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Abstract: Foamed concrete bricks (FCB) have high levels of porosity to sequestrate atmospheric CO,
in the form of calcium carbonate CaCOj3 via acceleration of carbonation depth. The effect of density
and curing conditions on CO, sequestration in FCB was investigated in this research to optimize
carbonation depth. Statistical analysis using 2K factorial and response surface methodology (RSM)
comprising 11 runs and eight additional runs was used to optimize the carbonation depth of FCB for
28 days (d). The main factors selected for the carbonation studies include density, temperature and
CO; concentration. The curing of the FCB was performed in the chamber. The results indicated that
all factors significantly affected the carbonation depth of FCB. The optimum carbonation depth was
9.7 mm, which was determined at conditions; 1300 kg/ m?3, 40 °C, and 20% of CO, concentration after
28 d. Analysis of variance (ANOVA) and residual plots demonstrated the accuracy of the regression
equation with a predicted R2 of 89.43%, which confirms the reliability of the predicted model.

Keywords: carbonation depth; chamber; temperature; statistical analysis; 2K factorial; RSM

1. Introduction

Foamed concrete is lightweight concrete made without coarse aggregate. It can
either be cement or lime mortar that generates air voids in the mortar via a suitable
aerated agent [1]. Foamed concrete has numerous advantages including low density,
which results in a reduction of the load on the structure, especially foundations. It is also
environmentally friendly and economical when compared to other types of concrete. It
also provides a high degree of thermal insulation and sound-proofing [2,3]. Therefore,
the applications of foamed concrete have become more popular worldwide, especially on
housing constructions and insulations, road sub-based and other applications such as; old
sewers, soil stabilization, trench fills earthquake purpose and storage tanks [1,2,4].

Foamed concrete has a wide range of density starting from 300 kg/m?3 to 1800 kg/m3,
which depends on the level of porosity (voids) that are introduced by the foaming agent
or aluminium powder [1,5]. The reaction is initiated with water when the aluminium
powder is added to the mixture. The heat of reaction under alkaline conditions generates
hydrogen gas bubbles, which create air voids in the concrete to accelerate carbonation in
the foamed concrete [5,6]. Several factors affect carbonation in concrete such as material
chemical properties, solid physical characteristics, and curing conditions [7]. However,
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the concrete density, CO, concentration, and temperature are considered the most critical
factors examined in previous research in the literature [6]. Studying the effect of each factor
separately while ignoring the effect of other factors may give defective results, which in
turn reduces the sustainability of the concrete. Optimization considers an appropriate
solution to accelerate carbonation in foamed concrete bricks (FCB). However, the literature
on the main factors affecting carbonation of foamed concrete should be studied carefully
before using any optimization methods to identify the range of each factor that may cause
enhancement of FCB.

Density can cause drastic changes on foamed concrete properties, particularly strength
and penetration such as carbonation depth. According to [1], there is an underlining
relationship between carbonation depth and density, since the increase in density increases
the carbonation depth. Similarly, Namsone [8] reported that the most critical factor affecting
the carbonation of foamed concrete when compared to normal concrete is the density
because the change in density resulted in a change in level of porosity. It is possible to
produce high pores foamed concrete with density 300 kg/m3, which has the capability
to accelerate carbonation; however, the strength of the specimens will be lower than
1 MPa [9]. On the other hand, concrete with density more than 1850 kg/ m? will be out of
the range of foamed concrete density 300 kg/m3-1800 kg/m?3. Therefore, 1300 kg/m? and
1800 kg/m? was selected as low and high levels of densities in this study to produce FCB.
Density is not the only factor affecting the carbonation of foamed concrete, particularly the
curing conditions such as CO; concentration, as temperature and humidity also play a vital
role too [10,11]. Many researchers have stated that the best range of relative humidity to
accelerate carbonation in concrete is 50-70% [12,13]. However, the humidity is influenced
by the changes in temperature degree and CO, concentration [12].

The atmospheric CO; concentration is the main source of sequestrated CO, in concrete
via the carbonation process. The standard atmospheric concentration of CO; is between
(0.03% and 0.06%), which indicates that carbonation at standard concentration is very
slow [14,15]. In this case, a curing long time is required. Therefore, the chamber with
different CO, concentration levels is used to accelerate the carbonation process in con-
crete [15]. The concentration of CO, and curing time has a strong relationship, the increase
of CO, concentration and curing time resulted in increment of the carbonation depth and
vice versa [13,16]. The researchers prefer to use a high concentration of CO; to accelerate
carbonation in concrete with a short period of curing in the chamber [13]. Additionally,
some chambers use a heater to control the temperature during curing. The increase in
temperature up to 60 °C promotes the ability of the concrete to absorb CO, and the for-
mation of calcium carbonate (CaCOs) [17]. In contrast, higher temperatures above 60 °C
may decrease the CO; content since solubility in water decreases at elevated temperatures,
which could also decrease the carbonation rate [18]. Therefore, most researchers adopt
temperatures below 60 °C to accelerate the process of concrete carbonation [19-21].

This research aims to optimize the carbonation depth in foamed concrete bricks. Hence,
the effects of density, temperature and CO, concentration that influence CO, sequestration
in foamed concrete via carbonation process was examined as the main factors.

2. Materials and Methods
2.1. Materials and Mix Proportion

The materials used in this study are cement, sand, water and the foaming agent.
Ordinary Portland Cement (OPC) with the specific surface area 2250 cm? /g and chemical
composition details are shown in Table 1 [22].

The sand was adapted to pass through a sieve with a size of 1 mm according to
BS 882-1992 [20]. According to the British Cement Association-1994, the maximum size of
fine aggregate (sand) in foamed concrete is 1.18 mm. Additionally, the percentage of sand
passed through 600 microns should be between 60-90% to produce foamed concrete as
shown in the particle size distribution of sand in Figure 1 [21,22].
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Table 1. Chemical composition of cement.

Chemical Compound SiO, Al,O3 Fe, O3 SO; K,O CaO MgO

Concentration (%) 20.6 5.4 4.2 2.2 0.6 64.8 2.2
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Figure 1. Grading curve of river sand.

Tap water was used for the foamed concrete mix and diluting the foaming agent.
A synthetic type CF 500 foaming agent was mixed with water to produce air bubbles
in the foamed concrete mixtures. The ratio of foamed agent to water was 1:20, which
aerated to 65 kg/m? density according to the ASTM C796 Standard for foaming agents
used in cellular concrete and preformed foam production [21,23]. The design of foamed
concrete depends on the adjusted density. The weight of solid materials (cement/sand)
was distributed in the ratio of 1:1.35 according to ACI 523.3R with the trial method of mix
design [21].

For this study, 3 factors were used to optimize the carbonation depth, namely; density,
temperature and CO, concentration using the 2% Full Factorial and Response Surface
Methodology (RSM) designs that analysed through Minitab 18 software. The software was
developed at the Pennsylvania State University, USA.

The first 8 experiments were factorial runs followed by 3 centre runs for curvature
analysis. The design was completed by RSM by adding 6 axials runs and 2 more runs at
the centre, which resulted in a total of 19 runs. The runs were comprised of 8 factorial runs
and 6 axial runs (all without repetition), while 5 runs were located at the centre. Lastly, the
density of the foamed concrete was the main factor affecting the mix proportion in this
study because the change of density resulted in change on materials used in the mixture
proportion as shown in Table 2. Furthermore, the materials used were cement, sand and
water mass which subjected to changes from run to run and in line with the changes
in density.
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Table 2. Mix proportions of foamed concrete by 2X factorial and RSM designs.
Run Density Cement Fine Sand Water T CO;
No. (kg/m?) (kg/m3) (kg/m3) (L/m3) O (%)
1 1300 553.2 746.8 276.6 27.0 10
2 1300 553.2 746.8 276.6 27.0 20
3 1300 553.2 746.8 276.6 40.0 10
4 1300 553.2 746.8 276.6 40.0 20
5 1800 766 1034 383 27.0 10
6 1800 766 1034 383 27.0 20
7 1800 766 1034 383 40.0 10
8 1800 766 1034 383 40.0 20
9 1550 659.5 890.4 329.7 335 15
10 1550 659.5 890.4 329.7 335 15
11 1550 659.5 890.4 329.7 33.5 15
12 1550 659.5 890.4 329.7 335 10
13 1550 659.5 890.4 329.7 335 20
14 1550 659.5 890.4 329.7 27.0 15
15 1550 659.5 890.4 329.7 40.0 15
16 1300 553.2 746.8 276.6 335 15
17 1800 766 1034 383 33.5 15
18 1550 659.5 890.4 329.7 335 15
19 1550 659.5 890.4 329.7 335 15

2.2. Fresh Stage Tests (Fresh Density Test/Inverted Slump Test)

The foamed concrete was tested using the fresh density test and slump test methods.
A container with 1-L capacity was used to perform the fresh density test, which was tared
to zero at the balance machine before being overfilled with fresh foamed concrete. The
compaction of the foamed concrete was performed by lightly tapping the sides of the
container to allow consolidation of the fresh foamed concrete. The 1 litter container was
weighed to obtain the fresh density of foamed concrete [24]. The inverted slump test was
conducted according to the ASTM C995 (2001) standard using a slump cone and flat base
plate. The slump cone was inverted and placed at the centre of the base plate and filled
with fresh foamed concrete until it was filled. The inverted slump cone was lifted to 1 ft
height within 3-5 s (s). The dimension of the spread was measured from four angles and
recorded as shown in Figure 2 [24]. The slump flow was calculated using Equation (1).

dl +d2

Slump flow =

)

2

where;

d; = Maximum diameter of slump flow;
dy = Perpendicular diameter of d;.

Figure 2. Inverted slump test.
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2.3. Sample Preparation and Chamber Curing

The moulds with the size of (215 x 100 x 65 mm) were prepared to fill up by fresh
foamed concrete according to the BS6073-2:2008 standard. The concrete specimens were
demoulded after 24 h in moulds shown in Figure 3. The specimens were dried in the
chamber at 50 °C for 72 h without supplying CO, in the chamber at this stage. After
that, the specimens were cured in the chamber according to the conditions suggested by
2k factorial and RSM as listed in Table 2.

Figure 3. Specimens preparation.

The curing chamber has the ability to control CO; concentration, temperature and
sensor to monitor humidity as shown in Figure 4. The process of carbonation curing
commenced after drying the specimens in the same chamber. The carbonation curing
was applied for 28 d, whereas the concentration of CO, for each experimental run was
suggested by the 2X factorial and RSM design methods as presented in Table 2. In addition,
the relative humidity was monitored along curing period for each run using a humidity
sensor inside chamber. The humidity was in the range of 55-75% in all runs, which was
increased and decreased within this range according to changes in temperature degree and
CO, concentration in each run.

Humidity

99.8 % sensor

4
»~— Foamed concrete

' specimens

Heater
controller

Figure 4. Setup of the carbonation curing in the chamber.

2.4. Hardened Stage Test (Carbonation Depth Test)

The depth of carbonation through the surface of FCB was measured using the simple
collared dye field test for detecting carbonation. The specimens of FCB were placed in
the chamber to control the CO, concentration and temperature according to the statistical
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analysis of 2~ factorial and RSM design for 28 d. The phenolphthalein solution was then
diluted to indicate carbonation depth as follows; 1 g phenolphthalein dissolved in 100 mL
high purity ethanol. The carbonation depth test commenced by splitting the specimen
into two halves followed by spraying the freshly broken specimens with phenolphthalein
indicator solution. If the colour is reddish-purple, it means the specimens are still in
high alkaline condition, while a colourless edge indicates that the specimen is already
carbonated and the average corresponding depth is measured. The carbonation depth was
measured from the 3 sides exposed to atmospheric CO,, whereas the average of the three
sides used as the carbonation depth of the specimen was computed using Equation (2).
The average of three specimens of each run of FCB was considered as carbonation depth

on each run.
_dl+d2+d3

; @

Carbonation depth (mm)

whereas;

d1 = is the carbonation depth from the first side specimens;
d2 = is the carbonation depth from the second side specimens;
d3 = is the carbonation depth from the third side specimens.

3. Results
3.1. Fresh and Inverted Slump Tests

The fresh foamed concrete density was adjusted for each mixture via the fresh density
test. The main factor for controlling the foamed concrete density is the foaming agent [25].
The three different densities used in this study as follows; 1800 kg/m?3, 1550 kg/m?
and 1300 kg/ m?3. The fresh density was measured successfully for the selected densities.
Thereafter, the inverted slump test was performed to determine the workability of the
foamed concrete. The results of the inverted slump test demonstrated that the spread
diameter of the mixture of 1300 kg/ m3 is higher than the mixture with 1550 kg/ m3 and
1800 kg/m?3. Figure 5 depicts the increase in the spread diameter of the foamed concrete
with low density compared to the foamed concrete with higher density. The foaming agent
was used to produce foamed concrete with low density, therefore the spread diameter
was higher.

515
510
505
500
495
490
485
480
475
470
465

510

496

483

Spread diameter (mm)

1300 1550 1800
Foamed concrete density (kg/md)

Figure 5. Spread diameter of inverted slump of foamed concrete.

3.2. Carbonation Depth of FCB

The CO, can be sequestrated into concrete by carbonation depth [26]. However, sev-
eral factors play important roles in accelerating the sequestration of CO, or carbonation
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in concrete especially density and curing conditions such as temperature and CO; con-
centration [27]. The results of the carbonation depth of 19 runs as a response of the 2k
factorial and RSM designs were analysed. The effects of density, temperature and CO,
concentration on the carbonation depth of FCB is presented in Figure 6.

Figure 6. Carbonation depth of FCB (a) with 1300 kg/ m? (b) with 1550 kg/ m? (c) with 1800 kg/ m?
after 28 days.

The increment of carbonation depth in concrete with low density compared to concrete
with a higher density is a normal effect [6]. However, the purple-red colour in the specimens
with 1800 kg/m3 was obtained due to the extreme pH value [28]. Thus, the portlandite
(Ca(OH)y) has the ability to control Ca and caused an expansion of the solid volume inside
the concrete at pH > 12 [29,30]. Furthermore, the used of temperature between 27 °C and
40 °C help to keep H,O in portlandite (Ca(OH);), which in turn increased CO, ensuing
from the carbonation. In contrast, note the higher temperature corresponding to loss of
H,O as well as the solubility of CO; in concrete [10,31].

Consequently, the carbonation depth performance on run numbers: 4, 10 and 17
with the densities 1300 kg/ m3, 1550 kg/ m?3 and 1800 kg/ m3 were 9.2 mm, 3.8 mm and
2.1 mm at 28 d, respectively as shown in Figure 7. However, the density was not the
only factor that caused a significant effect on the increase or decrease of carbonation
depth in FCB. Nevertheless, the change of carbonation depth on FCB that has the same
density is unusual except due to some reasons. Temperature and CO; concentration along
with curing conditions also altered the carbonation depth of FCB when the density held
on some runs. For example, the highest carbonation depth was 9.2 mm at run 4 with
1300 kg/ m3, 40 °C and 20% of CO, concentration, while for the density at run 1, the
carbonation depth was 5.6 mm when the temperature and CO, concentration were at 27 °C
and 20%, respectively. Similarly, the carbonation depth of runs 7 and 8 are 2.1 mm and
3.2 mm at the density and temperature 1800 kg/ m?3 and 40 °C, respectively. However,
the concentration of CO, changed from 10% and 20%, respectively. This finding has
demonstrated the effect of CO, concentration on the increase carbonation depth of FCB.

3.3. Factorial and RSM Analyses
3.3.1. Residual Plots of Carbonation Depth

In factorial design, the ANOVA conclusions can only be accepted when the adequacy
of the underlying model has been evaluated. The primary diagnostic tool to gauge the
model adequacy is residual analysis. The residual data or the measured errors should
demonstrate normal distribution, independent distribution, zero mean value and constant
variance o2 at all runs. If all residuals satisfy the aforementioned requirements, so that the
Fy ratio will follow an F distribution that will lead to accurate ANOVA results. Furthermore,
the effects of nuisance factors will be excluded from the analysis [32]. In this study, the
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residual plots of normal probability were used to indicate whether the model meets the
assumptions of the analysis or not [33]. As can be seen in Figure 8, the normal probability
plot (NPP) shows the majority points cluster to a straight line and this indicates the residual
distributions are likely to be a normal and hence the model meets the assumption. On top
of that, the fine segregation of the points around the normal probability line demonstrates
a precise prediction of the carbonation depth of FCB. Meanwhile, the versus fits in residual
plots present the scattered values about zero and no obvious pattern can be observed. In
addition, only two points are slightly departed from the red line in the NPP, in which the
errors can be assumed as normal [32], whereas the allowable error of the findings is <56% to
reflect a high level of accuracy in the data analysis [33].

3.3.2. Significance of the Factors to Carbonation Depth of FCB

The statistical significance of the factors to carbonation depth of FCB was evaluated
from the results of the 19 runs of the 2X factorial and RSM analysis. The p-value of each
factor was below 0.05, as illustrated by ANOVA analysis in Table 3. The p-value of CO,,
temperature and density were; 0.003, 0.010 and 0.000, respectively. The ANOVA results
reflect the highly significant effect of the factors on the response (carbonation depth).
Consequently, the effect of CO,, temperature and density were 3.67, 3.01, and —8.57,
respectively. The results show that the highest effect on carbonation depth was by the
density of FCB. This finding, in line with previous studies, shows that the increase or
decrease of concrete density mainly affects the performance of carbonation depth [1,8].
Likewise, the CO; concentration and the temperature also influenced the carbonation
depth of FCB. However, the increase of temperature higher than 60 °C may reduce CO,
sequestration because the solubility of CO;, decreases in the waste at high degree of
temperature, which in turn reduces the carbonation depth in concrete [18]. Due to that, most
of the researchers preferred to use temperatures lower that 60 °C to increase carbonation in
concrete as practiced in this research [13].

10

‘ Carbonation depth (mm) ‘

Carbonation depth of FCB in (mm) at 28 days

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Run number

Figure 7. Carbonation depth of FCB in (mm) after 28 days.
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Figure 8. Residual plots of carbonation depth of FCB after 28 days.

Table 3. ANOVA analysis of the complete RSM design.

Source DF AdjSS AdjMS F-Value p-Value  Effect
Model 5 89.832 17.966 22.000 0.000 -
Blocks 1 2.880 2.880 3.530 0.083 -
Linear 3 78.446 26.148 32.020 0.000 -
CO, 1 11.025 11.025 13.500 0.003 3.670
Temperature 1 7.396 7.396 9.060 0.010 3.010
Density 1 60.025 60.025 73.490 0.000 —8.570
Square 1 11.371 11.371 13.920 0.003 3.730
Temperature * Temperature 1 11.371 11.371 13.920 0.003 3.670
Error 13 10.618 0.816 - - -
Lack-of-Fit 10 10.578 1.057 79.330 0.002 -
Pure Error 3 0.040 0.013 - - -
Total 18 100.449 - - - -

The Pareto charts in Figure 9a demonstrate the significance of each input CO,, temper-
ature, and density. Therefore, the magnitude and the importance of the standardized effect
of each factor and interactions were obtained in the statistical analysis. The horizontal bars
of the factor and interaction that crosses the segmented vertical reference line is considered
as statistically significant. The results show that the total number of single and double
interaction terms was 9, although five of the terms were non-significant, as demonstrated
in Figure 9a. Consequently, the significant terms A, B, C and BB were maintained, but the
non-significant terms BC, CC, AC, AA and AB were removed from the analysis to improve
the accuracy of the model as shown in Figure 9a,b. As observed, the main factors A, B and
C significantly affect the carbonation of FCB. The observation from the results of C had
the highest effect on the carbonation depth of FCB, followed by A and B accordingly. The
curing conditions, such as temperature and CO, concentration, play an important role in
the carbonation of concrete, as also observed by previous researchers [17,34].
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Standardized Effect

0 1 2 3 4 3 ] 7 g g
Standardized Effect

Figure 9. Pareto chart of the standardized effects at a 95% confidence interval on carbonation of FCB
(a) before removing non-significant terms, and (b) after removing non-significant terms.

3.3.3. Contour Plots of Carbonation Depth of FCB

The contour plots shown in Figure 10a,b depict the effect of the parameters on car-
bonation depth of FCB. The contour plot is one of the most useful plots in RSM used to
demonstrate the effect of two factors and holding the other factors. The plots exhibit layers
with different gradually changing colours indicative of the possible independence of factors
with a response. The contour plots depict the graphical relationship of two factors, i.e.,
density and temperature over the carbonation depth of FCB, while the CO, concentration
is held at the centre value.

Figure 10a depicts the effect of density and CO, concentration on the carbonation of
FCB. In general, the carbonation depth at a low level of CO, and temperature was very
low, while it was higher at higher settings of temperature and CO;. The lowest carbonation
depth occurred when the temperature was between 28.2 °C and 35.5 °C and the CO,
concentration was between 10% and 12%, respectively. In contrast, the highest carbonation
depth occurred at 40 °C and 20% CO,. Based on the findings, the increase in temperature
and CO, concentration along with the curing of FCB accelerates the process of carbonation.

Figure 10b demonstrates the effect of density and CO, concentration on the carbon-
ation depth of FCB. The increase in density reduced of the carbonation depth, while the
increase in CO, concentration increased the carbonation depth. Thus, the highest carbona-
tion depth of FCB was at 20% CO for specimens with a density of 1300 kg/m?>. However,
the lowest carbonation depth occurred at 10% CO, for the specimen 1800 kg/m? density.



Sustainability 2021, 13, 10999 110f15

From the above discussions, it can be surmised that carbonation depth could be
enhanced at higher CO, concentrations and temperatures. Besides, the low density of FCB
played an important role in accelerating CO, sequestration due to the high level of porosity.

[ a0
a Carbonation
depth[mm%
=
28 —ERn
m 3 -5
S - 6
36 me -7
8 [ ] = 7
g 34
=2
ﬁ Hold Values
%‘* 22 el
o Density
3 1550 (K 3
20 (Kg/m?)
28
CO2 (%)
[ 1800
b
Carbonation
depth (mmj)
1700 [ ] <1
! -2
N -3
= s -4
%ﬁ 1600 ! -3
o4 [ ] - 6
2 W S -7
d 1500 [ ] E
) Hold Values
1400 Temperature
335 (*C)
1300
10 12 14 16 18 20
CO2 (%)

Figure 10. Contour plots for carbonation depth of FCB; (a) between temperature and CO, concentra-
tion, and (b) between density and CO, concentration.

3.3.4. Optimum Conditions of Carbonation Depth of FCB

The optimisation plot shows how different experimental settings affect the predicted
carbonation depth of FCB at two targets minimum and maximum carbonation depths
as shown in Figure 11a,b. The best setting of each factor is represented by the red lines,
while the dotted blue line represents the highest attainment of carbonation depth of FCB.
Figure 11a,b show that the single desirability (d) for the maximum and minimum carbona-
tion depth are 1.000 and the response (y) are 9.7683 mm and 0.0458 mm, respectively.
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Optimal
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[10.0] [31.8586] [1800.01
100 27.0 1300.0

S

Figure 11. Optimization plot of FCB at 28 days (a) at the maximum target of carbonation depth, and (b) at the minimum
target of carbonation depth.

The increase in the CO, concentration and temperature during the curing process
increases the carbonation depth of FCB as percent in Figure 11a. Thus, the highest predicted
carbonation depth of FCB was 9.7 mm, which occurred at 1300 kg/m?, 40 °C and 20%
of CO, concentration. The change on the factors values can make drastically change
on the response value as presents in Figure 11b. The opposite trend was observed on
the carbonation depth, whereby it decreased with decreasing of CO, concentration and
temperature along curing conditions and increasing density of FCB. Therefore, the lower
predicted carbonation depth was 0.0458 mm at the following conditions 10% of CO,
concentration, 1800 kg/m? of FCB density and 31.8 °C of temperature.

3.3.5. Development of Initial and Final Regression Equation

The initial regression equation was developed by 2¥ factorial method after the screen-
ing stage of the factors affecting carbonation depth in FCB, as shown in Equation (3).
Thereafter, final regression equation in uncoded units was developed via RSM analysis
after optimizing the carbonation depth of FCB as shown in Equation (4) [35].
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Both equations derived from the ANOVA results illustrates the relationship between
significant variables and the response of carbonation depth. The accuracy of the regression
equation was further justified through the ANOVA analysis and normal probability plot.
The initial equation reflects the strong effect of the factors on carbonation depth of FCB
through the significant effect of the interactions between the factors. This finding confirmed
by the percentage of predicted R? of carbonation depth, which was 99.84%. On the other
hand, the predicted percentage R? of the carbonation depth for final regression equation
was 89.43%, which is considered significant. The predicted R? for both equations indicates
the prediction ability of the model is acceptable. Furthermore, the equations were indicated
that all factors have a significant effect on the carbonation depth, which confirms the role
of density and curing conditions on accelerating the sequestration of CO, into FCB.

3.3.6. Microstructure Analysis (SEM)

SEM images were used to identify the morphology characteristic of FCB samples that
are related to the density aspects and curing conditions. Images show, after 28 days of
carbonation, the formation of calcite (CaCOs) in FCB, Figure 12a,b. The results revealed that
a low level of calcite formation was represented in the specific surface area of carbonated
FCB that cured at low temperature and CO, concentration 27 °C and 10%, respectively, as
shown in Figure 12a. In contrast, the increment of temperature and CO, concentration to
40 °C and 20% were playing a vital role in the formation of calcite in FCB, as presented in
Figure 12b. As expected, a great deal of hydration products mainly consisting of C-S-H
formed via carbonation resulting healing of FCB pores [36]. However, the pores cannot
be totally healed in 28 days due to the high level of porosity in the FCB, which has a low
level of density compared to normal concrete bricks as demonstrate in SEM images. This
finding confirmed the finding of the previous studies, the carbonation process is slow
therefore, its takes time to heal the pores via precipitated CaCO; [37,38]. Overall, the
microstructural analysis of FCB confirms that the carbonation reaction has the ability to
decrease the porosity by formation of CaCO3, which in turn increase with the increasing of
temperature and CO; concentration.

Figure 12. SEM images. (a) FCB specimens at 27 °C of temperature and 10% of CO, concentration. (b) FCB specimens at

40 °C of temperature and 20% of CO, concentration.
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4. Conclusions

This study showed the use of 2* factorial and RSM as statistical analysis tools to
optimize the carbonation depth of FCB. The optimization was carried out to investigate the
effect of the parameters (density, temperature and CO, concentration) on the carbonation
depth of FCB. Based on the desirability optimization approach, the optimal carbonation
depth was 9.7 mm, which was achieved with 1300 kg/m?3, 40 °C and 20% CO, concentration.
The density of FCB is considered the most significant factor on the carbonation depth
followed by CO, concentration and temperature with the effective values —8.57, 3.67, and
3.01, respectively. In contrast, the minimum carbonation depth could be achieved when
the density, temperature and CO, concentration are at the following levels of 1800 kg/m?,
31.8 °C and 10% CO, concentration, respectively. The significance of the factors used
to accelerate the carbonation depth of FCB presents novel feedback. Notably, a single
parameter may accelerate the carbonation depth, but to reach the optimum point, the other
factors cannot be neglected. Therefore, the statistical analysis and optimization of the
carbonation depth are required to sequester large quantities of CO, into FCB.
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