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1. Introduction

Steel slag is the solid byproduct generated during 
steel-making process[1, 2]. On average, each ton 
of crude steel production will accompany with 
approximately 0.1-0.15 tons production of steel slag[3, 
4]. In 2020, global steel slag production reached 

180-270 million tons. However, despite its massive 
production, the utilization rate of steel slag remains 
low[5]. In China, only 22% of steel slag is effectively 
utilized[6, 7]. In Canada, steel slag even fails to be used 
in asphalt concrete[8]. In order to achieve the resource 
utilization of steel slag, it is crucial to select the 
appropriate usage scenario. The primary use of steel 
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slag in comprehensive utilization is as a construction 
material[9, 10]. In addition, steel slag possesses the 
characteristics of large specific surface area, low cost, 
and porosity, so it can find secondary emerging uses in 
environment protection[10, 11], as shown in Fig. 1.

According to the steelmaking process, steel slag can 
be categorized into three types: basic oxygen furnace 
slag (BOFs), electric arc furnace slag (EAFs), and ladle 
furnace slag (LFs)[12, 13]. The mineral composition 
of steel slag is similar to that of Portland cement, 
primarily consisting of tricalcium silicate (C3S), 
dicalcium silicate (C2S), RO phases (solid solutions 
containing magnesium, iron, and manganese oxides), 
and free lime (f-CaO)[14, 15]. Considering technical 
feasibility, economy, and environment aspects, the 
utilization of steel slag as a cementitious material 
should be prioritized[16]. However, steel slag faces 
two inherent limitations during the application: Steel 
slag contains low content of C3S, and high content 
of γ-C2S, which exhibits poor hydraulic activity[17]. 
Consequently, the silicate phases in steel slag present 
slow hydration rates and poor early strength. Moreover, 
the volumes of f-CaO and free magnesium oxide 
(f-MgO) in steel slag will expand by 198% and 248% 
undergo the hydration, respectively, leading to the 
concrete cracking and decreasing the volume stability 
and durability of buildings[3, 18].

To enhance the reactivity and volume stability 
of steel slag, different strengthening strategies such 
as grinding[19], chemical activation[20], and high-
temperature steam curing [21] have been proposed 
and utilized. However, these methods inevitably lead 
to additional energy consumption and environment 
pollution, thereby increasing the utilization cost of 
steel slag. It is widely known that mineral phases rich 
in alkaline metals such as Ca and Mg can react with 
CO2 to form carbonate products[22]. This process 
not only mitigates the volume expansion of steel slag 
but also facilitates the capture and sequestration of 
CO2. The resulting carbonate precipitation can further 
fill pores and densify the microstructure[23, 24]. 
Consequently, mineralization treatment of steel slag is 
the crucial strategy for achieving net-zero emissions 
in steel-making process. However, utilizing steel slag 
merely for carbon capture can be regarded as a wasteful 
use of resources[25]. In recent years, the use of 
cement-free steel slag compacts as building materials 

attracted large research attention. For example, Xian 
et al. demonstrated the feasibility of using steel 
slag as a 100% replacement for cement in concrete 
preparation[26]. The compressive strength of steel 
slag compacts achieves 50 MPa after mineralization 
and subsequent water curing. Humbert et al. further 
improved the compressive strength of steel slag bricks 
to 70 MPa by optimizing the moisture content and 
compacting pressure[27]. Ghouleh et al. activated high-
strength KOBM steel slag through mineralization, and 
the test results revealed that the steel slag compacts 
exhibited a compressive strength of 80 MPa after 2 
h of mineralization[28]. These studies indicate that 
the steel slag compacts undergoing mineralization 
satisfactory mechanical strength to be used as building 
materials and products. More importantly, Zhang et 
al. compared the mechanical property and carbon 
capture performance between full steel slag bricks and 
full carbide slag blocks [29]. The results showed that 
the maximum mineralization degree and compressive 
strength of steel slag blocks and carbide slag blocks 
were 24.56% and 79.68 MPa, and 64.46% and 44.64 
MPa, respectively. This demonstrates that steel slag 
blocks can achieve higher mechanical performance 
even at lower mineralization degree. Therefore, 
mineralized steel slag compacts exhibit a large potential 
for application as building materials. 

Considering these facts, we comprehensively 
summarize the research status of mineralized steel 
slag, focusing on mineralization behaviors and 
characteristics, and the application as building 
materials. This review conduces to better understanding 
the development of mineralized steel slag and 
analyzing their large-scale application prospects in the 
construction industry.

Fig. 1 Comprehensive utilization of steel slag[10].
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2. Mineralization behavior of steel slag

2.1. Raw materials

As a by-product of steel production, the physical 
and chemical properties of steel slag depend on the 
raw materials and steelmaking process. According to 
the steelmaking process, steel slag can be divided into 
three categories: BOF, EAF, and LF slag[13]. BOF 
slag and EAF slag are both produced during the first 
refinement of steel and the major difference between 
them is the heating strategy. BOF slag uses the pure 
oxygen to initiate the oxidation reaction at around 
1600 ℃. Hence, the main components of BOF slag are 
calcium, iron and silicon oxides. EAF slag possesses 
similar composition to BOF slag because they have the 
similar production process. But unlike BOF slag uses 
the gaseous fuels, the EAF uses electric arc transformer 
connected three graphite electrodes to heat the steel. LF 
slag is produced during the second refinement of the 
molten steel from the BOF and EAF. And the LF uses 
the same heating method as EAF. 

The chemical composition of steel slag is very 
complex, mainly including CaO, SiO2, Fe2O3/FeO, 
MgO and Al2O3. However, the contents of CaO and 
Fe2O3 in the BOF slag are approximately 40–50 % 
and 20–30 %, respectively[3]. For EAF slag, the CaO 
and FeO occupy the large proportion, the CaO content 
ranges from 22% to 60% and the FeO content can go 
up to 40%[30]. In terms of LF slag, the CaO is also 
the major composition, accounting for 42%-57%. The 
SiO2 content can reach about 20% and the FeO content 
is less than 5%[31]. Moreover, it is worth noting that 
the chemical composition of steel slag not only depends 
on the steelmaking process, but also is affected by the 
diversity of raw materials, such as the recycled steel 
scraps, pig iron. Therefore, the chemical composition 
of steel slag is extremely complex, which consequently 
leads to significant variability in its mineralization 
reactivity.

2.2. Mineralization reaction

Steel slag exhibits remarkably high mineralization 
activity. When exposed to CO2 environment, f-CaO, 
f-MgO, and calcium silicates are mineralized, 

generating CaCO3 precipitates and silica gels. 
Additionally, Fe and Mn within the RO phase can 
also be mineralized and translated to mineralization 
products. These mineralization products interweave 
and fill to create a stable and dense microstructure, 
endowing steel slag compacts with large mechanical 
strength[32]. C2S is the main component of calcium 
silicate in steel slag. C2S possesses four well-established 
polymorphs：α, α’, β and γ. When C2S is cooled from 
high temperature, α-C2S converts into β-C2S at 630 ℃ , 
and then transforms to γ-C2S at lower temperature[33]. 
Therefore, C2S in steel slag mainly exists in the form 
of γ-C2S. Bukowski et al. pointed out that γ-C2S with 
poor hydraulic property exhibited higher mineralization 
activity than β-C2S. The compressive strength of 
mortar compacts with γ-C2S could reach 50 MPa 
underwent the mineralization in 1 MPa CO2 for 15 
min[34]. According to the study by Mo et al., 100% 
steel slag compacts generated 34.3% CaCO3 after 14 d 
mineralization. This resulted in a reduction of pore size 
from 0.2-3 μm before mineralization to 0.1-1 μm after 
mineralization, ultimately making the compressive 
strength of full steel slag compacts reach 44.1 
MPa[35]. However, according to the works of Shao 
et al., the compressive strength of steel slag compacts 
was only 2-4 MPa after 12 h of hydration [36]. These 
studies above indicate that mineralization is the main 
contribution to the mechanical properties of steel slag 
compacts.

The mineralization process of steel slag is mainly 
divided into two strategies: wet mineralization and 
dry mineralization. In terms of dry mineralization, 
CO2 primarily diffuses into the interior of steel slag, 
directly reacting with solid mineral phases to form 
CaCO3 precipitate and silica gel. Generally, the water-
binder ratio (w/b) of steel slag compact prepared by 
dry mineralization is less than 0.2. The main reaction 
process is as follows：

        (1)
        (2)
        (3)
        (4)

Wet mineralization involves gas-liquid-solid 
multiphase interactions[37], including: 1) CO2 dissolves 



Journal of Asian Concrete Federation, Vol. 11, No. 3, September 2025 64

in the liquid phase to form carbonic acid (H2CO3), 
which then ionizes to produce H+ and CO3

2−; 2) calcium 
and magnesium dissolve and diffuse into the liquid 
phase, forming Ca2+/Mg2+;3) Ca2+/Mg2+ reacts with 
CO3

2− to generate CaCO3/ MgCO3, which precipitates 
on the surface of steel slag or within the liquid phase. 
Fig. 2 illustrates the wet mineralization process of 
minerals occurring at solid, liquid, and gaseous three-
phase interfaces[38]. And the main processes are as 
follows:

        (5)

        (6)

        (7)

Fig. 2  Mineralization process at three-phase 
interfaces[38].

Dry mineralization is the simplest and most direct 
mineralization method, providing lower energy 
consumption compared to wet mineralization[39]. 
Since the use of steel slag compacts as building 
materials requires large-scale and low-cost production, 
dry mineralization is more suitable for the practical 
application scenarios of steel slag compacts [40]. This 
also explains why the majority of existing studies on 
steel slag compacts choose dry mineralization.

2.3. Liquid phase change of wet mineralization

Wet mineralization is accompanied by changes in 
solution pH and ion concentration, particularly the 
Ca²⁺ concentration and CO2 dissolution rate, which 
significantly influence the mineralization rate and 
degree.

2.3.1. pH change

The dissolution of calcium-bearing minerals in 
steel slag releases Ca²⁺ and OH ⁻ , resulting in an 
alkaline solution (initial pH ~12.7) at the onset of 
mineralization. Compared to other calcium-based 
minerals, Ca(OH)2 exhibits higher solubility and 
dissolution. Consequently, Chang et al. concluded 
that  the  OH⁻  in  the  l iquid  phase  dur ing wet 
mineralization predominantly originated from Ca(OH)2 

dissolution[41]. In their study, the solution pH remains 
virtually constant during the initial mineralization 
stage (within 10 min), while a rapid decline in Ca(OH)2 
content is observed (Fig. 3). For steel slags with low 
Ca(OH)2 content, the initial alkalinity of the solution 

Fig. 3  (a) Mineral components of mineralized steel slag; (b) pH change during mineralization[41].



Journal of Asian Concrete Federation, Vol. 11, No. 3, September 2025 65

is primarily governed by the dissolution of C2S, C₃S, 
and f-CaO. In the study by Li et al., the steel slag used 
contained negligible Ca(OH)2. The initial solution pH 
shows a slight decrease with increasing temperature but 
remains consistently within the range of 12.0–12.5[42]. 
For steel slags with low Ca(OH)2 content, the initial 
pH plateau phase may not be clearly observed. In 
addition, the wet mineralization exhibits rapid reaction 
kinetic, with the pH showing a fast decline throughout 
the reaction. The mineralization reaction is considered 
to reach its maximum extent when the pH stabilizes 
around 6.5.

2.3.2. Ions concentration change

During the dissolution of steel slag, the leaching rate 
of Ca is significantly higher than that of other elements 
such as Fe, Al, and Mn. This is related to their contents 
and chemical forms in the steel slag. According to the 
study of Lekakh et al., initially, calcium-containing 
minerals on particle surface dissolve rapidly, releasing 
Ca²⁺. Subsequently, the remaining insoluble minerals 
on the surface inhibit the dissolution of internal 
minerals, resulting in a two-stage Ca leaching pattern 
featuring an initial fast phase followed by a slower 
phase[43]. Chang et al. demonstrated that the Ca 

concentration remains relatively high during the initial 
mineralization stage[41]. Subsequently, the calcium 
carbonate layer formed on the steel slag surface 
inhibits Ca leaching, leading to a rapid decrease in 
Ca concentration. Upon reaching the mineralization 
limit, the Ca concentration stabilizes at a relatively low 
level. Si is predominantly leached from C2S, with its 
concentration increasing as mineralization progresses. 
This indicates that amorphous silica gel formed during 
mineralization dissolves and releases additional Si.

Carbon mineralization decreases pH, consequently 
resulting in concentration changes of CO₃²⁻ and 
HCO₃⁻ in solution, as illustrated in Fig. 4[44]. When 
the pH is below 4, CO2 predominantly exists in the 
form of H2CO3. Within the pH range of 4-8, H2CO3 

undergoes dissociation, releasing HCO₃⁻ ions. When 
the pH ranges between 8 and 12, HCO₃⁻ undergoes 
further dissociation to release CO₃²⁻ ions, with the 
concentration of CO₃²⁻ increasing as pH rises. When 
pH exceeds 12, CO₃²⁻ becomes predominant in the 
system.

2.4. CO2 diffusion and ions leaching of dry 
mineralization

Compared to the wet mineralization, the dry 

Fig. 4  Carbon mineralization in various pH ranges[44].
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mineralization requires consideration of CO2 diffusion 
behavior within steel slag particles or compacts. CO2 

diffuses primarily through pores. Increasing pore 
water content enhances Ca leaching and CO2 diffusion. 
However, excessive water content also inhibits CO2 

diffusion. Lin et al. disclosed that increasing the 
water content from 6% to 7% significantly raised the 
proportion of closed pores (from 0.79% to 3.46%)
[45]. A further increase to 8% water content elevated 
the closed pore ratio to 5.09%. Fig. 5 illustrates the 
impact of water content on pore structure. Increasing 
water content enhances the formation of bridging 
water between particles, where calcium carbonate 
precipitation occurs. This process significantly 
increases the proportion of closed pores, consequently 
impeding CO2 diffusion. In addition, raising the 
temperature increases the average kinetic energy of 
gas molecules, thereby accelerating the CO2 diffusion 
rate and improving the mineralization degree[46]. 
Furthermore, according to Fick's first law, the diffusion 
rate is directly proportional to the concentration 
gradient. Hence, increasing CO₂ concentration 
strengthens the diffusion driving force, thereby 
promoting its transport in solution. As described by 
Henry's law, elevating CO2 pressure significantly 
improves its solubility, consequently increasing the 
concentration gradient. Therefore, appropriately 
increasing both CO2 concentration and pressure is 
conducive to improving mineralization efficiency in 
steel slag[47, 48].

Fig. 5  Pore structure of carbon mineralized steel slag 
under various water content: (a) Water content < 7%; (b) 

Water content > 7%[45].

In dry mineralization process, the relatively slow 
reaction results in small pH variation of mineralized 
steel slag leachates. Spanka et al. investigated pH 
evolution during dry mineralization of three steel 
slags[49]. At a water-to-solid ratio of 2, all steel slag 
eluates exhibit initial pH values no lower than 11. 
After reaching the mineralization limit, the pH remains 
above 9. This may be attributed to the decreased 
water content and increased closed pores, which 
hinder CO2 diffusion and dissolution in the later 
stage of mineralization. Librandi et al. systematically 
analyzed the ion concentrations of mineralized 
steel slag leachates[50]. Their results reveal that 
the Ca²⁺ concentration decreases with the extended 
mineralization time. Upon reaching the mineralization 
limit, the Ca²⁺ concentration stabilizes at a relatively 
low level (100 mg/L) and remains constant. This 
demonstrates that upon reaching the mineralization 
limit, Ca²⁺ fails to react and participate. In addition, 
the mineralization limit is not governed by the Ca²⁺ 
concentration in the pore solution. The leaching of Mg 
is primarily governed by the magnesium-bearing phases 
in steel slag, such as Ca3Mg(SiO4)2 and Ca7Mg(SiO4)4. 
As calcium silicates and portlandite dissolve, these Mg-

containing minerals become exposed to aqueous. The 
gradual increase of Mg²⁺ concentration observed during 
mineralization indirectly indicates that the participation 
degree of Mg2+ in carbon mineralization is very low.

3. Characteristics of mineralized steel slag 

3.1. Mineralization models

The most well-known models for the mineralization 
of steel slag are shrinking core model and surface 
coverage model. Both models assume that the particles 
are uniform spheres. As illustrated in Fig. 6a, the 
mineralization process of steel slag particles in the 
shrinking core model primarily involves the diffusion 
of CO2 through the mineralized product layer and 
chemical reaction between CO2 and unreacted core. 
As the mineralization reaction progresses, a multi-
layered structure forms comprising an outer layer of 
CaCO3, an intermediate layer of silica gel, and an inner 
layer of unreacted core. Geng et al. utilized a 3D X-ray 
microscope system to analyze the 3D structure of 
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mineralized steel slag particles, revealing a high degree 
of consistency with shrinking core model[40]. The 
specific 3D model and structure of individual steel slag 
particle are shown in Fig. 6b. In shrinking core model, 
mineralization reaction occurs on the entire surface of 
the unmineralized core. The reaction process can be 
described by the classical kinetic equation:

                                            (8)

Where α represents the degree of mineralization. k 
and t are the apparent reaction rate constant and the 
reaction time. The value of n is normally equal to 1 or 
2, which indicates the rate-determining step is interface 
chemical reaction controlled or diffusion controlled 
through the mineralization product layer, respectively. 

Based on the shrinking core model and Eq. (8), both 
Tu et al. and Kim et al. used two n values (1 and 2) to 
fit the mineralization of steel slag, respectively[51, 52]. 
Their fit results are consistent that the R2 value of “n=2” 
is higher than that of “n=1”, indicating that the rate-
determining step of steel slag mineralization is CO2 

diffusion through mineralization product layer (Fig.6d). 

In addition, according to the kinetic study by Tu et al., 
the diffusion rate of CO2 through the mineralized layer 
was closely related to the mineralization temperature. 
Other parameters exhibited negligible influence on the 
diffusion rate[51, 53]. Kim et al. utilizing shrinking 
core model proved that the thickness of the outer layer 
(CaCO3 layer) on steel slag particles remains consistent 
at 5.2 ± 1.6 μm, regardless of the particle size[52] 
(Fig.6c). However, Wang et al. pointed out that the 
rate-limiting step during initial stage was likely to be 
the interface chemical reaction because the product 
layer was thin in this stage[54]. There was a transition 
point between the two rate-limiting steps. As shown 
in Fig.6e, the piecewise fitting possesses better effect 
than the fitting result by single n value, suggesting 
that rate-limiting step will change from interface 
chemical reaction to CO2 diffusion. In addition, the 
smaller the steel slag size, the later the transition point. 
This is attributed to the fact that reducing particle 
size increases the specific surface area of steel slag, 
thereby delaying the coverage of surface by the product 
layer. Recently, in the review of DiGiovanni et al., 

Fig. 6  (a) Schematic diagram of shrinking core model[38]; (b) 3D structure and model of mineralized 
steel slag particle[40]; (c) Mineralization of steel slag particles with various sizes[52]; (d) Mineralization 
degree versus reaction time fitted by two n values[51]; (e) Piecewise fitting results with diverse sizes[54].
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they pointed out that the shrinking core model could 
be used to accurately describe the process that as the 
mineralization product layer grows, the diffusion 
distance increases, thereby slowing the mineralization 
reaction[53]. Considering the fact above, the shrinking 
core model possesses significant value for investigating 
the mineralization efficiency and rate-determining 
factors of individual steel slag particles.

In addition to the shrinking core model, the surface 
coverage model proposed by Ho and Shih has been 
proven highly effective in describing the mineralization 
process of alkaline aluminosilicate minerals[55]. 
Unlike the shrinking core model, the surface coverage 
model assumes that the mineralization reaction only 
takes place on the reactive surface not covered by the 
product layer. The schematic diagram is illustrated 
in Fig. 7a. In this model, the mineralization degree 
reaches maximum when the particle surface is 
completely enveloped by the mineralization products. 
The surface coverage model can be briefly expressed 
by the following equations[56]:

               (9)

                (10)

               (11)

               (12)

Where the  and  are the rate of mineralization and 
the fraction of active surface sites. Sg (m2/g), rs (mole/
min/m2), ks, and kp represent the initial specific surface 
area, mineralization reaction rate per initial surface 
area, the rate constant, and the proportional constant.

Zhang et al. applied the surface coverage model to 
fit the mineralization degree of three types of steel 
slag, achieving R2 values greater than 0.98, indicating 
excellent agreement between the mineralization kinetics 
of steel slag and shrinking core model [57]. The fitting 
results are shown in Fig.7b. According to their studies, 
the initial mineralization process was primarily limited 
by the precipitation of mineralization products. As 
the reaction progresses, the dissolution of minerals at 
uncovered reactive sites became the dominant factor 
controlling the reaction rate. This differs from the 
shrinking core model that the reaction rate at later 

stages is controlled by CO2 diffusion. Wang et al. 
pointed out that the previous work of shrinking core 
model was focused on the loosely-connected particles 
either covered a thin moisture layer or immersed 
in suspension, like the mineralization of steel slag 
particles[58]. When applying this model to investigate 
the mineralization behavior of γ-C2S compacts at 
different temperatures, only the case of 0 °C yields 
an n value close to 2. In contrast, the n values at other 
temperatures fall in the range of 3–5, significantly 
higher than the theoretical value of 2, as shown in Fig. 
7c. However, when using the surface coverage model, 
the value of n is 1.7. And both experimentally-obtained 
and simulated conversion α at different temperatures 
can achieve a good fit, as shown in Fig. 7d. Due to 
the consideration of moisture effect, surface coverage 
model is more suitable to investigate the reaction 
kinetics of bulk samples prepared by compacting 
wet particles under pressure[58]. More importantly, 
since most steel slag products are prepared through 
compacting method, the surface coverage model may 
possess greater potential than shrinking core model for 
investigating the mineralization of steel slag products.

Fig.7  (a) Schematic diagram of surface coverage 
model[56]; (b) Model fitting results of mineralization 
degree[57]; (c) versus ln(t) at different temperatures and 
(d) The fitting results at different curing temperatures (n 
=1.7)[58].
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3.2. Microstructure 

CaCO₃ formed during steel slag mineralization 
progressively fills pores, leading to microstructural 
densification. Chang et al. demonstrated that carbon 
mineralization significantly altered the pore structure of 
steel slag compacts, reducing the most probable aperture 
from 0.734-2.517 μm to 0.016-0.047 μm. Furthermore, 
pores larger than 50 μm are obviously reduced[59]. 
Due to the lower energy required for heterogeneous 
nucleation of CaCO₃ compared to homogeneous 
nucleation in solution, CaCO₃ preferentially nucleates 
and grows on steel slag surfaces, forming a dense 
product layer. Yadav et al. directly observed through 
electron microscopy that CaCO₃ primarily grew on 
steel slag surfaces, with only a minimal quantity of 
CaCO₃ crystals dispersed in the solution[60]. Mo et al. 
discovered the clear layers from exterior to interior of 
mineralized steel slag: CaCO₃ layer, silicon-rich layer, 
and unreacted core layer[35], as illustrated in Fig. 8a-
b. Wang et al. analyzed the distribution of RO phases 
after mineralization and found that these phases were 
encapsulated within iron-rich layers [61]. Due to the 
low solubility of iron-bearing phases, the RO phases 
fail to be mineralized, as demonstrated in Fig. 8c. In 
addition, due to the formation of silica gel and C-S-H, 
the specific surface area of steel slag increases with 
the improvement of mineralization degree. According 
to the results of Fang et al., the specific surface area 
of steel slag increased from 7.13m2/g to 7.84m2/g after 
10 min mineralization and to 12.67m2/g after 120min 
mineralization[62].

Fig.8  BSE images of mineralized steel slag; (b) is 
closer look at zone A in(a) [35]; (c) RO phase[61]

3.3. Composition and Polymorph control

The primary mineralization products of steel slag 
are CaCO₃ and amorphous silica gel. Zhang et al. 
investigated the phase composition evolution of three 

steel slags during wet mineralization[57], as illustrated 
in Fig. 9. The results show that the contents of gehlenite 
and FeO remain constant during mineralization, 
whereas mayenite, C₂S, and MgO exhibit reduced 
tendency. Liu et al. unveiled the phase change of steel 
slag under various temperature and CO2 pressure[63]. 
The results demonstrate that magnesiofer r ite, 
srebrodolskite, and FeO exhibit negligible participation 
in mineralization even under elevated temperature and 
pressure condition. Ca(OH)₂ demonstrates remarkably 
high mineralization reactivity, achieving up to 80% 
mineralization degree without elevated temperatures or 
pressures. In addition, due to the hydration reactivity 
of steel slag, the wet mineralization must consider 
the synergistic effects between mineralization and 
hydration on mineral phase transformations. For 
instance, under high water-to-solid ratios, the hydration 
of f-MgO and f-CaO may lead to increased formation 
of highly mineralization-reactive Ca(OH)₂  and 
Mg(OH)₂ phases.

Fig.9  Mineral components of different types of steel 
slag: (a) EAFs; (b) LAF slag (L: Larnite; W: Wuestite; 
G: Gehlenite; M: Mayenite; B: Brucite; P:Ca(OH)2; 
Pe: MgO; C: CaCO3; Mg-C: Magnesium Calcite; Pe: 
Periclase; Am: Amorphous)[57].

CaCO₃, primarily in the form of calcite, aragonite, 
and vaterite, constitutes the dominant mineralization 
product[64]. Among these polymorphs, vaterite and 
aragonite are thermodynamically metastable and tend 
to spontaneously transform into calcite. Consequently, 
ca lc i te  predominates  as  the  f inal  product  in 
conventional steel slag mineralization systems. Recent 
studies have revealed that specific additives could 
promote the formation and stabilization of metastable 
CaCO₃ phases, thereby controlling the crystallization 
of CaCO₃. The controlled crystallization of aragonite 
primarily utilizes magnesium-containing compounds 
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such as MgCl₂, MgSO₄, and Mg(OH)₂. Studies reveal 
that magnesium ions in solution partially substitute 
calcium ions in CaCO₃[65], as illustrated in Fig. 10a. 
This substitution preferentially occurs in calcite, 
where the resulting Mg-doped calcite exhibits reduced 
structural stability, thereby effectively suppressing 
the aragonite-to-calcite phase transformation. Wang 
et al. demonstrated that moderately increasing MgCl₂ 
concentration enhanced both the proportion and aspect 
ratio of aragonite[66]. However, at excessively high 
magnesium concentrations, partial incorporation of 
magnesium ions into the aragonite lattice induced 
structural distortion, thus inhibiting the crystal growth 
of aragonite. In addition, Williams et al. discovered 
that introducing chemically synthesized aragonite as 
crystal seeds during mineralization not only ensured 
the stability of the original seeds but also induced the 
formation of new aragonite crystals[67], as illustrated 
in Fig. 10b. Both Zhou and Ding observed consistent 
results: when subjecting aragonite-containing samples 
to secondary mineralization, the products contained 
higher aragonite content compared to control 
groups[68, 69].

In addition to vaterite, ammonium-based compounds 
and amino acids exhibit stabilizing effects on vaterite. 
Like NH₄Cl, it not only regulates the solution pH 
to a range more favorable for vaterite formation and 

stabilization, but the ammonium ions (NH₄⁺) also 
preferentially adsorb onto specific crystal facets 
of vaterite, thereby inhibiting its polymorphic 
transformation. As for acidic amino acids, they will 
ionize hydrogen ions, and the remaining negatively 
charged groups will bind with calcium in CaCO3. 
This interaction alters the thermodynamic properties 
of vaterite, consequently enhancing its stability[70], 
as illustrated in Fig. 10c. Song et al. investigated 
the effects of three ammonium salts at varying 
concentrations on vaterite formation and stabilization 
during carbide slag mineralization[71]. Their results 
demonstrates that within an optimal concentration, 
all three salts enable vaterite to account for over 90% 
of CaCO3 product. Zhou et al. reported that when the 
molar ratio of glycine to Ca²⁺ reached 3:1, vaterite 
accounted for 99.1% of the total CaCO3 produced 
during carbide slag mineralization[72]. However, the 
aforementioned additives exhibit limited effectiveness 
in steel slag systems. Cao et al. observed that adding 
glycine at varying concentrations during steel slag 
mineralization produced only calcite as the final 
product[73]. Compared to carbide slag, steel slag 
possesses more complex mineralogical composition, 
suggesting that other factors in mineralization may 
attenuate the efficacy of these additives.

Fig.10  (a) Induce effect of aragonite seed[65]; (b) Polymorph control of magnesium ions[67]; 
(c) Stabilization mechanism of vaterite under the action of amino acids[70].
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4. Characteristics of steel slag compacts via carbon 
mineralization 

4.1. Performance of steel slag compacts

4.1.1. Mechanical strength

Mechanical strength is the fundamental property 
of mineralized steel slag compacts as construction 
material. Steel slag exhibits poor hydration activity. 
Thus, the mechanical strength of mineralized steel slag 
compacts is mainly derived from the mineralization. 
Xian et al. prepared wet-cast 100% steel slag concrete 
and investigated its strength development[26]. The 
ambient-pressure mineralization increased the 
compressive strength from 2.3 MPa to 38.5 MPa. It is 
worth noting that the compressive strength continued 
to increase by 9.1 MPa after a subsequent 27-day 
water curing. Ultimately, steel slag concrete possesses 
the comparable compressive strength to Portland 
cement concrete. Moreover, Humbert et al. enhanced 
the compressive strength of mineralized steel slag 
compacts to over 70 MPa by optimizing mineralization 
conditions, including temperature, compacting 
pressure, and CO₂ pressure[27]. In addition, Ghouleh 
et al. reported that the compressive strength of fully 
high-strength steel slag compacts achieved 80 MPa 
underwent 2 h mineralization[28]. Similar to the 
findings of Xian et al., subsequent water curing after 
mineralization can further enhance the mechanical 
properties of steel slag compacts. In conclusion, the 
mechanical strength of mineralized pure steel slag 
compacts exhibits sufficient availability for practical 
engineering.

4.1.2. Volume stability

Volume stability is an important index to evaluate 
the durability of building materials. After calcination 
at high temperature, many f-CaO and f-MgO will be 
generated in steel slag. They will cause the volume 
expansion undergo the hydration reaction, resulting 
in the structural damage of buildings. Specifically, 
hydration of f-CaO and f-MgO produces Ca(OH)2 
and Mg(OH)2, leading to the volume expansion by 
198% and 248%, respectively. This is one of the main 

challenges hindering the large-scale direct application 
of steel slag compacts in construction materials. The 
previous studies proved that mineralization could 
significantly eliminate the volume expansion of steel 
slag. For example, Fang et al. reported that the volume 
of cement blocks showed negligible expansion when 
the mineralized steel slag as SCMs replaced 30% 
cement [62]. The detail is shown in Fig. 11a. The 
result complies the requirement for Portland cement 
outlined in GB/T 750–92. DTG results indicate that 
the content of Ca(OH)2 and Mg(OH)2 are obviously 
reduced, suggesting that mineralization can effectively 
react f-CaO and f-MgO and control the expansion of 
steel slag. Mo et al. prepared prismatic concrete used 
steel slag even replaced 60% cement, and underwent 
14 d mineralization, subsequently[74]. The prismatic 
concrete after mineralization presents excellent volume 
stability with little deterioration (Fig. 11b) and the 
expansion curve of concrete drops significantly (Fig. 
11c). Hence, even though processing into product form 
may reduce the mineralization efficiency of steel slag, 
the volume stability of steel slag products can still be 
controlled through mineralization. 

So far, to the best of our knowledge, there is limited 
research about the volume stability of full steel slag 
compacts. Hou et al. reported that bricks prepared by 
full steel slag as binder after 30 min mineralization 
presented no fracture[75]. Similarly, according to the 
results of Pang et al., f-CaO content was greatly reduced 
from 6.2% to less than 1% and the expansion ratio of 
full steel slag bricks was 0% after expansion treatment 
(autoclave and immersion)[76] (Fig. 11d). Wang et al. 
also pointed out that when the content of f-CaO was 
within 2.09%, steel slag presented satisfactory stability 
over 4 years[77]. Hence, the researches above suggest 
that even for full steel slag compacts, mineralization 
can still endow them with satisfied volume stability.

In addition, it is worth noting that although the 
volume of CaCO3 is 12% larger than that of Ca(OH)2, 
this does not lead to the volume expansion. The two 
main reasons are as follows: 1) Due to the high porosity 
of steel slag bricks, the volume of CaCO3 generated 
during mineralization is much lower than the pore 
volume of the original bricks; 2) CO2 is dissolved in the 
pore solution and then reacts with Ca2+ to form CaCO3. 
In this process, CaCO3 mainly precipitates and grows in 
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the voids. Therefore, mineralization not only prevents 
the volume expansion of steel slag bricks, but also 
fills the pores, reduces the porosity, and improves the 
density of the microstructure. The changes of porosity 
and CaCO3 volume are shown in Fig. 11e.

Fig. 11  (a) Autoclave expansion performance of 
mineralized steel slag bricks[62]; (b-c) Optical 
images and expansion curves of concrete prisms with/
without mineralization[74]; (d) Change of f-CaO 
content (photos of steel slag bricks after autoclave and 
immersion, inset)[76]; (e) Relationship between the 
porosity of the brick and the volume of CaCO3[75].

4.1.3. Freeze-thaw resistance

Freeze-thaw resistance also is a crucial evaluation 
index of construction bricks, especially in plateau 
region. According to the work of Hou et al., the 
compressive strength of mineralized steel slag bricks 
decreased by 20% and the mass loss was 3.2% after 
50 freeze-thaw cycles, respectively. Their freezing 
resistance level reaches F50 [75]. The satisfied freeze-
thaw resistance of steel slag bricks is attributed to the 
fact that water is the key to freeze-thaw destruction, 
and the water content in steel slag bricks is much lower 
than that of cement concrete. Mahoutian et al. prepared 
cement-free steel slag bricks using mineralization 
technology and compared the freeze-thaw resistance 
with commercial cement bricks[78]. According to 
their results, commercial bricks and steel slag bricks 

start losing mass after 2 and 7 cycles, separately. 
After 20 cycles, the mass of commercial cement 
bricks reduces by 32%, while that of steel slag bricks 
only reduces by 17%. Obviously, steel slag bricks 
present higher resistance of freeze-thaw. Moreover, 
Xian et al. prepared cement-free steel slag slabs and 
compared the resistance of freeze-thaw between carbon 
mineralization and ambient curing samples[79]. The 
results show that mineralization significantly enhances 
the resistance to freeze-thaw deterioration of steel slag 
slab. This is attributed to the fact that the generation 
and precipitation of CaCO3 densify the microstructure 
and decrease the permeability. In conclusion, steel 
slag compacts possess excellent freeze-thaw resistance 
mainly due to two reasons: 1) the lower w/b through 
dry-cast method; 2) the denser microstructure and 
lower permeability benefit from mineralization.

Considering the stronger freeze-thaw resistance, the 
usage scenario of steel slag compacts has been further 
broadened. In some plateau region or cold region, 
steel slag compacts exhibit larger application potential 
compared to the commercial cement products.

4.1.4. Carbon emission evaluation

In addition to the resource utilization of steel slag, 
another expectation of using mineralized steel slag 
compacts is to achieve net-zero emissions in the 
construction industry. The global warming potential 
(GWP) is selected as the main indicator to quantify 
the environment impact of using mineralized steel slag 
products. Zhang et al. reported that the GWP of 1 m3 
mineralized steel slag compacts was in the range of 
39.2 to 247.5 kg CO2-eq, which was much lower than 
1204.4 kg CO2-eq of conventional cured OPC[80]. 
When the raw material production is not considered, 
the GWP distribution is shown in Fig. 12a. In addition, 
when the mineralization uses the hot flue gas released 
from stacks, the GWP can be further reduced by 45%. 
Xian et al. also illustrated that due to the elimination 
of cement usage and energy-intensive curing methods, 
mineralized steel slag products exhibit significantly 
lower GWP, energy consumption, and total cost[26] 
(Fig. 12b). Moreover, the previous studies also directly 
calculated the net CO2 emission of mineralized 
steel slag products. In the study of biochar-modified 
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mineralized steel slag products, when the steel slag 
replacement ratio was 70%, the lowest net CO2 

emission achieved −39.9 kg/ton[9]. Ghouleh disclosed 
that the cumulative carbon footprint of a single steel 
slag block was 2.25 kg CO2. Each block could capture 
2.93 kg CO2. Therefore, the net-CO2 emission for a 
steel slag block was −0.68 kg[81]. According to the 
study of Mahoutian, the steel slag block production 
plant could be set up next to steel factory, therefore, 
the cost and energy consumption for transportation 
were negligible[78]. Their analysis indicates that the 
production of one steel slag block can result in 0.23 
kg reduction of CO2 from atmosphere. In contrast, 
the production of one commercial cement block 
emits 1.56 kg CO2. Consequently, the carbon-negative 
characteristic endows mineralized steel slag products 
with larger and viable application prospects.

Fig. 12  (a) The GWP distribution of mineralized 
steel slag products and OPC concrete[80]; (b) 
The GWP distribution and energy consumption 
of mineralized OPC and mineralized steel slag 
products[26].

4.2. Enhancement strategies of steel slag compacts

4.2.1. Optimize mineralization condition

The mineralization conditions of steel slag compacts, 
including temperature, CO2 pressure, compacting 
pressure, and moisture content, are closely related to the 
mineralization degree. A comprehensive understanding 
of the inf luence of mineralization conditions on 
steel slag compacts is essential for achieving optimal 
properties through the most cost-effective production in 
practical application.

Temperature is considered one of the key variables 
influencing the mineralization efficiency[82, 83]. 
Numerous studies demonstrate that appropriately 
increasing the mineralization temperature can 
effectively accelerate the mineralization of steel slag 
powder[84]. However, Luo et al. pointed out that 
when steel slag was used on a large scale as building 
material, steel slag was usually pressed into compacts 
with a low w/b, and the CO2 pressure was relatively low 
during the mineralization process. In this case, whether 
increasing the mineralization temperature is beneficial 
for the mineralization development of steel slag 
compacts remains unclear[46]. According to the study 
by Zhang et al., the compressive strength of steel slag 
compacts mineralized at 55 °C (74.7 MPa) was 33% 
higher than that at 23 °C (56.1 MPa). However, when 
the temperature further increased to 70 °C, both CO2 

absorption and compressive strength decreased[80]. 
The strength change with temperature is shown in Fig. 
13a. Two explanations have been proposed for this 
phenomenon: one is that excessively high temperature 
limits the dissolution of CO2, thereby reducing the 
availability of CO3

2−; the other is that excessively high 
temperature causes rapid evaporation of moisture from 
the steel slag compacts, leading to insufficient water for 
mineralization.

Zhong et al. pointed out that temperature and 
CO2 pressure were two crucial factors affecting 
mineralization process[85]. According to their 
results, the optimal CO2 pressure is 0.55 MPa. When 
the CO2 pressure exceeds this threshold, although 
increasing pressure is conducive to the diffusion and 
dissolution of CO2, too high CO2 pressure will lead 
to the accumulation of CaCO2 precipitation on the 
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sample surface, forming a passivation layer to block 
the pores and hinder the diffusion of CO2 (Fig. 13b). 
However, according to the study of Boone et al., it is 
surprising that the compressive strength of steel slag 
compacts still rapidly enhances from 1.8 MPa to 52 
MPa after 2 h mineralization with high CO2 pressure 
(2 MPa)[86]. Therefore, under very high pressure of 
CO2 , the effect of CaCO3 passivation layer on the 
mineralization of steel slag compacts needs further 
analyses. It is worth noting that although increasing 
CO2 pressure is beneficial to improve the performance 
of mineralized steel slag compacts, higher pressure 
means higher production costs. Moreover, the pressure 
and concentration of CO2 in the flue gas is usually 
low. Direct utilization of flue gas contributes to saving 
the cost of CO2 enrichment and concentration. Hence, 
from the perspective of large-scale application, the 
economic efficiency of high-pressure mineralization 
fails to satisfy the practical requirement. Generally, the 
common mineralization pressure of CO2 is 0.05-1 MPa, 
making the mineralization reaction easy to control. 
Wang et al. proved that even if the steel slag bricks were 
mineralized for 24 h at a low pressure of 0.02 MPa, the 
mineralization efficiency still could reach 33.9% and 
presented available mechanical property[87].

In addition to temperature and CO2 pressure, 
Humbert et al. investigated the effect of compacting 
pressure on mineralized steel slag compacts. The 
test results revealed that as the compacting pressure 
increased, the compacts porosity decreased, leading 
to higher compressive strength. However, when the 
compacting pressure further increased from 20 MPa 
to 30 MPa, the compressive strength only enhanced 
by 1.98%[27]. This suggests the existence of a 
critical compacting pressure. Zhang et al. obtained 
the similar results through response surface method 
that steel slag bricks exhibited maximum compressive 
strength at 8 MPa compacting pressure, with no 
significant improvement from higher pressures[88]. 
The phenomenon may be attributed to the fact 
that further increasing the compacting pressure 
excessively densifies the pores, thereby hindering 
CO2 diffusion[89, 90]. Steel slag compacts with the 

highest density do not necessarily exhibit the highest 
compressive strength. In addition, different from the 
study of Humbert et al. and Zhang et al., Jiang et al. 
disclosed the negative correlation between compacting 
pressure and compressive strength when the w/b 
reached 0.18 [91] (Fig.13c). It was attributed to the fact 
that the improvement of compacting pressure promoted 
the pore water to act as lubricant, thus decreasing the 
compressive strength. Therefore, it is necessary to 
balance the relationship between compacting pressure, 
porosity, and w/b to determine the optimal compacting 
pressure, thus maximizing the compressive strength of 
mineralized steel slag compacts.

Besides confirming the effects of temperature 
and CO2 pressure, Nielsen et al. also investigated 
the inf luence of moisture content on steel slag 
compacts[92]. The test results showed that steel 
slag compacts with 4% moisture content expressed 
lower CO2 absorption compared to those with 10% 
moisture content. This is attributed to the fact that 
not all moisture in steel slag compacts is utilized for 
mineralization reaction. And some other processes 
involving evaporation, hydration, and silica gels 
absor pt ion also consume moisture ,  resul t ing 
in insufficient residual moisture to support the 
mineralization reaction. However, the mineralization 
degree of steel slag compacts does not always correlate 
positively with moisture content. According to the 
studies of Wang et al., excessive moisture content 
in the pores of steel slag bricks blocked the path of 
CO2 and reduced the mineralization degree[93]. The 
specific process is illustrated in Fig. 13d. Moreover, 
mineralization can be further enhanced by using 
more reasonable method to regulate moisture content. 
Shi et al. utilized ultraviolet light to reduce the 
moisture content of cement-fly ash compacts before 
mineralization, thus effectively improving the degree 
of mineralization and compressive strength[94]. 
Considering that moisture content is the key parameter 
of steel slag compacts during the mineralization, 
ultraviolet pretreatment provides a new strategy to 
accelerate mineralization.
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Table. 1  the strength under various mineralization 
conditions

Condition Value Compressive strength/ 
Mineralization efficiency Reference

Temperature
23 °C 56.1 MPa

[80]
55°C 74.7 MPa

CO2 pressure
2 MPa 52 MPa

[86]
0.02 MPa 33.9%

Compacting 
pressure

10 MPa 45.6 MPa

[27]20 MPa 70.7 MPa

30 MPa 72.1 MPa

8 MPa 30 MPa [88]

Moisture content
4% 60%

[92]
10% 70%

4.2.2. Material incorporation

When the performance of steel slag compacts cannot 
be further improved by optimizing the environment 
condition of mineralization, incorporating new 
materials with special properties may become a new 
strategy. For example, accelerating the diffusion 

of CO2 in steel slag compacts is the key to further 
strengthen their mechanical performance and CO2 
sequestration. However, the balance between the 
compacting pressure and the porosity of the compact 
makes it difficult to improve pore connectivity while 
maintaining compactness. Therefore, an effective 
method is to introduce porous materials into dense 
compacts to improve the diffusion of CO2. Biochar, 
as a typical porous material, is expected to provide 
diffusion channels for CO2 without reducing the initial 
packing density. Zhang et al. disclosed the effect of 
biochar on the mineralization behaviors of steel slag 
compacts[95]. According to their results, the CO2 
uptake can increase to 15.6% at 5% biochar, and the 
mineralization depth can reach up to 10.1 mm at 10% 
biochar. The porous biochar structure creates more 
microchannels between steel slag particles, facilitating 
CO2 diffusion and enhancing mineralization degree. 
It is noteworthy that both low and high dosage will 
lead to the decrease of CO2 uptake and compressive 
strength in this work, but the reasons for the negative 
effect are different. As a highly porous material, 
biochar possesses strong water adsorption capacity, 

Fig. 13  Influence of mineralization condition: (a) temperature; (b) CO2 pressure; 
(c) compacting pressure; (d) moisture content[85, 91, 93].
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which can reduce the content of available water, thus 
inhibiting the mineralization. When the dosage is too 
high (10%), biochar will weaken the mineralization 
due to the dilution of steel slag. Hence, utilizing 
materials with water-absorbing behavior to regulate 
mineralization need to carefully consider their dosage. 
Wang et al. investigated the mineralization behavior of 
steel slag compacts at various dosages of gypsum[96]. 
The CO2 uptake of steel slag increases almost linearly 
with the addition of gypsum, indicating that gypsum 
effectively promotes the mineralization. This is because 

the addition of gypsum promotes the mineralization 
reactivity of mayenite (C12A7), accelerating the 
formation of monocarbonate. Moreover, Chang et al. 
utilized zeolite to further improve the properties of 
steel slag compacts[97, 98]. At the zeolite substitution 
ratios of 5 wt% and 15 wt%, the compressive strength 
and mineralization degree increase by 14% and 10.2%, 
respectively. The enhancement mechanism is mainly 
attributed to the fact that zeolite can react with CaO-
FeOX to generate additional C-S-H gel.

Fig. 14  Enhancement mechanism diagram of various additive: (a) β-CD; (b) SDBS; (c) AC[99-101].

Apart from adding solid materials, incorporating 
additives can also be employed to modify steel slag 
compacts. In the previous studies, β-Cyclodextrin 
(β-CD)[99], Sodium dodecyl benzene sulfonate 
(SDBS)[101], Ammonium Citrate (AC)[100], and 
glycine[102] have been proved to obviously enhance 
the mineralization of steel slag compacts. For example, 
the CO2 uptake and compressive strength of steel 
slag compacts reached 17.9 % and 138.5 MPa at the 
optimal dosage of 2.5%, representing 21.8% and 13.4% 
improvement compared to those without β-CD[99]. 
Glycine could even increase compressive strength 
by 655% underwent 7 d mineralization[102]. The 
specific information is shown in Table 2. The common 
enhancement mechanisms of these additives above 
are mainly in the following aspects: 1) regulating the 
reaction process involving Ca2+ dissolution, nucleation 
energy and crystallization behavior to accelerate 

mineralization; 2) refining the mineralization products 
and filling the pore to densify the microstructure. 
Meanwhile, each additive also possesses special 
strengthening mechanism. Specifically, β-CD interacts 
with Ca2+ to form complexes to creates a supersaturated 
environment, reducing the activation energy for crystal 
nucleation and accelerating the mineralization (Fig. 
14a); SDBS micelles can act as effective templates 
for the nucleation and growth of diverse CaCO3 

polymorphs, thereby modifying microstructure and 
enhancing the mechanical property of steel slag 
compacts (Fig. 14b); With respect to AC, it can 
promote the leaching of calcium before mineralization 
and the dissolution of CO2 during the mineralization by 
regulating the pH value (Fig. 14c); In terms of glycine, 
it can stimulate the hydration of brownmillerite, thus 
forming various polymorphs of CaCO3 and amorphous 
Al(OH)3. In addition to making bricks, steel slag 
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powder also can be compacted into small cylinder as 
artificial steel slag aggregate (CSSA). Zhang et al. 
revealed that polycarboxylate superplasticizer (PCE) 
could effectively enhance the compressive strength 
of CSSA[103]. At the optimal dosage of 1%, the 
compressive strength achieves 164 MPa, marking a 
141% improvement over CSSA without PCE. The 
enhancement mechanism is mainly attributed in two 
aspects: 1) the PCE molecules promote the leaching of 
Ca2+; 2) the cross-linked PCE molecules by Ca2+ hinder 
the early mineralization reaction, conducing to CO2 
diffusion from outside to inside and producing a more 
homogeneous structure.

Table 2  Specifical information of steel slag compacts 
with various additive.

Additive Binder Optimal 
dosage

Mineralization 
time

Compressive 
strength

Improvement 
rate

β-CD 100% steel slag 2.5% 12 h 138 MPa 13.4%

AC 100% steel slag 0.1 mol/L 12 h 99.2 MPa 28.9%

SDBS 100% steel slag 0.2 mol/L 24 h 62.89 MPa 88.61%

glycine 100% steel slag 3 wt% 7 d 77.8 MPa 655%

Microbes and their enzymes play an extremely 
essential role in the natural environment. Various 
microbes can accomplish the interconversion between 
the CO2 and CaCO3[104, 105]. The application of 
microbes in cementitious is extremely innovative and 
promising due to their rapid reproduction, pollution-
free, and high dispersion. Considering the complex 
composition of steel slag and the variations caused by 
different manufactured method, Jin et al. prepared the 
compacts of C2S, the main component of steel slag, to 
investigate the effect of microbes on the mineralization 
of steel slag compacts[106]. The results showed that the 
compressive strength of C2S compacts with microbes 
underwent 2 h mineralization reached over 75 MPa, 
nearly 30% higher than those without microbes. And 
microbes present positive effect on both the hydration 
and mineralization process of steel slag. Zhang et 
al. obtained the similar results utilizing Bacillus 
Mucilaginous and attributed the mechanism that 
microbes promoted mineralization and improved the 
properties of steel slag compacts to two aspects[107]: 
1) Carbonic anhydrase secreted by microbes can 

effectively promote the dissolution process of CO2 to 
generate HCO3

– which is finally converted into CO3
2–; 2) 

Carbonic can act as nucleation sites to adsorb silicate-
leached Ca2+, thereby accelerating the precipitation of 
mineralization products and filling the pore structure. 
Yi et al. and Jin et al. clearly described the nucleation 
sites effect of microbes and the pathway of microbial-
secreted enzymes increased CO3

2– concentration[108, 
109], the detail was shown in Fig. 15. In addition to 
simplifying with single mineral phase, Qian et al. 
investigated the influence of microbes on steel slag 
bricks prepared using the casting method[110]. They 
discovered that bacterial powder had little effect on 
the strength of steel slag bricks that did not undergo 
mineralization. However, after mineralization, the 
compressive and flexural strengths of bricks with 
microbes were significantly higher compared to those 
without microbes. This also obviously suggests that 
microbes contribute to enhancing the mineralization 
process, hence improving the mechanical properties of 
steel slag bricks. 

Although the microbe-induced modification is 
very significant, it is necessary to consider the effect 
of pH value on the microbial activity. For instance, 
the suitable pH value of Bacillus Mucilaginous is 
8-11[111]. The activity of microbes and enzymes will 
decrease whether the pH value is too high or too low, 
thus weakening the modification effect. Generally, 
the pH value of steel slag paste will be higher than 
12 before the mineralization, and then gradually 
decreases during the mineralization process[112, 
113]. And microbes are usually added directly in the 
form of bacteria powder or dissolved in the mixing 
water. Therefore, microbes will undergo the high pH 
environment in the early age. The influence of pH 
value on the modification effectiveness of steel slag 
compacts needs to be further clarified in the follow-up 
exploration. 

In conclusion, with the further investigation of steel 
slag mineralization, more and more enhancement 
strategies for steel slag compacts will be developed. 
However, steel slag compacts as building materials are 
large-scale use scenarios, the additional costs generated 
by extra treatment will be significantly amplified. 
Hence, it is essential to balance the performance 
improvement and the additional costs.
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Fig. 15  Enhancement process involving nucleation 
effect and enzyme effect by microbe[108, 109].

5.Pilot tests and scale-up progress of mineralized 
steel slag products.

Owing to the property promotion of steel slag after 
carbon mineralization, the mineralized steel slag has 
shown the potential to be used as building materials, 
such as SCM, aggregate and steel slag blocks. To date, 
numerous researchers and enterprises have initiated 
pilot tests and scaled-up production of mineralized 
steel slag products. Mahoutian et al. presented a pilot 
study on a production of full-size mineralized steel 
slag masonry blocks and mineralized steel slag-bond 
concrete blocks, respectively[78, 114]. The experiment 
results demonstrated that two types of mineralized steel 
slag blocks exhibited equal or even better mechanical 
and durability properties compared to the commercial 
cement masonry block. The leaching properties and 
fire resistance performance of mineralized steel slag 
masonry blocks were satisfactory. In addition, they 
performed the economy analysis and carbon balance 
analysis of steel slag blocks as Table 3 and Table 4. 
The economy analysis showed the feasibility of making 
steel slag-bond concrete block with the lower price 
compared to the commercial cement block. Moreover, 
the production of mineralized steel slag-bond concrete 
block is environment friendly. The total CO2 emitted 
for the commercial cement block was 1.56kg per 1 
block produced. However, for mineralized steel slag-
bond concrete block, the value was negative.

Table 3 Cost comparison between slag-bond concrete 
block and commercial cement block (US cents).

Id Item
slag-bond concrete 

block
(US cents/block)

Concrete masonry 
block

(US cents/block)

(a) Normal aggregate 0.0 20.9

(b) Expanded aggregate 27.5 0.0

(c) Steel slag 3.0 0.0

(d) Cement 0.0 16.6

(e) Transportation of cement 0.0 0.7

(f) Transportation of aggregate 0.9 2.2

(g) Transportation of slag 1.5 0.0

(h) Grinding of steel slag 1.8 0.0

(i)
CO2 capture and 

transportation
2.1 0.0

(j) Steam curing 0.0 2.8

Total cost 
(US cents) 36.8 43.3

Table 4 Carbon balance analysis of producing slag 
and cement blocks.

Unit

Slag-bond concrete block Cement block

Grinding 
steel slag

CO2 

removal 
and 

recovery

CO2 
compression 

and 
liquefaction

Slag 
uptake

Cement 
production

Steam 
curing

Energy
(kWh/t) 36.7a 143.0b 103.0b — — 56kWh for 100 

blocks

Energy for 1 
block (kWh) 0.37 0.07 0.051 — — 0.56

CO2 emitted 
for 1 

block(kg)
0.20 0.04 0.03 -0.50 1.26 0.30

Total CO2 

emitted for 1 
block (kg)

-0.23 1.56

a Calculated based on a 2.2 kW pulverizer run for 1 
min to grind 1 kg of slag.

bHalmann, M.,Steinberg, M., 1999. Greenhouse gas 
carbon dioxide mitigation: Science and Technology, 
Lewis Publishers: Boca Raton, 568 pp.

Pilot tests have confirmed the feasibility of 
mineralized steel slag products. Current large-scale 
applications of carbon mineralization using steel 
slag primarily focus on producing calcium carbonate 
products, aiming to achieve both resource utilization of 
steel slag and carbon sequestration. In 2014, the Aalto 
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University constructed an indirect mineral carbonation 
pilot plant, which can produce about 10 kg of high-
purity calcium carbonate by using 20 kg of steel slag 
[115]. Baotou Steel Group proposed the Carbonation 
Process Comprehensive Steel Slag Utilization Project. 
Its Phase I facility was officially commissioned in 
2023, with an annual production capacity of 55,000 
tons of high-purity filler-grade calcium-magnesium 
carbonate and 70,000 tons of green negative-carbon 
micro-powder. The project directly mineralizes 
20,000 tons of CO2 per year, achieving an overall 
annual carbon emission reduction of 120,000 tons. 
For the scale-up application of mineralized steel 
slag products, the key challenge lies in enhancing 
carbon mineralization rate and degree. Shi et al. firstly 
put forward the theory of “moisture regulation-gas 
migration-mineralization reaction” and developed the 
pre-curing technology, which significantly increased 
the carbon mineralization efficiency and made the 
large-scale production of carbon mineralization 
concrete products possible[2, 116]. In 2022, the 
research team led by Liu, in collaboration with Beijing 
Jingyun Taibo New Material Technology Co., Ltd., has 
established the world’s first 10,000-ton-scale industrial 
pilot demonstration plant for direct CO2 utilization. 
Their carbon mineralization technology enables the 
direct utilization of industrial exhaust gases with CO2 
concentrations as low as ≥10%. Each ton of carbon 
mineralization material can sequester 0.3–0.5 tons of 
carbon. In addition, Carbstone Innovation technology 
designed steel slag to sequestrate CO2 and produce 
different low carbon materials including floor tiles, 
roofing tiles, clinkers and building blocks [117]. It uses 
100% steel slags to form different shape with satisfied 
compressive strength and other properties.

6. Conclusions and prospects

This review comprehensively summarizes the 
mineralization behaviors and characteristics of 
steel slag, and analyzes the feasibility of large-scale 
application as building materials. The main conclusion 
and suggestion for future research are as follows:

(1) Mineralized steel slag compacts possess 
significant potential as building materials. The 
performance involving mechanical strength and 

durability is comparable or even better than 
those of cement-based products. In addition, it 
is necessary to balance the relationship between 
performance improvement and cost-efficiency in 
large-scale applications.

(2) Due to the poor stability of vaterite and aragonite, 
it is difficult to observe them in mineralized 
cementitious materials via conventional carbon 
mineralization conditions. Specific additives 
can increase the content of metastable CaCO3, 
like ammonium salts and magnesium salts. Its 
effectiveness is influenced not only by the type 
and concentration of additives, and mineralization 
temperature, but also by the composition of the 
cementitious materials. With the incorporation 
of glycine, high purity vaterite can be produced 
via wet mineralization of carbide slag; whereas 
its polymorphic regulatory effect is very weak for 
steel slag.

(3) The mineralization models of steel slag are 
still in infancy stages. Moreover, compared to 
steel slag powder, the modeling process of steel 
slag compacts becomes more complex when 
considering the effects of multi-process coupling, 
numerous variables, and microstructure. In 
addition, due to variations in manufacturing 
processes, steel slag exhibits complex and diverse 
compositions. Investigations into steel slag-
related models should not be confined to a single 
type of steel slag.

(4) Most existing studies of mineralized steel 
slag compacts primarily focus on testing their 
mechanical properties, with limited studies on 
their volume stability and freeze-thaw resistance. 
Future research requires prioritize long-term 
durability evaluations, as this is a fundamental 
prerequisite for the large-scale application of steel 
slag compacts as building materials.

(5) The forms of steel slag compacts mainly consist 
of bricks and slabs. Exploring more complex 
forms such as beams and columns would further 
broaden application scenarios.
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