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Abstract: This study carried out a comprehensive review to determine the carbonation process that
causes the most deterioration and destruction of concrete. The carbonation mechanism involved
using carbon dioxide (CO;) to penetrate the concrete pore system into the atmosphere and reduce the
alkalinity by decreasing the pH level around the reinforcement and initiation of the corrosion process.
The use of bacteria in the concrete was to increase the pH of the concrete by producing urease enzyme.
This technique may help to maintain concrete alkalinity in high levels, even when the carbonation
process occurs, because the CO, accelerates to the concrete and then converts directly to calcium
carbonate, CaCO3. Consequently, the self-healing of the cracks and the pores occurred as a result of
the carbonation process and bacteria enzyme reaction. As a result of these reactions, the concrete steel
is protected, and the concrete properties and durability may improve. However, there are several
factors that control carbonation which have been grouped into internal and external factors. Many
studies on carbonation have been carried out to explore the effect of bacteria to improve durability
and concrete strength. However, an in-depth literature review revealed that the use of bacteria as a
self-healing mechanism can still be improved upon. This review aimed to highlight and discuss the
possibility of applying bacteria in concrete to improve reinforcement concrete.

Keywords: concrete; carbonation; bacteria; bio-concrete; self-healing

1. Introduction

The carbonation of concrete occurs when carbon dioxide from the air passes through
the pores of the concrete and combines with calcium hydroxide to produce calcium car-
bonates [1]. The action of CO, causes Ca (OH), to be converted into CaCOj3, resulting in
a minor shrinkage [2,3]. It can be seen clearly that carbonation cannot occur unless the
CO; reacts with another element. CO; is converted to dilute carbonic acid in the presence
of moisture, which destroys concrete and lowers its alkalinity [4]. The concentration of
carbon dioxide (CO,) in the atmosphere has been steadily increasing from 280 parts per
million (ppm) in preindustrial times to 381 ppm today, and some models predict that it
will double within the next century. This increase in CO, concentration has been caused by
human activity [5]. The increase of carbonation caused by this change in the alkali level of
the cement can be lower than the normal range, ranging from 12.5 to 13.5 of pH in normal
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concrete [6]. The high alkalinity safeguards the reinforcement bars from oxygen and water
by forming a thin passivating coating around it. It will not corrode as long as it is kept
in a very alkaline environment, which is called passivation. In practice, CO, existing in
the atmosphere in varying concentrations enters the concrete, carbonates the CO,, and
decreases the alkalinity of the concrete. The pH of the pore water in the cured cement
paste will be decreased from roughly 13 to around 9.0 [7]. When all of the Ca (OH); has
been carbonated, the pH will drop to around 8.3. At such a low pH, the protective layer
is removed, exposing the steel to corrosion [8]. One of the primary causes of reinforcing
corrosion is the carbonation of concrete. Moreover, oxygen and moisture are also essential
for embedded steel corrosion.

According to the previous study that was done by [9], the factors that affect the
carbonation process have been categorized into external and internal factors. External
factors that affect carbonation are the CO, concentration, air pressure, relative humidity,
and temperature. Internal factors, on the other hand, depend on physical characteristics
such as the material size, surface area, and porosity of the concrete, or chemical properties
such as the solid composition, calcium (Ca) contact, the Ca/Si ratio, the pH of the solid, and
the availability of Pb, Cd, and Ni. The presence of CO; in the environment surrounding
the concrete is a significant factor that accelerates the carbonation process. To address
these obstacles, self-healing approaches have been developed for improved outcomes. It is
possible to improve the durability, compressive strength, and permeability of concrete. The
ability to mend and seal concrete cracks was noted, and observations were made on the
concrete’s permeability and its ability to mend cracks under pH-maintaining circumstances.

Bio-concrete is a self-healing technique that fills the cracks and pores in concrete with
bacteria by inducing CaCOj3 precipitation through bio-mineralization [10]. The acceleration
of carbonation in bio-concrete is possible if the bacteria used can produce the carbonic
anhydrase (CA) enzyme responsible for CO, sequestration in the form of CaCOj3 [11]. The
mineral precipitation induced from bacteria has been identified as a technique for concrete
crack healing that is environmentally friendly [12]. In this technique, the bacteria produce
the urease enzyme to catalyze the hydrolysis of urea to CO, and ammonia [13].

Microorganism-induced healing of concrete can be done by three various methods:
by adding bacteria directly to the mix, by encasing bacteria in the mix to hold them
inanimate until they are needed, or by spraying or injecting bacteria on the surface of the
cracks [14]. In each of these cases, in addition to the bacteria, an organic food source, such
as yeast extract [15] or a urea medium [16], has to be supplied in close proximity to them
as needed so to guarantee that the surviving cells have the ability to potentially expand
and react. In addition, there are two primary forms of CaCOj precipitation: autotrophic
and heterotrophic, both of which exhibit calcification and biomineralization [17]. When it
comes to producing CaCOjs in concrete, only certain strains of alkaliphilic-based bacteria
can be used [17,18]. This means that the pH of the concrete can be modified directly by the
factors used to control the application of bacterial precipitation.

This paper aimed to conduct a review on the role of bacteria and the self-heling process
of carbonation on reinforcement concrete. At the same time, it reviews the mechanisms of
the carbonation process, the factors affecting carbonation, and the effects of carbonation on
concrete. In addition, the carbonation of concrete has a strong relation with the environment
due to the role CO; in this process [9].

2. Bibliometric Analysis by Co-Occurrence (Author Keywords)

Bibliometric analysis was used as scientific metrics to give a strong indicator and
highlight the research gap in this review. Bibliometric maps were analyzed for 282 articles
from the Scopus database using 5 different categories of limitations, as follows: keywords,
last 5 years, type of documents (reviews and journal papers), English language. The
keywords and their synonyms used were (“concrete”) AND (“self-healing” OR “self-
healing”) AND (“carbonation” OR “CO,” OR “carbon dioxide”), respectively. The number
of author keywords that appeared three times, the total link strength, and clusters were
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50, 288, and 8, respectively. The author’s keywords that occurred more than 5 times were
22, as shown in Table 1. It can be seen that self-healing occurred more than 100 times with
a high level of total strength in the selected articles. However, carbonation and corrosion
protection occurred 6 times only, with a total strength of 9 and 5, respectively. This finding
can give an indicator that the study of self-healing by previous researchers did not focus
more on corrosion protection as well as the carbonation of concrete.

Table 1. The author’s keywords occurred more than 5 times in VOS viewer software.

Verify Selected Keyword

Selected Keyword Occurrence Total Link Strength
v Self-healing 104 83
v Concrete 17 30
v Bacteria 14 20
v Durability 12 19
v Sustainability 9 17
v Calcium carbonate 6 12
v Cementi'tious 8 1

materials
v Mechanical properties 12 11
v Composite 6 10
v Bacillus subtitles 7 9
v Carbonation 6 9
v Crack 7 9
v Marine environment 5 8
v Microstructure 6 8
v Corrosion 7 7
v Micp 7 7
v Compressive strength 6 6
v Self-healing concrete 17 6
v Cement 5 5
v Corrosion protection 6 5
v Bio-concrete 4
Engineered
v Cementitious 5 4

composite (ecc)

The network visualization in Figure 1A represents the items by their label and circle.
The size of the circles around the mentioned top 5 keywords is determined by the weight
of the item. The large circle represents the higher weight of the items. The frequency of the
keywords that occurred more than 5 times, and the weight of the items, indicated that most
researchers worldwide are studying the new applications of self-healing in bio-concrete.
This finding can give a clear view of the future applications of the corrosion protection of
concrete reinforcement using a self-healing approach, which can be considered as the most
applied in the last 5 years, as presented in overlay visualization map in Figure 1B.
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Figure 1. Bibliometric analysis of the keywords in publications of concrete self-healing and carbona-
tion. (A) Network visualizations to show the frequency of keywords used by authors and the number
of clusters; (B) Overlay visualizations to show the frequency of keywords used by authors colored by

year and color.

3. Bibliographic Coupling Analysis (Countries)

The bibliographic coupling analysis of the countries presents the total number of
countries published in this research area. Only 51 countries have contributed according
to research and more in this analysis. The countries that participated in the publications
in this area are presented in Figure 2. The top five countries that published articles in this
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area are China, the United States, the United Kingdom, Australia, and India with 88, 32, 18,
and 17, respectively. Unfortunately, most of these countries, such as the United States, the
United Kingdom, Germany, and Belgium, raised this issue before and after 2019. as present
in the overlay visualization map in Figure 3. However, countries such as China, Australia,
India, Canada, and Malaysia have been focused on this area of research in 2020 and beyond.
In addition, some countries have started to conduct some research in this regard, starting
from 2021 up to now, such as Ireland, Taiwan, Cyprus, and Bangladesh. According to the
previous discussion, it can be expected that this topic will have many applications in the
coming years, as well as many publications worldwide.
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Figure 2. Bibliometric analysis of co-authorship (countries) Overlay visualizations occurrence of
countries published, which are colored according to publication years of concrete self-healing and

carbonation.
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Figure 3. The mechanism of carbonation in reinforced concrete.
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4. Carbonation in Concrete

Carbonation can be classified into two types. The first is called weathering carbonation
or natural carbonation, and the second type is called active carbonation or accelerated
carbonation [19]. The weathering carbonation of concrete is considered as a passive carbona-
tion [19,20]. According to [21], carbonation curing is different from weathering carbonation,
in that the former takes place in a short period of time after casting, while the latter is a slow
process afflicting mature concrete in service. Past research studied the effect of atmospheric
weathering carbonation on the physical and transport properties of concrete [22]. The
primary consequence of atmospheric carbonation is shrinkage, which can lead to unstable
dimensional changes and cracking in the restraint [23]. Through active carbonation, the
properties of the concrete can be maximized by gaining a higher early strength and a
strong surface hardness, thereby reducing the porosity and enhancing the durability of the
concrete [24]. In short, passive carbonation is the deterioration phase of concrete, whereas
active carbonation is the beneficial phase of the concrete [25]. This beneficial manner of
active carbonation was found to be feasible and practical for concrete without reinforced
steel bars, such as concrete blocks, paving blocks, etc., and can be used as an alternative to
the conventional accelerated steam-curing process [19]. The internal and external factors
determine the rate of the passive carbonation process. The interior factors comprise the
cement content, the strength of the concrete, the water-to-cement ratio, the porosity, and the
degree of saturation in the concrete pore structure. This is in addition to the physical and
chemical properties of the concrete materials, while the exterior parameters consists of the
surrounding temperature, relative humidity, and CO, concentration in the atmosphere [20].

As shown in Equation (1), carbonation in concrete is conducted by the chemical
reaction between CO; and Ca(OH); to form CaCOs3 with the availability of water. As can
be observed in Equation (2) [26], the C-S-H is likewise prone to decalcification when CO is
present, which results in the production of CaCOj3 and silica gel. Due to that, the pH of
the concrete starts to decrease, resulting in the destruction of the passivation coating and
causing the steel reinforcement to corrode over the long term [27].

Ca (OH), + CO, — CaCO; + H,O )

C-S-H +2CO, — SiO, + 2CaCO; + HyO @)

According to Abdul-Baki [27], early carbonation curing is a very fast process that
occurs within hours of casting. As indicated in Equations (3) and (4), most of the cement
paste’s anhydrous components (C2S and C3S) are involved in the reaction, which would
otherwise be engaged by water.

C3S + (3 — x) CO, + yH,O — CxSHy + (3 — x) CaCO; 3)

C2S + (2 — x) CO, + yHpO — CxSHy + (2 — x) CaCOs 4)

As a carbon sink, early-age carbonation curing is a great advantage in the concrete
industry as well [28]. Climate change can be mitigated by using carbonation curing,
which converts carbon dioxide into stable, leak-proof carbonates. By causing calcium
carbonate precipitation through biomineralization, bio-concrete can be used to fix concrete
fissures [29]. In this case, water pours out of the fissures in the concrete and into the
concrete’s capillary pores. Bacterial spores will germinate in the presence of water and
nutrients, and the limestone will form on top of the crack as a result. This will help
close it up and prevent further damage. Aside from the oxidation of organic acids and
the hydrolysis of urea, the most frequent microorganisms utilized to fill fractures in the
concrete or mortar by making limestone are nitrate-reducing bacteria [30].

5. Factors Influence the Kinetics of the Carbonation Reaction in Concrete

Numerous variables have an impact on the rate at which carbon dioxide is extracted
from concrete. They have been divided into internal and external aspects as shown in
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Table 2, which are how people see things. Studying carbonation was done to counteract the
deteriorating mechanism of weathering carbonation on hydrated concrete.

Table 2. Carbonation in concrete is affected by both internal and external influences [31-33].

Internal Factors

Their Effect on Carbonation
in Concrete

External Factors

Their Effect on Carbonation
in Concrete

Porosity

e  Anincrease in the depth of
carbonation shows that,
when the amount of water
in a substance goes up, so
does its porosity. As a
direct consequence of this,
the level of carbonation
that is present is elevated
[34]. However, if the
amount of water content
drops, the porosity will
also decrease, which will
result in a shallower layer
of carbonate.This is
evidence that there is a
linear relationship
between carbonation and
porosity, according to
previous research done
by [35].

Curing period

Concrete curing has a
significant impact on many of
the qualities of the material.
Due to this, it enhances
concrete strength while
decreasing carbonation depth.
As a result, it was determined
that the curing period has a
direct impact on the
permeability, concrete
strength, and carbonation
depth [36].

Water/Cement ratio

The proportion of water to
cement has a considerable
bearing on the resulting
carbonate [37], where the
proportion of water to cement
in a mixture is directly related to
the carbonation depth. When
there is a lower proportion of
water to cement, the
carbonation depth is
significantly shallower, but it
rises when there is a higher
proportion of water to

cement [38].

relative humidity

° The carbonation process
is worse in 50-70% of RH
settings [4,39,40]. When
relative humidity (RH) is
above 70%, water fills
the pores, preventing
CO; from entering
cement-based structures.
However, when the
relative humidity falls
below 50%, pores dry
out, and Ca(OH) and
CO, do not dissolve for
carbonation [4,41].

Grade of concrete

° Carbonation is limited to
the concrete’s surface
layers, according to the
previous studies.
Concrete’s depth may only
increase 20 mm in 50 years,
whereas porous concrete’s
carbonation can reach 100
mm. This is due to the fact
that dense concrete is able
to successfully resist the
diffusion of carbon dioxide
more efficiently than
porous concrete [42].

Ca(OH); concentration

° The amount of calcium
hydroxide in
cementitious materials
affects how long they
last against carbonation
[1,43]. This is because
calcium hydroxide has a
high pH of 12.6. Since
more total calcium
hydroxide can hold more
COy, it is generally
agreed that the amount
of calcium hydroxide has
a big effect on the rate of
carbonation [3].
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Table 2. Cont.

Internal Factors

Their Effect on Carbonation
in Concrete

External Factors

Their Effect on Carbonation
in Concrete

Depth of cover

° It has been found that,

when the correct plastering
is used, carbonation and
carbonate depth reduce
significantly [44]. The
effect of carbonation can
be reduced by using a
cover with a thickness up
to 40 mm [45]. Carbon
dioxide diffusion is slowed
by protected surfaces,
reducing the impact of
carbonates.The
recommended amount of
carbonate protection is at
least 25 mm [46].

Temperature

Chemical reactions are very
sensitive to the temperature
[47]. As the temperature goes
up, the concrete’s compressive
strength goes down. Even
though the rate of carbonation
in concrete is not linearly
related to temperature, CO,
concentration in concrete is
the most important factor, and
CO, transmission controls the
whole process of

carbonation [48].

Type of cement

. Compared to regular

Portland cement, the
carbonation rate of
blended cements has a
greater value
[31].Additionally,
pozzolanic reactions in
mixed cements make use
of CH as a reactant.
Because of this, there is
less CH accessible, and
carbonation occurs more
quickly, in comparison to
OPC, which has a greater
quantity of CH [28].

Concentration of (CO,)

e  Rising CO, levels reduce
concrete’s compressive
strength. This increases
carbonation and affects
aqueous cement strength
[42]. High CO,
concentrations increase
water content in pores
due to quick reaction
rate and water evolution
[49]. When thin samples
are examined at the
correct RH, carbonates
with low carbon dioxide
concentrations develop
faster [50].

6. Carbonation Process in Concrete

Calcium carbonate (CaCOs) is formed through the carbonation process on the surface
layer of cement-based materials. The CaCOs3 generated is then deposited into the pore
network through the hydrated cement matrix, causing a refinement in the carbonated
layer’s pores [51]. According to Liisma, Sein, and Jarvpold [52], the carbonation process is
most active in the relative humidity (RH) range from 50 to 70%.

In the presence of moisture, it can form

CO; + H,O — H,CO3 5)
This carbon acid can react with sodium hydroxide:
H,CO3 + NaOH — Na,CO3 + HyO (6)

This sodium carbonate or potassium carbonate can react with calcium hydroxide in
the cement to form calcium carbonate and gain water:

NayCO; + Ca (OH), = CaCO; + 2NaOH @)
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K>CO; + Ca (OH),; = CaCOs3 + k,OH (8)

The carbonated zone causes a chemical reaction to occur with the hydrated minerals
in the concrete and decreases the alkalinity. Since carbonation penetration into the concrete
is influenced by changes in the pH and CO, content [4], a continuous process of CO,
absorption by the hardened concrete results in a decrease in the alkalinity of the concrete
(pH < 9), thus making its reinforcement vulnerable to corrosion and leading to crack
formation [53]. This negative aspect of passive carbonation is described as the deterioration
mechanism of reinforced concrete [19].

In this process, calcium hydroxide will get dissolved more into the pour solution. After
that, the alkaline materials including sodium hydroxide and potassium hydroxide will be
consumed by carbon dioxide in the presence of moisture-forming carbonate. Carbonation-
induced corrosion of rebars occurs as a result of the disintegration of the passive surface
layer [54]. Boualleg et al. [55] revealed that substantial CO, penetration causes insoluble
CaCO;3 to be converted to soluble Ca(HCO3),. The Ca(HCO3); is easily leached off, thereby
resulting in the lowering of the porosity of the hydrated cement [13]. Carbon dioxides
penetrate through the pore system and the moisture present causes carbonation on the
surface, as seen in Figure 3. If there is no moisture, there will be no reaction because it
occurs in the solutions of the carbonic acid, which was not formed. Therefore, carbon
dioxide in water is necessary because the carbon dioxide concentration will be very low
when dissolved in water. If it is a fully dry concrete reaction, carbon dioxide will be
absent. It has also been noted that the reaction only occurs at specific humidities. When
the carbonation shrinkage was around 55%, the humidity was at its peak. Additionally,
carbonation is at its most efficient around 50-60 RH; if it is entirely moist, no carbonation
will occur [56,57]. This implies that carbonation only occurs when both oxygen and carbon
dioxide are present. To increase the concrete strength and durability, blended cement, and
supplementary cementitious materials such as fly ash, limestone, silica fume, etc., should
be used [50].

7. Carbonation Curing Setup

Carbonation curing refers to the process of exposing concrete to carbon dioxide gas for
an extended period. CO, is usually delivered into a closed chamber and left for a particular
amount of time and under specific conditions for the reaction to occur. Many studies have
used a static carbonation system, as shown in Figure 4 [58-61]. For a high carbonation
degree, it was crucial to introduce initial air curing before the carbon exposure. This
was followed by carbonation curing, which was done by injecting CO, gas (99% purity)
into a sealed chamber [62]. A gas regulator was used to control the chamber pressure
for the required pressure level to be attained for a specific period [63,64]. The gas tank
was fitted with a single-stage regulator to moderate the gas pressure from the tank to the
pressure vessel.

The pressure gauge for the tank ranged from 0 to 28 MPa with a 1 MPa precision,
while the outlet gauge pressure range was from 0 to 1.4 MPa with a 0.05 MPa precision [60].
Regulators were adjusted to attain the desired pressure level and maintain it during the
carbonation curing. The temperature of the carbon dioxide gas was lower than room
temperature because it was in a highly compressed liquid/gas state in the cylinder [20]. As
the carbon dioxide exited the tank, it was heated with an electric heater attached between
the tank and regulator. The heater was manufactured by Matheson and controlled with
a thermostat to prevent the overheating of the gas [65]. The pressure was reduced to
0.7 bars below the atmospheric pressure within a few seconds before carbonation through
a vacuum [59,66]. As the carbon dioxide gas (99% purity) flowed into the sealed chamber,
the heater installed at the inlet raised it to room temperature. A constant pressure of
0.1 MPa was retained while the pressure regulator was connected to the system. To
monitor the increase in mass from the carbon reaction, the whole system was placed on a
digital scale [59]. The carbonation chamber was used to carbonate the unmolded concrete
sample for different periods (1, 2, 3, 6, 18, and 24 h) with a pressure level of 0.1 Bar [61].
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For an increase in the CO, sequestration, the samples were preconditioned in a 25 °C
environmental chamber with a relative humidity of 50% for 6 h. Simultaneously, the air-
cured specimens were put in the same laboratory conditions for 28 days [61]. Most studies
on early-age carbonation curing were conducted using pure CO, (99.5%) as opposed to
flue gas (between 10-25% CO; content) for reaction efficiencies [59,63]. A curing scheme
with three stages has been proposed. Each step plays a unique role in enhancing the early
and late performance of the concrete [20].

S~

Relative Humidity

Carbonation Meter
Chamber /_\
Vaccum S | [
amples 2
Pump aD
O []
| &
[ Valve

Digital Balance System

Data Restoration Unit

Figure 4. The carbonation process for concrete specimens in the chamber.

By using the setup in Figure 4, Abdul-baki [27] selected three separate carbonation
curing regimes to test.

> Pressurized carbonation curing

The CO, gas was fed into the chamber without first vacuuming it for pressure-aided
carbonation curing. The carbonation chamber was pressurized by keeping the valve
open, as seen in Figure 5. The pressure was kept constant at 100 kPa (14.5 psi) during
the curing process. This regime served as the benchmark for early carbonation curing
previously adopted in past studies [55-58]. Consequently, the pressurized carbonation
samples were used as a means of comparing the positive pressure carbonation curing to
the ambient curing.

> Vacuum carbonation curing

A venturi pump, as shown in Figure 2, was linked to an air compressor inlet that
functioned as a vacuum for carbonation curing. The carbonation chamber was sucked to
the target subpressure once the valve was opened. The requisite negative vacuum pressures
were achieved in the laboratory in under 5 min. As a result, aiming to reduce the vacuum
and CO; pressures was critical to a successful pilot-scale test.
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By preserving balance with the dry atmosphere. The

Ist stage: Air curing p| first air curing reduces the capillary water content at

(utp to 18 hours) the sucface.
\\ 2nd Carbonation alters the characteristics and|
\} stage:Carbonationfor \______ | microstructure of the concrete by binding CO: to the
/  alimited time / cement matrix

/ (up to 96 hours) /

Hydration comes after carbonation because short-
term carbonation curing allows for subsequent
3rd stage: Hydration )———» hydration to achieve enhanced concrete performance
compared to that of its counterpart cured by regular
hydration.

Figure 5. The carbonation of concrete at the earlier curing stages.

8. Curing Procedures for Carbonation in Concrete

Certain researchers have studied the curing procedures of carbonation in different
batches using rectangular slab samples [20,27]. The procedures have been summarized in
Table 3.

Table 3. Curing procedures batch.

Batch Condition Initial Curing Steam Curing Carbonation Curing sﬁ?;iggg::t
RH% T°C t (Hours) RH % T°C t (Hours) t (Hours) sg:;e: ) t (Days)
1 Oa+4s - - 0 95+ 75+5 4 - - 28
2 4a+4ds 80+£5 2+1 4 95+ 75+5 4 - - 28
3 6a+4s 80+£5 2+1 6 95+ 75+5 4 - - 28
4 8a+4s 80+5 2+1 8 95+ 75+5 4 - - 28
5 Oa+4c - - 0 - - - 4 - 28
6 Oa+4cv - - 0 - - - 4 1+£0.2 28
7 4a+4c 50+1 25+0.2 4 - - - 4 - 28
8 4a+4cV 50 £ 1 25+0.2 4 - - - 4 17 +2 28
9 6a+4dc 50 +1 25+0.2 6 - - - 4 - 28
10 8a+4c 50 £1 25+£0.2 8 - - - 4 - 28
11 18a+4c 50 £1 25+0.2 18 - - - 4 - 28
12 18a+4c 50+1 25402 4 . - - 4 29+2 28
13 18a+2c 50+1 25+02 18 - - - 2 - 28
14 18a+96c 50 +1 254+0.2 18 - - - 96 - 28

Notice: a—lInitial air curing; s—Steam curing; c—Carbonation; RH—Relative humidity; T—Temperature; t—Time.
w—Water sprayed after carbonation [20,27].

For comparison, batches 1 to 4 are steam-cured, while batches 5 to 14 are carbonation-
cured. Steam curing occurred in a steam cooker for 4 h, with a maximum temperature of
80 °C and relative humidity of 95% [27]. Initial curing of 0, 4, 6, and 8 h at 22 & 1 °C and
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relative humidity of 80% was applied before the steam. Initial curing at 0 h was immediate
for the carbonation of fresh concrete and was set as a reference. The initial curing of 18 h
was carried out to simulate overnight curing and is possibly the longest preset accepted
by commercial production. After the initial curing, the concrete slab samples were placed
in a sealed chamber, as seen in Figure 5, vacuumed to approximately 0.7 bars below the
atmosphere, and then filled with carbon dioxide gas to a pressure of 1 bar [59]. During
carbonation, the mass curve of the concrete was obtained by placing the chamber on a
digital balance. The duration of the carbonation ranged from 2 to 4 h. The effect of the
extreme exposure time was studied over a period of 96 h [20].

The procedure for carbonation curing of paste and concrete samples have also been
studied in the previous studies, and were broken into four steps [28,67].

Step 1: In-mold curing. Wet-mix concrete cannot be unmolded after casting because it
has a higher slump. Therefore, it is important to carry out the initial hydration curing on
the mold. The mixture proportions determine the time required for this step. A study by
Zhang et al. [64] noted that approximately 5 h was needed to reach the initial set at ambient
conditions (25 °C and 60% relative humidity) in the open air. It is also used to remove a
part of the mixing water for carbonation.

Step 2: Off-mold preconditioning. After the first step, the cube samples were unmolded
and left to fan dry on the bottom plates. This was done at a wind speed of 1 m/s for 5.5 hin
a room of 25 °C and 50 £ 5% RH. This step is important because the conditioning removes
more of the free water to allow for carbon dioxide penetration and the precipitation of
carbonates.

Step 3. Carbonation curing. The cube samples were placed in a pressure chamber with
Co2 gas (99.8% purity) for carbonation under a constant pressure of 5 bar for 2, 12, and
24 h.

Step 4. Subsequent hydration. Postcarbonation, the cubes were placed in a moisture
room (25 °C, 95% RH) for 27 more days after hydration. Preparation was also made for
the hydration references. The curing was carried out in a sealed mold within the first 24 h,
then unmolded, and further cured in the same moisture room for 27 days.

9. Carbonation in Bio-Concrete

According to Farah et al. [68], carbonation is one of the major elements that might
influence the longevity of concrete constructions. Concrete carbonation was commonly
characterized as a chemical reaction that produces air carbon dioxide quantities and cement
hydration components, especially as it relates to the reaction [69]. This phenomenon may
influence the serviceability of the structures. In the last decade, bacteria calcium carbonate
precipitation has been increasingly exploited to promote self-healing and to enhance the
characteristics of concrete materials [70,71].

Numerous approaches have been utilized in recent years to improve the carbonation
rate and reduce the preparation cycle of carbonated steel slag, such as raising the carbona-
tion pressure [72,73], raising the carbonation temperature [74], decreasing the size of the
steel slag particulate [75], and carbonating the steel slag into a film form and slurry [70,76].
However, the method of producing carbonated steel slag is difficult and expensive. The
few investigations on the relationship of the carbonation processes with microorganisms
that have been undertaken so far revealed that bacteria struggle to remain active in the
extremely high alkalinity of the steel slag [67,77]. Furthermore, studies have discovered
that introducing bacteria into the steel slag system aids in increasing the carbonation speed,
enhancing the carbonation impact (within 2 h), and strengthening the carbonated product
development [67,78]. Tittelboom et al. [79] examined how bacteria can be used to repair
concrete cracks, and observed that pure bacterial cultures could not heal the cracks. How-
ever, it was discovered that using silica gel to protect the bacteria helped in filling the
cracks. Similarly, Wiktor and Jonkers [80] noted that bacterial therapy could be used to
close cracks with diameters as wide as 0.46 mm. Additionally, Luo et al. [47] observed that,
5 days after bacteria was used, most of the cracks (up to 0.3 mm) in the concrete healed, and
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it took 20 days to fill the surface. An alternative and eco-friendly technique suggested for
the self-healing of cracks is bacteria-precipitated CaCO3 [81]. This technique was proposed
by Jonkers et al. [74] after observing that bacteria-generated CaCOj3 reduces the porosity
and boosts the compressive strength. Similar reports were given by Vijay and Murmu [82]
after discovering that adding bacteria to concrete increases the strength by using CaCOs
from the metabolic activity of bacteria to fill the pores, as seen in Figure 6. It was noted that
injecting bacteria into the fractures in concrete pavement increased the samples’ resistance
to freeze-thaw cycles compared to those with microorganisms [83]. Luo et al. [79] used an
electron microscope to examine the bacterial deposits left on the surface of cement paste
specimens. The study evaluated the influence of the crack width, processing method, and
crack age on the ability of cracks in cement paste to self-repair. The findings revealed that
the bacterial treatment was revealed to be capable of repairing cracks with a width of up to
0.8 mm [84] A study by Wang et al. [85] revealed that water influences the whole microbial
carbonation process in four ways, as shown in Figure 6.

I.  Water content may affect carbon dioxide diffusion.

II.  Water content has a huge effect on bacterial survival, which may further affect CO,
hydration and calcium carbonate deposition rates.

III.  Water plays a major role in carbonation reactions.

IV.  Water is involved in the hydration process of steel slag to assess the water impact
on the carbonation reaction and the survival of bacteria, and the concept of ‘residual
water-cement ratio’ is presented. This idea was originally developed to research the
precuring procedure for concrete with CO; [86].
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: process of steel slag |

|
| |
| |
| :
| =1 @ [ VisnafiEger || s g i
| _ l :1 r g
] e ||l products 1 | 2 Bt
| —l, | |- — __JI ] i
| e ' :| | | 1
| I:) i : | | [ |
| A b | L____J} [ FESCERAST,
| = | :

e e e

Frce water in capillary pores Bacteria

[
____________ < N [

i ; .
| 1. Water affects the diffision of CO2 | | IL Water affects the survival of bactena
| Promote

|
| the e J

hydration
of COy

Figure 6. Effect of bacteria concentration on the carbonation process [82].

10. The Role of Bacteria on Carbonation of Reinforce Concrete

Bacteria have been used in the majority of studies involving self-healing concrete based
on its ability to generate calcium carbonate sediments using urea and calcium supplies
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via the catalysis of urea hydrolysis into ammonia and carbonate to generate urease [87,88].
Bacteria induces the creation of minerals, which is a burgeoning field of study known as
biomineralization [89]. These biogenic minerals produce a protective coating on the surface
that resists the uptake of water and toxic components while also acting as a cementing
layer. At the same time, bacteria produce the urease enzyme, which has the ability to
increase the pH in the concrete. The increase of the pH in the concrete due to the urease
enzyme production may maintain the high level of alkalinity of the concrete, even once
the carbonation process has occurred. Therefore, this finding requires further study in
labs to confirm the theory. In addition to that, microbially induced calcite precipitation
(MICP) carbonatogenesis has received a lot of interest and has been recommended as an
environmentally beneficial way for protecting damaged ornamental stones [90]. It has
been widely researched for the development of construction materials by means of surface
treatment, the increase of the compressive strength, reduced water absorption, chloride ion
permeability, and crack remediation [85].

11. Conclusions

This paper discussed the self-healing of bacterial concrete as well as the effectiveness
of the self-healing of fractures by encapsulated bacteria on the recovery of a variety of
mechanical and durability qualities. The findings that can be drawn after a comprehensive
investigation are that bacteria can contribute in protect steel in concrete via the self-healing
process and maintain the level of the pH in concrete at a high level. However, there are
many factors affecting the carbonation process, some which can be classified to two groups:
internal factors and external factors. Therefore, bacteria alone cannot play a superior role
if the role of these factors have been neglected. The bacteria can be considered as an
additional material in the reinforced concrete if the bacteria used has the ability to produce
the urease enzyme, which can help to in crease the pH of the concrete. In addition, the
properties of the concrete improve especially the compressive strength and a reduction in
the amount of water and chloride ion that can travel through a substance when bacteria
are present.
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