of CS, mm.

3.2. Mechanical properties of CFG

Tests for flexural and compressive strengths were conducted to evaluate the mechanical properties of the CFG system. The test 
results at 3, 7, and 28 days are shown in Fig. 4(a) and(b), respectively. For groups without adding silica fume, it was observed that with 
increased CS content, both flexural and compressive strengths initially increased and then decreased. The maximum strengths were 
achieved at a CS content of 10 %, with 28-day flexural and compressive strengths of approximately 7.7 MPa and 29.2 MPa, respec
tively. Further, as detailed in the following carbonation section, the compressive strength of the optimal composition system reached 
35.7 MPa. These values are comparable to those of Ordinary Portland cement (OPC) with strength grade 32.5 (specified strength as 
between 32.5 and 42.5 MPa based on GB 175–2007) and significantly higher than the strengths of the system without CS (0CS group), 
which were 0.2 MPa and 0.5 MPa, respectively. This trend may be attributed to the limited alkalinity provided by the hydrolysis of 
GGBS, which only partially promotes the pozzolanic reaction of FA, resulting in low mechanical strength. The introduction of CS might 
provide more OH-, which could further promote the hydration reaction of GGBS and FA, increase the gel product, and thereby 
significantly improve the system strength [49].

As the CS content increased from 10 % to 70 %, a gradual decrease in the mechanical strength of the CFG system was observed, with 
the 28-day flexural and compressive strengths for the 70CS group decreasing to 3.7 MPa and 11 MPa, respectively, which were 51.9 % 
and 62.3 % lower compared to the 10CS group. As detailed in the subsequent micro-analysis section, this reduction in strength might 
be attributed to the excessive residual Ca(OH)2 in the system, which could weaken the interlayer bonding and prevent the formation of 
a dense structure, thus reducing the overall strength [50]. It is also possible that the reduction of FA and GGBS, which are important 
raw materials for the hydration reaction, has led to a decrease in performance. Additionally, by adding silica fume to the CFG system, 
the 28-day flexural and compressive strengths of the 30CS10SF group were 8.5 MPa and 31.1 MPa, respectively, which were 
approximately 28.8 % and 54 % higher than those of the 30CS. This improvement is probably attributed to the volcanic ash effect 
induced by SF, which could produce additional gelatinous material that fills and optimizes the pore structure of the mortar [51].

To further explore the correlation between compressive strength and CS content beyond 10 % on the mechanical properties with 
excess amounts of CS, the compressive strength and its relationship under each CS dosage are listed as the representative in Fig. 4(c) 
and (d). It is found that the compressive strength is highly negatively correlated with the amount of CS for dosages higher than 10 %, 
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and the specific fitting formula is shown in Eq. (4).The fitting curve is based on the 28-day compressive strength data of all mix 
proportions. 

Com. = 1.04exp(−CS(%)/41.06) +0.18;R2 = 0.99 (4) 

Where Com. represents the compressive strength of mortar with different dosages of CS in MPa.

3.3. Phase analysis of hydration products

The XRD patterns of various samples after 28 days of curing are presented in Fig. 5. The main crystalline phases in the CFG system 
included mullite (M), quartz (Q), calcite (C), calcium aluminate silicate hydrates (C-A-S-H), calcium silicate hydrates (C-S-H), calcium 
hydroxide (CH). The crystalline mullite phase, primarily derived from FA, was mainly represented in the cementitious system without 
CS. Compared with other groups (with CS), even though GGBS releases a small amount of OH- during hydration, part of the FA may 
remain unreacted in the 0CS group, which might indicate that the OH- released by the hydration of GGBS alone is insufficient to fully 
hydrate the FA-GGBS system. This resulted in the 0CS group not developing strength, aligning with the weaker mechanical perfor
mance test results [52]. As the CS content of the samples gradually increased (from 10 % to 70 %), a more distinct calcite phase can be 
observed, which could be attributed to the presence of inert CaCO3, probably brought in from CS raw materials (refer to the XRD results 
in Fig. 1(a)). Meanwhile, a broad peak of the amorphous phase was observed with the increase of CS dosage in Fig. 5(a), characteristic 
of C-S-H and C-A-S-H gels [53,54].This may indicate that the addition of CS provides an alkaline environment suitable for the hy
dration reactions, supplies more Ca2+, and increases nucleation sites, forming additional gel products [55]. The diffraction peaks of Ca 
(OH)2 were not prominent as the CS content increased from 0 % to 10 %, suggesting almost full involvement of CS in the hydration 
reaction, and part of CS might be converted by the carbonization reaction. FA and GGBS consumed the Ca(OH)2 from CS, enhancing 
the system’s densification, consistent with those mentioned above, and increased compressive strength [56].

More calcite and Ca(OH)2 phases were observed in CFG samples with a CS content greater than 10 %. This may be due to the 
increase in unreacted CS raw material, which also increases its CaCO3 content caused by carbonization. This further highlights the 
advantages of the CFG system in long-term carbon dioxide capture. On the other hand, it can be observed from Fig. 5(a) that the 
diffraction peaks of Ca(OH)2 were significantly increased in the 70CS sample compared to the 10CS. This may also indicate that the 
excess Ca(OH)2 in the CFG with high CS content does not participate in further hydration reactions but only acts as a filler. As pre
viously analyzed, the accumulation of plate-like Ca(OH)2 leads to a gradual decrease in the system’s compactness, which is consistent 
with the deterioration of the mechanical tests. The detailed mechanism and microscopic analysis will be further discussed in the 
following section.

Furthermore, as can be seen from Fig. 5(b), compared with the 30CS sample, the 30CS10SF sample revealed a gradual decrease in 
the intensity of diffraction peaks at approximately 41◦ 2θ angles, indicating a reduction in Ca(OH)2 after adding SF. This might suggest 
that more Ca(OH)2 is involved in subsequent hydration reactions, implying that SF promotes a secondary response between Ca(OH)2 
and SiO2. Besides, after adding SF, the transformation of Ca(OH)2 to a C-S-H gel at about 30◦ 2θ angles can also be identified, which 
may further enhance the system’s strength [56]. Besides, in the presence of SF, the calcite concentration is found to be increased. This 
is presumed to be caused by the reason that SF can react with excess Ca(OH)2 to form C-S-H and C-A-S-H gels. This process also 
enhances carbonation reactions in the atmosphere by providing additional nucleation sites for calcite, especially in the exposed areas 
where carbonation is more active [57].

3.4. Micromorphological and elemental analysis of hydration products

Fig. 6 presents typical SEM and EDS results of different CFG mixes (0CS, 10CS, 30CS, 70CS, and 30CS10SF) after 28 days of curing. 
Comparing Fig. 6(a) and (b), it is evident that the 10CS sample produced more flocculated gel material than the 0CS, and the residue of 

Fig. 5. XRD results of the CFG at 28d: (a) effect of different CS dosages; (b) effect of SF dosage, Note: M: mullite; Q: quartz; C: calcite; CASH: 
calcium aluminate silicate hydrates; CSH: calcium silicate hydrates; CH: calcium hydroxide.
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raw materials, such as FA particles, was scarcely visible. This suggests that the Ca(OH)2 in CS creates an alkaline environment that 
facilitates hydration, thereby promoting the more complete hydration of FA and GGBS [58]. In Fig. 6(c), residual CS, GGBS, and FA in 
the system indicate that increased CS content led to more unhydrated particles. A possible explanation for this might be that the 
increase in CS dosage resulted in a significant increase in alkalinity in the system, which accelerates the hydration reaction, and the 

Fig. 6. The SEM and EDS results of the CFG system with different parameters at 28d: (a) 0CS; (b) 10CS; (c) 30CS; (d) 70CS; (e) 30CS10SF.
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rapidly generated gel material may have the trend to the surface of the un-hydrated particles, hindering the continuation of the 
response [59]. When the CS content reached 70 %, it can be observed in Fig. 6(d) that the residual CS in the system was more pro
nounced than in low CS dosage samples (refer to Fig. (b) and (c)). As illustrated in Fig. 6(c), it can be seen that the accumulated 
plate-like products were hexagonal Ca(OH)2 crystals from residual CS combined with the EDS results. These crystals are interspersed 
with other hydration products and gels, causing the aggregated gel products to become more dispersed, which further increases 
porosity, weakens the interlayer bonding, prevents the formation of dense structures, and thus hinders the development of mechanical 
strength [56].

The SEM and EDS results of 30CS10SF are shown in Fig. 6(e). Compared with Fig. 6(c) for 30CS, it is evident that defects like micro- 
pores were effectively filled by spherical particles, identified by EDS spot-scanning analysis as SF consisting of Si and O elements. 
Additionally, the flocculating gel composed of C-S-H is more tightly connected and evenly distributed, with no plate-like CS observed. 
This suggests that adding SF fills the pores and promotes hydration, transforming the plate-like Ca(OH)2 into a denser flocculating gel 
[60]. This transformation further binds unreacted particles and effectively fills the pores, resulting in a more compact microstructure 
and a significant increase in the mechanical strength of the system.

3.5. Discussion on the hydration mechanism of CFG

Based on macroscopic and microscopic analyses of CFG, this study offers some speculative insights into the mechanism of its 
hydration reactions, combined with chemical formulas (Eqs. (5)–(10)) derived from existing insights and relevant literature. As shown 
in Fig. 7(a), in the system without CS, GGBS can release alkalis during the hydrolysis process, making the solution weakly alkaline, 
allowing the decomposition of the aluminum-silica raw materials in GGBS and FA, generating free SiO4

4- and AlO4
5- which combined 

with the free Ca2+ in the system to form a small number of gelation products.
Further, as shown in Fig. 6(a) and (b), Ca²⁺ acts as an essential element for C-(A)-S-H gel formation, and Ca(OH)₂ of CS is more 

efficiently alkali excitation than GGBS, as shown in Eq. 7(b) and Eq. (5), adding a moderate amount of CS, such as in the 10CS system, 
provided sufficient OH- to create a favorable alkaline environment. As shown in Eqs. (6) and (7), the OH- released by CS hydration 
effectively activated the glassy structures of slag and fly ash, and thus the Al-O and Si-O bonds in the GGBS and FA structures 
decomposed under OH- attack, forming silica-oxygen tetrahedra and aluminum-oxygen tetrahedra. These tetrahedra were then 
combined with Ca2+ under alkaline conditions and rebounded to form C-S-H, C-A-H, and C-(A)-S-H, as shown in Eqs. (8)-(10) [52]. As 

Fig. 7. Speculated hydration mechanism: (a) CFG without CS; (b) CFG with a small amount of CS; (c) CFG with excessive CS; (d) CFG with SF.
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shown in the EDS spectrum in Fig. 6(b), the main peaks of Ca, Si, and Al, as well as trace Mg signals, are clearly visible. The atomic ratio 
of Ca/Si is 1.25, and the Al content is 7.83 wt%. This characteristic is consistent with the definition of C-A-S-H gel, which includes a 
typical Ca/Si atomic ratio of 1.2–1.8 and an Al content of approximately 5–10 wt% [61]. As the hydration reaction proceeded, the 
C-(A)-S-H gel continued to grow, attaching to the surface of the unreacted raw material and bonding the dispersed particles into a 
single unit, thereby imparting high strength to the system. However, when an excessive amount of CS was added to the system, the OH- 

concentration became relatively too high, which might cause the rapidly forming hydration products to create a protective layer on the 
surface of FA and GGBS particles, inhibiting further hydration. Additionally, the excessive CS also led to plate-like Ca(OH)2 accu
mulation, failing to form sufficiently interconnected gel substances and thus resulting in more micro defects, as shown in Fig. 7(c) [62]. 

Ca(OH)2 ↔ Ca2+ +2OH− (5) 

GGBS+H2O→Ca2+ +Mg2+ +AlO5−
4 + SiO4−

4 +OH− (6) 

FA+H2O→AlO5−
4 + SiO4−

4 (7) 

SiO4−
4 +H2O+Ca2+→C− S−H (8) 

Ca2+ +AlO5−
4 +H2O→C−A−H (9) 

AlO5−
4 + SiO4−

4 +H2O+Ca2+→C−A− S−H (10) 

From previous analyses, it is evident that SF mainly consists of reactive amorphous SiO2. This allowed it to undergo a gelling 
reaction with the remaining Ca(OH)2 in the system [58], as shown in Eq. (11). As presented in Fig. 7(d), this reaction transformed the 
initially loose plate-like Ca(OH)2 structure into a dense C-S-H gelling system. As hydration proceeded, additional C-S-H and C-(A)-S-H 
gels gradually formed, encapsulating the unreacted material, bonding the dispersed particles into a cohesive whole, and also providing 
additional nucleation sites to promote carbonation reactions as shown in Eq. (13). This bonding and filling are considered to improve 
the microporous structure and enhance the matrix’s mechanical properties, which is consistent with previous findings. 

xCa(OH)2 + SiO2 +mH2O→xCaO • SiO2 • (m+ x)H2O (11) 

3.6. CO2 sequestration analysis of CFG

Considering that the main component of CS is Ca(OH)2, carbonization tests and microanalysis were conducted to preliminarily 
verify the CO2 sequestration capacity of the CFG cementitious system. As shown in Fig. 8(a), after 28 days of accelerated carbonation, a 
prepared phenolphthalein solution was dropped on the fresh fracture surface after the compressive test, and the uncarbonized portion 
changed to purplish red. It is evident that the carbonized area of the samples enlarged with the increasing CS content. As shown in 
Fig. 8(a), it can be found that when the CS content reached 30 % or higher, the samples were completely carbonated. This phenomenon 
could be attributed to the excessive Ca(OH)2 in the samples with high dosage CS, which promotes the absorption and fixation of 
external CO2. Comparatively, in the 10CS group, since the Ca(OH)2 in the system is almost consumed as an alkaline activator. At the 

Fig. 8. Performance changes of CFG system after carbonization: (a) carbonization depth of different groups; (b) effect of carbonization on me
chanical properties.
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same time, the absence of excess Ca(OH)2 leads to the formation of a relatively denser microstructure, which prevents further 
carbonation. Besides, in the 30CS10SF group, the addition of SF notably reduced the carbonized area. This could be caused by the 
reason that while consuming excess Ca(OH)2, the addition of SF might have increased the density of CFG and comprehensively reduced 
the penetration depth of CO2.

After 28 days of carbonation treatment, the changes in compressive strength of mortar specimens with CFG system are shown in 
Fig. 8(b). The data revealed that when the dosage of CS was 10 %, the compressive strength after carbonation decreased significantly 
by 40.4 %, which might be because Ca(OH)2 is almost completely consumed and there is not enough Ca(OH)2 to react with external 
CO2 in the 10CS cementitious system; further, partial carbonization might have affected the cementing properties of the hydration 
products [63], thus weakening the overall mechanical performance. However, when the dosage of CS was increased to 30 % and 70 %, 
the compressive strength started to increase significantly. Especially for the 70CS group, the compressive strength sharply increased by 
80.0 % after carbonation. This is attributed to the fact that at higher dosages of CS, Ca(OH)2 is carbonated into finer CaCO3, which 
significantly improves the microstructure of the mortar, thus improving the mechanical properties. In addition, the compressive 
strength of the 30CS10SF specimen also increased by 14.8 % to about 35.7 MPa after carbonation, but the degree of increase was 
smaller than that of the 30CS group. This may be because although the addition of SF can consume most of the Ca(OH)2 remaining in 
the system, there may be some residual Ca(OH)2, which can react with CO2 to form CaCO3, which fills the pores and increases the 
system compactness.

The SEM and EDS images of samples carbonized for 28 days are shown in Fig. 9. From Fig. 9(a) and (b), it can be seen that the 
structural compactness of the carbonized 30CS sample was better than that of the 10CS sample. In the 10CS sample, it is observed that 
the gel structure appeared to be looser and was accompanied by larger pores, which could be a critical factor in its reduced compressive 
strength. Combined with the EDS analysis as shown in Fig. 9(e), it is found that the Ca, Si, Al, and O elements occupied a significant 
proportion in the EDS spectra, and it is inferred that these elements mainly originated from the C-A-S-H gels. It should be noted that the 
atomic percentage of Ca element was relatively low at 10.17 %, which implied that the decalcification of the gel may have occurred 
during the carbonization process, as shown in Eq. (12) [64]. Fig. 9(b) indicates that the 30CS sample had many spherical particles 
distributed in the voids, which EDS spectral spot-scanning analysis confirms were mainly composed of C, O, and Ca elements, 
consistent with the atomic ratios of CaCO3 crystals. This suggests that the excessive Ca(OH)2 in the system may have been converted to 
CaCO3, as shown in Eq. (13) [65]. As shown in Fig. 9(c), the range of gel material in the 70CS samples has decreased and the range of 
CaCO3 has further increased. This may be because some of the C-(A)-S-H also undergoes a carbonation reaction with CO2 to produce 
more CaCO3 [66]. Therefore, in combination with previous carbonization experiments, it may be possible to confirm the high effi
ciency of CS in carbon sequestration [67]. The microstructure of the 30CS10SF system is shown in Fig. 9(d), where no obvious 
structural defects were found and the gel was uniformly distributed, which may be attributed to the addition of silica fume. Therefore, 
it can be known that the addition of silica fume may promote the hydration reaction, resulting in a denser microstructure while also 
reacting with residual Ca(OH)2 to form more C-S-H, thereby enhancing the material’s strength [57]. 

C− S−H+CO2→SiO2 gel+CaCO3 +H2O (12) 

Ca(OH)2 +CO2→CaCO3 +H2O (13) 

Fig. 9. SEM-EDS characterization of samples after 28 days of carbonization: (a) 10CS; (b) 30CS; (c) 70CS; (d) 30CS10SF; (e) EDS of spot 1; (f) EDS of 
spot 2.
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3.7. Analysis of the environmental impact of cementitious systems

To assess the environmental impacts, the Life Cycle Assessment (LCA) methodology was utilized to perform carbon and energy 
assessments on the components of the CFG cementitious systems [68]. The specific evaluation parameters are embedded carbon di
oxide emissions (EC) and embedded energy (EE), which are critical parameters for evaluating the environmental friendliness of the 
designed cementitious materials [69]. The EC calculated here includes the total CO2 emissions of all raw materials used in the 
cementitious system, encompassing emissions during transportation, drying, calcination, and sieving. The specific calculation of 
embodied CO2 emission is shown in Eq. (14). 

embodiedCO2 =
∑n

i=1
(mi × CO2i) (14) 

Where mi is the mass per unit volume of a substance; n is the number of components in the mixture; CO2i refers to the embodied CO2 
emissions per unit mass of raw material.

Similar to the calculation of embodied CO2 emissions, embodied energy consumption is calculated by Eq. (15). 

embodiedenergy =
∑n

i=1
(mi × energyi) (15) 

Where Energyi is the embodied energy per unit mass of raw material.
Traditional cement production is notorious for its high energy consumption and significant pollution [62]. In this section, the 

carbon dioxide emissions and energy consumption of CFG are compared with those of OPC at various stages of the production chain. 
The calculated data is presented in Table 3.

Based on Eq. (15), and the data in Table 3, the CO2 emissions and energy consumption for the production of 1 kg of CFG 
cementitious materials have been calculated. As shown in Fig. 10, all CFG system groups’ CO2 emissions and energy consumption are 
significantly lower than those of OPC. Notably, the 10CS group with higher mechanical properties performs comparably to cement, 
with 89.12 % less CO2 embodied and 80.35 % less energy embodied, highlighting significant environmental advantages. In addition, 
the data here do not consider the CO2 sequestration potential of CFG; if the sequestration effect is taken into account, it will have a 
more positive impact on environmental protection and play a vital role in promoting low-carbon development.

Table 3 
EC and EE of raw materials.

Raw materials Embodied CO2 emission (kgCO2/kg) Embodied energy (MJ/kg) Ref.

OPC 0.83 5.75 [63–66]
CS 0.375 1.48 [67]
FA 0.01 0.1 [68,69]
GGBS 0.083 1.6 [69–71]
SF 0.15 0.16 [65,72]

Fig. 10. CO2 emissions and energy consumption of different pastes: (a) CO2 emissions of different pastes; (b) energy consumption of 
different pastes.
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3.8. Performance improvement mechanism of CFG

A schematic diagram of the performance improvement and environmental friendliness of CFG is shown in Fig. 11. The traditional 
ways of treating CS harm the environment, so it is necessary to find a scientific and efficient method. Attempts to prepare cementitious 
materials using CS, FA, and GGBS have yielded some exciting results. By testing the working performance and strength of CFG and 
combining it with the LCA environmental assessment method, it can be found that CFG not only has a particular engineering appli
cation prospect but is also conducive to the reuse of CS, which is an environmentally friendly construction material.

CS increases the system’s alkalinity and provides calcium, which facilitates the formation of gel substances, enhancing the ma
terial’s structure. However, high CS content leads to an accumulation of Ca(OH)2, increasing porosity. Excessive CS also allows the 
cementitious mortar to absorb CO2, enhancing its strength. The CFG system also demonstrates excellent carbon capture capabilities 
and attendant performance enhancements.

4. Conclusions

This study designs a low-carbon cementitious material CFG based on solid wastes CS, FA, and GGBS. Through a series of macro
scopic mechanical and carbonation tests as well as microscopic analysis, the feasibility of CFG is evaluated. The influential rules of 
crucial factors such as CS dosage on the performance and carbon sequestration of CFG, as well as the corresponding hydration 
mechanisms, are discussed. In addition, the value of CFG in terms of environmental protection is evaluated. The main findings of this 

Fig. 11. Performance improvement and environmental friendliness of CFG.
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study are summarized as follows: 

(1) Through the tests of working and mechanical properties, it can be found that CFG has the potential to replace cement as a low- 
carbon cementitious material. The initial setting time of CFG ranged from 2.4 to 7.1 h, and the final setting time varied between 
3.4 and 8.9 h at different dosages of CS, meeting the OPC’s setting time requirement. Both the flexural and compressive 
strengths of CFG showed an increasing and then decreasing trend with the increase of CS dosage. When the CS dosage was 10 %, 
the flexural and compressive strengths at 28 days reached the maximum value, 7.7 and 29.2 MPa, respectively. This observation 
provides an essential basis for future practical engineering construction applications.

(2) Microanalysis by SEM-EDS and XRD shows that the CS can act as an alkaline exciter, effectively activating the FA and GGBS, 
separating the silica-aluminum vitreous, and restructuring them with free Ca2+ to produce gel substances. However, an 
excessive amount of CS (30 % dosage and above) caused Ca(OH)2 accumulation in CFG, which reduced the microstructural 
densification and was unfavorable to the system’s strength. The addition of silica fume can consume the excess Ca(OH)2, e.g., 
adding 10 % SF in the group of 30CS improved the compressive strength by 54 % from 20.2 MPa to 31.1 MPa.

(3) CFG can play a role in absorbing CO2. With the increase in the amount of CS, the degree of carbonization of CFG was higher. 
Especially when the amount of CS reaches 30 % and above, the specimen is almost completely carbonized. This was probably 
because there was residual Ca(OH)2 in the excessive CS system, which can react with CO2 to form CaCO3; this not only had the 
effect of CO2 sequestration but also had a specific contribution to the strength enhancement. In the specimens with 30 % and 
70 % CS dosage, the compressive strength after carbonation increased by 32.7 % as 35.7 MPa and 80 % as 19.8 MPa, 
respectively. The discovery of this carbon sequestration property may make CFG highly valuable in environmental protection.

(4) CFG can be a viable alternative to OPC and significantly reduce CO2 emissions and energy consumption. The 10CS group, with 
performance similar to China’s 32.5-grade cement, reduced CO2 emissions by up to 89.12 % and energy consumption by 
80.35 %. In addition, the carbon sequestration and the performance enhancement capacity of the CFG system enrich its further 
environmental advantages.
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