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ABSTRACT

This study develops a carbonated ferrous slag—calcium carbide slag (FS-CCS) brick, carbonated under a simulated CO, concen-
tration (~20%) representative of typical iron and steel industry waste gas. The influence of ferrous slag composition, that is, the
proportions of steel slag (SS) and ground granulated blast furnace slag (GGBFS), on the performance of both carbonated and
uncarbonated bricks was systematically investigated, along with the underlying carbonation mechanisms. The results indicate
that carbonation enhances compressive strength by up to 281% (from 5.3 to 20.2 MPa for 100% SS mix), reduces water absorption
by up to 21.5% (from 13.0% to 10.2% for 100% SS mix), improves volume stability, and completely resolves soundness issues.
Increasing SS content amplifies the carbonation improvement on compressive strength and water absorption, but diminishes the
improvement on drying shrinkage. The CO,-sequestration rate of the carbonated brick rises with SS content, reaching 6.44% for
the 100% SS mix. Microstructural analysis reveals that a higher SS content favors the pore-filling precipitation of CaCO; (a positive
effect) over the decomposition of C—S—-H (a negative effect), elucidating the observed performance trends. The optimal ferrous slag
composition for the carbonated brick is 100% SS. The resulting product exhibits a compressive strength of 20.2 MPa, water
absorption of 10.2%, dry shrinkage of 0.034% and eligible soundness, fully meeting the MU?20 specifications for building bricks.
Moreover, it is superior to conventional MU20 building brick available on the market due to its favorable properties, high CO,-
sequestration rate and high SS utilization rate. This makes it a viable candidate for nonload-bearing and low-load-bearing
applications, including partition walls, pavement blocks, curbs, and so on, demonstrating its strong potential as a sustainable
construction material derived from industrial by-products.

| Introduction in which its concentration typically reaches around 20% [3].

The iron and steel industry is a major contributor to global CO,
emissions, responsible for 5%—7% of the total anthropogenic CO,
released worldwide [1]. Several measures such as scrap steel
recycling are, hence, being developed to cut its CO, emissions,
but more drastic measures are required if reduction goals are to
be met in a reasonable time frame [2]. Notably, a substantial
portion of this CO, is discharged via the industry’s waste gas,

Thus, directly capturing CO, from this gaseous effluent presents
a clear pathway to reducing the carbon footprint of the iron and
steel industry.

Concurrently, the iron and steel industry generates substantial
quantities of ferrous slag, notably granulated blast furnace slag
(GBFS, 25-30wt% of crude steel output) and steel slag (SS,
10-15wt% of crude steel output) [1]. GBFS is a glassy calcium-
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aluminum silicate coproduct produced during the blast furnace
iron-making process [4]. Due to its high glass phase content,
GBEFS serves as a popular precursor for the alkali-activated materi-
als [5, 6] and is widely utilized in China for cement and concrete
production. In contrast, SS is generated during the steelmaking
process, predominately as basic oxygen furnace slag [7, 8].
Although the chemical and mineral composition of SS resembles
that of cement, its low activity and poor soundness, caused by the
low reactivity of the silicate mineral phase (C,S and C;S) and the
presence of f-CaO, hinder its utilization [9]. As a result, only 20%
SS is reused in China, most SS is in the state of disuse and haphaz-
ard accumulation [10], leading to environmental pollution, land
occupation, and resource wastage. Therefore, resource utilization
of SS is urgently needed.

Owing to its good physical properties [11], SS could be used as an
aggregate to enhance the mechanical performance of concrete
[12-14]. However, because of soundness concerns, SS aggregate
requires an aging or weathering process prior to use. Due to its C,S
and C;S content, SS also exhibits potential hydraulic activity and
has been activated by high-temperature [15, 16], mechanical [17],
and alkali excitation [18-21]. Nevertheless, although the mechan-
ical performance of activated SS-based materials shows some
improvement, it remains poor, suggesting that SS may not be an
ideal precursor for activation [22]. Moreover, as a result of its high
CaO and MgO content (34%-52%) [23], SS is also considered a
potential feedstock for CO, sequestration. To maximize the CO,
uptake, SS is often leached prior to CO, sequestration [24-27].
Nonetheless, despite achieving a high CO, sequestration rate
(above 200kg CO,/t SS), this approach fails to address residual
slag after leaching, leaving the issue of SS disposal unresolved.
Therefore, a more comprehensive and sustainable recycling
method should be explored.

On the other hand, rapid urbanization in China has driven an
enormous demand for building bricks. According to the statistics
[28], 210billion building bricks, primarily solid concrete bricks
and fired common bricks, were produced in China in 2023, widely
used in partition walls, pavements, landscaping, and curbs.
Although solid wastes, including mine tailing, recycled aggregate,
bottom ash, and so on [29] have been utilized in brick production,
conventional materials like cement, sand, and clay are still
required to achieve adequate performance. Moreover, fuel energy
consumption remains inevitable during brick manufacturing, par-
ticularly for fired common bricks [30]. Consequently, given the
huge volume of brick production in China, substantial natural
and energy resources are consumed, highlighting the urgent
need for a sustainable alternative to building bricks.

Considering the substantial CO, emissions and massive ferrous
slag output of the iron and steel industry, utilizing these waste
streams to produce building bricks presents an efficient, green,
and economical route for large-scale recycling, given the vast
market demand for building bricks in China. Wu et al. [31] pre-
pared a high-strength building material with eligible soundness
by carbonating a compacted steelmaking slag mixture with pure
and pressurized CO,. Xu et al. [32] fabricated a carbonated SS
slab with a maximum strength of 232MPa via a compacting
process and accelerated carbonation. Biava et al. [33] converted
SS into a pozzolanic cementitious material through NaOH pre-
treatment, followed by carbonation with pure CO,. Liu et al. [34]
reported a carbonated fine SS powder—cement-based mortar via

ambient carbonation curing (298 K, 0.2 CO, atm, 1bar, and 65%
RH). This mortar exhibits a compressive strength of 31.2 MPa and
uptakes CO, nearly 80kg/m’. These technologies incorporate
ferrous slag and CO, into building materials, but their reliance
on compaction, pure and pressurized CO,, and cement clinker
significantly compromises their practical applicability, sustain-
ability, and cost-effectiveness.

Recent researches [35-38] report that calcium carbide slag (CCS),
a Ca(OH),-rich byproduct of calcium carbide production, is able
to alkali activate ferrous slag. Meanwhile, thanks to its high
Ca(OH), content, CCS is also considered an ideal feedstock for
CO, sequestration. Accordingly, investigations on carbonation of
the ferrous slag-CCS (FS-CCS) mixture have been carried out.
Zhang et al. [39] prepared a building material by carbonating a
composite of CCS and GBFS via ambient carbonation curing
(CO, 20% and RH 65%). The resulting carbonated mixture with
30%CCS and 70%BFS exhibits strength of 15.5MPa after 28 car-
bonation curing. This technology enables the reuse of GBFS,
CCS, and CO,, presenting a sustainable alternative to building
bricks. Nevertheless, as GBFS is its main raw material, this tech-
nology does not resolve the SS disposal problem. Thereby, alter-
native strategies are required.

To address the disposal problem of ferrous slag from the iron and
steel industry, especially SS, this study employs ground granu-
lated blast furnace slag (GGBFS) and SS as base materials and
CCS as an alkali activator to prepare a composite mixture. This
mixture is then carbonated under a CO, concentration similar to
that of waste gas from the iron and steel industry, producing a
novel building brick, that is, carbonated FS-CCS brick. This novel
product is not only derived entirely from waste but also offers a
feasible pathway for direct mitigating industrial CO, emissions,
providing a sustainable and economical alternative to conven-
tional building bricks.

Although both GGBFS and SS are ferrous slag from the iron and
steel industry, they are fundamentally different in terms of pro-
duction, chemistry, and phase assemblage and consequently exert
different effects on the alkali activation and carbonation. Given
that alkali activation and carbonation are the key processes in
producing this carbonated brick, understanding these effects is
essential prior to practical application. Hence, this study aims to
systematically assess the effects of ferrous slag composition, that is,
the proportions of SS and GGBFS, on the properties of carbonated
FS-CCS bricks and the efficacy of the carbonation process, as well
as the underlying mechanism. The properties measured include
compressive strength, water absorption, soundness, drying shrink-
age, and CO,-sequestration rate.

2 | Experiments
2.1 | Raw Materials

SS and GGBFS supplied by Bao Steel Co., Ltd. were used as base
materials in this study. The SS is a basic oxygen furnace slag with
a specific surface area of 450 m*/kg and a density of 3290 kg/m>.
The GGBFS has a specific surface area of 420 m*/kg and a density
of 2870kg/m>. CCS from Tianyuan Chemical Co., Ltd. with 20%
moisture content was used as an alkali activator. On a dry basis,
CCS has a specific surface area of 360m*/kg and a density of
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TABLE 1 | Chemical composition of the raw materials (wt%).

Raw materials Sio, Al,0;3 CaO MgO TiO, MnO Fe,0; SO; LOI
SS 12.12 4.72 40.61 10.34 0.76 2.52 17.09 0.17 2.1
GGBFS 32.99 14.62 40.22 7.77 0.47 0.40 2.29 0.14 0.16
ccs? 1.74 1.03 70.58 1.70 - - 0.21 - 23.03
*CCS is on a dry mass.

2100kg/m>. The chemical compositions of these materials are 2.3 | Test Methods

summarized in Table 1.

River sand, with a fineness modulus of 2.76 and a bulk density of
1140kg/m?, was used as the aggregate. It can be replaced by GBFS
and mining tails for economic and environmental concerns. To
simulate the carbonation conditions similar to the iron and steel
industry waste gas, an environment with approximately 20 % CO,
concentration was established using pure CO, supplied by Air
Liquide.

2.2 | Sample Preparation

Five mix proportions by varying the ferrous slag composition are
given in Table 2. Their CCS/ferrous slag (GGBFS+SS) ratio,
water/binder (CCS + ferrous slag) ratio, and sand/binder ratio
were kept constant at 0.2, 0.5, and 2.0, respectively, as these
mix proportions resulted in carbonated brick with adequate com-
pressive strength and acceptable carbonation duration.

The raw materials were mixed and cast into molds of 40 mm X
40 mm X 160 mm. All samples were demoulded after 72h curing
at 60 &+ 5%rh and 20 & 5°C and then underwent steam curing at
50+ 5°C for 24 h to enhance their early strength for further han-
dling and testing. After cooling, half of the samples were fully
carbonated in carbonation equipment with a CO, concentration
of 20% + 1%, 60 £+ 1%rh, and 20 + 5°C for 8 days to prepare the
carbonated FS-CCS brick. The other half was stored in an envi-
ronment with 204+ 5°C and 60 4+ 1%rh for the same duration to
prepare the uncarbonated FS-CCS brick as a comparison.

To further investigate the mechanism and the CO,-sequestration
rate, parallel carbonated and uncarbonated FS-CCS pastes with-
out aggregate were prepared following the same procedures.
Their mix proportions are listed in Table 2.

TABLE 2 | Mix proportions (kg-m™>).

Mix GGBFS SS CCS* Aggregate Water

Brick A 525 0 105 1260 315
B 394 131 105 1260 315

C 263 262 105 1260 315

D 131 394 105 1260 315

E 0 525 105 1260 315

Paste AP 525 0 105 0 315
Cp 263 262 105 0 315

EP 0 525 105 0 315

4CCS is measured by dry mass.

The mechanical and physical properties of the brick, including
compressive strength, water absorption, and drying shrinkage,
were measured in accordance with GB/T 2542-2012: Test Meth-
ods for Wall Bricks [40]. The soundness of the brick was tested in
accordance with GB/T750-2024: soundness of Portland Cement
[41]. The specific test methods are as follows:

1. Compressive strength was determined at a loading rate no
2,1

more than 2N-mm™ s

2. Drying shrinkage was characterized by immersing the brick
in water at 20 + 5°C for 4 days (saturated state), then oven
drying at 100 & 5°C for 24 h (oven-dry state), and calculating
the length change before and after oven drying (to eliminate
the variations due to initial moisture).

3. Water absorption was measured by drying the brick at 80 +
5°C for 48h, cooling it to the room temperature in the
vacuum desiccator, then immersing it in water at 20+
5°C for 24h, and finally calculating the weight change
before and after immersion.

4. Soundness was accessed by autoclaving the brick at 215+
2°C for 3h. Brick exhibiting cracks or an expansion rate
exceeding 0.8% was considered to have a soundness issue.

The mineralogical composition of the paste was identified by an
X-ray powder diffractometer (XRD; AXS D8 ADVANCE, Bruker)
with Cu Ka radiation at 35kV and 40 mA. The differential ther-
mal and thermogravimetric analysis (DTA/TG) of the paste was
determined by using a Simultaneous Thermal Analysis Meter
(STA449C, NETZSCH) with alumina crucibles, at 20°C-min™"
heating rate, under a static N, atmosphere. The microstructure
of the paste was observed with environmental scanning electron
microscope (ESEM; 200 FEG, FEI Quanta) at 30kV and 2 pa in
the vacuum environment. The pore structure analysis of the
paste, including the surface area and the mesopore distribution,
was determined by the Brunauer—-Emmett-Teller method (BET;
ASAP 2020, Micromeritics), while its porosity was calculated
according to Equation (1) specified in ISO5017-2025 [42].

7 =20 % 100, (1)

Pt
where m, the porosity, %; p;, the theoretical density, kg-m™>; py,

the bulk density, kg-m™>.

3 | Results and Discussion
3.1 | Strength

Figure 1 presents the evolution of compressive strength of car-
bonated and uncarbonated FS-CCS bricks with varying SS
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FIGURE 1 | Effects of the ferrous slag composition on the compres-
sive strength of the carbonated and uncarbonated FS-CCS bricks.

content. As shown in Figure 1, with increasing SS content, the
compressive strength of the uncarbonated brick decreases with
statistical significance. In contrast, the compressive strength of
the carbonated one declines slightly, and the differences between
certain SS contents (0% vs. 25% and 75% vs. 100%) are not statis-
tically significant. For example, when the SS content increases
from 0% to 100%, the compressive strength of the uncarbonated
brick drops from 18.2 to 5.3 MPa, with a reduction of 70.9%, while
that of the carbonated one decreases from 23.5 to 20.2 MPa, with
a reduction of 14.0%. Furthermore, all carbonated bricks exhibit
higher strength than their uncarbonated counterparts. Specifi-
cally, at 0% SS content, that is, 100% GGBFS, the carbonated
brick shows a 29% higher strength; at 100% SS content, it shows
a 281% higher strength. Results indicate that SS substantially
reduces the strength of uncarbonated brick but has a minor effect
on the carbonated one. Furthermore, carbonation increases the
strength of the carbonated brick, and this strengthening effect
becomes pronounced with a higher SS content. This finding is
similar to the results presented in previous studies [34, 43, 44],
which reported that carbonation products are able to densify the
microstructure, thereby enhancing the strength of ferrous
slag-based materials by 200%—-300%. However, the late-strength
decline caused by carbonation, as reported by Zhang et al. [39],
was not observed in this study. This negative effect has been
ascribed by the authors to the microcracks resulting from the
volume expansion of carbonation products.

3.2 | Water Absorption

Figure 2 presents the evolution of water absorption of the carbon-
ated and uncarbonated FS-CCS bricks with varying SS content. As
shown in Figure 2, with increasing SS content, the water absorp-
tion of the uncarbonated brick increases with statistical signifi-
cance. In contrast, the water absorption of the carbonated one
rises modestly, and the differences between certain SS contents
(25% vs. 50% and 75% vs. 100%) are not statistically significant.
For instance, when the SS content increases from 0% to 100%, the
water absorption of the uncarbonated brick escalates from 9.4% to
13.0%, with an increment of 38.3%, while that of the carbonated
one grows from 9.0% to 10.2%, with an increment of 13.3%.

13.5
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& 120 1
=
g 11.5
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fe)
s 10.5 -
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FIGURE 2 | Effects of the ferrous slag composition on the water

absorption of the carbonated and uncarbonated FS-CCS bricks.

Notably, all carbonated bricks exhibit lower water absorption
than their uncarbonated counterparts. Specifically, at 0% SS con-
tent, the carbonated brick exhibits 4.2% lower water absorption,
while it shows 21.5% lower water absorption at a 100% SS content.
Results indicate that SS increases the water absorption in both
carbonated and uncarbonated brick, with the effect being pro-
nounced in the uncarbonated brick. Furthermore, carbonation
reduces the water absorption of the carbonated brick, and this
reducing effect becomes pronounced with a higher SS content.
This finding aligns with the results achieved in the work of Zhang
et al. [45], which reported that carbonation is able to lower the
water absorption of SS concrete by nearly 20%, an effect the
authors attributed to the porosity reduction caused by carbonation.

3.3 | Drying Shrinkage

Figure 3 presents the evolution of drying shrinkage of the carbon-
ated and uncarbonated FS-CCS bricks with varying SS content. As
shown in Figure 3, with increasing SS content, the drying shrink-
age of the uncarbonated brick decreases significantly. In contrast,
the drying shrinkage of the carbonated one shows only a marginal
decline, which is not statistically significant. For instance, when
the SS content increases from 0% to 100%, the drying shrinkage of
the uncarbonated brick drops from 0.128% to 0.077%, with a
reduction of 39.8%, while that of the carbonated one decreases
from 0.045% to 0.034%, with a reduction of 24.4%. Moreover, all
carbonated bricks exhibit lower drying shrinkage than their uncar-
bonated counterparts. Specifically, at 0% SS content, the carbon-
ated brick exhibits a 64.0% lower shrinkage, while at 100% SS
content, it shows a 55.8% lower shrinkage. Results indicate that
SS substantially reduces the drying shrinkage of the uncarbonated
brick but has only a minor effect on the carbonated one. Further-
more, carbonation mitigates the drying shrinkage of the carbon-
ated brick, and this mitigating effect diminishes with a higher SS
content. This finding is supported by the results presented in Liu
et al.’s [46] study, which reported that carbonation improves the
volume stability of SS concrete by mitigating 80% of its volume
deformation. The authors ascribed such improvement to an
increase in moisture and the formation of carbonation products.
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FIGURE 3 | Effects of the ferrous slag composition on the dry shrink-
age of the carbonated and uncarbonated FS-CCS bricks.

3.4 | Soundness

The autoclaving soundness test results for the carbonated and
uncarbonated FS-CCS bricks with varying SS content are sum-
marized in Table 3. As shown in Table 3, except for Mix A and B,
the uncarbonated bricks exhibit unacceptable soundness, and
their soundness performance deteriorates with increasing SS con-
tent. In contrast, all the carbonated bricks demonstrate eligible
soundness as they remain intact and show volume expansions far
below the limit (<0.8%) after autoclaving [41]. Results indicate
that the soundness issue of the uncarbonated brick originates
from the SS and can be completely eliminated by carbonation.
This finding is consistent with previous studies [31, 45, 47], which
ascribe this improvement to the carbonation of f-CaO and f-MgO
in SS.

3.5 | CO,-Sequestration Rate

In the carbonated FS-CCS brick, CO, is sequestered through the
reaction of the FS-CCS mixture, that is, the carbonated FS-CCS
paste, with CO, to form carbonates. Consequently, the mass loss

(a) (b)

1.0

0.5 1

Carbonated AP

Carbonated CP

Mass loss (%)

| carbonated EP

-0.5 -

_1.0 T T T T T 1
600 650 700 750 800 850 900

Temperature (°C)

TABLE3 | Results of the soundness test on the carbonated and uncar-
bonated FS-CCS bricks.

Uncarbonated brick Carbonated brick
Expansion Expansion

Mix State rate (%) State rate (%)
A Intact 0.033 +0.004 Intact 0.014 +0.001
B Intact 0.121+£0.010 Intact 0.018 +0.002
C Crack — Intact  0.028 +0.003
D Crack — Intact  0.028 +0.004
E Fracture — Intact 0.025 £+ 0.003

from the de-carbonation of these carbonates in the carbonated
paste is equivalent to the mass of CO, sequestered in the corre-
sponding brick. Therefore, the CO, sequestration rate of the car-
bonated brick can be calculated by using Equation (2).

B (1 - Rloss)(l + Sr) ' (2)

where E,, is the CO,-sequestration rate of the carbonated brick,
%; Ryoss is the mass loss due to the decomposition of the carbo-
nates in the carbonated paste, %; S, is the sand/binder ratio.

Figure 4 presents the DTA/TG curves of the carbonated pastes.
As shown in Figure 4a, the DTA curves show an endothermic
peak at about 700-850°C, corresponding to the decomposition of
CaCOj; [48]. As measured from the TG curves (Figure 4b), the
mass loss in carbonated AP, CP, and EP is 10.0%, 12.5%, and
16.5%, respectively. According to Equation (2), the CO,-seques-
tration rate of carbonated brick A, C, and E is 3.70%, 4.76%, and
6.44%, respectively. Results indicate that the CO, sequestration
rate of the carbonated brick increases with the SS content.

3.6 | Mechanism

The experimental results presented above demonstrate that car-
bonation effectively improves the properties of the carbonated FS-
CCS brick, with the ferrous slag composition playing a significant

100
96
92
88 A E
10.0%
84 | ‘ -12.5%
. 16.5% i | carbonated AP
Carbonated CP
(s S Carbonated EP
72

T T T T T T
300 400 500 600 700 800 900
Temperature (°C)

FIGURE 4 | DTA/TG curves of the carbonated FS-CCS pastes: (a) DTA curves and (b) TG curves.
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role in the extent of these improvements. To elucidate the under-
lying mechanisms, the mineral composition, pore structure, and
microstructure of both carbonated and uncarbonated FS-CCS
pastes with varying ferrous slag composition were examined.

3.6.1 | Mineral Composition

Figure 5 presents the XRD patterns of SS, GGBFS, CCS, and
carbonated and uncarbonated FS-CCS pastes. It shall be noted
that because of the presence of Fe in the samples, microabosorp-
tion effects are expected during XRD measurements [49].

As shown in Figure 5a, SS is mainly consisted of C,S, CsS, iron
oxides C,F (Ca,Fe,05), and the RO phase (FeO/MnO). Since C,S
and C;S in SS are well crystallized in a slow cooling process [50]
and are wrapped by an inert phase [51], the activity of SS is rather
low. Furthermore, it should be noted that SS also contains f-CaO,
which leads to volume instability [9], as confirmed by the sound-
ness test results in Table 3. Additionally, the presence of small
amounts of Ca(OH), and CaCOs; indicates that it was moderately
weathered and partially carbonated. In contrast, the GGBFS con-
sists predominantly of a glass phase. Given its CaO/SiO, ratio of
about 1.22 (Table 1), this glass phase is metastable [4], endowing

(a)

1..C,S: 2. CS: 3. RO; 4. Ca(OH),; 5. CaCOy;

4
2000 | 6.C,F; 7.1-Ca0; 8. glass phase
4
1500
1000 —
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500 s A b 44 Cccs
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W
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o 8

1l 1
c
H
g
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g
g
S
&
a
3

©
10,000 —
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7500 — 4. CaCO; (vaterite)
5000 —
4 4
2500 —| 4 4 Carbonated AP
0 T T T T T i
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’g 7500 —
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10 20 30 40 50 60 70
10,000 — 1
7500 —
5000 —
2500 — Carbonated EP
0
10 20 30 40 50 60 70
26

nated pastes; (c) carbonated pastes.

GGBFS with high potential hydraulic activity. Additionally, CCS
is mainly composed of Ca(OH),, along with a small amount of
CaCO; resulting from the carbonation process.

After the activation by CCS, the peaks of Ca(OH), become dis-
tinct in the uncarbonated pastes, as shown in Figure 5b. The
peaks of C-S-H are visible in the uncarbonated paste AP and
CP but are absent in EP. Additionally, the intensity of Ca(OH),
peaks increases with the SS content, indicating a corresponding
rise in the Ca(OH), content.

After carbonation, the peaks of Ca(OH), and C-S-H disappear in
the carbonated pastes, as shown in Figure 5c, while those of
calcite-type CaCO3 become much more intense. Notably, vater-
ite-type CaCOs is detected in the carbonated pastes AP and CP.
Furthermore, the intensity of the peaks of calcite-type CaCOj3
increases with the SS content, suggesting that the CaCOj; content
rises accordingly.

3.6.2 | Pore Structure

Table 4 and Figure 6 present the pore structure analysis on the
carbonated and uncarbonated FS-CCS paste. As summarized in
Table 4, the carbonated pastes exhibit lower porosity than their

©)

6000 =
1.C,8; 2. C48; 3. Ca(OH),; 4. CaCO;

5. RO; 6. CaSiOy; 7. C-8-H
4000

i 7
2000 6 7 Uncarbonated AP

10 20 30 40 50 60 70

Uncarbonated EP

Mineralogical compositions of steelmaking slags, carbonated and uncarbonated FS-CCS pastes: (a) GGBFS, SS, and CCS; (b) uncarbo-
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TABLE 4 | The pore structure analysis on carbonated and uncarbo-
nated SmS-CS paste.

True porosity Specific Surface area

Sample (%) (m*g™)
Uncarbonated AP 35.2 8.63
paste cp 40.7 7.34
EP 50.9 4.59
Carbonated AP 30.8 6.33
paste cp 32.9 5.98
EP 35.3 3.89

uncarbonated counterparts. Furthermore, with increasing SS
content, the porosity of the uncarbonated pastes rises signifi-
cantly, whereas that of the carbonated pastes grows marginally.

As shown in Figure 6a, the uncarbonated pastes contain two
distinct populations of mesopores: small mesopores (3-4nm)
and large mesopores (12-50 nm). The large mesopores constitute
the majority of the mesopore volume, and their volume decreases
as the SS content increases. In contrast, the carbonated pastes
contain only small mesopores and show little change in meso-
pore volume with increasing SS content (Figure 6b). Further-
more, it is noteworthy that the total mesopore volume in the
carbonated pastes is lower than that in the uncarbonated ones.

Table 4 further summarizes the specific surface area of the carbon-
ated and uncarbonated paste. As listed in Table 4, the specific
surface area of both carbonated and uncarbonated pastes
decreases with increasing SS content. Furthermore, carbonation
reduces the specific surface area of the carbonated pastes, and this
reduction becomes more pronounced at higher SS contents.

As mentioned above, both the incorporation of SS and the car-
bonation process reduce the mesopore volume and specific sur-
face area of the pastes. Since C-S-H is the primary mesoporous
phase and possesses a high surface area [52], these observations
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FIGURE 6 |
carbonated pastes.

suggest that both the incorporation of SS and the carbonation
process reduce the overall C-S-H content in the paste. These
findings are consistent with the XRD analysis results.

3.6.3 | Microstructure

Figure 7 presents ESEM images of carbonated and uncarbonated
SmS-CS paste (EP). As shown in Figure 7b, hydration product
C-S-H and hexagonal plate-shaped portlandite are observed in
the uncarbonated paste. Additionally, numerous macropores are
clearly visible in the uncarbonated paste, indicating a porous
microstructure (Figure 7a). These observations confirm that the
uncarbonated paste is porous, with high porosity and total pore
volume, which is consistent with BET results presented in Table 4
and Figure 6.

After carbonation, as shown in the ESEM image of the carbon-
ated paste (Figure 7d), the hexagonal plate-shaped portlandite
disappears and is replaced by abundant cubic calcite crystals.
Notably, macropores in the carbonated paste are fewer and less
distinct, suggesting a dense microstructure (Figure 7c). Conse-
quently, the carbonated paste exhibits low porosity and total pore
volume, as verified by the BET results presented in Table 4 and
Figure 6.

3.6.4 | Discussion

Based on the experimental results of this study, it is believed that
CCS is capable of activating the hydration of both GGBFS and SS.
In the case of GGBFS, CCS creates an alkali environment
through its hydrolysis and thereby promotes the dissolution of
glassy aluminiumsilicate in GGBFS. The chemical bonds in the
silica-oxygen tetrahedral and alumina—oxygen tetrahedral break,
releasing numerous SiO,*~ and AlO,°", which react with
Ca(OH), (from CCS) to form C—~(A)-S-H [53, 54|, that is, the
pozzolanic reaction of GGBFS occurs. In the case of SS, CCS
erodes the inert phase on the surface of SS particles, exposing
the reactive C,S and CsS inside [51] and promoting their hydra-
tion, which generates C-S-H and Ca(OH), [50].
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Evidently, owing to its high pozzolanic reactivity, GGBFS con-
sumes more Ca(OH), (from CCS) for activation during hydration
and produces more C-S-H. In contrast, due to the dense inert
phase on SS particles, less Ca(OH), (from CCS) is consumed to
activate SS. Besides, the hydration of C,S and CsS in SS also gen-
erates additional Ca(OH), as a hydration product. Meanwhile,
because of their high crystallinity, C,S and C;S in SS exhibit low
reactivity, resulting in less C—S-H formation during SS hydration.
Therefore, with increasing SS content, the Ca(OH), content in the
uncarbonated brick rises, whereas the C-S—H content declines, as
evidenced by the specific surface area results in Table 4.

Since hydration product C—S—-H serves as the primary binder in
the uncarbonated brick, increased SS content leads to lower
C-S-H content and consequently a more porous microstructure
(Figure 7a; Table 4), thereby reducing its compressive strength
and increasing water absorption. This trend is verified by the
evolution of compressive strength and water absorption of uncar-
bonated brick with varying SS content (Figures 1 and 2). Further-
more, as C—S-H is also considered the main contributor to drying
shrinkage due to its mesoporous structure, where water evapora-
tion induces capillary stresses and causes contraction [55, 56],
increasing SS content results in lower C-S-H content in the
uncarbonated brick and consequently reduces drying shrinkage.

This trend is confirmed by the drying shrinkage evolution of
uncarbonated bricks with varying SS content (Figure 3). Addi-
tionally, because of the presence of f-CaO in SS, as confirmed by
XRD (Figure 5a), the soundness issues of the uncarbonated brick
become more severe with increasing SS content. This explains
the soundness evolution of uncarbonated bricks with varying SS
content (Table 4).

Upon carbonation, Ca(OH), (from CCS and the hydration product
of SS) is converted into calcite-type CaCOs. Since CO, diffuses into
the brick through pores and capillaries and because the molar
volume of calcite-type CaCOs is approximately 11.8% larger than
that of Ca(OH), [57], the newly formed calcite-type CaCOs pre-
cipitates within the pores and gradually fills them. This process
reduces pore volume and densifies the microstructure of the car-
bonated brick, as evidenced by the porosity results in Table 4,
leading to higher strength and lower water absorption compared
to the uncarbonated one. This is confirmed by the comparative
data on compressive strength and water absorption (Figures 1 and
2). Conversely, carbonation also decomposes C-S—-H into vaterite-
type CaCOs; [58] and silica gel [59], as supported by XRD
(Figure 5c) and the BET results in Table 4. Since C—S-H serves
as the primary binding phase, its decomposition inevitably weak-
ens the carbonated brick, potentially impairing its properties.
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TABLE 5 | The properties of the carbonated FS-CCS brick and MU20 building brick available in the market.
Properties
Compressive Water Drying
Building brick strength (MPa) absorption (%) shrinkage (%)
MU20 solid concrete brick GB/T21144-2023 [60] >20 <11.0 <0.05
Shengjing Co., Ltd. 21.9 6.8 0.065
Suborui Building materials Co., Ltd. 22.2 5.9 0.055
MU20 fired common brick GB5101-2017 [61] >20 <16.0 -
Shutao new materials Co., Ltd. 21.5 14.3 -
Jianyuan Construction Materials Co., Ltd. 20.5 15.5 -
MU20 nonfired brick with JC/T422-2025 [62] >20 <15.0 <0.06
solid waste and tailing Sanhe green building materials Co., Ltd. 20.2 11.9 0.058
Carbonated FS-CCS brick 20.2 10.2 0.034

Hence, carbonation exerts two competing effects on the carbon-
ated brick: a positive effect by pore-filling with newly formed
CaCO; and a negative effect by C—S-H decomposition.

As SS consumes less Ca(OH), and produces less C-S-H than
GGBFS, a higher SS content yields lower initial C—-S-H content
but higher Ca(OH), content in the uncarbonated brick. Conse-
quently, during carbonation, less C-S-H is available for decompo-
sition, whereas more CaCO; precipitates. This shift amplifies the
positive pore-filling effect of CaCO; and attenuates the negative
effect of C-S-H decomposition. As a result, the improvement in
compressive strength and water absorption achieved through car-
bonation becomes increasingly pronounced at a higher SS content.
This explains the evolution of the carbonation effect on these prop-
erties with varying SS content (Figures 1 and 2). Similarly, as men-
tioned earlier, carbonation decomposes mesoporous C—S-H, the
main cause of shrinkage, into vaterite-type CaCO; and silica gel.
Although silica gel may retain some mesoporosity, its proportion is
substantially lower than that of CaCOj; (including calcite-type and
vaterite-type), which exhibits excellent volume stability. For this
reason, carbonation effectively improves the volume stability of
the carbonated brick, as confirmed by the comparative drying
shrinkage data (Figure 3). Consequently, a higher initial C-S-H
content in the uncarbonated brick leads to more extensive decom-
position during carbonation and results in a more pronounced
improvement on volume stability, which explains the evolution
of carbonation effect on the drying shrinkage with varying SS con-
tent (Figure 3). Furthermore, since CO, sequestration of the car-
bonated brick depends primarily on the carbonation of Ca(OH),, a
higher Ca(OH), content leads to a greater CO, uptake. Therefore,
the CO, sequestration rate of the carbonated brick increases with
the SS content, which explains the observed trend in Figure 4.
Finally, by converting f-CaO in SS into stable CaCOs, carbonation
eliminates the soundness issue, resulting in a sound-carbonated
product, as verified by the soundness test results (Table 3).

4 | Comparative Analysis of Carbonated and
Conventional Building Bricks

Prior to practical application, it is necessary to evaluate the prop-
erties of the carbonated FS-CCS brick and compare them with

those of other building bricks to assess its market competitive-
ness. As carbonated FS-CCS brick E possesses the highest CO,
sequestration rate, the lowest drying shrinkage and water absorp-
tion, as well as acceptable strength and soundness, it was selected
as the optimal product for evaluation and comparison. Conse-
quently, SS is identified as the optimal ferrous slag for carbonated
brick production.

Table 5 compares the properties of the carbonated FS-CCS brick
with the requirements for MU20 building bricks [60-62] and those
of MU20 bricks available on the market. As shown in the Table 5,
the carbonated brick meets or exceeds the MU20 specifications in
terms of compressive strength, water absorption, and drying
shrinkage, suggesting that it is a qualified MU20 brick. Moreover,
comparing with other MU20 bricks, the carbonated brick exhibits
acceptable strength and water absorption and the lowest drying
shrinkage, indicating that it represents a competitive option in the
market. Beyond these physical properties, the carbonated brick
achieves a CO, sequestration rate of 6.44% and a SS recycling
rate of 27.7%, environmental characteristics far superior to that
of conventional MU20 bricks [30], making it a more sustainable
alternative. Therefore, the carbonated FS-CCS brick presents a
suitable and sustainable substitute for MU20 building brick in
nonload-bearing and low-load-bearing applications, including par-
tition walls, pavement blocks, curbs, and so on, offering great
social, economic, and environmental benefits.

Nevertheless, this study has focused primarily on the physical
properties of the carbonated brick. Its long-term durability under
complex service conditions, such as sulfate attack, freeze-thaw
cycles, and salt crystallization, remains to be systematically eval-
uated, and this constitutes an important direction for our future
research.

5 | Conclusion

Based on the experiment results and the discussions presented,
the following conclusion can be drawn:

1. Increasing the SS content significantly reduces the com-
pressive strength, increases the water absorption, and
impairs the soundness of the uncarbonated FS-CCS brick,
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although it lowers its drying shrinkage. In contrast, the
same increase in the SS content in the carbonated FS-
CCS brick leads to a minor decline in compressive strength,
a marginal increase in water absorption, a negligible effect
on drying shrinkage, and acceptable soundness.

2. Due to the precipitation of CaCO; with a larger mole vol-
ume in the pores, the carbonation densifies the microstruc-
ture, thereby endowing the carbonated FS-CCS brick with
high compressive strength and low water absorption.

3. By decomposing C-S—H with poor volume stability and pre-
cipitating CaCO; with good volume stability, carbonation
mitigates the dry shrinkage of the carbonated SmS-CS mor-
tar. Furthermore, by converting f-CaO into stable CaCOs,
carbonation ensures the soundness of the carbonated
mortar.

4. Because SS produces less C-S-H and consumes less
Ca(OH), than GGBFS, increasing the SS content enhances
the pore-filling effect during carbonation, thereby amplify-
ing the carbonation improvement on compressive strength
and water absorption. Conversely, the same increase in SS
content reduces the amount of C—S—H available for decom-
position, thereby attenuating the carbonation improvement
on volume stability.

5. The optimal ferrous slag composition for the carbonated FS-
CCS brick is 100% SS. The resulting carbonated brick dem-
onstrate a compressive strength of 20.2 MPa, water absorp-
tion of 10.2%, drying shrinkage of 0.034%, CO,-sequestration
rate of 6.44%, and eligible soundness, meeting the MU20
building brick requirements and being superior to conven-
tional MU20 brick due to its environmental benefits.
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