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Abstract

This study proposes a dripping technique to improve the carbonation efficiency of hardened cement
fine (HCF), which mimicked the binder part of waste concrete, sized between 0.6 mm to 1.18 mm under
atmospheric CO, concentration. After a 7-day carbonation using the dripping technique, the carbonation
degree doubled compared with that at 85 % relative humidity (RH). This improved carbonation
efficiency can be attributed to two factors: 1) The pores created during drying accelerate the infiltration
of the solution, releasing more calcium ions; 2) The difference in calcium ion concentration between
the surface aqueous film and pore solution causes calcium ions to migrate to the surface, accelerating
the dissolution of calcium-bearing hydrates in the pore solution and releasing more calcium ions.
Adjusting the dripping interval and drying conditions according to the particle size and amount of
carbonatable calcium improves the carbonation efficiency. This strategic approach offers a practical

means to contribute to the sustainable recycling of waste concrete.

Keywords: Drying; Humidity; Thermodynamic Calculations; Carbonation; Cement Paste.

Abbreviations: hardened cement fine (HCF), calcium-silicate-hydrate (C-S-H), thermogravimetric
analysis (TGA), powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy in attenuated
total reflection mode (FTIR-ATR), Scanning Electronic Microscopy (SEM), isopropanol (IPA).
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1. Introduction

In the pursuit of mitigating global warming, research on CO, reabsorption utilising waste concrete
containing calcium-silicate-hydrate (C-S-H) and calcium hydroxide (Ca(OH),), which can absorb CO»,
is being actively conducted in the construction and building material field [ 1-7]. Currently, most waste
concrete is recycled as roadbed material. It is typically stored in open yards for approximately one week
to one month before being recycled. Proposing a method to maximise CO; absorption during this limited
timeframe before waste concrete is recycled aligns with the social need to reduce atmospheric CO,.

The key elements for concrete to absorb CO, include carbonate ions, calcium ions, and an

environment allowing for the reaction described in Eq. (1).

Ca®* + COs> — CaCO; (1)

A solvent is required to release calcium ions. The main calcium-bearing hydrates in concrete are C-
S-H and Ca(OH),, which dissolve in water and release calcium ions based on their solubility. Therefore,
the larger the amount of water, the larger the amount of calcium ions released. Meanwhile, assuming a
constant atmospheric CO» concentration, CO- diffusion into the concrete is necessary for an optimal
reaction between CO; and the calcium ions dissolved in the concrete pore water. It should be noted that
concrete pore water hinders CO; diffusion. The diffusion coefficient of CO; in air-filled pores at 298 K
is 1.65 x 10 m%/s [8]. In water, CO, diffusion is slower by four orders of magnitude than in air [9].
Consequently, water releases calcium ions through the dissolution of calcium-bearing hydrates and acts
as a reaction medium in which the released ions combine to precipitate carbonates, whereas it hinders
CO, diffusion during the carbonation process [5,10].

Many studies have reported that intermediate relative humidity (RH) (50-70%) is the most optimal
condition for carbonation: although fewer calcium ions are released than at higher RH, CO, diffuses
more into the particle [11-14]. On the other hand, smaller particles have an increased specific surface
area, and the distance to the center of the smaller particle becomes shorter in proportion to the particle

size. Therefore, the carbonation is faster at high relative humidity (RH) [2,6,15], where a substantial
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amount of calcium ions is released from the surface, because the mass transfer from the surface to the
center is negligible. Therefore, particle size significantly affects the carbonation degree of calcium-
bearing hydrates.

This study proposes a wet—dry cycle carbonation method (dripping technique, which periodically
drips water on waste concrete) to improve the carbonation efficiency of the smallest particles, around 1
mm, produced after crushing waste concrete in an intermediate treatment plant without additional
crushing. The carbonation degree achieved through the dripping technique was compared and analysed
with that achieved through the semi-dry carbonation process. The amount of CO, absorbed and the
polymorphs of calcium carbonate were evaluated through thermogravimetric analysis (TGA), powder
X-ray diffraction (XRD), and Fourier transform infrared spectroscopy in attenuated total reflection
mode (FTIR-ATR). The textures of the cross-sections of the particles after carbonation were

characterised through scanning electron microscopy (SEM) and electron dispersive spectroscopy (EDS).

2. Materials and Methods
2.1 Materials

This study used laboratory-made cement paste to mimic the binder part of waste concrete and dissolve
the disproportion based on the difference in the amount of aggregate in the waste concrete. Cement
provided by the Japan Cement Association was used as cement paste with a water-to-cement ratio of
0.6. The hardening cement paste was remixed every 1 h for 8 h to minimize bleeding and segregation.
The cement paste underwent sealed curing for over 6 months at 20 °C. After curing, the hardened cement
paste was crushed using a ball mill and sieved under a nitrogen atmosphere. To mimic the size of finely
crushed hardened cement paste detached from concrete waste at an actual demolition site in Japan, the
target particle size of the hardened cement fine (HCF) was set between 0.6 mm and 1.18 mm. Tables 1
and 2 show the chemical compositions of the cement provided by the Japan Cement Association and

the mineral compositions of the cement from the XRD measurements, respectively.
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Table 1. Chemical compositions (wt%) of cement.

SiOz A1203 F6203 CaO MgO SO3 Na20 KzO TiOz ig. IOSS
Cement 21.41 4.84 320 65.01 1.08 2.02 0.33 0.43 0.24 0.97
Table 2. Mineral compositions (wt%) of cement.
. Pericl . Amorp
CsS C.S C:A CsAF  Gypsum  Basanite Calcite
ase hous
Ceme 65.2+1 5.840.  6.3%0. 1.54+0. 0.37+ 0.25%0.
at 5 12.6+2.3 3 3 1.7£0.4 14 0.19 13 6+2

2.2. Methods

2.2.1. Experiment conditions

The HCF was placed on the filter, and water was dripped on it for 30 s at regular intervals. In the first

cycle, distilled water was supplied as a dripping solution. However, from the second cycle, a bicarbonate

solution, dissolved CO,, was suppplied owing to the circulation of the dripping solution. To analyze the

effect of the wet-dry cycle on the degree of carbonation of particles, samples were prepared where water

was dripped at 24-hour intervals, which was sufficient to dry the particles, and at 12-hour intervals,

which was halved. In addition, to compare the amount of CO, absorbed through the dripping technique

with the semi-dry carbonation process, HCF samples were prepared at a constant RH of 60 %

(intermediate RH) or 85 % (high RH). Figure 1 shows a schematic of the dripper device. The mass of

each sample and volume of the dripping solution for 30 s were 1.5 g and 4 ml, respectively. The room

temperature and CO, concentration were 20 °C and 0.04—0.05 %, respectively. Table 3 shows the

experimental conditions.

N

+—>‘~ Pump

Solution flow

40 mm

Filter

Hardened cement fines
(particle size: 0.6-1.18 mm)

Distilled water

Figure 1. Schematic illustration of dripper device for CO, adsorption
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Table 3. Experiment conditions

Particle size of HCF 0.6-1.18 mm

Water-to-cement ratio 0.6

Dripping Duration/Interval 30s/24h, 12 h (Room condition: 20 °C, 60 % RH)
Semi-dry Conditions 60 % RH, 85 % RH (temperature: 20 °C)

CO; concentration 0.04-0.05 % (concentration in the atmosphere)
Carbonation periods 0,1,3,7, 14, 28 days

2.2.2. Thermogravimetric analysis (TGA)

The amount of CO, absorbed by the HCF was determined through TGA. Carbonation was carried
out for 0, 1, 3, 7, 14, and 28 d under each condition, followed by the TGA. Before conducting the TGA,
the carbonated HCF was dried for over 24 h in a vacuum desiccator. The measurement was performed
under an N, atmosphere at 20 °C to 950 °C with a heating rate of 10 °C/min. The sample amount was
15 + 0.05 mg and the samples were maintained at 105 °C for 30 min for drying and at 950 °C for 1 h
for dehydrating the silica gel and C-S-H.

In this study, a differential thermogravimetry (DTG) graph was used to interpret the TGA results and
calculate the weight loss from the Ca(OH), decomposition and the CO, emissions from the calcium
carbonate decarbonisation. The temperature-DTG graph reflects the weight loss of the sample over a
given temperature range. C-S-H decomposes over a wide temperature range, from 30 °C to 900 °C
[16,17]. Therefore, to exclude the weight loss from C-S-H decomposition in the temperature range of
calcium carbonate decarbonisation and Ca(OH), decomposition, the CO, emissions and Ca(OH),
amounts of the samples were calculated using the tangential method [18].

The amount of Ca(OH), and CaCOs in each sample was normalized to 100 g of cement using Egs.

(2) and (3) [6]

mcH
mCH, norm — Moso X m950,cem (2)

_ Mmcc
mCC, norm — Moso X m950,cem (3)
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where, mcinorm and mecnom are Ca(OH), and CaCOs3; amounts per 100 g of cement, respectively, mcy
and mcc are Ca(OH), and CaCO; amount per 100 g of HCF, respectively, mosocem 1S ignited mass of
cement at 950 °C, myso is ignited mass of each sample at 950 °C.

Base on the normalized value, degree of carbonation of Ca(OH), and HCF were calculated using Egs.

(4) and (5)

DoCey (%) = mCH%;”:CTIz;Z’:f"O”" x 100 (4)

56

DoChep(%) = —LEmrm 508 5 100 (5)

Mcao,cem

where, DoCcn is degree of carbonation of Ca(OH),, DoCucr is degree of carbonation of HCF, mcao,cem
is weight fraction of CaO in cement, mcuonorm 18 Ca(OH), amount per 100 g of cement before

carbonation.

2.2.3. X-ray diffraction (XRD) and Rietveld analysis

Powder XRD and Rietveld analyses were conducted to confirm the phase changes caused by each
carbonation process after 0, 3, 7, 14, and 28 d of carbonation. The measurements were performed on a
SmartLab (Rigaku, Japan) with Cu-Ka radiation at 45 kV tube voltage and 200 mA tube current. The
measurement conditions were as follows: 20 = 5-70 ° scanning range, 0.02 ° step width and 2 °/min
scanning speed. For the non-carbonated samples, hydration was terminated using the solvent exchange
method using isopropanol (IPA). The non-carbonated samples were submerged in IPA for 1 d and then
filtered from the IPA solution using a filtration funnel with filter paper and an aspirator. The samples
were stored in a desiccator at 20 °C and 11 % RH, maintained by circulating air passed through LiCl
saturated solution and CO; absorbent for 14 d to remove any remaining [PA. The carbonated samples
were oven-dried at 105 °C for 48 h. It should be noted that oven-drying leads to a partial C-S-H
dehydration and decomposition of AFm and AFt [19-21]. According to D. Snoeck et al., since

carbonated hcp also showed similar trends to oven-dried hep [20], this study adopted the oven-drying
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method for carbonated HCF. The dried samples were ground to <150 pum using an agate mortar. Rietveld
analysis was performed to quantitatively determine the phase composition of each carbonated sample.
The powdered sample was mixed with 10 wt% a-Al,Os as an internal reference, and the results were
analysed using SmartLab Studio II by Rigaku. The phases considered for the non-carbonated sample
were alite, belite, ferrite, calcite, portlandite, ettringite, monosulfoaluminate, hemicarboaluminate,
hydrogarnet and corundum. For carbonated samples, alite, belite, ferrite, calcite, vaterite, portlandite,
hemicarboaluminate, monocarboaluminate (not detected), hydrogarnet and corundum were considered.

The results were expressed in weight fraction.

2.2.4. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy in attenuated total reflection mode (FTIR-ATR) was
performed after carbonation for 0, 1, 3, 7, 14, and 28 d under each condition. Similar to the TGA, the
carbonated HCF was dried for over 24 h in a vacuum desiccator before the analysis. FTIR spectra were
recorded on an FT/IR 4700 (JASCO) instrument ranging from 650 cm™ to 4000 cm™ with a resolution

of 4 cm™. The data were recorded as % transmission, and an average of 128 scans was taken.

2.2.5. Scanning electronic microscopy and electron dispersive spectroscopy (SEM-EDS)

The morphologies of the HCF carbonated under different conditions were characterised through
scanning electron microscopy and electron dispersive spectroscopy (SEM-EDS, Hitachi, TM4000Plus).
The SEM samples were dried for over 7 d in a vacuum desiccator and then impregnated with an epoxy
resin under vacuum. The samples were polished using silicon carbide (P1200), diamond suspensions (6
pm and 1 pm), and fumed silica (0.2 um) under an alcohol-based lubricant. Overall polishing steps used
only alcohol-based lubricant, and isopropanol (or ethanol) was used for sonication process between
polishing steps. After polishing, the samples were dried for approximately 24 h in a vacuum desiccator.
The observations were made at an accelerating voltage of 15 kV and a working distance of 8.5-8.6 mm.
To prevent charging, a 10—15 nm-thick carbon layer was coated onto the surfaces of the samples before

observation.
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The EDS hypermaps were acquired at a resolution of 1024 x 768 pixels. The dwell time was 256
s/pixel, averaging three frames. Under these conditions, the map acquisition time was approximately
10 min. To perform quantitative EDS analyses, certified standards were used for Si, Mg, Fe, Al, Ca, S,

K, and Na.

2.2.6. Image analysis for porosity estimation

Image analysis was conducted to clarify the migration of calcium ions by confirming the location of
relatively large voids, which expressed as porosity in Figure 9, created owing to the migration of
calcium ions and drying through the dripping process. The SEM images, having a resolution of 2560 x
1920 pixels, were analyzed for porosity estimation using ImageJ software. The sizes of a pixel by the
scale factors, which to check the aspect of the whole particle, were 0.47um (x100) for Drip_12h,
Drip 24h, and RH60, and 0.26pum (x180) for RH85. The “Auto Threshold” function was used, and the

“Minimum” Auto Threshold type was selected to determine the porosity.

3. Results
3.1 Thermogravimetric analysis (TGA)

Figures 2 and 3 show the TGA results and carbonation degree of the HCF by period obtained from
the TGA results, respectively.

Carbonation was accelerated in the solution-dripped sample in the early stages. After 1 d of
carbonation, the carbonation degree of the HCF with the 12-hour dripping interval was over twice that
at 60 % RH and 1.4 times higher than at 85 % RH. In the case of Drip_24h, the carbonation degree of
the HCF after 1 d of carbonation was nearly the same as that at 85% RH. However, after 3 and 7 d of
carbonation, the carbonation degree of the HCF was 1.7 and 2 times higher than that at 85 % RH,
respectively. Notably, changes in the internal microstructure occurred during the first wet—dry cycle,
and the altered microstructure promoted carbonation from the second cycle. This is further discussed in
Section 4.2.

The results show that after 14 d of carbonation, nearly all the Ca(OH), in the sample, where the
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solution was dripped once in 24 h, was consumed. However, in the case of Drip_12h, Ca(OH),
carbonation was observed to be extremely slow after 3 d of carbonation. At 60 % RH, C-S-H and
Ca(OH), were more decomposed than at 85 % RH after 14 d of carbonation. As shown in Figure 2, the
calcium carbonate generated at 60 % RH was decomposed at a lower temperature range, indicating that
calcium carbonate with low crystallinity was generated. Thus, metastable calcium carbonate was
primarily generated in the sample carbonated at 60 % RH. This result is consistent with the results of
other researchers who observed that poorly crystalline carbonates were primarily formed at 58 % RH
in the early stage of carbonation [6].

As previously mentioned, the carbonation degree of Drip 12h was the highest after 3 d of carbonation
and gradually decreased thereafter (Figure 3). Similarly, in the case of Drip_24h, the carbonation degree
was the highest after 14 d of carbonation and decreased after 28 d of carbonation. However, calcium
carbonate does not undergo decarboxylation at room temperature and high pH. This indicates that
during the carbonation process using the dripping technique, where the solution was dripped
periodically, the calcium carbonate generated on the surface came off by the solution (Figure 4) or might
pass through the filter with the solution. Therefore, the carbonation degree of the HCF is presumed to
decrease when the amount of calcium carbonate falling into the solution is greater than the amount of
newly generated calcium carbonate (between 3—7 ds for Drip_12h and 14-28 d for Drip 24h). To
correct the carbonation degree, the minimum amount of calcium carbonate that fell was calculated based
on the following two assumptions:

1. All the Ca(OH), that had decreased since the period of maximum carbonation degree were carbonated,
generating calcium carbonate.

2. C-S-H was uncarbonated after the maximum carbonation degree period. (It should be noted that this
assumption does not actually mean that C-S-H was uncarbonated after the maximum carbonation degree
period.)

Figure 3(b) shows the results. The minimum carbonation degree is represented with the assumption
that C-S-H was uncarbonated after 3 d (for Drip_12h) and 14 d (for Drip_24h). Nevertheless, the

carbonation degree of the HCF increased because it reflected the calculated calcium carbonate
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Figure 4. Remained calcium carbonate on the filter after 28 d of carbonation

3.2 X-ray diffraction (XRD) and Rietveld analysis

Figure 5 shows the XRD results. This section interprets the graph by focusing on the change in the
Ca(OH),, calcite, and vaterite peak intensity as the carbonation progresses. First, in the case of Drip_12h,
the difference in the Ca(OH), and calcite peaks as carbonation progressed was insignificant, and the
vaterite peak was barely noticeable. For Drip 24h, the Ca(OH), peak that existed until 3 d of
carbonation nearly disappeared after 7 d. The calcite peak increased with time. The vaterite peak
appeared after 7 and 14 d of carbonation but was barely observed after 28 d of carbonation. This is
because vaterite, a metastable phase, changes into calcite, a stable phase, through repeated dissolution
and reprecipitation reactions [22-23]. Therefore, vaterite, which in the solution dripped samples or
samples at high RH, was changed into calcite. Meanwhile, according to Drouet et al. [10], the lack of

pore water at a low RH suppresses the polymorphic transformation from a metastable state to a
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thermodynamically stable state. At 60 % RH, the Ca(OH), peak decreased over time, and the calcite
and vaterite peaks increased. These results suggest that the peak at approximately 450-650 °C in the
TGA mentioned in Section 3.1 is attributed to the vaterite decomposition. Lastly, at 85 % RH, the rate
of Ca(OH), consumed over time was smaller than that in other conditions. The vaterite peak was hardly
observed, and the calcite peak intensity increased.

Rietveld analysis was performed based on the XRD results. Figure 6 shows the results. Under all
carbonation conditions, the proportion of Ca(OH), tended to decrease over time. In particular, for
Drip_24h, most of the Ca(OH), was carbonated after 7 d. The proportion of the amorphous containing
C-S-H decreased as carbonation progressed at Drip_24h and 60 % RH. By contrast, at 85 % RH, it
exhibited minimal changes. In the case of Drip_12h, the ratio of the amorphous phase in the early stage
decreased over time but increased again after 14 d of carbonation. Calcite and vaterite formed in the
calcium carbonate phase under all carbonation conditions. Calcite was produced most abundantly in

Drip_24h, whereas vaterite was most abundant at 60 % RH.
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3.3. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of carbonates show several typical absorption bands, including asymmetric C-O-
stretching (v3), COs* -bending (v2), and O—C—O-bending (v4) at approximately 1420 cm™', 870 cm ™',
and within a range of 700-746 cm™', respectively [7,24,25]. The silica compounds show the main
absorption band between 8001200 cm ™' [26-29]. The Si-O stretching band appears around 950 cm™';
when the Ca/Si ratio of C-S-H decreases, the peak shifts to higher wavenumbers [28,29].

In this study, to observe the flow of bonding changes in each series over the carbonation time,
normalisation was performed by setting the area in the range of 1600-1700 cm™ to 1 after baseline
correction. Figure 7 shows the results. In all samples, calcite peaks were observed at approximately
1420, 870, and 720 cm™. For Drip_12h, the C-S-H peak did not change significantly at approximately

960 cm™. However, the silica gel peak between 1050 cm™ and 1150 cm™ occurred after 1 d of
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carbonation. C-S-H rapidly decomposed owing to the wet—dry cycles, producing silica gel. For
Drip_24h, after 14 d of carbonation, the vaterite peak occurred at approximately 740 cm™, and the C-
S-H peak also shifted to higher wavenumbers. At 60 % RH, unlike other series, the C-S-H peak shift
phenomenon was evident over time. In addition, a silica gel peak was observed in the sample after 7 d
of carbonation. Vaterite peaks were also observed at approximately 1490 and 740 cm™. These results
suggest that as carbonation progresses at 60 % RH, vaterite and calcite were generated owing to
Ca(OH), decomposition and C-S-H decalcification, and silica gel was generated owing to C-S-H
decomposition. At 85 % RH, the Ca/Si ratio of C-S-H hardly changed. Moreover, the Ca(OH),
decomposition increased the calcite production. Similar to the TGA and XRD results, a decreasing trend

in the amount of vaterite was observed in the solution-dripped and 85 % RH samples.
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Figure 7. FTIR measurement results

3.4 Scanning electronic microscopy and electron dispersive spectroscopy (SEM-EDS)
Figure 8 shows the cross-sectional texture images after 7 d of carbonation. From the SEM images,

layers on the surface were observed in the Drip_12h and Drip 24h samples. The EDS analysis showed



that calcium was distributed on the particle surface in Drip_12h and Drip_24h. As shown in Figure 2,
after 7 d of carbonation, a minimal amount of Ca(OH), remained in the solution-dripped samples,
indicating that most of the calcium on the surface precipitated as calcium carbonate. The ions precipitate
at the liquid/vapour interface, leading to solid growth [30]. In this scenario, as the surface dried, calcium
ions released from the calcium-bearing hydrates dissolved by the dripping solution reacted with
carbonate ions, precipitating calcium carbonate on the particle surface, which is the liquid/vapour
interface. A comparison of Drip_12h and Drip 24h revealed that the calcium carbonate layer was
thicker on the particle surface of Drip_12h. However, in the cross-sections of the samples carbonated

in the semi-dry carbonation process, the layer could not be observed on the surface.

(a) Drip_12h_7d (SEM image, x100)

TMA4000 0012 15KV 8.5mm x100 BSE M 2023/11/01° ' ' ' 500um '

(c) Drip_24h_7d (SEM image, x100) (d) Drip_24h_7d (EDS mapping, x100)
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(g) RH85_7d (SEM image, x180) (h) RH85_7d (EDS mapping, x180)
Figure 8. SEM-EDS mapping images of carbonated HCF
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As shown in Figure 8, for the solution-dripped samples, large pores were observed inside the particles,
whereas pores were barely detected at 85 % RH. To investigate the effects of the wet—dry cycle and
humidity environment on the internal structure of the particles, the SEM images shown in Figure 8 were
analysed to estimate the porosity. The grayscale values of Drip 12h, Drip 24h, RH60, and RH85
adopted in this study were 84, 81, 76, and 80, respectively, obtained when “Minimum” was selected as
the Auto Threshold type. The ImagelJ software features 17 Auto Threshold types, and each grayscale
value is shown in Appendix A.

Figure 9 shows the results of the imaging analysis. Drip _12h had the highest porosity of 6.181 %,
whereas RH85 had the lowest porosity of 0.611 %. Large voids were observed in the solution-dripped

samples, and Drip 12h was larger and had more pores than Drip 24h. Moreover, compared with the
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results of RH60 and RH85, twice as many pores were observed at 60 % RH than at 85 % RH.

(¢) RH 60 (Porosity: 1.321 %) (d) RH 85 (Porosity: 0.611 %)

Figure 9. Imaging analysis results

4. Discussions

4.1 Relationship between carbonation conditions and carbonation of calcium-bearing hydrates

To investigate the relationship between the carbonation conditions in this study and the carbonation
of calcium-bearing hydrates, the calcium carbonate fraction caused by the carbonation of each calcium-
bearing hydrate was calculated from the TGA results. Figure 10 shows the results.

In semi-dry carbonation process, carbonation of Ca(OH), progressed rapidly at 85 % RH in the early
stage, resulting in a greater degree of carbonation than at 60 % RH. As time passed, it was found that
the carbonation of C-S-H as well as Ca(OH), progressed at 60 % RH, but the carbonation degree of

Ca(OH); and C-S-H was barely changed at 85 % RH. When Ca(OH), is carbonated, porosity decrease
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because volume of calcium carbonate precipitated by carbonation of Ca(OH); is larger than the volume
of Ca(OH), [31,32]. In addition, calcium carbonate precipitated around Ca(OH); crystals can inhibit or
slow down further dissolution [33,34]. The pore filling effect and protective layer could be the reason
for carbonation stagnates at 85 % RH. When C-S-H is carbonated, calcium would be decalcified to
precipitate as calcium carbonate with the formation of amorphous calcium modified silica gel [35-37].
This reaction is accompanied by an overall decrease in solid volume and an increase in porosity and
pore sizes [31,34]. The increase in porosity and pore size due to carbonation, which makes the diffusion
of CO; easier, is one of the reasons for carbonation to proceed steadily at 60 % RH.

As previously mentioned, the dripping technique was limited in that it was difficult to determine the
amount of calcium carbonate from C-S-H carbonation owing to calcium carbonate falling into the
solution. Nevertheless, in Drip_24h, the amount of calcium carbonate from the Ca(OH), carbonation
was higher than that at 60 % RH and 85 % RH. Moreover, calcium carbonate production due to the C-

S-H carbonation was also enhanced, improving the overall carbonation degree.

< 50
X
= M Initial CaCO3 & CaCO3 from carbonation of Ca(OH)2 B CaCO3 from carbonation of CSH

40

30

20 %

10 §

NINEN
1 3 7 14 28 7 14 28
Drip_12h Drip_24h RH85

Figure 10. Calcium carbonate in the HCF from the carbonation of calcium-bearing hydrates

4.2 Carbonation rate of HCF with different environments

Figure 11 shows the thermodynamic equilibrium calculation results for the carbonation of the
hardened cement paste used in this experiment using the Gibbs free energy minimization software
GEMS. The mineral composition of cement as input data was obtained from Rietveld analysis as shown

in Table 2. To simulate carbonation, the amount of CO; reacting was increased from 0 to 50 g per 100
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g cement. The graph also shows the relationship between pH and Ca and Si ion concentrations in the
pore solution during carbonation.

Before interpreting the graph, it is essential to understand the forms in the solution based on the pH
when COs; is dissolved, described as follows [38]: 1) At a pH higher than 12, it exists as carbonate ions;
2) As the pH decreases, the fraction of bicarbonate ions increases, reaching its peak at pH 8; 3) When
the pH drops below 8, the lower the pH, the higher the fraction in the form of carbonic acid. When the
pH reaches approximately 4, it exists solely in the form of carbonic acid.

Because non-carbonated HCF has a pH of over 13 owing to Ca(OH), and other alkaline materials
[39], CO, gas dissolved in the pore solution exists as carbonate ions; these carbonate ions first cause
Ca(OH), decomposition and C-S-H decalcification. C-S-H decalcification proceeded until the Ca/Si
molar ratio reached 0.67 [35]. Furthermore, a constant pH was maintained, and the calcium and silica
ion concentrations were nearly constant. When all the Ca(OH), was consumed, the pH gradually
decreased. Subsequently, C-S-H decomposed to form calcium carbonate and calcium-modified
amorphous silica gel, increasing the concentration of silica ions. Finally, all the C-S-H was decomposed,
and the concentrations of calcium and silica ions temporarily decreased. However, as the pH decreased
below 7, the bicarbonate ions decreased, carbonic acid increased, and calcium carbonate dissolved in

the carbonic acid, increasing the concentration of calcium ions.
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Figure 11. Thermodynamic modelling of the carbonation process

Based on these results, the differences in the carbonation mechanisms using semi-dry and dripping
techniques are discussed. To understand this, the focus should be on the amount of solution per unit of
time infiltrating the particle, CO; diffusion, and migration of calcium ions released by the Ca(OH),
decomposition and C-S-H decalcification. The ease of infiltration of the solution into the non-
carbonated HCF particles depends on the drying history. During drying, the C-S-H sheets in the sample
move and shrink owing to the capillary tension of the pore solution or surface energy acting on the C-
S-H sheet [40,41]. This rearrangement of C-S-H sheets generates a number of capillary pores and
enhances their continuity [6,41,42]. For carbonated HCP particles, the ease of infiltration depends on
the type of carbonated calcium-bearing hydrates and the drying history, as discussed in Section 4.1.

In semi-dry carbonation, calcium-bearing hydrates, such as Ca(OH), and C-S-H, are dissolved in the
pore solution, releasing calcium ions, and CO, diffuses into the particles and dissolves in the pore
solution to form carbonate ions. These carbonate and calcium ions dissolved in the pore solution react
and precipitate calcium carbonate on the surface of the calcium-bearing hydrates [43-45]. As previously
mentioned, water dissolves calcium-bearing hydrates and releases calcium ions but hinders CO;
diffusion; thus, the optimal RH for carbonation varies depending on the particle size. Regarding the

particle size adopted in this study, the carbonation degree was higher at 85 % RH in the early stage of
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carbonation and higher at 60 % RH after 14 d of carbonation.

By contrast, in the dripping technique, carbonation proceeded via the following mechanism: As
shown in Figure 12, the carbonation period in the dripping technique could be divided into three sections.

During the first wet—dry cycle, when the solution was dripped onto the HCF particles, an aqueous
film was formed around the particles, and the COs in the air dissolved in the aqueous film, increasing
the concentration of carbonate ions [Initial stage]. Furthermore, the dripping solution infiltrated the
pores inside the particles, and calcium-bearing hydrates, such as C-S-H and Ca(OH),, were dissolved,
releasing calcium ions. Subsequently, differences in calcium ion concentration occurred between the
surface aqueous film and pore solution. This caused the calcium ions to migrate towards the surface.
During the drying process, the HCF particles began to dry from the surface, and calcium ions reacted
with carbonate ions on the surface and precipitated on the liquid/vapour interface. Moreover, during
drying, pores were generated owing to the rearrangement of the C-S-H sheets.

As confirmed from the carbonation degrees of Drip 12h 1d and Drip 24h 3d, carbonation was
accelerated from the second cycle [Accelerated stage]. This acceleration can be attributed to the
following: 1) Rapid solution infiltration owing to the pores generated during the first cycle, particularly
during the drying process, releasing larger amounts of calcium ions; 2) Owing to the difference in the
calcium ion concentrations in the aqueous film on the surface and pore solution, calcium ions migrate
more towards the surface. This promoted the growth of calcium carbonate crystals on the surface. As
calcium carbonate was produced on the surface, silica gel remained inside, generating larger pores. As
shown in Figure 11, the ion concentrations of the pore solution of the HCF calculated from
thermodynamic equilibrium were 2.34 and 0.0377 (mmol/kgw) for Ca and Si, respectively. Therefore,
numerous calcium ions migrated to the surface owing to the solution infiltrating the pores; however,
owing to the low solubility of Si, their migration was limited, and they remained in the form of silica
gel and then agglomerated through drying. As the wet—dry cycle progressed, the particles were divided
by the calcium carbonate layer on the surface and agglomeration of silica gel inside, as shown in Figure
13.

Finally, the stagnation of carbonation was observed, as shown in Figure 3, between 3—7 d for
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Drip_12h and 14-28 d for Drip_24h in the case of this study [Convergent stage]. This is because the
density of the water-repellent calcium carbonate layer on the surface increased, and the thickness of the
aqueous film decreased [46], resulting in prevented solution infiltration and CO, diffusion into the
particle. In addition, while carbonation stagnated, the amount of calcium carbonate falling into the
solution increased as the accumulated number of dripping cycles increased, reducing the carbonation
degree.

Initial carbonation speed and the time to reach carbonation stagnation varied depending on the
dripping interval. This is because the carbonation reaction in Drip_12h develops rapidly, forming a
CaCO; layer ahead of Drip_24h and resulting in a slower subsequent carbonation reaction. Therefore,
setting the dripping interval and drying conditions (surrounding RH) according to the particle size and
total amount of carbonatable calcium inside the particles is necessary to efficiently apply and generalize
the dripping technique. The specific surface area decreases as the particle size increases. Thus, the total
amount of carbonatable calcium inside the particle increases, whereas the surface area on which calcium
carbonate precipitates relatively decreases. Consequently, although many non-carbonated calcium-
bearing hydrates remain inside, the HCF particles rapidly reach carbonation stagnation. Therefore, an
increase in the particle size necessitates improving the carbonation degree by increasing the dripping
interval or lowering the surrounding RH.

The proposed dripping technique offers promising advancements in accelerated carbonation rates in
waste concrete recycling. Moreover, waste concrete carbonated through this technique can also be

recycled as a raw material for calcium carbonate concrete, proposed by Maruyama et al. [47].
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5. Conclusions

This study proposed a wet—dry cycle carbonation method (dripping technique) to improve the
carbonation efficiency of HCF, mimicking the binder part of waste concrete, sized 0.6 mm to 1.18 mm.
The carbonation degree achieved through the dripping technique was compared with that achieved with
the semi-dry carbonation processes under atmospheric CO; concentration. The results of this study are
summarised as follows:

1) From the SEM-EDS mapping images of the particles after 7 d of carbonation, calcium carbonate
layers were observed on the surface of the solution-dripped particles. When the solution was dripped
onto the HCF particles, an aqueous film was formed around the particles. The difference in the calcium
ion concentration between the aqueous film and pore solution caused the calcium ions to migrate
towards the surface. During drying, the HCF particles began to dry from the surface, and the migrated
calcium ions reacted with the carbonate ions. This was because it precipitates on the liquid/vapour
interface. By contrast, in semi-dry carbonation, the calcium ions did not migrate to the surface because
an aqueous film was not formed on the particle surface. Thus, calcium carbonate precipitated inside the
particles.

2) The results of the image analysis of the particles after 7 d of carbonation indicated that the porosity
of solution-dripped samples was larger than that of the semi-dry carbonation samples, and large pores

were detected inside the particles. This was because pores were generated owing to the rearrangement
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of the C-S-H sheets during drying. In addition, owing to the difference in the solubilities of calcium and
silica in the pore solution, the more calcium carbonate precipitated on the surface, the more silica gel
remained inside, making the pores larger. A comparison between RH60 and RH85 revealed a higher
porosity at 60 % RH owing to drying and C-S-H carbonation.

3) The TGA results after 1 d of carbonation revealed that the carbonation degree of the HCF with the
12-hour dripping interval was over twice that at 60 % RH and 1.4 times faster than at 85 % RH. For
Drip 24h, the carbonation degrees of the HCF after 3 and 7 d of carbonation were 1.7 and 2 times faster
than at 85 % RH, respectively.

4) For the solution-dripped samples, as the density of the water-repellent calcium carbonate layer on
the surface increased, the thickness of the aqueous film decreased. Consequently, solution infiltration
and CO, diffusion into the particle were prevented, stagnating carbonation. Therefore, setting the
dripping interval and drying conditions (surrounding RH) according to the particle size and total amount
of carbonatable calcium inside the particles is necessary to efficiently apply the dripping technique.

The proposed dripping technique offers promising advancements in accelerated carbonation rates in
waste concrete recycling. In particular, creating wet-dry conditions using spring water at regular
intervals to promote carbonation of waste concrete is a method that can be easily applied at intermediate
waste treatment plants. Moreover, waste concrete carbonated through this technique can also be
recycled as a raw material for calcium carbonate concrete, contributing to a sustainable construction

society.
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Appendix A. Grayscale values by the Auto Threshold type

Table Al. Grayscale values by the Auto Threshold type

Drip_12h Drip_24h RH60 RH85
Default 108 105 102 101
Huang 84 90 85 82
Huang2 86 94 87 &3
Intermodes 92 105 100 98
IsoData 108 105 102 101
Li 97 95 90 90
MaxEntropy 202 194 190 194
Mean 115 107 116 121
MinError(I) 64 71 63 64
Minimum 84 81 76 80
Moments 121 125 123 126
Otsu 109 105 102 101
Percentile 119 115 133 139
RenyiEntropy 197 190 188 192
Shanbhag 135 143 136 141
Triangle 72 72 65 63
Yen 204 197 192 199
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