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PREPARATION OF SLAG-BASED FOAM CONCRETE
BY CHEMICAL FOAMING FOR CO; SEQUESTRATION

Carbon dioxide emissions are among the most influential causes of global warming, and the re-
covery, capture, and comprehensive utilization of CO2 are the keys to carbon emissions reduction.
High-porosity foam concrete was prepared using CaO as the alkali activator, and H202 as the foaming
agent. Based on a single-factor experiment and response surface analysis, the best preparation condi-
tions for foam concrete were obtained (water-to-cement ratio 0.4, alkali excitation dosage 10.73%,
foaming agent dosage 8.26%). The porous material prepared under the optimal process conditions can
achieve a COz sequestration performance of 91.59 kg/m?, and the actual sequestration capacity is con-
sistent with the theoretical prediction value of 90.89 kg/m?. Mechanistic analysis shows that the pre-
carbonation hydration products of foam concrete are mainly C-S-H gel, Ca(OH)2, and hydrotalcite-like
compounds, which bond the slag particles together to form a three-dimensional spatially firmly con-
nected structure. This study provides a reference for the application of alkaline solid waste materials in
the field of carbon sequestration.

1. INTRODUCTION

Worldwide global warming mitigation has been prioritized by many countries. Cli-

mate change will cause hazardous secondary effects such as melting glaciers, more fre-
quent natural disasters, and more virulent spread of infectious diseases, which will
greatly affect human lives worldwide [1]. Reducing CO, emissions is a global goal set
by the international community to combat climate change. The energy sector is a major
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source of greenhouse gases, and despite new developments and policies, the global en-
ergy system remains unsustainable [2]. Global energy demand is predicted to increase
by 33% by 2035, while CO, emissions are also expected to increase dramatically [3].
Consequently, countries are beginning to research and develop carbon capture technol-
ogies to help mitigate the effects of increasing CO, emissions. Domestic and interna-
tional methods for capturing CO; have been reported extensively before, such as ab-
sorption, adsorption, membrane separation, hydrate-based separation techniques, and
low-temperature distillation [4-6]. CO; captured by these methods can usually be used
to produce high-value-added products such as ammonia, refrigerants, and fire-extin-
guishing gases [7].

However, current CO, utilization accounts for only 2% of emissions, and the CO»
reduction effect is not significant. Carbon-negative methods are more prominent than
carbon-neutral methods in the current CO, emissions scenario. CO, sequestration is an
emerging post-combustion carbon capture technology using mineral carbonization, stor-
ing CO, permanently by reacting it with alkali metal oxides [8]. Xue et al. [9] collected
and reviewed mineral carbon sequestration and available process routes for industrial
waste, and concluded that mineral carbonation is the only known method for the per-
manent storage of CO,. From a whole life cycle perspective, the use of CO, sequestra-
tion of industrial solid waste is a method with multiple potential applications and is
gaining interest in the field [10]. Accelerated carbonization of alkaline wastes might
offer a way to lower industrial net greenhouse gas emissions while serving as a trial run
for wider adoption [11]. Carbonation curing is an economical way to use solid waste
and produces a pH-neutral building material, making it ideal for the construction of
artificial reefs for marine pastures and aquaculture farms [12, 13]. The results of a study
by Jang et al. [14] showed that the concrete carbonation curing process can sequester
CO; within a few hours to a few days, with a CO- sequestration rate of 24%. Pure ce-
mentitious materials (cement and concrete) can sequester CO; and the rate of CO, dif-
fusion is the main controlling condition affecting the rate of early carbonation reactions
in materials [15]. However, owing to the dense nature of concrete, the depth of carbon-
ation is small; therefore, most of the components do not participate in the CO, reaction
process. When considering the economic costs of implementing the technology and re-
ducing the carbon footprint, it is essential to optimize the material components and prep-
aration processes [9].

Wang et al. [16] introduced gypsum into the steel slag carbonation system, and ac-
celerated the hydration of steel slag to generate calcite (C3A-3CaSO4-32H,0), subse-
quently reacted with CO; to generate monocarbonate, increasing the amount of CO»
absorbed by steel slag. Li et al. [17] collected and compared current mineral carbonation
methods and concluded that the energy consumption of the mineral carbonation reaction
of mechanical pretreatment of raw materials is too high and difficult to apply industri-
ally, so industrial wastes can be used as raw materials to reduce mineral carbonation
costs. Therefore, the use of solid waste (fly ash, calcium carbide slag, blast furnace slag,
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etc.) to prepare cementitious materials and solidify the materials to form porous struc-
tures through foaming technology can provide important support for the application of
this technology in carbon sequestration. Park et al. [18] used stainless steel slag and fly
ash as cementitious materials to sequester CO, and showed that foam concrete has
a higher absorption rate of CO; than ordinary concrete.

Therefore, in this study, blast furnace slag (a by-product of blast furnace ironmak-
ing, mainly composed of CaO, Al,Os, MgO, and SiO,, which can react in an alkaline
environment to form hydrated calcium silicate and hydrated calcium aluminate [19])
was chosen as the base material, and H,O, was used as the foaming agent to prepare
highly porous open-cell foam concrete in a calcium oxide alkali excitation system.
Foamed concrete prepared by this method contains a large number of pores, which im-
proves the circulation and diffusion rate of CO, within the foam concrete, thus improv-
ing the performance of the foam concrete in curing and sequestering CO,. In this study,
the effects of different factors on the sample preparation and CO, sequestration perfor-
mance were investigated, and the materials were optimized by designing response sur-
face experiments. Finally, the CO, sequestration performance and mechanism of the
optimized materials will be investigated to support the application of solid waste-based
materials in the field of CO, sequestration.

2. MATERIALS AND METHODS

Sample preparation. Granulated blast furnace slag using CaO as the alkali exciter,
and H,O, as the foaming agent was used to prepare the required foam concrete via
chemical foaming. First, the pre-measured slag and the dry powdered foam stabilizer
were poured into the mixing pot and stirred at low speed for 1 min, after which room
temperature water was poured into the mixing pot and stirred at low speed for 1 min,
and a CaO alkali exciter was added and stirred for 2 min. Afterward, the specimens were
quickly poured into a pre-prepared 5x5x5 cm mold, left until the end of foaming, cov-
ered with a layer of cling film on the surface to prevent evaporation, left to stand for
1 day, and then de-molded and sent to the maintenance box in a plastic bag to be main-
tained until the specified age (3 days).

Experimental procedure. The experimental procedure for the carbonation of foam
concrete samples is shown in Fig. 1. After the curing period, the square specimens of
foam concrete were placed in a carbonation chamber, fed with high-purity CO, (>99%
purity), and kept at constant pressure (0.1 MPa) in the chamber until the end of the
sealing time (24 h). In this case, when studying the effect of single factors (water-to-ash
ratio, CaO dosage, and H>O, dosage) on the material properties, the samples with un-
carbonized sequestered CO, were named not carbonized (NC) and carbonization com-
pleted (CC).
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Fig. 1. Experimental flow chart

Analytical method. Changes in the surface, structural properties, and CO, seques-
tration were characterized using X-ray diffraction (XRD), Brunauer—-Emmett—Teller
(BET) specific surface area analysis, scanning electron microscopy (SEM), and thermo-
gravimetric analysis (TGA).

Below 350 °C, it was mainly to remove free water and bound water. Below 520 °C,
it mainly removed hydration products and unevaporated water in calcium hydroxide.
The decomposition of calcium carbonate was predominant from 520 to 850 °C. The
amount of carbon dioxide absorbed was calculated by [20]

CO, uptake —%x 100% (1)

d
where Ms, Msso, and M, are masse of the sample at 520, 850 °C, and after drying,
respectively.
3. RESULTS AND DISCUSSION
3.1. RAW MATERIAL ANALYSIS
The granulated blast furnace slag (Rizhao slag) was obtained from Rizhao Steel

Holding Group Limited. The chemical composition of the slag (Table 1) was determined
using X-ray fluorescence (XRF) analysis. The slag was a white powder with a density
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of 2.87 g/cm? and a fineness of approximately 397 m*kg. Figure 2 shows the XRD pattern
of'the slag. It showed a broad and diffuse diffraction peak spanning 26 of 2040°, indicating
that the slag contained a phase dominated by a vitreous structure. During the production
of slag from pig iron smelting, differences in the cooling rate of the slag and the immis-
cibility of the liquid phase result in the splitting of the vitreous structure, which results
in a high hydration activity.

Table 1

Chemical composition of slag

Metal oxide | MgO | ALOs | SiO2 | CaO | TiO2 | SO3 | Na2O | MnO
Content [%] | 7.27 | 14.14 | 24.09 | 47.73 | 2.59 | 1.62 | 0.41 0.70
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Fig. 2. XRD pattern of slag

3.2. EFFECT OF PREPARATION CONDITIONS ON THE CARBON SEQUESTRATION
PROPERTIES OF THE MATERIAL

3.2.1. EFFECT OF WATER TO ASH RATIO ON SAMPLE SEALING PERFORMANCE

The foam concrete was prepared according to the chemical foaming method, where
the dosage of foam stabilizer was 0.8% of the slag mass, CaO was 5%, H,O, was 10%,
and the water-to-ash ratio was 0.4~0.8 (0.4, 0.5, 0.6, 0.7, and 0.8). The thermogravimet-
ric curves before and after the carbonation of the samples with different water-to-ash
ratios are shown in Fig. 3.

A significant weight loss occurs at 30-900 °C for each water-to-ash ratio before car-
bonization (Figs. 3a, b). The main focus was on the removal of free and bound water up to
350 °C, the removal of hydration products and unevaporated water from calcium hydroxide
up to 520 °C, and the decomposition of calcium carbonate from 520 to 850 °C [21].
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Fig. 3. TGA-DTG curves of the samples with different water-to-ash ratios:
a) TGA curve of the sample before carbonization, b) DTG curve of the sample before carbonization,
¢) TGA curve of the sample after carbonization, d) DTG curve of the sample after carbonization

The weight losses of the uncarbonated samples prepared with the five water-to-ash
ratios were 11.27, 13.36, 11.84, 10.94, and 10.79% throughout the temperature interval,
respectively. Rapid weight loss of the C-S-H gel was observed in all samples from 100
to 200 °C, and the characteristic peak of weight loss of the hydrotalcite (Ht) phase, an-
other important hydration product, appeared in the range of 200-350 °C. The peak of
weight loss of Ca(OH), was detected in the range of 350—500 °C. The temperature range
of 500-900 °C was the peak of carbonate decomposition, with weight losses of 2.68,
2.49, 3.06, 2.52, and 2.79% for the five samples, respectively, which mainly originated
from the carbonate contained in the specimens and the carbonation of Ca(OH). during
the preparation process [22]. As shown in Figs. 3¢, d, the total weight losses of the five
carbonized samples were 12.11, 12.18, 11.77, 12.05, and 18.22%, respectively. Unlike
Fig. 3a, the weight loss of the samples increased significantly in the 500-900 °C range,
mainly because of the decomposition of CaCOs formed after sequestering CO> in the



Preparation of slag-based foam concrete 101

samples, with carbonate weight losses of 5.49, 5.84, 5.87, 6.24, and 7.02% for the five
samples, respectively. Unlike the DTG curves in Fig. 3b, the weight loss rates of the
C-S-H gel, Ht, and Ca(OH), were all lower, implying that each hydration product effec-
tively absorbed CO- during carbonation and converted it to CaCOs-dominated car-
bonate. At a water-to-ash ratio of 0.8, the carbonate weight loss was reduced, indicating
that the water-to-ash ratio was too large and not conducive to curing CO; in the sample.

The dry densities of uncarbonized samples and their CO, sequestration were investi-
gated at different water-to-ash ratios. The dry densities of the five water-to-ash samples
were 621.64, 587.74, 569.71, 480.01, and 417.02 kg/m?, respectively. In other words, the
dry density gradually decreased as the water-to-ash ratio increased. The corresponding
CO; sequestration amounts for the five samples were 17.77, 19.66, 16.17, 17.85, and
17.61 kg/m?, respectively, showing an overall increasing and then decreasing trend. At
low water-to-ash ratios (0.4), there is less moisture, higher dry density, lower reaction
of the cementitious material, fewer hydration products, less CO dissolved to form CO5*
, and ultimately lower sequestration. Ht is formed at a water-to-ash ratio of 0.5. Ht
([MgsAlx(OH)16CO3]-4H>0) has an octahedral anionic lamellar structure with cations
and interlayer anions and exchangeable bimetallic hydroxides on the lamellae, which
have good CO» adsorption capacity [23], leading to increased sequestration. When the
water-cement ratio is 0.7, the hydration reaction proceeds to produce more hydration
products, and during the curing process of foam concrete, the pore water inside the
slurry evaporates and leaves pores to form connecting holes, increasing the rate of CO,
diffusion, thus increasing the sequestration amount. When the water-to-ash ratio in-
creased to 0.8, the CO; sequestration performance decreased again, likely due to the
strong fluidity of the slurry and the ease with which the pores broke up inside the con-
crete, resulting in poor material pore formation. Although more hydration products were
generated, the diffusion of CO; gas within the foam concrete was inhibited, resulting in
lower sequestration.

3.2.2. EFFECT OF CaO DOSAGE ON SAMPLE SEALING PERFORMANCE

The water-to-ash ratio was chosen as 0.5, the dosages of foam stabilizer and H,O,
were 0.8 and 10% of the slag mass, respectively, and the dosages of CaO were 5, 7, 9,
11, and 13%, respectively. The thermogravimetric curves of the samples before and
after carbonization are shown in Fig. 4.

All samples showed significant weight loss from 30 to 900 °C (Fig. 4a, b). The weight
losses of the uncarbonated samples prepared with the five CaO dosages were 13.35, 13.16,
13.65, 12.68, and 12.42% throughout the temperature interval, respectively. At 13% CaO,
the Ht phase and Ca(OH), content of the hydration products in the specimen were reduced
compared to other CaO dosages, indicating that too high CaO dosage may limit the pro-
duction of the hydration products. As can be seen in Figs. 4c, d, the weight losses of the
five post-carbonization samples were 12.18, 13.66, 14.33, 14.63, and 16.27%, respec-
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tively, throughout the temperature interval. Unlike the DTG curve in Fig. 4b, the tem-
perature interval below 500 °C in the carbonated samples was flat, and the carbonate
weight losses for the five samples were 5.84, 7.76, 9.51, 10.23, and 10.03%, respec-
tively, which were significantly greater than those of the uncarbonated samples.
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Fig. 4. TGA-DTG curves of the samples with different CaO dosages:
a) TGA curve of the sample before carbonization, b) DTG curve of the sample before carbonization,
¢) TGA curve of the sample after carbonization, d) DTG curve of the sample after carbonization)

The dry density of the uncarbonized samples and their CO, sequestration were in-
vestigated at different CaO dosages. The dry densities of the five samples were 527.74,
600.81, 710.69, 809.43, and 850.01 kg/m?, respectively. The dry density gradually in-
creased with an increase in the CaO dosage. The corresponding CO, sequestration
amounts for the five samples are 17.65, 28.25, 40.51, 53.98, and 52.06 kg/m? respec-
tively. This is because, as the amount of exciter increases, it tends to break the covalent
bonds of Ca-O, Mg-O, Si-O-Si, Al-O-Al, and Al-O-Si in the vitreous structure of the
slag, forming hydration products and leading to an increase in the dry density of the
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sample [24]. When the CaO dosage (13%) was too high, a large amount of Ca*" was
dissolved from the calcium oxide, and the resulting hydration products covered the sur-
face of the slag, limiting the production of internal hydration products and ultimately
leading to no significant increase in dry density and a reduction in sequestration.

3.2.3. EFFECT OF H202 DOPING ON THE SEALING PERFORMANCE OF THE SAMPLES

A water-to-ash ratio of 0.5, foam stabilizer dosage of 0.8 wt. %, and CaO dosage of
11% were chosen to investigate the effect of H.O, dosage (6, 8, 10, and 12%) on the
sealing performance of the samples. The thermogravimetric curves of the samples be-
fore and after carbonization with different amounts of H>O, are shown in Fig. 5.

100

Weight percentage (%)
[~ = 4 N4 o o =
= =) =] [ £ (= =)

(@)
NC

6%
8%
10%
12%

100 200 300 400 500 600 700 800 900
Temperature (°C)

981
961
94 4
924
904
88

Weight percentage (%)

861
84
824

()
CC

6%
8%
10%
12%

100 200 300 400 500 600 700 800 900
Temperature (°C)

DTG (%/°C)

DTG (%/°C)

0.00

-0.01 4

-0.02 1

-0.03 4

(b)
NC

-0.04

6%
8%
10%
12%

100 200 300 400 500 600 700 800 900

Temperature (°C)

0.00

-0.02 4

-0.04 4

-0.06 4

-0.08 1

-0.10

-0.124

(@)
CcC

6%
8%
10%

12%

100 200 300 400 500 600 700 800 900

Temperature (°C)
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As can be seen in Figs. 5a, b, the total weight losses of the uncarbonated samples
prepared with the four H,O, dosages were 12.25, 15.39, 12.71, and 13.64%, respec-
tively. The Ht phase and Ca(OH), weight loss of the hydration products in the specimens
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increased significantly when the H>O, dosage was 8%. This is because too high dosage
of H,O» (10 and 12%) may limit the production of hydration products resulting in lower
weight loss for both. In the carbonate weight-loss interval, the weight losses of the four
uncarbonated samples were 3.63, 4.02, 3.47, and 4.09%, respectively. As shown in Figs.
5S¢, d, the weight losses of the four carbonized samples were 16.06, 18.92, 14.62, and
16.05%, respectively. Unlike the DTG curve in Fig. 5(b), there is still an Ht phase that
is not involved in the carbonation reaction at 8% H,O, dosage. The samples with 6, 10,
and 12% H,O, exhibited a flat profile in the temperature range of up to 500°C. The
weight losses of the carbonized samples were 10.41, 11.27, 10.03, and 10.55%, respec-
tively, which were significantly greater than those of the uncarbonized samples.

The dry densities of the four H,O, dosage samples were 1204.44, 1100.02, 820.05,
and 691.18 kg/m?, respectively. They gradually decreased with increasing H,O, dosage.
AS the H,O: content increases, so does the production of oxygen, resulting in an in-
creasing number of air bubbles in the fresh slurry and ultimately a smaller dry density.
The amount of CO» sequestered was 69.85, 53.74, and 44.59 kg/m? at 6, 10 and 12%
H,O: respectively. In contrast, at 8% H>0,, the reaction conditions were favorable for
the production of the hydration product Ht phase, resulting in the largest CO» seques-
tration of 80.74 kg/m?.

3.3. OPTIMISATION RESULTS FOR FOAM CONCRETE CONDITIONS

Based on the response surface Box—Behnken experimental design theory combined
with the results of the single-factor experiments, three main factors affecting CO- se-
questration (Q.) were selected: the water to ash ratio (4), CaO dosage (B), and HO,
dosage (C). These factors were combined, and 3 factors and 3 levels were determined
for response surface analysis, the experimental factors and level codes are shown in
Table 2.

Table 2
Actual variables of the BBD
design and their level values
. Level
Response variable =) 0 1

A 0.40 | 0.50 | 0.60
B, % 10 11 12
C, % 7 8 9

Design-Expert software (version 8.0) was used to design and prepare Box—Behnken
response surface experiments for carbon dioxide sequestration in foam concrete; the
experimental results are shown in Table 3. As shown in Table 3, the difference between
the actual and predicted values for the 17 sets of experiments was small. The highest
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CO; sequestration was 80.74 kg/m? in Group 15 and 29.22 kg/m? in Group 14. The
statistics and analysis of the results of the 17 sets of experiments on the Box—Behnken
response surface enabled the derivation of the extent to which individual factors influ-
enced the response values and the magnitude of the interactions between the factors.

Table 3
Box—Behnken test design and results
Factor Response
Run 4 B C Q. [kg/m?]
[%] [%] | Actual value | Predicted value
1 0.40 | 10.00 | 8.00 74.83 75.85
2 0.60 | 11.00 | 7.00 71.16 71.25
3 0.50 | 11.00 | 8.00 80.66 79.89
4 10.50 | 12.00 | 7.00 52.52 53.44
5 0.50 | 11.00 | 8.00 80.11 79.89
6 | 0.60 | 12.00 | 8.00 55.99 54.96
7 1040 | 11.00 | 9.00 79.93 79.84
8 0.40 | 11.00 | 7.00 69.01 67.64
9 10.50 | 10.00 | 9.00 42.07 41.14
10 | 0.50 | 10.00 | 7.00 40.86 41.19
11 | 0.50 | 11.00 | 8.00 78.26 79.89
12 | 0.50 | 11.00 | 8.00 79.66 79.89
13 | 0.60 | 11.00 | 9.00 33.08 34.44
14 | 0.50 | 12.00 | 9.00 29.22 28.89
15 |1 0.50 | 11.00 | 8.00 80.74 79.89
16 | 0.40 | 12.00 | 8.00 5341 53.82
17 | 0.60 | 10.00 | 8.00 33.36 32.93

The final quantitative relationship between the three response variables and CO,
sequestration represents Eq. (2) elaborated based on the Design-Expert software (ver-
sion 8.0) to fit the regressions for each factor. The positive and negative signs in Eq. (2)
denote synergistic and antagonistic effects, respectively.

0, =79.89-10.454+5.706x10* B~ 6.15C +11.024B
—12.254C - 6.13BC —1.68 4> —23.81B> —14.91C> ()

Analysis of variance (ANOVA) was also used to explore the significance and fitness
of the fitted second-order model. Table 4 presents the results of the analysis of variance
for the model variables. The F-value of the model (379.67) and the corresponding
P-value (<0.0001) indicate that the model is significant and that there is only a 0.01%
probability that the F-value of the model is due to noise [25]. The linear relationship
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between these factors and the amount of CO, sequestered was significant, and the ex-
perimental model was reliable. The P-value of 0.1832 for the misfit term was much
greater than 0.05, indicating that the fitted second-order model can be applied to this
experiment [26]. The model can be considered plausible when the ratio of the model
signal to noise is greater than 4 [27]. The signal-to-noise ratio of this model was 50.392,
indicating that the fitted model accurately replicates the experimental conditions. The
coefficient of variation (CV, %) reflects the reproducibility of the second-order model,
and the CV for this experiment was 2.17% less than 10%, indicating that the expected
model has good confidence. The correlation coefficient R? of the regression equation
was 0.9980, indicating that the fitted regression model could express 99.80% of the
response to the variables. R? greater than 0.8 indicates that the model fits well with the
measured data. The difference between R? (0.9980) and the corrected R* (0.9953) im-
plies the presence of a non-significant term in the model. The difference between the
two is 0.0027, less than 0.2, indicating good confidence in the model [28]. Based on the
above ANOVA results, it can be concluded that the fitted model can be used to simulate
the effects of the water-to-ash ratio, CaO dosage, and H,O, dosage on the amount of
CO; sequestered.

Table 4
Model of variance results for the quadratic model
Source Quadratic Degree Mean
. of F-value P-value | Remarks
of variance sum square
freedom

Model 5964.28 9 662.70 379.67 <0.0001 | significant
A 873.19 1 873.19 500.26 <0.0001
B 2.605E-006 1 2.605E-006 | 1.492E-006 | 0.9991
C 302.72 1 302.72 173.43 <0.0001
AB 485.35 1 485.35 278.06 <0.0001
AC 600.42 1 600.42 343.99 <0.0001
BC 150.12 1 150.12 86.00 <0.0001
A? 11.94 1 11.94 6.84 0.0347
B? 2387.19 1 2387.19 1367.65 <0.0001
? 935.99 1 935.99 536.24 <0.0001
Residuals 12.22 7 1.75
Loss . 8.15 3 2.72 2.67 01832 | . "%
of proposed items significant
Standard deviation 1.32 1.32 1.32 0.9980
Average value 60.87 60.87 60.87 0.9953
CV, % 2.17 2.17 2.17 0.9771

1.32 50.392
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To further investigate the effect of the interaction between the response variables
on CO; sequestration, 3D response surface and contour plots of the experimental model
were obtained using Design Expert (Fig. 6).

For a given amount of blowing agent, the sequestration content gradually de-
creased as the water-to-ash ratio increased (Fig. 6a). As the CaO alkali exciter dosage
increased, the sequestration content first increased and then decreased, indicating that
an optimum alkali exciter dosage exists in the range of 10—12%. The contour plot in
Fig. 6b is elliptical, indicating a clear interaction between these two factors. Both fac-
tors had a significant effect on the experimental results, but that of the amount of alkali
exciter was higher. From Figure 6c, it can be seen that with a certain amount of CaO,
the response value gradually decreases as the water-to-ash ratio increases. However,
as the amount of H,0, increased, the response values showed a trend of increasing
and then decreasing.
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Fig. 6. Response surfaces (a) and contour plots (b) for the interaction between water-ash ratio
and CaO dosage on CO: sequestration, response surfaces, and (c) contour plots for the interaction
between water-ash ratio and H>O2 dosage on CO: sequestration (d), response surface (¢)
and contour plot for the interaction between CaO and H202 on COz sequestration (f)

In summary, both the H,O, dosage and the water-to-ash ratio affect the CO; se-
questration content of the samples. The elliptical shape of the contour plot in Fig. 6d
indicates that the interaction between the two factors, H,O, dosage, and water-to-ash
ratio, is significant; however, the H,O, dosage has a higher influence. From Figure 6e,
it can be seen that for a given water-to-ash ratio, the amount of sequestration increases
and then decreases as the amount of alkali exciter increases, indicating that there is an



108 W. Lietal.

optimum amount of alkali exciter within the chosen range. As the amount of blowing
agent increased, the amount of sequestration increased and then decreased, indicating
that there was an optimum amount of blowing agent within the chosen range. The
contour plot in Fig. 6f is elliptical, indicating a significant interaction between these
two factors.

A second-order model was fitted to this study using the Design Expert software
(version 8.0) to predict the optimal values and obtain the best combination of conditions
for the three response variables and corresponding CO, sequestration amounts. Table 5
shows the results of the process optimization. The best preparation conditions were de-
termined as follows: water-to-ash ratio of 0.4, alkali excitation dosage of 10.73%, and
foaming agent dosage of 8.26%.

Table 5
Process optimization results
A B C | COz sequestration
10.73 | 8.26 90.8968
0.40 10.73 | 8.25 90.8954
’ 10.72 | 8.26 90.8932
10.74 | 8.28 90.8917
100 (a) 0.02 )
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< 96 0.00-
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Fig. 7. TGA-DTG diagram of the highest sequestered volume of foam concrete
a) wt. % loss, b) DTG curve

Figure 7 shows the thermogravimetric plot of the foam concrete for the highest se-
questration volume. To verify the optimal response values predicted by the fitted model,
foam concrete was prepared under optimal process conditions, and CO; sequestration
experiments were conducted on the optimal group. To reduce this error, three sets of
experiments were conducted and the average of the results was 90.91 kg/m?. The highest
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sequestered amount of foam concrete had a dry density of 1382.93 kg/m?, a carbonate
weight loss of 6.62%, and a CO, sequestration of 91.59 kg/m?.

3.4, INVESTIGATION OF THE CO2 SEQUESTRATION MECHANISM

The N, adsorption-desorption isotherms and pore size distributions of the NC and
CC samples are shown in Fig. 8. The N adsorption capacity of the CC sample decreased
significantly compared to that of the NC sample. The adsorption performance of the sample
decreased after carbonization, probably due to the reduction of the pore size and thus ad-
sorption capacity. As shown in Fig. 8b, the pore size distribution of the optimal system be-
fore carbonization was between 2 and 33 nm, whereas after carbonization it was between 2
and 26 nm. The samples were predominantly mesoporous before and after carbonization,
indicating that the carbonization reaction did not change the pore type of the samples but
only their sizes. The NC samples showed double peaks at 2—5 nm and 5—-8 nm, while the
highest peak of the CC samples appeared at 610 nm, and the top of the peak was gentler.
It seems that most of the pore size range of the carbonized sample was concentrated in the
gel pores, and the proportion of gel pores was significantly increased [29].
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Fig. 8. N2 adsorption-desorption isotherms (a) and comparative
pore size distribution (b) for NC and CC samples

Table 6

NC and CC specific surface areas and pore structure

BET specific surface | Pore volume | Average pore diameter
[m?/g] [em/g] [nm]

NC 46.319 0.115 10.017

CC 45.996 0.112 9.756

Sample
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As shown in Table 6, the pore volume, pore size, and specific surface area of the
CC samples were lower than those of the NC samples. This may be due to the reaction
of hydration products (C-S-H gel, Ht phase, Ca(OH)) with CO, during the carbonation
reaction to produce structurally stable CaCOj3 that blocks the pores, thus reducing the
pore volume, average pore size, and specific surface area [30].
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Fig. 9. XRD plots of NC and CC samples

The XRD patterns of the samples before and after carbonization are shown in Fig. 9.
The diffraction peaks of the calcium-aluminum xanthite phase were detected at 20 of
31.29° before and after carbonization, which is probably due to the phase not being
hydrated and stable in its crystalline state.

At 20 = 29.5°, the main hydration product of alkali-excited slag-based gelling ma-
terials is C-S-H gel. The Ht phase is also an important hydration product during alkali-
excited slag hydration and is dominated by a double layer of metal hydroxides consist-
ing of Ca** (or Mg*") and AI**. In the XRD pattern, the diffraction peaks of the Ht phase
are mainly located at 26 of 10.9° and 23.3° [22]. The characteristic peaks of the NC
samples at 260 = 24.8° and 43.9° are characteristic diffraction peaks of vaterite-type
CaCOs, which may be due to the formation of amorphous or low-crystalline vaterite-
type carbonates as a result of the carbonation of the C-S-H gel during the conservation
process [12]. In addition, the presence of C-S-H gel alongside CaCO; shows that slag
carbonation and hydration occur concurrently. Unlike NC, the intensity of the CaCO;
diffraction peak at 29.41° was much higher in the CC sample, and new diffraction peaks
of CaCO; appeared at approximately 26 = 39.41°, 47.46°, and 48.21°. The reaction of
calcium ions with carbonate ions generated by dissolving CO; in the curing chamber,
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promoted the production of CaCOs and further demonstrated the ability of this research
to effectively carbonate and sequester COs.

The microscopic morphology of the samples before and after carbonization was
characterized using SEM, and the results are shown in Fig. 10.

Fig. 10. SEM images of the samples of the optimum system:
a) NC, b) NC magnified 15 000x, ¢) CC, d) CC magnified 15 000x

Figure 10a shows a cross-section of the pore wall for the optimal system NC. It can
be observed that the surface of the sample before carbonization is dense and that the
internal pore walls are smooth and free of particles. As can be seen in Fig. 10b, the
surface of the slag particles is wrapped by a large number of fibrous C-S-H gel, and the
originally dispersed slag forms a compact whole. This is due to the hydration reaction
that takes place and the hydration products joining the slag particles together, thus form-
ing a three-dimensional tightly bound structure. During the hydration reaction of the
slag, flakes of irregularly shaped hydration product Ca(OH), can be observed, which
coincides with the XRD spectrum. As can be seen from Fig. 10c, the stomata in the CC
sample are lined with many small hexahedral-shaped particles. During the carbonation
process, the foam concrete absorbs CO,, and CO3 ions formed by hydrolysis occurs in
chemical bonding with Ca?* in the system, nucleating CaCOjs crystals by ion collisions

and settling on the surface of the pore wall. The surface of the slag particles dissolves
under the action of the alkali exciter, and the dissolved ions react around the slag to
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wrap around the slag particles (Fig. 10d). Meanwhile, in the fibrous C-S-H gel, the flaky
Ca(OH), disappears, and the carbonation product (CaCOs) is formed after the carbona-
tion reaction and settles on the surface of the foam concrete pore wall.

4. CONCLUSIONS

The effects of water-cement ratio, CaO dosage, and H>O, dosage on CO; sequestra-
tion in cured foam concrete were investigated. Based on single-factor experiments com-
bined with response surface analysis, the preparation process of CaO-excited slag-based
foam concrete for CO, sequestration was optimized and the mechanism of CO, seques-
tration by foam concrete was demonstrated. The following conclusions were drawn.

o Three single factors, the water-to-ash ratio, CaO dosage, and H>O, dosage, were
measured by TGA to determine the amount of CO, sequestered and where the water-to-
-ash ratio was too low or too high for CO, sequestration to occur. CO; sequestration
increases as the CaO dosage increases, whereas a CaO dosage that is too high (13%)
limits the production of internal hydration products and ultimately leads to lower se-
questration. A dosage of 8% H,O, favored the generation of the hydration product Ht
phase, resulting in a maximum CO, sequestration of 80.74 kg/m?.

e The regression equations of the three response variables and CO, sequestration
were determined based on single-factor experiments combined with response surface
analysis. The correlation coefficient R* was 0.9980, indicating that the model fitted well
with the measured data. The optimum conditions for the preparation of foam concrete
were obtained through response surface experiments: water-to-ash ratio of 0.4, alkali
excitation dosage of 10.73%, and foaming agent dosage of 8.26%. The theoretically
predicted value of CO, storage under optimal process conditions is 90.89 kg/m?* and the
actual value is 91.59 kg/m’>.

e The hydration products of foam concrete before carbonation were mainly C-S-H
gel, Ca(OH),, and Ht. After the carbonation reaction, the specific surface area, pore vol-
ume, and pore size of the samples decreased. This was probably due to the continuous
carbonation of the hydration products to produce CaCO;-based carbonates to fill the
pores. During carbonation, Ca?" reacts with CO3™ in the solution and settles on the sur-

face of the foam concrete pore walls. As the CaCO; attached to the surface of the reac-
tion phase continues to increase, the pores are blocked and CO; is prevented from en-
tering the interior of the foam concrete, leading to the end of the reaction.
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