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Abstract: The carbonation of recycled aggregate was accelerated by sparging with supercritical
carbon dioxide (scCO2) to reduce the amount of time needed for carbonation, which is necessary for
the pH neutralization of recycled aggregate. To accelerate the carbonation process, pressurized scCO2

was sparged into two different types of recycled aggregates immersed in water for 1 h, followed by
standstill for 2 h (in total, a 3 h treatment process). The reduction of the pH of the treated aggregates
due to carbonation was investigated using batch extraction experiments. A continuous column
extraction experiment for the scCO2-sparged recycled aggregate was also performed to identify
the effect of pH reduction under the condition of non-equilibrium reaction. From XRD, SEM/EDS,
and TG/DTA analyses, much of the portlandite in the recycled aggregates was consumed. In its
place, calcite was created as a secondary mineral during only 3 h of treatment (1 h scCO2 sparging
and 2 h stationing), indicating satisfactory carbonation of the aggregate. The results of the batch
extraction experiments for both of the two recycled aggregate types also showed that the average pH
of scCO2-sparged aggregate decreased from 12.0 to <9.8 (the tolerance limit for recycling). The pH
of the eluent from the column packed with the scCO2-sparged aggregate also remained as <9.8,
suggesting that a 1 h scCO2 sparging process is sufficient to carbonate waste concrete aggregate and
to create an alternative construction material resource.
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1. Introduction

As the by-product of industrialization and urbanization, a large amount of construction waste has
been produced worldwide. In 2016, 199,444 t of construction waste per day (48% of the total waste)
was created in South Korea [1]. Concrete waste accounted for more than 70% of that waste, making it a
major pollutant in Korea [2]. In recent decades and in many countries, there is a shortage of concrete
waste disposal sites. In response, new technologies are being developed to reuse concrete waste.
One of the most popular recycling processes for concrete waste (the production of recycled fine and
coarse aggregates from the crushed concrete waste) has been utilized to provide alternative resources
using concrete aggregates or other materials disposed as landfill [3,4]. The reuse of concrete waste
as an aggregate is considered to be desirable and beneficial as a plan to minimize the high volume
of concrete waste [5,6]. Even though the process to manufacture recycled aggregate from concrete
waste is relatively simple and mostly involves crushing and screening, only a small portion of the
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recycled aggregate is being used at construction sites to replace typical concrete aggregate because the
recycled aggregate has weaker mechanical properties than normal aggregates have [7,8]. For practical
reasons, the recycled fine and coarse aggregates have typically been reused as a landfill material [9,10].
There exists another major problem for even such applications, which originates from the high pH
of the recycled aggregates. This alkalinity is due to high content of cement paste and mortar mainly
composed of portlandite and calcium silicate hydrates (C-S-H) in concrete [11,12].

The pH of the recycled aggregate is dependent on the amount of portlandite (Ca(OH)2) in the
concrete waste, and the pH of the recycled aggregates increases to pH 12 and generally ranges from 11
to 13 due to the dissolution of Ca(OH)2 and the production of OH− in water [13]. Hence, the high pH
of concrete waste threatens the environment when it is exposed to water, and the reuse of the recycled
aggregate in areas where it has can influence the pH of water is strictly limited by law [14,15]. In Korea,
there was an accident in 2008 related to increase in the pH of an ecosystem by recycled aggregate,
in which noteworthy numbers of birds and fish were killed. As a result, the pH level of the recycled
aggregate was regulated to be <9.8 in order to reuse it for the road sub-bases and non-structural
facilities [16–18].

There are several treatment processes for reducing the pH of concrete waste that could improve
its reuse. Carbonation using CO2 gas is considered one of the most popular processes over the past
decade [19]. The CO2 gas dissolves in water to form carbonic acid and the carbonic acid reacts with
the hydrated portlandite and/or the calcium silicate hydrate producing secondary carbonate minerals
such as CaCO3, in the process called carbonation [20–23]. The carbonation achieved by dissolved
CO2 can reduce the alkalinity in water and thus the pH of concrete aggregates. From recent research,
the CO2-water-aggregate reaction at atmospheric pressure in the laboratory has been simulated to
induce the carbonation of concrete aggregate. The pH reduction of the recycled aggregate by the
CO2-water-aggregate reaction has been effective to a certain point [24,25]. However, because the
carbonation with dissolved CO2 mainly takes place on the surface of the recycled aggregates and
because the partial pressure of CO2 in the atmosphere is relatively low (around 0.05%), the conventional
carbonation rate in the CO2-water-aggregate reaction at atmospheric pressure is slow. This means that
the reaction time necessary for sufficient pH neutralization takes too long to achieve a satisfactory pH
reduction for recycled aggregates (generally more than 30 d). If enough carbonation time by dissolved
CO2 is not guaranteed, the pH of water extracted from the CO2-treated aggregate may decrease early
in the extraction; then, may go back up to pH 11–12 in the latter stage of extraction. This is because of
additional dissolution of the unaltered portlandite remaining in the aggregate. The extent and the rate
of carbonation for the aggregate depends on several parameters, including CO2 diffusivity, and CO2

reactivity, dissolved CO2 amount, and infiltration capacity into micro pores. These are proportional
to the conditions under which recycled aggregate in water is exposed to dissolved CO2. With larger
contact area and the higher pressure in the scCO2-water-aggregate reaction, the carbonation process
is accelerated, and the time needed for carbonation to reduce the pH of the recycled aggregate may
decrease. The reduction of the carbonation time for recycled aggregate is unavoidable for its wider
commercialization as well as for its use in construction.

As an alternative to accelerate carbonation, liquid CO2 and supercritical CO2 (scCO2) could be
used instead of CO2 gas. It can be inferred that the actual solubility of CO2 in water is high under
low-temperature and high-pressure conditions during the CO2-water-aggregate reactions [26,27].
However, a large amount of calcium carbonate (CaCO3), which is the by-product resulting from
CO2 sequestration in the carbonation process, can precipitate in high-temperature and high-pressure
conditions [28–30]. The viscosity and density of scCO2 is more similar to gaseous CO2 than to liquid
CO2; thus, the mobility of scCO2 in aggregate is much greater than that of liquid CO2. This accelerates
carbonation in the recycled aggregate. For these reasons, scCO2 rather than gaseous CO2 and liquid
CO2 is more appropriate for use in the carbonation process to neutralize the pH of recycled aggregate.
The scCO2-water-aggregate reaction under high-pressure and high-temperature conditions was
conducted at laboratory scale by Chung et al. [31] and Costa et al. [32]. The carbonation of the Portland
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cement matrix and the cement mortar was simulated by inducing undisturbed scCO2-water-material
reaction under a supercritical condition (50 ◦C and 10.0 MPa or 70 ◦C and 13.8 MPa). The formation of
calcite (CaCO3) was identified after the carbonation and the pH of the cement samples declined to 9.8
(the tolerance limit). However, the time needed for carbonation to satisfy the pH tolerance limit (9.8)
for the reuse of the recycled aggregate took from 30 to 50 d. This is too long to facilitate its reuse in
construction. It is necessary to develop an additional technology to accelerate the carbonation process,
thereby minimizing the carbonation time of the recycled aggregate to <1 d.

In this paper, a new treatment process is introduced to minimize the carbonation time needed
to reuse concrete aggregate to within a few hours (3 h at most). To overcome the limitation of the
conventional carbonation time, the carbonation process of the concrete aggregates was optimized by
sparging pressurized scCO2 into recycled aggregate immersed in water under supercritical condition
(0.8 MPa and 50 ◦C). In the case of scCO2 sparging into water-immersed aggregate, the stirred micro
water and scCO2 bubbles can penetrate deeply into micro pore spaces inside the aggregate. There,
they facilitate the dissolution of the hydrate (portlandite) in the aggregate much more than the
undisturbed water would, which quickly increases the pH of the water. However, the sparged scCO2

(micro-bubble type) simultaneously increases the saturation of CO2 in water and produces plenty of
H+ and carbonic acids (HCO3

− and CO3
2−) that penetrate much better into the micro pores of the

aggregate to neutralize the hydroxides dissolved inside them. This results in decrease of the pH of the
water and the precipitation of CaCO3 on the aggregate surface in a relatively short time. The successful
reduction of pH in the recycled aggregate can be achieved by this process of accelerated carbonation of
hydrated portlandite (or calcium silicate hydrates attached to the aggregates), which is transformed
into secondary carbonate minerals such as CaCO3. Batch and column extraction experiments with
the scCO2-sparged/untreated recycled aggregate were performed to demonstrate the pH reduction of
the recycled aggregate treated with this accelerated carbonation process. The optimal conditions for
accelerated carbonation were determined by laboratory experiments and the effect of this carbonation
process on the pH reduction of the recycled aggregates was also quantitatively and visually investigated
using several kinds of quantitative analysis. The use of the scCO2 sparging process as the accelerated
carbonation process has never before been attempted, even in the laboratory, and this study presents a
new technology for effectively shortening the time for carbonation of concrete waste to overcome the
time limitation affecting its reuse at real construction sites.

2. Material and Experimental Methods

2.1. Materials

Two types of recycled aggregate samples were used in this work. One (hereafter “Type-A”), was
made of 1-year old mortar samples (cured in lime-saturated water). Its water-to-cement (ASTM type I)
ratio was 0.4 and its cement-to-sand ratio was 1:3 (wt). Each mortar specimen was crushed using an
automatic hammer and the aggregate particles (from 10 to 15 mm in diameter) were separated using
sieves for the carbonation experiment. The size of the aggregate was controlled to make the particle
size similar to that of the second type.

The other type of recycled aggregate sample (hereafter “Type-B”) was recycled coarse aggregate
produced by a recycled aggregate company (Hana-Ktec, Republic of Korea). The aggregate was
composed of granite and andesite, and the average diameter was ≈10–13 mm. To investigate the
effect of the scCO2 sparging process on the recycled aggregate carbonation, the authors requested that
the recycled aggregate company does not apply their own carbonation process. It should be noted
that Type-A was intended to simulate the most difficult case scenario (lowering the pH of recycled
aggregate) and Type-B was chosen to investigate whether the suggested test procedure works with
general recycled aggregate, or not.
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2.2. Accelerated Carbonation Using Pressurized scCO2 Sparging

The carbonation of recycled aggregate was accelerated by the scCO2 sparging process at laboratory
scale. The micro bubbles originating from the scCO2 sparging accelerated the dissolution of portlandite
and other calcium silicate hydrates that were attached to the recycled aggregate surface and produced
OH− due to the swirling water and bubble currents in the cell. They also cause CO2 to dissolve quickly
into the water in the cell as well as to penetrate deeply into the micro void spaces of the recycled
aggregates. The aqueous CO2 from the sparged scCO2 dissolution produces carbonic acid and H+ in
the water that are very reactive with the minerals in the recycled aggregate. In this study, chemical
reactions (dissociation, secondary mineralization, and precipitation) on the aggregates caused lowered
pH in extracted solution. These reactions were investigated in laboratory-scale extraction experiments.

A stainless steel-cylindrical chamber (75 L capacity) was designed as the pressurized scCO2

injection source and was filled with the scCO2 at 110 bar (11 MPa) using a high-pressure syringe pump
(260D Teledyne Isco). The outer wall of the chamber was covered with a heat jacket maintained at
50 ◦C to keep the scCO2 fluid in the chamber. Fifty grams of recycled aggregate and 100 mL of distilled
water were poured into a highly pressurized stainless-steel cell (150 mL capacity) and the void space of
the cell was filled with scCO2 at 80 bar by a high-pressure syringe pump. The top and the bottom of
the cell were connected with a stainless-steel tube and a gas regulator was used to control the pressure
in the cell. The scCO2 from the chamber was sparged at 90 bar from the bottom of the cell using a gas
regulator. The sparged scCO2 quickly mixed with the water-immersed aggregates due to the pressure
difference (∆p = 90 bar − 80 bar = 10 bar) in the cell. By the sparging process, micro and macro bubbles
of scCO2 strongly contacted water molecules, much CO2 was dissolved into water within a short time,
and water containing dissolved CO2 penetrated deeply into the void spaces of the aggregates, thereby
consuming the portlandite in them. The sparged scCO2-water-aggregate reaction was maintained for
1 h and the sparged scCO2 was flushed from the top of the cell at 80 bar through a stainless steel tube
attached to the regulator. After 1 h of scCO2 sparging, the cell was allowed to reach standstill for 2 h
(total 3 h of reaction time). A stationing time of 2 h after the sparging process was given to provide
enough time for calcite precipitation. After the sparging process was finished, aggregate samples were
taken out and dried for 3 d in an oven at 50 ◦C for further analyses.

Carbonation was also performed using the scCO2-water-mortar reaction without scCO2 sparging
(hereafter “dissolution reaction” with scCO2) and those results were compared with those from the
scCO2 sparging process. After fixing a Teflon beaker inside a 150 mL high-pressure stainless-steel cell,
50 g of Type-A aggregate and 100 mL of distilled water were added to the beaker. Then, scCO2 was
injected from the top of the cell at 50 ◦C and 80 bar using a high-pressure syringe pump (260D Syringe
pump, TELEDYNE ISCO, USA) and the outer wall of the cell was covered with a heating jacket to
maintain 50 ◦C. The dissolution reaction time was 3 h, similar to the total time of the scCO2 sparging
process (3 h). After the dissolution reaction with scCO2, all aggregate samples were dried for 3 d in an
oven at 50 ◦C.

A schematic of the carbonation process with the scCO2-water-mortar reaction without scCO2

sparging, is shown in Figure 1. A schematic of the carbonation process accelerated by scCO2

sparging, and photographs of the recycled aggregates used in the experiment, are shown in Figure 2.
SEM (Scanning Electron Microscope; HITACHI S-2700) images of the scCO2-sparged aggregate surface
were compared with those of untreated aggregate surface to visualize the carbonation originating from
the scCO2 sparging. The XRD (X-Ray Diffractometer; Rigaku, Ultima IV), EDS (Energy Dispersity
Spectroscope; HORIBA EX-250), and TG/DTA (Thermo Gravimetric-Differential Thermal Analyzer;
Bruker TG-DTA 2020) analyses for recycled aggregate samples before and after the scCO2 sparging
process were also performed to identify the mineralogical and compositional changes occurring during
the carbonation process.
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Figure 1. Schematic of the scCO2 dissolution reaction for the carbonation of concrete aggregate.

Figure 2. Schematic of the scCO2 sparging process for the carbonation of concrete aggregate.

2.3. Extraction Batch Experiment for Decrease of pH by Carbonation

Aggregate that was either scCO2 sparged or untreated, was used in the extraction experiment
to demonstrate decrease of the pH of the aggregate treated with the accelerated carbonation process.
The scCO2-sparged aggregates and the untreated aggregates were dried in the oven and 20 g of each
aggregate was poured into a glass flask filled with 100 mL of distilled water. The mixed solution in
the flask was stirred with a magnetic stirrer for 10 min at 150 rpm. The change in pH of the solution
in each flask was measured at different extraction times for 20 d and their results were compared to
evaluate the effect of the scCO2 sparging treatment on the reduction of pH in the recycled aggregates.

2.4. Continuous Column Experiment

A continuous column experiment was also performed to identify the pH reduction effect of
the carbonation process for massive concrete aggregates (Type-B), considering the non-equilibrium
reaction condition in the field. A Kentes glass column (4.8 cm in diameter, 15 cm in length) was
gravity-packed with the scCO2-sparged (or untreated) recycled aggregate and 220 L of distilled water
(about 20–30 pore volumes of the column) was flushed down into the column from a sprinkler at
the top of the column at a constant flow velocity of 1.5 mL/min (the average amount of rainfall in
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1 year in Korea was flushed during 24 h). The upper part of the column was covered with glass silica
beads (2 mm diameter) in a layer 2 cm thick to maintain the continuous laminar flow at the top of the
column. The pH and Ca2+ concentrations of the effluent from the bottom of the column were measured
at certain time intervals. A schematic of the continuous column experiment is shown in Figure 3.
The comparison of pH from the effluent between two columns (one packed with scCO2-sparged Type-B
aggregates and one with untreated Type-B aggregates) was performed to investigate the pH reduction
of aggregates caused by the carbonation process with scCO2 sparging, and considering the kinetic
effect. The column experiment was performed in triplicate and the arithmetic mean was used to
investigate the pH reduction of the scCO2-sparged concrete aggregate.

Figure 3. Schematic of the column experiment with Type-B concrete aggregate ((a) column packed
with untreated aggregates; (b) column packed with scCO2 sparged aggregates).

3. Results and Discussion

3.1. Accelerated Carbonation Using Pressurized scCO2 Sparging

The XRD analyses for Type-A aggregate were performed before and after the scCO2 sparging
process (1 h for sparging and 2 h for stationing) and the results are shown in Figure 4. Distinct peaks
for portlandite (Ca(OH)2) and quartz (SiO2) were found in the XRD pattern for untreated aggregates.
The presence of quartz in Type-A aggregate was from the use of ISO standard sand, which is composed
of 100% quartz. After only 1 h of scCO2 sparging, the intensity of the portlandite peaks at 18.09◦ and
34.09◦ of 2θ degree, significantly decreased by 80% due to the dissociation of portlandite from the
recycled aggregates. Moreover, the intensity of the calcite (CaCO3) peak at 29.40◦ of 2θ degree increased
more than five times. This indicated that the calcite was precipitated as a secondary mineral during the
scCO2 sparging process of recycled aggregates. Even the change of XRD peak intensity for a specific
mineral did not quantitatively match the change of its amount in the compounds. These results indicate
that the transportation of sparged scCO2 and water into the inner parts of the recycled aggregates
occurred actively and that they were trapped even in micro pore spaces, where they accelerated the
carbonation of the aggregates (dissolution of portlandite and precipitation of carbonate minerals).
Even after a significant portion of the portlandite in an aggregate was dissolved and transformed to
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carbonate precipitate by the scCO2 sparging process, the pH of the water in contact with the treated
aggregate might increase when it was exposed to the outside environment later because of the residual
portlandite in the treated aggregate. However, continuous carbonation by dissolved CO2 in a water
system can also consume the dissolved Ca2+ and OH−, preventing drastic increase in the pH of treated
aggregate after the scCO2 sparging process. The precipitated secondary Ca-bearing carbonates (such as
calcites) might also fill up the void spaces produced during the dissolution of portlandite in the
aggregate and make the treated aggregate physically more stable (see the next paragraph). They also
can act as a buffer medium to maintain the pH of treated aggregate within a certain range by repeating
dissolution and precipitation whenever the pH of the water in the external environment changes.

Figure 4. XRD patterns of Type-A concrete aggregate before/after the scCO2 sparging.

The morphology of precipitated calcites on Type-B aggregate after scCO2 sparging was visualized
using SEM images, which are shown in Figure 5. Before the scCO2 treatment, the surface of an aggregate
cube (10 mm× 10 mm) was polished with sandpaper (200 mesh) and its SEM image showed a preserved
mortar surface composed of sand phenocryst and cement groundmass, having void spaces and micro
cracks (Figure 5a–c). However, this area was found to be apparently carbonated after only 1 h of scCO2

sparing, and showed the growth of secondary minerals (Figure 5d–g), of which morphology is similar
to that of the carbonated region in SEM images of previous carbonation studies [33,34]. In Figure 5c,f,
a void space on the aggregate surface (red circle area in Figure 5c) was filled with secondary minerals
during the carbonation process (Figure 5f). In many parts of cement matrix pore spaces and phenocryst
surfaces, the growth of secondary minerals of various shapes, as well as euhedral calcite crystallites, are
observed (Figure 5d,e,g). This is thought to be a direct consequence of making it more stable physically
during the carbonation process. From EDS analysis of the secondary minerals upon the scCO2-sparged
aggregate, the carbonate minerals identified were mainly composed of Ca, C, and O (Figure 5h,i).
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Figure 5. SEM-BSE photomicrographs (a–g) and EDS peaks (h,i) of Type-A concrete aggregate surface
before/after the scCO2 sparging.

Thermogravimetric analysis of the recycled aggregate before and after scCO2 sparging was also
performed to evaluate the weight loss of portlandite and weight gain of calcite due to the carbonation
process based on mass loss in certain temperature ranges. Both portlandite and calcite content were
determined using weight loss in the range 400–500 ◦C (portlandite) and in the range 600–800 ◦C (calcite).
This was done using the modified tangential method suggested by [35]. The TG and DTA curves for
scCO2-sparged, only scCO2-reacted, and untreated recycled aggregate (Type A) are shown in Figure 6.
In the range 50–200 ◦C, recycled aggregates showed loss of mass originating from the evaporation of
free water, decomposition of hydration products (such as ettringite), and dissociation of chemically
bound water from calcium silicate hydrates in the micro pores. These occur in both scCO2-treated
and untreated aggregates. The untreated aggregate showed greater weight loss in this region than the
scCO2-sparged aggregate did (Figure 6a) because ettringite decomposition and disintegration of the
calcium-silicate-hydrate structure occurred due to continuous leaching of Ca2+ and OH− ions during
the scCO2 sparging process.
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Figure 6. TG/DTA analyses of Type-A aggregates (before treatment (a); after the scCO2 dissolution
reaction (b); after the scCO2 sparging (c)).

The mass loss of recycled aggregate between 400 and 500 ◦C was caused by dihydroxylation
from such as decomposition of portlandite (Ca(OH)2) in the cement matrix of the aggregates [35,36].
The untreated Type-A aggregate shows a significant mass loss (1.47% of total mass) at 400–500 ◦C,
the equivalent of 6.03% of the aggregate when it is converted to portlandite molecular (Ca(OH)2)
weight (Figure 6a). After 3 h of dissolution reaction with scCO2 and water, the mass loss of aggregate at
400–500 ◦C was 1.06% of the total mass, showing that the remaining portlandite portion was 4.34 wt%
of the total aggregate after the reaction. This suggests that 28.02% of the portlandite in the aggregate
was consumed by the dissolution reaction with scCO2 (Figure 6b). However, the scCO2-sparged
aggregate presented only 0.62% of mass loss in the same temperature range and the residual portion of
portlandite in the aggregate was 2.53 wt%. This suggests that 58.01% of the portlandite in aggregates
was depleted after only 1 h of scCO2 sparging (Figure 6c).
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The last definite mass loss of aggregates occurred at 600–800 ◦C, and this was from CO2 loss due
to the decomposition of CaCO3 polymorphs. For the untreated Type-A recycled aggregates, 1.55% of
mass loss occurred and this means that the calcium carbonate accounts for 3.52% of Type-A aggregate
before the scCO2 treatment. However, after 3 h of dissolution reaction with the scCO2 and water,
the mass loss of scCO2-reacted Type-A aggregate at 600–800 ◦C was 2.52%. Moreover, the CaCO3

covered 4.66 wt% of the reacted aggregate, suggesting that a significant portion of the calcite newly
precipitated on aggregates was by the scCO2 dissolution reaction, and that a 32.47% increase of the
calcite mass in the aggregate was by the scCO2 dissolution reaction. For 1 h of scCO2 sparging, the
greatest loss of scCO2-sparged recycled aggregate in the 600–800 ◦C range was 2.91% (compared to
1.55% of untreated aggregate). This showed that 87.67% of the calcite mass was precipitated during
the 1 h scCO2 sparging process. As a result, the scCO2 sparging process was able to dissolve more
than 1.7 times the Ca(OH)2 and to produce more than 1.4 times the CaCO3 compared with only the
dissolution reaction with scCO2 and water. From the XRD analysis results, SEM images, and TG/DTA
analysis results, the mineralogical transitions, such as the depletion of portlandite and the precipitation
of calcite, successfully occurred in recycled aggregate through the carbonation process when using
scCO2 sparging. When the scCO2-sparged aggregate is exposed to water outside for a long period of
time, the remaining portlandite may start to dissolve, increasing the pH of the water in proportion to
the exposure time. However, the portlandite dissolution is no longer active and is limited because
of newly precipitated calcite covering the aggregate surface. Moreover, CO2 is also continuously
transported into the water from the atmosphere, which buffers against abrupt increase in the pH of the
water. These processes consistently prevent severe increase of the pH of treated aggregate in contact
with the water, even after scCO2 sparging. Results from more than 20 d of batch and column extraction
experiments also support this assumption (see Sections 3.2 and 3.3).

3.2. Batch Extraction Experiment for pH Neutralization by the Carbonation Process

The change in pH of the solution mixed with recycled aggregate was measured at different
extraction times for 20 d and their results are shown in Figure 7. The increase in the pH of the solution
comes directly from the dissociation of OH− from hydroxide minerals such as portlandite in the
original recycled aggregates. The average pH of the solution extracted from the original Type-A
aggregate abruptly increased from pH 8.6 to 12.7 (maximum of 12.8) within two days of extraction and
was maintained at pH > 12.5 since then (Figure 7a). For Type-B aggregate, the maximum pH of the
solution was 12.4 and it remained >11.5 because Type-B aggregate includes coarse granite aggregates
in concrete blocks and the cement mortar portion (especially portlandite content) in Type-B recycled
aggregates is less than in Type-A aggregates (Figure 7b). The average pH of the solution extracted from
scCO2-sparged recycled aggregates increases to 10.0 for the first five days of extraction time, of which
the trend was similar to that of untreated aggregate. However, the solution pH started to show a
downward trend and remained <9.8 for both Type-A and Type-B aggregate after 15 d of extraction time.
For Type-A aggregate treated with 3 h of scCO2 dissolution reaction with water, the trend of average
pH in the solution resembled that for scCO2-sparged aggregate except when maintained at higher
than pH 9.8, suggesting that the scCO2 sparging process is more effective for carbonation of recycled
aggregates than the scCO2 dissolution reaction process is (Figure 7a). The results of the extraction
batch experiments successfully demonstrated that the 1 h scCO2 sparging was enough to accelerate the
carbonation process in concrete aggregates, lowering its pH to <9.8 and allowing them to be safely
recycled as subgrade landfill materials and for pavement construction.
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Figure 7. The pH of extracted solution from concrete aggregate with/without the scCO2 treatment ((a)
type-A recycled aggregate; (b) type-B recycled aggregate).

3.3. Continuous Column Experiment

Two columns packed with Type-B aggregates (scCO2-sparged or untreated aggregates) were
designed and a total of 235.0 L of distilled water was used to flush each column. This is similar to the
amount of average rainfall for 20 years in South Korea because 2.35 L represents the average rainfall
per year in Korea. The pH of the effluent from the bottom of each column was measured at certain
time intervals and the results are shown, in Figure 8. For untreated Type-B aggregates, the pH of
the effluent increased to 11.8 at the early stages of the flushing and remained above pH 11.0. In the
column experiments, the pH of the extraction solution was a little lower than the pH of the solutions
in the batch experiments due to the kinetic effect from the non-equilibrium reaction in the column
experiments. For untreated recycled aggregates, the pH of the effluent was >9.8, which is the Korean
tolerance limit for drainage. Additional pH reduction would be needed to maintain pH <9.8. In the
case of 1 h scCO2-sparged aggregates, the pH of the effluent from the column slightly increased early
in the extraction process, but remained <9.8 after 15 L of flushing.

Figure 8. The pH of the effluent from the column packed with untreated and scCO2 sparged Type-B
concrete aggregate.

The Ca2+ concentration in the effluent from each column was also analyzed during the column
experiments and their results are shown in Figure 9. For the untreated aggregates, the Ca2+ concentration
of the effluent ranged from 20 to 70 mg/L, but for the scCO2 sparged aggregates, it remained below
15 mg/L except for the very early extraction stage (less than three pore volumes). Results suggested
that the low Ca2+ concentration in the effluent directly resulted in less portlandite remaining in the
scCO2-treated aggregate as well as lower Ca solubility of subsequently precipitated silicate or carbonate
minerals as secondary minerals other than portlandite [31]. In this study, only 1 h of scCO2 sparging
and 2 h of stationing was able to lower the pH of concrete aggregate enough to recycle the concrete
waste aggregates at real construction sites exposed to non-equilibrium conditions.



Minerals 2020, 10, 486 12 of 14

Figure 9. Concentration of Ca2+ in the effluent from the column packed with Type-B concrete aggregate.

3.4. Role of Carbonation in the Lowering of pH in Water Contacting scCO2-Treated Aggregate

According to our results shown in Figure 4 (XRD peaks) and Figure 6 (TG results), the presence
of portlandite in treated aggregate was clearly observed even after 1 h of scCO2 sparging. When a
certain amount of portlandite remained, the pH of water contacting the treated aggregate could rise
due to continuing dissolution of the portlandite. However, from our results on the pH measurements
in Figure 7 (from batch extraction experiments) and in Figure 8 (from continuous column experiments),
the scCO2-sparged aggregate maintained a solution pH <9.8, even after 20 d of extraction time. It is
considered that this phenomenon occurred due to the hindering effect of calcite crystals on the abrupt
dissolution of the remaining portlandite because a large portion of the surface of the aggregate was
covered by carbonate precipitates during the scCO2 sparging process (see SEM images in Figure 5).
When CO2 was continuously dissolved into water from the atmosphere, additional carbonation also
occurred that consumed Ca2+ and OH−, ions originating from portlandite dissolution. This buffered
the water in contact with the aggregate from increase in pH for a long time. Carbonates formed on
the surface of the scCO2-sparged aggregate can also act as the source of HCO3

−, CO3
2−, and H+ by

additional dissolution, thereby counteracting the increase in pH with OH−. These results supported
the conclusion that only 1 h of scCO2 sparging and 2 h of stationing is enough to maintain the pH of
contact-water at pH <9.8, even when some portlandite remains in the treated aggregate.

4. Conclusions

Several previous studies have demonstrated the process of carbonation of concrete using scCO2

treatment, but more than 10 d of treatment time (mostly 30–50 d) was required for successful lowering
of the pH of the concrete or the recycled aggregate. In this study, the feasibility of using scCO2-sparging
for treating concrete waste to provide a recycled construction resource was evaluated using quantitative
results of batch and column experiments, as well as from mineralogical and visualization analyses.
Even when using only 1 h of scCO2 sparging and 2 h of stationing, the carbonation of concrete aggregate
was significantly accelerated. Moreover, the pH of the aggregate was lowered to <9.8 for a long
time. As the main cause of pH lowering, significant mineralogical transition has also been observed
on the surface of concrete aggregates, including such as portlandite depletion and the precipitation
of calcite. As the operation of scCO2 sparging of recycled aggregates is fairly straightforward and
provides superior reactivity, it is hoped that the usage of the scCO2 sparging process will be regarded
as one of the most effective technologies for accelerating carbonation, and therefore for maintaining
low pH in the recycled aggregate for a long time. This study focused on the rapid carbonation of
concrete aggregate to reuse in various environments and further studies are required in areas of the
estimation for the CO2 reduction by carbonation of recycled concrete aggregate in life-cycle scale and
quantitatively understanding its carbonation behavior [37].
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