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Abstract: The carbonation action in concrete, in which carbonation reactions transform calcium
hydroxide into calcium carbonate, is considered as a multi-phase physico-chemical process. Generally,
carbonation in the cementitious composites has negative effects on the protection of reinforced
bars due to the accelerated corrosion problem. The investigation of the carbonation degree is,
therefore, necessary to evaluate the carbonation influence on the reinforced cementitious composites.
In the present paper, experimental techniques to measure the carbonation degree in concrete are
reviewed, including both qualitative and quantitative methods. It should be noted that, while
qualitative technique focuses on the alterations in the concrete pore solution alkalinity which reflects
the carbonation depth through the pH indicator, most quantitative methods could provide accurate
determination of the CO, penetration capacity during the carbonation process. The method used, for
the practical phase, depends on the purpose of the carbonation degree measurement.

Keywords: carbonation degree; concrete; phenolphthalein; phase analysis; image analysis; CO, uptake

1. Introduction

Carbonation in concrete is a well-known reaction of CO, in the natural environment
with hydrated calcium compounds, such as calcium hydroxide Ca(OH), and calcium sili-
cate hydrate C-5-H, leading to the creation of calcium carbonate CaCOj3, as the consequence
of CO; attack, resulting in change in the alkalinity level of cementitious composites [1,2].
The carbonation reaction process in concrete is performed as a series of chemical equations
as follows [3]:

CO, + H,O — HzCOg, (1)
Ca(OH), + H,CO3 — CaCOs + 2H,0 @)
C3S,H3 + 3H,CO3 — 3CaCOj3 + 2Si0, + 6H,O 3)

Nowadays, the carbonation process in the cementitious matrix has been accelerating
because the amount of CO, from the atmosphere has increased significantly (from 0.278 to
0.43%o. during the industrial period [4]). It is an indisputable fact that the long-term
durability of the cementitious matrix structure is in grave danger from this increase in
the CO, concentration [5]. With the aim of evaluating the effects of different possible
carbonation reactions on the characteristics of reinforced concrete and preventing the
potential harmful of the carbonation process, the carbonation degree must be quantified
and predicted. So, what is the carbonation degree and how is this parameter measured? In
general, the carbonation degree is ruled by the level of inward diffusion of CO, molecules
from the surface to the inner parts of specimen, influencing the bonding between matrix
and reinforcement.
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In cement-based concrete, the amount of calcium hydroxide Ca(OH), (portlandite)
mainly controls pH value. The portlandite dissolution and CO, outside diffusion result in
the accumulation of calcium carbonate and pH reduction. The reduction of the pH value
of concrete is a result of a wide range of processes, including penetration of CO,, alkalis
leaching, sulfate attacks and carbonation of portlandite in the concrete pore solution.

In this context, the influence of carbonation on the performance of concrete has
been extensively investigated in an attempt to limit the detrimental effects of weathering
carbonation on outer constructions in concrete engineering [3,6-9]. It should be noted that
the level of alkalinity of cementitious matrix relates strongly to the deterioration behavior
of reinforced composite structures, which is one of the most challenging issues in the field
of construction material. Steel reinforced concrete often faces severe durability problems in
which its structure deteriorates heavily with increase in the age. The corrosion process was
initiated by carbonating the concrete cover or by admixing chloride. From the perspective
of reinforcement corrosion, this process could be divided in two separate stages, corrosion
initiation and corrosion propagation stages [10]. The first step is CO, penetration towards
reinforcement while the corrosion process starts in the second stage.

Generally, the impact of environmental conditions on the carbonated area is multi-
faceted, depending on different factors, such as content of CO,, temperature, relative
humidity, and so on. Therefore, various methods could be used simultaneously to limit
their weaknesses.

Additionally, the decrease of hydroxide concentration in the intervals between cement
paste and embedded reinforcing steel during the carbonation process has negative effects on
the protection of the coating surrounding the reinforcement. At the reduced alkalinity level,
the decomposition of the passive oxide layer protecting the rebar appears, leading to high
sensitivity towards corrosion. Carbonation-induced reinforcing bar corrosion of concrete
has been dominated mainly by the carbonation rate [11,12]. Embedded reinforcement
could be corroded in the low pH environment of carbonated concrete. Carbonation of
concrete is, thus, one of the main causes of the deterioration of reinforcement in the
cement paste [13-19]. The significant effect of carbonation on concrete durability is varied,
depending on the carbonation reaction during the carbonation process.

Several methods for carbonation measurement are proposed based on different tech-
niques. However, the two main methods identified are qualitative and quantitative meth-
ods. This paper aims to summarize both qualitative and quantitative methods to measure
the carbonation degree of cementitious matrix, which is attracting attention currently for the
enhancement of durability of concrete under the effects of carbonation weathering. The pH
indicator, image and phase analysis, and CO, uptake techniques were evaluated. Several
innovative measurements such as fiber optic systems, XRD, TGA-DSC, FTIR, SEM and
ultrasonic phase were reviewed to investigate the diffusion of CO, inside the compositions
and microstructure of composite.

2. Qualitative Methods

In these methods, the carbonation degree is investigated based on carbonation depth,
including non-carbonation, partial carbonation and completed carbonation. According to
these methods, the carbonation degree is not easy to measure and show in numbers (or
quantify) and the outcome partly depends on the experience and skill of the examining
staff. A few qualitative methods used to determine carbonation depth are based on pH
value, image analysis and phase analysis.

2.1. Estimation of the Carbonation Degree Based on pH Indicator

Determination of the carbonation degree based on pH indicator is considered as a
simple and effective method. The main effect of carbonation is to diminish in the pore
solution’s pH values, which causes the destruction of the thin passive film of iron oxides
or hydroxide on the fagade of the steel bars in concrete. The evaluation the change in
pH level of concrete is, hence, a simple approach to determine the degree of carbonation.
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Among qualitative methods, the suitable indicator was used as the conventional and most
popular method in the assessment of pH value. The utilization of portlandite during
the carbonation reaction leads to a decrease in pH level, resulting in the formation of
different zones in concrete, such as completed, partial and non-carbonation areas. The most
popularly used indicator to observe the depth of carbonation, for many years, has been
phenolphthalein [20,21], followed by thymolphthalein, alizarin yellow R, aqueous ethanol
and tropaeolin O. The clean freshly broken surface specimen is sprayed by indicator
solution. A solution consisting of 1% phenolphthalein in 70% ethyl alcohol is highly
recommended, according to RILEM recommendation [22]. Previous studies have given
different opinions on the specific correlation between the degree of carbonation and pH
value, depending on the production of the specimen and existing indicator. In fresh
concrete, the pH value is normally more than 12; in carbonated concrete, however, this
value could decrease to 7, depending on the carbonation degree. The change of pH value
reflects the carbonation degree according to indicators, as shown in Table 1.

Table 1. Summary of the experimental investigations on different pH scale range and carbonation
degree depending on type of indicator.

Indicator pH Value Range Carbonation Degree Ref.
Phenolphthalein 8.3-9.5
Thymolphthalein 9.3-10.5
— Completed carbonation [23]
Alizarin yellow R 10.2-12.2
Tropaeolin O 11.1-12.7
<10.5 Completed carbonation
Phenolphthalein [24]
10.5-11.5 Partial carbonation
<75 100%
75<pH<9 50-100%
Phenolphthalein [25]
9<pH<115 0-50%
>11.5 0%
Thymolphthalein 9-10.5
Completed carbonation [26]
Phenolphthalein 8.2-9.8
Phenolphthalein <7 Completed carbonation [8]
Phenolphthalein <82 Completed carbonation [27,28]

As can be seen in Table 1, most studies used phenolphthalein as the main indicator
to control the boundary causing the carbonation front in which concrete is carbonated,
resulting in the evaluation of carbonation rate and degree [29-31]. Phenolphthalein is
chosen as the most popular indicator because it can change color in a pH range between
8.3-10 and is more accessible in comparison with other indicators. It will appear pink in
non-carbonated concrete and clear in carbonated. Additionally, the intensity of the color
on the surface of the sample, which can be seen with the naked eyes, also reflects the
different levels of carbonation. The increase in the intensity of the hue of reddish-purple
illustrates the decrease in the carbonation degree [27]. Besides, based on the color reaction,
Bao et al. [32,33] took advantage of the value of boundary length of the non-carbonated
zone in the middle sample to numerically model the irregularity of carbonation depth.
This potential method could help in the numerically calibrated results of several statistical
parameters required by a numerical carbonation model through comparison with that
predicted by experimental data results. On the other hand, the main obstacle in using phe-
nolphthalein as an indicator is the difficulty in detecting the partial carbonated area where
the pH is more than 10, according to Martin et al. [34]. Therefore, they proposed two new
reactants, which show color change at the higher pH scale, to prevent the disadvantages
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of phenolphthalein: (i) alizarine yellow R, which consists of 0.5% of this solution in acetone
and ethanol mixture and shifts from yellow to deep reddish-violet at pH interval between
10.1 and 12.0, and (ii) indigo carmine, which consists of 0.5 % of this solution in acetone
and water mixture and transfers from blue to yellow at a pH interval of 10.0 to 11.4. It
was believed that these new indicators could give higher accuracy and dependability in
alkalinity measurement of the partial carbonated zone, since they could detect carbonated
hazards which the traditional indicator could not distinguish, thanks to a higher degree
of reliability.

Generally, using pH indicators leads to several drawbacks. The boundary of fully
carbonated zones could be easy to detect while that of partial and non-carbonated zones
could hardly be observed by the visual observation of the color change [16,24]. Furthermore,
this technique addresses the change in pH value instead of that in the amount of real CO,
uptake during the process of carbonation. In fact, attention only to the alterations in the
pore solution pH of the carbonated concrete to detect carbonation is also considered as
a limitation of this conventional method [30]. Therefore, using pH indicators, associated
with other approaches, to reduce restriction is necessary. In order to observe the change in
the surface of the specimen, it is necessary to divide the surface into four concentric zones
identified from the outer to inner zones of the sample [35,36], following the decrease in
carbonation degree: (1) the carbonated zone in which calcium carbonate is dominant, (2) the
carbonation front could be a low-porosity tenuous layer due to the complete precipitation of
CaCQOg, (3) the dissolution reaction front is a region of relatively high porosity owing to the
fact that the cement hydration products constantly dissolve to create calcium carbonate, and
(4) the non-carbonated zone is unmodified cement and not totally affected by carbonation
curing, resulting in its retaining of initial hydration products. It is clear that the use of pH
indicators could not detect these different zones. Therefore, the result from reagent solutions
is always less credible than the result obtained from other methods [20,37]. For example, Bui
et al. [3] pinpointed that carbonation depth observed from the phenolphthalein indicator
is three time less than that acquired from the TGA technique in the reinforced mortar
specimens. Nevertheless, it should be noted that this conventional method is still effectively
used to determine the changes in the alkalinity of the sample.

Another method of pH measurement for concrete is based on the ASTM D4972 stan-
dard. In this technique, a solution with a ratio of 1:1 of air-dried powder sample and
distilled water is employed to determine pH value using a pH meter. However, this tech-
nique is rarely applied in the evaluation of the carbonation degree due to the negligible mass
of sample and the time-consuming process needed for mixing. It is more suitable for inves-
tigating the alkalinity level of samples under different aggressive environments [38-40].

To limit the inconvenience of the weak accuracy of the pH indicator method, fiber
optic systems were introduced, developed and installed for pH monitoring of reinforced
concrete due to the carbonation of on-site concrete. Most recently, to control the corrosion
of the internal chemistry of reinforcement structures under different conditions, a wide
range of new fiber optic sensors has been proposed. These minimized the disadvantages
of previous methods and demonstrated many advantages with extremely high accuracy
monitoring, repeatability, stability, recovery test, and non-destructive samples. Several
kinds of sensors were investigated, including temperature, chemical, pressure and strain
sensors. Among them, fiber optic chemical sensors have presented considerable advantages
in terms of size and electromagnetic immunity interference in comparison with common
sensors. Optical fiber, which acts as the light wave transmission and sense part of the sensor,
is used to manufacture fiber optic sensors. The pH sensor is the most important among
chemical sensors [41]. This sensor could be inserted in a concrete block in both fresh [42,43]
and hardened states [44,45] of the sample. Several kinds of sensors have been used to
detect the sensitive change in pH scale although they presented some disadvantages such
as response time, sensibility and durability when embedding in the harsh and corrosive
environment of concrete. For example, recently, a new opt ode, which is developed on
a fluorescent probe, was successfully designed to determine pH value in concrete in the



Appl. Sci. 2023,13, 2533

50f19

study of Tariq et al. [46]. This probe, prepared by very thin sensing films made from
polyvinyl alcohol-glutaraldehyde matrix and synthesis of efficient fluorophores [47], has
presented changeable and reliable reflection of the changes of pH. It is believed that this
pH optode has a fast response time and is sensitive in the early hydration phase of low-pH
cementitious matrix, and is manufactured by mixing silica fume and cement with the
ratio of 1:1. The fluorescence intensity is lower at higher pH values due to the fluorescent
protonated form and lower deprotonated form [48].

Furthermore, Basheer et al. [42], who used a pH sensor made from sol-gel probe, indi-
cated that the pH value determined by means of chemical sensor is insignificantly different
to those observed by the use of pH indicator when they carried out this experiment in a
cement mortar sample, immersed in 5% CO, concentration over two weeks. Nevertheless,
the drawback of this sensor is a slow response time of at least five minutes based on the
dimension of the probe matrix, while the time for the sensor membrane and fluorescent
probe is only about 50 and 100 seconds, respectively [41,46]. On the contrary, the sol-gel
probe has shown a sensibility and significantly greater durability in comparison with the
other probes. It could serve for more than one year, while the disc type probe lasts for a
maximum of only one month in the high-pH environment of concrete. Several drawbacks
of using a fiber optic system are, however, the requirement of a complicated set up scheme
with the sensor and a wide range of accessory devices [49], along with a short service
lifespan caused by the chemical insubstantiality of the chromophore in the high alkalinity
environment of cementitious composite. Therefore, further examination and investigation
should be carried out for better assessments to open promising applications in this field.

2.2. Image Analysis

The degree of carbonation of the cementitious materials is normally estimated by the
measurement of carbonation depth [50]. Depth of carbonation is a significant parameter
related to durability performance and microstructure stability of the composite. The distri-
bution or repartition of carbonation depth in concrete is generally variable accompanied by
the distinctive minimum and maximum depth along the border of carbonated areas under
both weathering and accelerated carbonation conditions due to the effects of coarse aggre-
gates [51]. Characterization of carbonation depth is carried out by means of image analysis
after detecting carbonation areas by using pH indicators. Chang et al. [25] investigated
the correlation between depth and degree of carbonation in cementitious composite over
periods of six- and eight-week accelerated carbonation. They pinpointed that at the depth
of colorless phenolphthalein, the carbonation degree is always more than 75%, while this
value is almost zero when phenolphthalein turns red.

The biggest advantage of the image analysis technique is that it is uncomplicated to
determine the carbonation front width, and it is relatively economical and time-saving.
The use of this technique is, hence, highly recommended [52,53]. Belda Revert et al. [15]
employed a color threshold principle to measure carbonation depth distribution in mortar
without and with reinforcement in different exposure periods. The observation from
the carbonation detection images of samples tested, as shown in Figure 1, illustrated that
corrosion has only occurred once the partially carbonated zone appears in the reinforcement-
cementitious matrix interface. In addition, the increase in corrosion of the reinforcement
has been observed due to the deeper carbonation depth in the sample. This is in accordance
with the conclusions of Ghantous et al. [14], although the corrosion propagation process
differs due to the difference in the CO; penetration inside the cementitious matrix.

Another method has been applied in [54]. In this method, the carbonation area
was determined by means of Image]J software, corresponding to the average width of
progressive carbonation in the middle of the specimen. After the carbonated area is
confirmed in the cylindrical specimen, carbonation depth is calculated with respect to the
radius of the specimen and carbonated area. This simple method is also affected by the
difficulty of differentiating between partial and non-carbonated zones.
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Figure 1. Image series of observed carbonation front detection in sample without (left) and with
reinforcement (right) after application of thymolphthalein solution for ten-week (top) and twenty
two-week (bottom) exposure periods [15].

Otherwise, Wang et al. [55] compared the change in microstructure of sample using the
observation of SEM photomicrographs before and after carbonation curing. It was observed
that the microstructure becomes denser, as shown in Figure 2, due to the creation of high
crystalline CaCOj and silica gel that are capable of filling the gaps of the spatial structure
made by the hydrated cement products when increasing the solid volume fraction [56-59],
even if the calcium carbonate product is not easy to be detected in the images. More
details can be found in [35,60]. It was indicated that denser structures of hydrates and
high porosity of C-S-H have been observed when CO, diffuses and converts into calcium
carbonate in the position of the carbonation front. To compare the change in microstructure
due to accelerated carbonation curing, a SEM image has been shown in Figure 3, indicating
a border of the carbonated specimen. Due to the high pore rate in calcium silicate hydrate
C-5-H structure, carbon dioxide could easily diffuse deeply into the microstructure, leading
to the formation of calcium carbonate, which induces the formation of two different areas
in the specimen: the outer layer is noted as a carbonated zone and the inner layer is
noted as non-carbonated. Based on the edge of the two zones, carbonation depth is
estimated quantitatively.

Figure 2. SEM observation of cement paste before (left) and after (right) carbonation [55].

The X-ray tomography image has also been used to detect indicated carbonated,
calcium depleted layers and unreacted cement, as shown in Figure 4.

Image analysis allows study of chemical properties and it is useful to delve deeply into
the newly transformed phases (forms of calcium carbonate polymorphs) and physical or
quality characteristics (density, morphology, particle size, crystal habit) of the carbonated
sample. However, restrictions on a more in-depth exploration of the interior of structure
and high cost are considered as drawbacks and limit the widespread usage of this technique.
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Figure 3. SEM observation of carbonated specimen with the red line showing the edge of non-
carbonated and carbonated areas [60].
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Figure 4. X-ray tomography observation of sample cross-section after 136 day-period of exposure to
CO, saturated solution [36].

2.3. Phase Analysis

Phase analysis is also a common method used to evaluate the carbonation degree of
composite. The principle of these methods is based on the change in phase of concrete.
Another logical way to determine the carbonation degree is to study the carbonation
depth based on the changes in microstructure on the pore solution of the powder sample.
Carbonation could result in the modification of the microstructure owing to the variation
of the molar volume of the solid compound in the hydrates and carbonated phases [13]. In
detail, calcium hydroxide, calcium silicates and calcium silicate hydrate were carbonated in
turn, respectively, to generate calcium carbonates. The formation of this greater proportion
of solids is strongly evidenced through the observation of the quantity of carbon uptake,
the strength improvement, and calcite and endothermal peaks in TGA, XRD and DTG
graphs, respectively [3,7,60-62].

2.3.1. Thermogravimetric Analysis (TGA)

After the conventional method mentioned above, the TGA technique is also now
commonly used in a wide range of studies concerning carbonation of concrete [25-29].
These studies investigated using profile ground powder from the outer to the center parts of
carbonated concrete and reported that the carbonation reaction induces the varying amount
of calcium carbonate (CC) and portlandite (CH) during the carbonation process. Theoreti-
cally, the quantifications of CH and CC are evaluated based on the mass loss of sample at
temperature ranges from 450 °C to 550 °C and from 550 °C to 850 °C, respectively [63,64].
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At the depth at which both C-H and CC exist, this part is considered as the carbonated area.
The content of CC changes remarkably along with the grinding depth owing to the decrease
in the penetration of carbon dioxide [65]. When CH remains and does not convert into CC,
a negligible amount of CC has been found at the higher depth of the specimen, from which
carbonation reactions hardly occur. For instance, De Weerdst et al. [26] investigated the
modifications in the pore solution composition of carbonated and non-carbonated concrete
(as a reference) based on TGA data and concluded that, contrary to all reference samples,
the CH and CC content in the carbonated sample showed a significant variation along
with the depth of concrete, as presented in Figure 5. Additionally, the data result from the
mass loss also clearly reflects the rate of carbonation. At the first steps of the carbonation
process, the CH consumption occurred quickly. Further reaction, however, slowed down
significantly owing to the creation of a continuous and protective layer of CC surrounding
CH [66,67].

Ref - CC 0.55-CC
A Ref-CH  —A—0.55-CH
20 5
16 - . : e 4 L 4
- o =l 'é‘//&_ -‘ i
- -l —
3 12 - { L 3 =
< CEM I S
) A =
o 8 A 25
4 4 ‘ -1
0 + ‘"'111'. . . 0
0 5 10 15 20

Depth (mm)

Figure 5. The variation of CH and CC content in non-carbonated (Ref) and carbonated (0.55) concretes.
The dashed lines show the carbonation depth measured by indicator [26].

The TGA technique would show more accurate values compared with the conventional
methods owing to the high-sensitivity detector (the thermal scale of this method almost
has 0.001 pg accuracy) [68]. Nevertheless, it should be noted that the results from the
TGA are restricted because of problems associated with the sampling. TGA technique
requires a typical small range mass (only from 5 pg to 10 mg, depending on the type of
sample). All the sampling was performed on small positions for the powder samples to be
representative of small regions in the sample, not of the complete sample.

2.3.2. X-ray Diffraction (XRD)

The alterations in the microstructure of the sample, comprehensively due to carbon-
ation reaction and the position of the carbonation front, were also assessed using X-ray
diffraction. Several studies have investigated the mineralogical identification and quan-
tification of the carbonated sample using X-ray diffraction analysis [28,54,69-71]. In detail,
XRD technique could determine the carbonation area through the observation of phase
peaks of formation CaCOj at all investigated depths [71] and be manifested by the inten-
sity, the disappearance (such as portlandite C-H, ettringite AFt, calcium silicate hydrate
C-5-H and calcium aluminate hydrate C-A-H) and generation (including calcite, vaterite
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and aragonite) of the diffraction peaks created by the carbonation reaction, as shown in
Figure 6 [72].

CH AAFt VCAHQ CSH #C,S wCS o SiO, #as0,20,0 L CaCO, -calcite
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+n

I| T =30 °C, RH = 70%,C = 20%
I M
ohmaee o o o e \b‘-—w Sliceo it aisl iR s 2 53
|

T=10 °C, RH=70%,C = 20%

[

|

|
N A
WWWW \

."“"*JI ﬂ"" "\..;‘WJ'W"VW'
T=20 °C,RH=70%,C=3%

A ‘ T=20 °C, RH = 70%.C = 90%
]
W1WM') up\;kw\wm
T =20 °C, RH = 70%.C = 50%

T=20°C, RH=70%.,C =20%

""--&..-.....-—»....Jlﬂl . Jl ; 'In'W*wL»JMﬁU an-carbonation

10 20 30 40 50 60
26 (°)

Figure 6. XRD data results of the phase composition at different curing conditions [73].

Due to XRD data results at different temperature conditions and carbon dioxide con-
centration, the variations in the phase composition and products of concrete have been
clearly observed. For example, at the same temperature and relative humidity, the diffrac-
tion peak intensity of calcium carbonate increased with the increase in carbon dioxide
concentration. In addition, XRD data results also reflected that the phase composition
and diffraction peaks of the sample varied more significantly with the rise of tempera-
ture at the same carbon dioxide concentration and relative humidity conditions due to
faster decomposition of the sample under higher temperature. Meanwhile, mineralogical
changes, such as calcium carbonate polymorphs and physicochemical properties, have
been observed other reports [54,69,73]. At the higher level of carbonation duration, CH
percentages decreased (from 75% to 55%) with the increase of CaCOj3 percentages (from
3% to 10%) in the accelerated carbonation condition. This decrease is more significant
at higher CO, concentration, temperature, and relative humidity [74]. This influence is
characteristic of the carbonation of CH and CSH, which are consumed to create calcium
carbonate. This behavior is totally in agreement with that shown in thermo-gravimetric
analysis. Although the X-ray diffraction technique was reported to have a standard plus
or minus 5% margin of error [75], this acceptable percentage margin of error could be of
less importance when comparing XRD results with data on different methods, interpreted
under comparable conditions. Drouet et al. [61] compared the values of carbonation depth
obtained by means of phenolphthalein and XRD and indicated that all the received results
were aligned along the line of equality, despite the fact that the carbonation depth measured
through phenolphthalein was usually significantly lower than that observed by means of
XRD technique. This phenomenon was indicated due to the limited carbonation period,
i.e., one-week duration, that supported the elimination of the large difference between the
two approaches. Like the TGA technique, although the X-ray diffraction method could
give a potential determination of mineralogical components at various profiles of sample
sections, investigating carbonation-induced differences concerning chemical compositions,
the powdered sample is based on very small areas that have representing difficulty in
representing the population in the entire specimen.
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2.3.3. Fourier Transform Infrared Spectroscopy (FTIR)

Another method, FTIR, has been harnessed to identify the main phases of carbonation
products due to the relative intensity of the absorption bandwidths associated with the
creation of chemical compositions during the carbonation process. FTIR spectra could be
utilized as a useful tool to acquire information concerning the carbonation reaction and
hydrated cement products, including C-S5-H and calcite, based on absorption peaks at
different wavelengths caused by mineralogical components [76]. For example, the effects
of types of binder, mineral addition, quartz and limestone on the carbonation process of
concrete have been studied by Lin et al. [77]. They indicated that the FTIR spectra fluctuated
significantly after carbonation curing. The absorption peak of CH at 3642 cm ™! totally
vanished due to the complete carbonation of CH to form calcium carbonate, as shown in
Figure 7.

Transmittance [a.u.]
Transmittance [a.u.]
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Figure 7. The variation of CH and CC content in non-carbonated (Ref, figure (a)) and carbonated
(0.55, figure (b)) concretes. The dashed lines show the carbonation depth measured by indicator [26].
Note: BRC: Belite-rich cement paste; OQ: ordinary Portland cement and quartz paste, BQ: Belite-rich
cement and quartz; BL: Belite-rich cement and limestone.

In addition, the absorption peaks of CSH which normally appeared at 3413 cm ! and
1655 cm ™! became weaker than the peaks belonging to the non-carbonated samples due to
the fact that the C-S5-H was dehydrated. The FTIR results are matched with the outcome of
TGA and XRD methods. These methods could help to detect the main phases concerning
carbonation of concrete such as AFt, CH, CC, dolomite and CSH [54], which are the typical
carbonation reaction products.

2.3.4. Ultrasonic Phase Velocity Technique

The ability to use ultrasonic wave transmission velocity to predict the microstructure
and properties of materials was investigated in several previous studies [78,79]. To as-
sess characteristics of concrete, such as porosity, density and pore structure, the surface
wave-based technique is highly recommended due to the fact that the wave’s energy is
intensified significantly on the surface of material obviously affected by carbonation [80].
This technique could monitor, automatically and continuously, the effect of the carbonation
process without any destruction based on the transmission ultrasound. Acoustic phase
velocity analysis was conducted on numerous acquired signals mainly obtained from the
controlled carbonation process of cementitious composites. In detail, typical ultrasonic
signals obtained from reference (non-carbonated) and carbonated specimens at different
ratios of water and cement are indicated in Figure 8, according to Villarreal et al. [81].
As can be seen from this figure, after carbonation, scattering effect was observed with
larger pulse width because of the decrease in the granular noise and the group velocities.
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The diffusion of the ultrasonic energy based on phase velocity measurement could give
information on variation of the microstructure in cement paste. The effect of carbonation
during the carbonation period is determined based on the experimental pulse parameters
and group velocity data. In addition, the increment of wave dispersion reflects the change
in the porosity and increase in microscopic phases due to non-constant diffusion of CO,
in concrete. It is a fact that increased density and decreased pore spaces in the concrete
structure could be achieved after carbonation [82]. Modification of the microstructure with
exposure duration could be obtained by increasing the pulse width and the appearance of
structural noise, in which the frequency capacity of the wave becomes more expansive, due
to the diffusion effects of CO,. The result obtained from this technique is well in agreement
with the FTIR result, according to Villarreal et al. [81].
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Figure 8. Signals from non-carbonated and carbonated cement paste [81]. The number in the graphs

presents the ratio of water and cement.

3. Quantitative Methods

A wide range of researchers has used different methods and techniques to study
the carbonation of concrete, as reviewed above. However, most of the research is only
restricted to the qualitative investigation on the effects of carbonation reaction on the
concrete structure, properties and durability. Discussion of the quantitative approach and
combination of CO, diffusion content with the carbonation degree of composite is limited.
From the first decades of twentieth century, the calculation of CO, uptake in concrete has
been made in different regions in the world. This article reviews two ways to measure the
carbonation degree quantitatively: using phenolphthalein, and based on the amount of
CO;, uptake.

3.1. Phenolphthalein Indicator

Most researchers used the phenolphthalein indicator as a qualitative method to de-
termine carbonated and un-carbonated areas [22,24,27,83,84], except for references [77,85].
In their study, after phenolphthalein application, the degree of carbonation was evaluated
by calculating the rate of the carbonated areas (in which pH indicator remains colorless)
divided by the total fresh broken area of the sample analyzed. In these respects, the car-
bonation degree could be in the range of 33% to 92% depending on the amount of C;,S
in cement mortar and exposure duration. Mi et al. [86] also recommended the usage of
carbonation zone width, which is decided by the amount of CaCOj3, for evaluation of the
carbonation degree instead of determining carbonation depth by pH indicator. However,
the phenolphthalein-based technique still retains some drawbacks of the indicator method
as discussed above. Therefore, the usage of these methods is always to be encouraged in
simultaneous transition with other methods for enhancing the accuracy of measurement [3].

3.2. CO, Uptake

Different views on the relationship between the depth and degree of carbonation exist
in the literature. Andrade [84] believed that the carbonation degree is entirely indepen-



Appl. Sci. 2023,13, 2533

12 0of 19

dent from carbonation depth through study or the carbonation degree of concrete over
a four-year exposure duration. The evidence for this is that, at the position where the
carbonation depth reaches maximum, the amount of CO; is not at maximum. This means
that carbonation degree is not influenced by carbonation depth. The carbonation degree
is mainly governed by the amount of CO; uptake once the concrete is in touch with a
COgy-rich environment. Therefore, accurate estimation of CO, absorption content from
accelerated carbonation conditions is vital to accurately predict and quantify carbonation
stages in actual concrete structures. However, CO, uptake measurement in cement-based
materials is a very complicated task due to the absence of a definite calculation method.
The theoretical, semi-empirical and empirical models could constitute calculation bases.

The CO, uptake method relates to an amount of CO; absorbed in the sample that
could be calculated in multiple ways. Some studies [69,87-89] reported that the carbonation
degree could be governed by the uptake of CO, within the carbonation process. This mass
was calculated based on the content of CO; in the sample at different durations of the
exposure process. The usage of this method could give a relatively accurate evaluation of the
carbonation degree in accordance with the carbonation time. However, this method seems
to suit the pure CO; environment (CO; concentration in the storage chamber ~100%) with
a short carbonation duration. For example, Rostami et al. [90] investigated the carbonation
degree in the first two hours of the carbonation of concrete and assessed that a degree of
carbonation of 16% was obtained through the measurement CO, uptake of 8%.

As can be seen, in quantitative measurement, the calculation of the carbonation degree
is varied and relies on the view of the CO, diffusion mechanism in concrete. Quantitative
assessment of the carbonation degree of the cementitious composite has been calculated
based on CO, uptake content and was identified differently, as shown in Table 2. Several
researchers have calculated the carbonation degree of concrete based on the CO; uptake
content calculated in TGA analysis. Besides, some other methods were also employed
for the measurement of CO, amount such as XRD [91,92], nuclear magnetic resonance
NMR [17,58,93], mercury intrusion porosimetry MIP [94,95], or estimation using the mass
gain method in early-age carbonation [96].

Table 2. Several mathematical models for carbonation degree calculation by means of CO, content.

Equation of the Carbonation Degree Feature Ref.

CO; uptake

Maximum capacity of CO, uptake

- CO;, uptake is based on the ratio of the
original mass of the reacting compounds
to that of mass basis.

- CO, uptake maximum capacity is [16]
calculated hypothetically from the
stoichiometric composition of the
reacting mixtures.

COj, in the carbonation zone

Maximum CO, uptake

- CO; is determined by the proportion of
CO; in the carbonated areas absorbed

- Maximum CO, uptake is regarding 84,38]
content of CO, emissions at !
clinker calcination.

- CO; content based on the mass loss in the

CO; content in fully carbonated zone — CO; content after carbonation + 100% temperature range of 500-900 °C, [87]
(o

CO; content in fully carbonated zone — CO; content before carbonation according to TGA analysis‘

- CO; based on the mass loss in the

CO; content in carbonated zone — CO, content in uncarbonated zone %100% temperature range of 550-1000 OC; [89 92 ()7_99]

CO, content neccesary to react all CaO in cement — CO, content in uncarbonated zone according to TGA ana]ysjs.
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Table 2. Cont.

Equation of the Carbonation Degree Feature Ref.

Dry mass after carbonation

- The CO; uptake is theoretically
determined by considering stoichiometric
of CO; released concentration, with regard

Initial mass x theorical maximum CO, uptake

x 100% to the waste components and the [97]
expansion to which the oxides are
accessible to react.

CO; fixed in the carbonation zone 0,
CO, released in the clinkerization % 100%

- CO; contents fixed and released are based
on CO, and CaO contents found in TGA
analysis, respectively. Degree of
carbonation was determined only in [100]
carbonated zones and verified
through phenolphthalein.

Mass of CO, consumption

- CO; consumption is determined by mass
loss in the temperature range of 550-950
°C, found in TGA data results.

% 100% - The theoretical maximum CO, amount is [101,102]

Mass of cement x theorical maximum CO, amount considered oxide content in cement

(including CaO, SO3, MgO, Na,O,
and K,O).

In addition, Andrade [84] believed that the carbonation degree calculation is with
respect only to the clinker proportion. Therefore, the carbonation degree of concrete
manufactured using cement containing low clinker content could exceed 100%, even above
400% for cement samples with ground granulated blast furnace slag GGBS after a 3.7 year-
exposure-period in the natural environment. This means that the carbonation degree was
governed mainly by the relatively low amount of clinker and carbonation capacity of
hydrated components from ground granulated blast furnace slag with conventional cement.
Consideration must be given that this method is employed only within the area which
has been considered carbonated by the confirmation of a pH indicator test. Meanwhile,
Zhu et al. [87] calculated the carbonation degree with regard to the change in CO, content
during the carbonation process. This content was estimated by corresponding mass loss
of sample at the temperature range between 500 °C and 900 °C, which is responsible for
the mass of CO, released during the decarbonation processes. With this estimation, the
carbonation degree is, of course, always under 100%.

The method of calculating the carbonation degree based on the amount of CO; in the
carbonated, non-carbonated samples and the theoretical amount of CO; required to react
with the whole CaO in the specimen to create CaCOj3, respectively, regardless of content
of CO, released, is considered as the most precise method to investigate carbonation of
autoclaved aerated concrete [92].

Another non-destructive method, which is based on the amount of CO; penetrating in
the porous structure of concrete is to use gamma radiation. In this method, the mass loss
of water during the carbonation process was assumed to have not occurred. With these
assumptions, CO; penetration is the only reason to create the rise in concrete density. A
radioactive source of Cesium Cs'¥ is used to emit a gamma ray, which is in accordance with
Lambert’s law [103]. Gamma-densimetry could allow control of the enlargement of density
along the depth and in real-time, inducing the evolution of the carbonation transformation
as a function of duration during the laboratory test. Due to the carbonation profile obtained
by the differences in density of carbonated and un-carbonated concrete samples at different
times, gamma-densimetry could give a very accurate measurement of the entire penetrated
CO, quantity and monitor the carbonation process over time. However, it is not easy to
measure the amount the CO; penetrating to the middle part of concrete structure because
of the requirement of a reference non-carbonated auscultation state before the deterioration
process [104].
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4. Conclusions

The present study reviews and evaluates the applicability of different methods for
carbonation degree measurement in concrete in both qualitative and quantitative ways,
summarized in Table 3. Most approaches studied have shown comparable findings when
a careful selection of the techniques of analysis and investigation criteria has been made.
However, quantitative determination of the degree of carbonation seems to be critical
for the accurate calculation of the CO; penetration capacity of a sample by accelerated
carbonation, while all qualitative methods could provide modifications in the alkalinity of
the pore solution of the specimen.

Table 3. Experimental methods for determination the carbonation degree: Content, pros and drawbacks.

Methods Concept Advantages Drawbacks

I Qualitative methods
Difficult to detect partial
carbonated area.

pH indicator Evaluation the change in pH level Simple and effective. Outcome is partly depended

Inexpensive.

on the experience and skill of
examining staff.
Destructive test

Image analysis

Characterization of carbonation based
on image analysis.

Uncomplicate to determine the
carbonation front width.

Allow to study deeply into the
newly transformed phases of the
carbonated sample.

Rapid measurement.

High cost.

Restrictions in depth
exploration of the interior
of structure.

Phase analysis

Investigation the weigh loss of profile

TGA ground powder of sample at the Probl - ted with th

temperature range 450-900 °C. roblems assoclated with the
p 8 Accmjate measgrement of sampling (small mass).

Observation the intensity, the chemical constituent at the Suitable for only

XRD disappearance and generation of the different carbonated level. laboratory scale.
diffraction peaks created by
carbonation reaction.
Passing infrared light across the sample  Detect the main phases of typical
to observe relative intensity of the carbonation reaction products. Suitable for onl

FTIR absorption bandwidths associated with ~ Therefore, partial carbonated area Y

the creation of chemical compositions
during carbonation process.

is easy to detect.
Rapid measurement, time-saving.

laboratory scale.

Ultrasonic phase
velocity

Detecting the change in the frequency
of ultrasonic wave interacted with
surface of sample.

Non-destructive test.
Sensitivity to
microstructure changes.

It is difficult to investigate the
inner area of concrete.

II.  Quantitative methods

Degree of carbonation was evaluated
by calculating the rate of the

The data is not high enough to

henolphthalei impl fast. O
phenolphthalein carbonated areas and the total fresh Simple and fast accurate quantitation.
broken area of sample analyzed.
L Able to accurate evaluation of the ~ Complicated task due to the
Accurate estimation of CO, . . ..
CO, uptake carbonation degree in accordance  absence of a definite

absorption content

with the carbonation time.

calculation method.

Phase analysis methods are used instead of pH indicator for carbonation level deter-
mination as a way of limiting the drawbacks of conventional methods in detecting different
zones from the external to central parts of the sample, while the phenolphthalein test does
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not seem appropriate because the quantity of real CO, uptake all along the carbonation
process has been overlooked.
Based on the review, the following recommendations are given:

- Using suitable indicators is highly recommended as a straightforward and simple
approach. Even if quantitative methods have been applied, pH indicators were also
used to detect the carbonated zones. All the pH measurement methods gave similar
findings; thus, the authors suggest the easiest and cheapest pH measurement method:
phenolphthalein. However, its applicability in evaluating CO, diffusion capacity is
problematic in the case of partial carbonation owing to its potentially limited detection
of phase change.

- pHindicator could be used widely, but the combination with other techniques needs
to be performed. Non-destructive methods by means of embedded fiber optic sensors
could offer an adequate and accurate estimation of long-term pH monitoring of
reinforced concrete structures in different conditions.

- If the problem of high cost could be overlooked, image analysis presented a significant
advantage in exploring crystal habit, morphology and size of the core of the sample,
with high accuracy in the qualitative carbonation measurement.

- Phase analysis seems to be an accurate method when phase measurements are per-
formed by using XRD, TGA, FTIR and ultrasonic phase velocity technique. The margin
of error of these measurements has very limited impact on the result and does not
need to be familiar for carbonation determination (less than +5%).

- A new method, the fiber optic system, has been developed recently to control the
change in internal chemistry of a concrete structure. All phase analysis techniques
such as XRD, TGA, FTIR and gamma-0Odensimetry are carried out in the laboratory
with very small-scale specimens and require little destruction to the structure in order
to obtain samplings. However, fiber optic systems overcome most these drawbacks
and obtain non-destructive, continuous and real-time data in actual time conditions
for concrete structures. This method could be considered as a promising application
in the field of controlling deterioration in concrete structures.

- For the determination of the uptake of CO,, it is sufficient to measure weight loss at a
temperature between 500 and 1000 °C with regard to TGA method. The CaO content
should be considered because it relates to the carbonation of hydrates. The use of
CO, uptake content to determine the carbonation degree of concrete requires that the
carbonation zones are defined in advance.

- The gamma-densimetry method should be considered for use at laboratory scale due
to the high accuracy in measurement of the CO, penetrated.

In conclusion, the authors suggest that the spectra data, such as fluorescence, X-ray,
FTIR and ultrasonic signals, could be used to measure the carbonation degree quantitatively
based on the diffraction intensity, which reflects the amount of CO, diffusion. However,
further investigation of spectra data treatment should be performed to reveal greater detail
in the spectra field.
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