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ABSTRACT

This paper develops a kind of molded disc samples to investigate the carbonation and related behaviors of
hardened cement pastes under different previous hydration degrees. Weight and length changes of cement pastes
over time are monitored during a multistep process including carbonation, drying, rewetting, and redrying. The
combination of X-ray diffraction (XRD) and thermogravimetric analysis (TGA) is used to identify and quantify
the mineral compositions of carbonated cement pastes. An exponential function between CO, uptake capacity
and hydration time of cement pastes is established, which shows that the CO5 uptake capacity of cement pastes
decreases dramatically at the very beginning days of hydration and then remaining relatively stable as hydration
time is prolonged. Two reasons for this finding are revealed: i) the equilibrium between the carbonation and the
post-carbonation reaction of carbonation product, i.e., silica-alumina gel; ii) refining of pore structures by hy-
dration products which hinders carbonation. A clearer zonation of carbonation areas is proposed, and the spatial
distribution equations of COy absorption are initially established. By monitoring carbonation and drying
behavior of cement pastes with different hydration ages, it is revealed that carbonation reduces drying shrinkage
of cement pastes especially for early-age samples, whereas drying increases carbonation shrinkage. By investi-
gating the water changes during the multistep process, it is found that water is little released during the
carbonation of C-S-H gels. New insight into mechanism of carbonation shrinkage is provided by a newly pro-
posed model.

1. Introduction

sequestration (CCS) [15,16]. Despite lots of progress, the understanding
on carbonation of hardened cement pastes under different hydration

Carbonation in cement-based materials involves outside gaseous CO5
diffusing into solid mass, and a series of chemical reactions, in which not
only hydration products, but also unhydrated clinker minerals can
participate in [1,2]. As a consequence, carbonation reactants change
with carbonation starting time, i.e., the hydration time of cement pastes.
This causes dynamical and uncertain changes in chemical (e.g.,
COq-uptake rate and capacity) and physical (e.g., water content and
carbonation deformation) properties, as well as post-carbonation prop-
erties (e.g., strength and drying shrinkage). Actually, the effects of
carbonation on the compositions, structures, and properties of
cement-based materials, as well as the improvement of the carbonation
process are widely investigated [3-12]. Due to the emphasis on
consuming greenhouse gas CO, by carbonation [10,13,14], scientists try
to develop the potential utilization of concrete for carbon capture and

degrees is still needed.

In most traditional cases, more mature samples, for example, con-
crete with a hydration age of 28 d or longer, is employed for carbonation
investigation [4,7,17-20]. However, this simplification ignores the ef-
fect of hydration time on carbonation, accordingly, inescapably causes
the lack of understanding on the carbonation of concrete with shorter
hydration time. Therefore, it is worth studying the carbonation of
cement pastes with a broader range of hydration degrees, especially
covering the lower hydration degree, to get a full understanding of the
effect of hydration on carbonation.

There exists the effect of hydration degree on carbonation even in the
same concrete sample. For example, as a result of the diffusion of CO,
from the surface to the inside of the sample, the inside will be carbon-
ated later and possibly has a greater hydration degree at the starting
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time of carbonation compared with the surface. However, as carbon-
ation is a water-demanding process [5,21], it is inapplicable to arrest the
hydration of cement pastes to ensure samples with the same maturity for
the carbonation at a specific hydration degree. For the purpose of
studying the carbonation behavior of early-hydration-age cement
pastes, CO diffusion should be neglected.

On the other hand, concrete is heterogeneous, with multiple com-
posites and pore structures. This makes the CO5 diffusion as well as the
reaction process heterogeneous and influenced by multiple factors. It is
suggested that in order to simplify the study on carbonation, the CO5
diffusion should be skillfully neglected.

To neglect the diffusion process, one dimension of the sample could
be much smaller than the other two dimensions. The disc sample meets
this requirement, and has been chosen in the study of drying shrinkage
of cement pastes [22]. Commonly, the discs are cut from cylindrical
samples using a water-lubricated diamond saw [23]. However, during
cutting, the lubricant, for example, water, can lead to the mass loss
especially the loss of Ca(OH); of samples. The interchanges of phases are
inevitable, even if the Ca(OH), saturated solution is used as the lubri-
cant. This mass loss may have little influence on drying shrinkage,
however, it certainly affects carbonation of cement pastes as Ca(OH) is
one of the main reactants of carbonation. Furthermore, micro-cracks
may be induced during cutting, which also have effects on the carbon-
ation process. Therefore, it is necessary to mold disc samples directly for
this study, which can provide gradient-free carbonation, that is, the CO,
diffusion is skillfully neglected.

Carbonation-induced crack is regarded important for the durability,
so widely considered by previous studies [6,19,24,25]. The carbonation
deformation of cement pastes should be correlated with the cement
hydration degrees. The changes of carbonation reactants and the
changes of rigidity with hydration would result in the varied carbon-
ation deformation. This process can be monitored by measuring the
diameter of disc sample. Moreover, gradient-free disc samples could
reflect more authentic deformation than bulk samples as the carbon-
ation of the latter is not uniform from surface to inside.

Carbonation causes deformation, and may affect other kinds of de-
formations, for instance, drying shrinkage. Carbonation can generate
water [2,18] and change the pore structures of concrete [26-28]. These
two changes are closely related to the drying shrinkage behavior, which
can also be investigated by using disc samples.

In this paper, a disc mold is designed to shape disc samples. Using the
disc samples, the carbonation and related behaviors of cement pastes
under different hydration degrees are carefully investigated, which gives
a better understanding on and deeper insight into the carbonation re-
action, carbonation shrinkage, and post-carbonation drying shrinkage of
cement pastes.

2. Materials and methods
2.1. Materials and mix proportion

P-1 42.5 cement (stated in Appendix A of Chinese standard GB 8076
Concrete Admixtures [29], composed of at least 95% clinker and minor
additional constituents, similar to European CEM I) and distilled water
are employed to prepare cement paste. The chemical composition of P-I
42.5 cement is tested by the manufacturer and calculated through Bogue
equations, as listed in Table 1. CO2 gas with a purity of 99.5% is used for
carbonation. Ny gas with a purity of 99.99% is used to provide an inert
atmosphere upon carbonation for reference samples as well as samples
with COy-free drying.

Mix proportion: the water-to-cement ratio of cement paste adopted
in this study is 0.5.
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Table 1
Chemical analysis of P-I 42.5 cement and its corresponding clinker minerals
calculated by Bogue equations.

Chemical composition Content (wt. %) Clinker mineral Content (wt. %)

SiOy 20.08 CsS 59.38
AlyO3 5.09 CsS 15.59
Fe;03 3.81 C3A 7.28
CaO 63.41 C4AF 11.64
MgO 2.06
SO3 2.33
NayOeq 0.55
f-CaO 0.88
Cl 0.016
Lol 1.72

2.2. Methods

2.2.1. Disc molding

In order to mold the disc cement paste sample, a special mold is
designed as shown in Fig. 1. The mold is divided into three functional
parts to make it both mold and demold easily. Using the mold, disc
samples with a diameter of 25 mm and thickness of 1 mm are shaped and
demolded after 24 h. The demolded samples are sealed with polythene
films until the testing ages.

2.2.2. Reaction device

To supply CO2 and moisture for carbonation, a reaction device is
designed as shown in Fig. 2. The device is a 180 ml bottle with cover. At
the bottom of the bottle, about 30 ml of distilled water is previously
introduced inside to provide a high enough relative humidity (RH)
environment and to avoid any drying caused by lower RH during
carbonation. A grid plate is placed in the middle of the bottle to hold the
disc sample. The other part of the bottle is filled with CO; for carbon-
ation under atmospheric pressure (not specially controlled but very
similar) or N5 for carbonation free as the reference. The volume of the
device is specially designed more than enough according to the
maximum CO5 absorption of samples to ensure the amount of CO; is
sufficient in the whole period of the reaction even without replenish-
ment, although gases are replenished after each measurement of sam-
ples. The device can create a separate environment for each disc,
ensuring that the testing of one sample does not have any effect on the
others.

2.2.3. Experimental methods

Disc samples with previous hydration agesof 1d,3d,7d, 14 d, 28 d,
60 d, 180 d, and 360 d are subject to five successive processes, i.e.,
carbonation (the most important reaction of this study, at 20 °C), drying
(detailedly study the water changes and drying shrinkage, including
drying at 20 °C and at 50 °C), rewetting (clarify the water changes and
statuses, at 20 °C), and redrying (judge whether continuous hydration
happens or not, and bridge the results between the measurement here
and the following TGA test, etc., at 50 °C) to investigate their carbon-
ation and related behaviors under different hydration degrees. 50 °C is
chosen for drying and redrying for the reason that at this temperature,
disc samples can be dried quickly without hydration products being
destroyed [30]. The experiment process is schematically detailed as
shown in Fig. 3. During the whole experimental process, samples are
weighed by an analytical balance and gaged lengths by a micrometer at
certain times. Three lines are slightly drawn and numbered accordingly
on each disc before carbonation to monitor length changes, as shown in
Fig. 3. The mean value of the length changes is regarded as the length
change of samples. The temperature in the laboratory is controlled at
20 °C £ 1 °C by an air conditioner.

Firstly, the initial weight and lengths of each sample are measured.
Then each sample is put into one separate reaction device and the re-
action device is filled with CO; to initiate carbonation or Ny for



Y. Xu et al.

Add fresh cement paste

Hardened cement paste

Cement and Concrete Composites 140 (2023) 105079

J Bolt hole

C =
& <
=

Fig. 1. Diagram of the purpose-built mold for preparing disc samples.
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/— Distilled water

Fig. 2. Schematic diagram of the reaction device for carbonation (CO5) or
carbonation free (N,) as the reference.

reference. The gas filling process is from the bottom to the top of the
device and kept for more than 10 s to ensure all the air in device is fully
removed by this kind of replacement. Afterwards, the device is covered
immediately to avoid gas leaking. At the reaction time of 10 min, 30
min, 1 h, 5h, 10 h, 24 h, and then every 24 h, the sample is taken out to
be weighed, gaged lengths to trace the carbonation process. The mea-
surement process takes about 1-2 min every time. After each measure-
ment, the sample is put back and the bottle is replenished with CO3 or
No. The equilibrium of weight and length is considered the stoppage of
carbonation under the reaction conditions [21]. Note whether the
carbonation has completed should be further verified according to the
amount of residual reactants and products. After reaching equilibrium,
every sample is transferred into another bottle without water for a
following drying to investigate the subsequent drying behavior under

laboratory temperature. The weight and length of samples are tested at
Oh,1h,5h, 10 h, 24 h, and then every 24 h until equilibrium. After
finishing the drying under laboratory temperature, the bottle together
with sample is put into an oven to dry under 50 °C and tested every 24 h
until equilibrium to quantify the change of water content. After oven
drying, the samples are rewetted under laboratory temperature and
redried under 50 °C. During every stage of drying, rewetting, and
redrying, N is supplied for drying and preventing carbonation by CO; in
air.

The carbonated groups are named group C. Non-carbonated groups
are set for comparison and named group N. Given that samples may
release or absorb water during the reaction process as a result of hu-
midity equilibrium, the weight changes of group C are subtracted by the
weight changes of group N (named C-N) to approximately eliminate the
effect that is not induced by carbonation. It should be noted that actually
the water changes of group C induced by humidity equilibrium is not the
same as those of group N.

To identify the mineral compositions of samples with or without
carbonation, the redried samples are ground into powders and measured
by X-ray powder diffractometer (Panalytical B-V., PfANalytical X’Per
Powder) with Cu Ka radiation at 40 kV and 40 mA. The measuring range
of 20 is 5-60°with a total scanning time of 10 min.

To quantify Ca(OH);, CaCOs, and bound water, the redried
powdered samples are measured by Thermogravimetric analyzer (Met-
tler Toledo, TGA2) under Ny atmosphere (50 ml/min) from 30 °C to
1100 °C, with the heating rate of 10 °C/min. The quantification of the
amounts of Ca(OH); and CaCOs is performed using the tangential
method [30]. The bound water is calculated by subtracting the mass loss
of CaCOs decomposition from the mass loss between 105 °C and
1100 °C.

Weighed and Gaged lengths until powdered I | TGA & XRD I

Disc

CO, orN,

Distilled water

I 11
Carbonationat 20°C  Drying at 20 °C

Drying at 50 °C

Powdere(;\

Distilled water 50°C

v \'
Rewetting at 20 °C ~ Redrying at 50 °C

Fig. 3. Experiment process of carbonation, drying, rewetting, and redrying.
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3. Results and discussion
3.1. CO uptake capacity

It is important to know the CO, uptake capacity of cement pastes, i.
e., how much CO; can be absorbed by cement pastes, for the calculation
of carbon footprint as well as the study of carbonation. The CO, uptake
capacity of cement paste may be affected by its hydration degrees. To
investigate the effect of hydration on the CO; uptake capacity of cement
paste, disc samples at hydration ages of 1d, 3d, 7 d, 14 d, 28 d, 60 d,
180 d, and 360 d are carbonated. The weights of samples are measured
during carbonation until constant weights are reached. The corre-
sponding weight changes of the constant weights are named the ultimate
weight changes, which reflects the CO, uptake capacity of samples.
Fig. 4 shows the carbonation-induced ultimate weight changes (C-N) of
samples as a function of hydration time.

It can be seen from Fig. 4 that with the increase of hydration time, the
ultimate weight changes induced by carbonation decrease dramatically
when the hydration time is short enough, and then remain relatively
constant after 28 d. This notable result indicates that cement pastes with
different hydration degrees have different CO5 uptake capacities. The
differences in CO5 uptake capacities may be the result of the changes in
carbonation reactants or/and the changes in compactability of micro-
structures induced by hydration. As mentioned above, both clinker
minerals and their hydration products can be carbonated. With hydra-
tion going on, the amounts of hydration products increase while those of
clinker minerals decrease. The decreased CO, uptake capacities with
hydration at early ages means that in the cement paste, carbonation of
hydration products at this moment is difficult or the carbonation of re-
sidual carbonatable substances is inhibited by the dense layer of hy-
dration or carbonation products. The reason can be speculated as
follows. CaCOg3 and substances with very low Ca/Si, i.e., silica-alumina
gel are generated through carbonation reaction [31,32]. One of the
carbonation products, silica-alumina gel, is found to be a pozzolanic
material with much higher specific surface area than the metakaolin and
silica fume and therefore high reactivity [33]. The highly reactive
silica-alumina gel can generate C-S-H gels in the presence of Ca(OH)». If
the hydration is called the first or primary reaction, the carbonation is
called the second or secondary reaction, this kind of post-carbonation
reaction of carbonation products could be named the third or tertiary
reaction. This third reaction can alter the carbonation product into new
carbonation reactant. Hence, there could be a dynamic equilibrium
between the carbonation and the third reaction. The equilibrium tends
to the later when the hydration time is prolonged and Ca(OH),
increases.

According to the speculation, two substances, Ca(OH), and water,
are required to maintain the equilibrium between the carbonation and
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Fig. 4. Carbonation-induced ultimate weight changes of samples as a function
of hydration time.
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the third reaction. If free water is limited, the equilibrium would be
broken, consequently, CO, uptake capacity would increase. To verify
this, disc samples with a hydration age of 28 d are dried at 50 °C for 5
days to release most of the free water without destroying hydration
products [30], and then carbonated in a 99.5% CO5 atmosphere at 20 °C
without supplying water at the bottom of the bottle (named C (28
d-dried)). A blank experiment is conducted simultaneously by placing
the dried samples in a Ny atmosphere (named N (28 d-dried)). The
weight changes and length changes (discussed later) of these experi-
ments and their difference are shown in Fig. 5. It can be seen from Fig. 5
(a) that only a small amount of CO3 is absorbed in the first few days of
reaction time, which is very different from the carbonation with suffi-
cient moisture supplied (discussed later in 3.2). This is because
carbonation needs water to dissolve reactants, including CO, and
Ca-bearing phases. As samples slowly absorbing water from atmosphere
during the short-tested time, carbonation is reinitiated and a large
amount of CO; is absorbed. Compared with the initial weight before
drying, carbonation-induced weight change is about 11.50%. This value
is higher than that of the sample at the same hydration age and
carbonated with enough water provided (2.72%). The result indicates
that as the third reaction is hindered, CO, uptake capacity increases.

However, the carbonation-induced weight change of the 50 °C-dried-
sample at 28 d is still lower than that of the sample carbonated at 1
d (14.07%). Moreover, it is noticed that hydration becomes relatively
stable after 200 d [34], while CO, uptake capacities keep relatively
constant after 28 d. These mean in addition to the equilibrium between
the carbonation and the third reaction, there exists another reason
causing the difference in CO, uptake capacity. As hydration time is
prolonged, the microstructure is refined by hydration products, which
makes the contact between carbonation reactants more and more diffi-
cult, hence the carbonation is hindered. Therefore, the decrease of CO,
uptake capacities with hydration ages attributes to the changes of both
compositions and microstructures.

As shown in Fig. 4, the relationship between CO, uptake capacities
and hydration time fits well as an exponential function, with R? more
than 0.98. This relationship is conducive to our understanding of
carbonation area zonations and will be discussed in 3.3.

3.2. Carbonation process

Carbonation of cement pastes is considered to be controlled by the
diffusion of CO», dissolution of carbonation reactants, and precipitation
of carbonation products [4,14,24,35]. In gradient-free circumstances,
diffusion could be neglectable. With sufficient CO, and moisture sup-
plied, the dissolution of reactants is fast enough, and can also be
neglected. Therefore, the precipitation of the carbonation products,
including nucleation and growth, becomes the main control process in
our thin disc experiments. Nucleation and growth follow an exponential
relationship with time according to the Avrami or JMAK equation
[36-38] (Eq. (1)),

X(t)=1—exp [—(kt)"] @

where X(t) represents the volume fraction that has transformed at time t,
k is the rate constant, and m refers to the Avrami index.

To demonstrate the carbonation process of cement pastes, the
carbonation-induced weight changes of 1 d and 28 d samples as a
function of carbonation time are recorded and shown in Fig. 6. It is
obviously shown that carbonation occurs at a beginning with fast rate
before equilibrium. The weight changes of 90% to equilibriums can be
reached within 1 d. The reaction goes to equilibrium in the experimental
conditions around 4 d. Even though there is difference between the ul-
timate weight changes of two curves, the relationships between weight
changes and carbonation time of both curves fit well as an exponential
function, with R more than 0.90.

According to the relationships shown in Fig. 6, the Avrami index is 1,
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16
14t = - " = C-N(l1d)
. ° CN(8d)
s W =13.72-11.15%0.84"
e
s 10 R*=0.9063
&
2 st
<
S ol W,=2.91-2.81x0.30'
=
on 2
5 4t R’=0.9677
3 /.—.—0—.+‘—.—0—.
2+
0F
1 1 1 1 1 1 1 1

0 24 48 72 96 120 144 168
Time (h)
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which means calcium carbonate precipitates via heterogeneous nucle-
ation and one-dimensional growth. This is considered as the reason that
CaCOs crystal usually grows on the surface of hydration products and
aggregates [18] with small size [39].

3.3. Carbonation area zonation with CO_ uptake

The zonation of the carbonation areas is important, as it can reveal
the carbonation process of concrete and guide engineering practices. In
practice, pH indicator such as phenolphthalein is normally used to
determine the carbonation depth of concrete. The pink part is regarded
as the non-carbonated zone while the colorless part is considered to be
carbonated. This method is convenient and practical from an engi-
neering point of view, however, it is rough from a scientific perspective.
As we know, the pH of cement paste is usually higher than 12.5 [40].
Phenolphthalein shows a color change in the pH range of 8.2-9.8 [5].
Therefore, the color changes are not always coincident with carbon-
ation. Moreover, it is believed that there is a semi (partial)-carbonation
zone between the complete (full) carbonation zone and non-carbonation
zone [41]. The corrosion of steel bar may also take place in the
partial-carbonation zone, whereas this zone cannot be indicated by
using phenolphthalein. In addition, the division stated in Ref. [41]
regards the full carbonation zone as a uniform part, with phases
remaining consistent throughout. However, this is not the case for
samples carbonated at early hydration ages as discussed in 3.1 and 3.2.
There should be distinctions between early-age carbonated parts and
mature-age carbonated parts as they have different CO, uptake capac-
ities. These differences will not disappear with the elapse of carbonation
time.

The CO4 uptake capacity discussed in 3.1 could reflect the ultimate

state of carbonated cement paste, which can be used to understand the
carbonated zone. The carbonation process discussed in 3.2 can be used
to comprehend the partially-carbonated zone where the carbonation is
still in progress. For carbonation investigation, samples of cement-based
materials can be cut layer by layer to analyze compositions and prop-
erties of part with different depth [5,18], vice versa, stacking piece
samples together could also be used to reflect carbonation behaviors. As
the carbonation investigated in this study is almost gradient free, a link
should be built to transfer the gradient-free carbonation to gradient
carbonation. This link would be the equation of CO4 diffusion.

The relationship between CO, diffusion and time is shown as Eq. (2)
[421,

X =KVt 2

where X represents the carbonation depth, K refers to the carbonation
coefficient, and t is carbonation time. Suppose the carbonation of
cement paste has no impact on the hydration of non-carbonated part.
The relationship between weight changes and time can be translated,
according to Eq. (2), into the relationship between weight changes and
depths, as depicted in Fig. 7. As shown in Fig. 7, the carbonation zone is
divided into 3 parts, namely carbonated zone, partially-carbonated
zone, and non-carbonated zone. In different zones, the generated
CaCOs after carbonation of the early-hydration-age cement paste is
illustrated in Fig. 8. The three zones can be further subdivided into 5
parts (shown in Fig. 9) and described as follows.

Carbonated zone: This zone is subdivided into full carbonation zone
and carbonation stopped zone. The full carbonation zone is where the

Partially- Non-
Carbonated carbonated carbonated

i | CO, diffusion
front

Weight Change

Xo XXy X

Fig. 7. Illustration of weight change induced by carbonation along depth.
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carbonation of the early-hydration-age cement paste.
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Fig. 9. Subzonations of carbonation zone.

carbonatable phases are all carbonated. The carbonation stopped zone is
where carbonation is stopped because of 2 reasons, i.e., i) the equilib-
rium between the carbonation and the third reaction; ii) the limited
contact of carbonation reactants with CO, as microstructure refined.
Although there are carbonatable phases in carbonation stopped zone,
carbonation cannot proceed in constant reaction conditions. The
carbonated zone is mainly controlled by diffusion [14].

Partially-carbonated zone: This zone is subdivided into carbonating
zone and local diffusion zone. The carbonating zone is where CO5 has
accessed and the reactions are proceeding. The local diffusion zone is
where CO; has locally diffused as cement pastes are heterogeneous and
have defects such as (micro-) cracks and air voids, which makes
carbonation in local diffusion zone proceeds preferentially. Partially-
carbonated zone is mainly controlled by reaction and defect, and is
dependent on the cement type and water-to-cement ratio. Partially-
carbonated zone will evolve into carbonated zone and keep going for-
ward with time.

Non-carbonated zone: This zone is where carbonation has not star-
ted. With time going on, non-carbonated zone will turn into partially-
carbonated zone and then carbonated zone.

According to the description above, we can initially establish the
spatial distribution equations of CO, absorption, shown as Eq. (3),

Cu+H-yH*2/KZ, 0<x<ux
C,—Cse yc("fﬂz/'{:, X <x<x
= 3

2 2
Cpe Yg(km /%o , X <x<x3

dmC()z
dx

0, X > X3
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where x1, Xo, X3, are the front of carbonated zone, the front of carbon-
ating zone (i.e. the front of CO5 diffusion), and the front of local diffu-
sion zone (i.e. the front of partially-carbonated zone), respectively. C, is
CO4 uptake capacity of mature cement paste. Cs is a parameter related to
carbonation speed. H refers to the influence of hydration on CO, uptake
capacities. yy, yc, and y¢ are parameters related to hydration, carbon-
ation and defect, respectively. K, Ko refer the diffusion coefficients of
CO; in cement paste and defect, respectively. It is noticeable that this
equation describes the carbonation starts at early hydration age such as
early at demold time. The parameters and applicability of Eq. (3) to
other conditions, e.g., lower CO, concentration are still to be further
studied.

This carbonation division reminds us carbonation is a very complex
process. There are different states even in carbonated zone. The concrete
with hydration age of 28 d is usually used to judge carbonation property
according to engineering standards [43,44]. However, carbonation
starts earlier than 28 d in practice. Therefore, the effect of carbonation
may be underestimated. Carbonation needs to be further and deeply
investigated.

3.4. Drying shrinkage of carbonated cement pastes

It has been verified that cement pastes with different hydration ages
have different CO, uptake capacities. This difference may induce
consequent influences on the properties of carbonated cement pastes.
Carbonation causes a process of absorbing a new substance, i.e. CO,
into cement pastes, as a result, alters the pore structures of cement pastes
[45,46]. Pore structures are associated with the drying shrinkage
behavior [47]. Therefore, the drying and rewetting behaviors of
carbonated disc samples are investigated.

Fig. 10 shows the weight and length changes of 1 d and 28 d disc
samples throughout the experimental process of 5 stages including
carbonation, drying at 20 °C, drying at 50 °C, rewetting, and redrying at
50 °C as marked in Fig. 3. As shown in Fig. 10(a), the weights of 1
d samples under N, atmosphere decrease at first then increase for the
first 96 h. The decrease of weights attributes to the water release caused
by the blowing of Nj gas, and the increase of weights is attributed to
moisture equilibrium between samples and environment. By contrast,
the weights of samples of group N treated at hydration time of 28 d in-
crease for the first 168 h (Fig. 10(e)), which is attributed to the ab-
sorption of moisture from the environment as the relative humidity of
samples decreases with hydration progressing. These water release or
absorption phenomena could also be reasonably believed to occur in
carbonation groups, although group C shows continuously increased
weight changes during the carbonation stage because the weight in-
crease caused by absorption of COy is more than and offset the weight
decrease caused by the possible release of water.

As shown in Fig. 10(c) and (d), for samples carbonated at the hy-
dration time of 1 d, weight changes, as well as length changes of group C
are smaller than those of group N during drying process. After drying
and rewetting, the lengths of both group C and group N cannot fully
recover, indicating that microstructures collapse during the drying
process. For group N, the remained weights as well as the diminution of
lengths after the second 50 °C drying are higher than those after the first
50 °C drying. This means group N has continued hydration during
rewetting. On the contrary, group C has limited continued hydration
during rewetting. This phenomenon may be caused by two reasons:
unhydrated clinker minerals have been consumed during carbonation
stage or continued hydration of clinker minerals is hindered by the dense
layer formed by carbonation products. The XRD results presented later
verified the possibility of the former.

To identify the mineral compositions of each group, samples C1-1,
N1-1, C28-1, N28-1, as well as C (28 d-dried) and N (28 d-dried) are
characterized using XRD and the results are shown in Fig. 11. As shown
in Fig. 11, there is no Ca(OH)3 in group C carbonated at 1 d. However, Ca
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Fig. 10. Weight and length changes of disc samples carbonated at hydration time of 1 d and 28 d during the whole and parts of 5 stages of experimental process. (a)-
(d): 1 d; (e)-(h):28 d. (a), (c), (e), and (g): weight changes; (b), (d), (f), and (h): length changes. (a), (b), (e), and (f): start at carbonation stage; (c), (d), (g), and (h):

start at drying stage.

(OH),, does exist in group C carbonated at 28 d. The presence of Ca(OH),
is the essential requirement of the existence of the equilibrium between
the carbonation and the third reaction. There is almost no C3S or C,S in
group C carbonated at 1 d, which means carbonation obviously
consumed the clinker minerals. This agrees with the analyses in previous
paragraph about the results of weight and length changes. All of the
samples have calcite even for those under the protection of Nj. This
possibly indicates that carbonation occurs during the very short time of

measuring weight and lengths. Carbonation occurs so fast and ubiqui-
tously wherever there is air. In addition to calcite, aragonite is detected
in samples carbonated at 1 d, while vaterite is detected in samples
carbonated at 28 d. Both of the metastable forms of calcium carbonate, i.
e. aragonite and vaterite, are detected in group C (28 d-dried).

To quantify the amount of CO; absorption, samples of each group (i.
e. C1-1, N1-1, C28-1, N28-1, as well as C (28 d-dried) and N (28 d-
dried)) are tested by TGA and the results are shown in Fig. 12. The
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Fig. 11. XRD patterns of samples carbonated at hydration time of 1 d, 28 d, and
samples carbonated after 5 days of 50 °C-drying at hydration age of 28 d. C, A,
and V refer to calcite, aragonite, and vaterite, respectively.

calculated results from Fig. 12 are listed in Table 2. According to the
measured weight changes (Fig. 10(a)) and the amount of CO absorption
shown in Table 2, the water loss of group C1-1 after carbonation process
is about 10.93%, which is 3.76% higher than that of group N1-1.
However, the corresponding length diminution of group C is only
slightly bigger than that of group N. For samples carbonated at the hy-
dration time of 1 d, the drying shrinkage is smaller than the reference,
and the water loss induced shrinkage during carbonation is also small.
Therefore, it is concluded that for the early-age cement pastes, carbon-
ation can reduce drying shrinkage.

It is notable that the peak temperatures of calcium carbonate of
different groups are not coincident with each other as shown in Fig. 12.
The higher decomposition temperature means the better thermosta-
bility. Samples carbonated at 1 d can generate more stable calcium
carbonate than carbonation at 28 d. Carbonation in drying condition
(group C (28 d-dried)) would also produce more stable calcium
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carbonate than in wetting condition (group C (28 d)). It is interesting to
find in Fig. 12(c) that Ca(OH), peak temperature in group C of 28 d is
slightly lower than those in group N of 1 d, 28 d, and 28 d-dried.
However, group C of 28 d-dried has the highest Ca(OH); peak temper-
ature among all groups. It shows the residual Ca(OH), of carbonated
sample may have differences compared with the generated Ca(OH),
from hydration. This phenomenon may be related to the carbonation
occurring in the interlayer of C-S—-H gels, which will be discussed in 3.6.
For samples carbonated at the hydration time of 28 d, weight
changes and length changes of group C are very close to those of group N
during drying process as shown in Fig. 10(g) and (h). For better com-
parison, the weight changes and length changes of group N are sub-
tracted from group C, and the results are shown in Fig. 13. As shown in
Fig. 13, the influence of carbonation starts at 1 d on drying and drying
shrinkage behaviors are much obvious than that starts at 28 d.

3.5. Water changes in carbonation

The presence of water, including free water and bound water, has
significant effect on performances of cement pastes. Carbonation needs
water to dissolve reactants [5], and water can be generated from
carbonation. In addition, changes of pore structure induced by carbon-
ation can also affect the existence of free water [20]. Therefore, the
study on water content, water type and its energy state (simply called

Table 2
Calculated results from TGA. (Unit: g/g cement of 1100 °C).

H,0 of Ca(OH)," CO, of CaCO5* Bound Water”

C1 - 0.33118 0.10504
N1 0.01998 0.08180 0.13492
Cc28 0.02006 0.11323 0.16651
N28 0.03095 0.06299 0.18224
C28-dried 0.01496 0.26159 0.14894
N28-dried 0.03622 0.08387 0.17660

@ Using the tangential method [30].
b Subtracting the mass loss of CaCO3 decomposition from the mass loss be-
tween 105 °C and 1100 °C.
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Fig. 12. (a) TG, (b) DTG, and (c) enlarged DTG curves of carbonated and non-carbonated cement pastes treated at the hydration time of 1 d, 28 d, and samples
carbonated after 5 days of 50 °C-drying at hydration age of 28 d.
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Fig. 13. Carbonation-induced (a) weight and (b) length changes of disc samples carbonated at hydration time of 1 d and 28 d.

water behavior as a whole hereafter) during and post-carbonation is
important for understanding the carbonation and its influence on
properties of cement pastes. To investigate the water behavior, the mass
of CaCOs3, Ca(OH),, H20, and other parameters are calculated according
to the results of weight monitoring, TGA, and Egs. (4)—(6). The results
are listed in Table 3.

Am,(A) = |me,(A) — my,(A)] @
myeo(H0) = Am(Ca(OH),) /74 x 18 5)
My, (CaCOz) = Am(Ca(OH),) /74 x 100 (6)

where n represents the hydration time of the tested samples (1 d or 28
d), A refers to CaCO3, Ca(OH),, or water loss after reaction, my,e, means
the theoretical amount of HyO or CaCO3 which could be generated by
the difference in the mass of Ca(OH), between group N and C.

As shown in Table 3, the mass of theoretical CaCO3 (mpeo (CaCO3))
is lower than the difference mass of CaCO3 between group C and N (Am
(CaC03)) although the hydration degrees of group N are higher than
those of group C. This indicates that in addition to Ca(OH),, there are
other substances carbonated, which are mainly C-S-H gels and clinker
minerals. The difference between mee, (CaCO3) and Am (CaCOs3) of
samples carbonated at 28 d is lower than that of samples carbonated at 1
d, which indicates that with the increase of hydration degree, capabil-
ities of carbonation resistance of other carbonation reactants, e.g. C-S-H
gels, are enhanced. This is consistent with [19,48] where Ca(OH); is
believed to help in limiting C-S-H decalcification or act as a buffer
against carbonation of other phases. As discussed in 3.1, the carbonation
product, i.e. silica-alumina gel, can be reacted in the presence of Ca
(OH);. As a result, there is an equilibrium between the carbonation and
the third reaction.

According to the absorptions of CO5 from TGA and Fig. 6, the ab-
sorptions of CO; as a function of time are shown in Fig. 14, where the
exponential relationships between weight change and time are kept and
multiplied by coefficients of 1.30 (Am;(CaCO3) x 0.44/13.72 x 100)
and 1.21 (Amgg(CaCO3) x 0.44/2.91 x 100) for 1 d and 28 d,

Table 3
Parameters calculated according to the results of weight monitoring and TGA
(Unit: g/g of starting weight of sample).

Group C1 N1 Cc28 N28

m (CaCO3) from TGA 0.53495  0.12990 0.18108  0.10128
m (Ca(OH)y) from TGA 0 0.05738 0.05804  0.09002
m (Weight change after reaction)  0.12606  —0.01460  0.05425  0.02702
Am (CaCO3) 0.40505 0.07980

Am (Ca(OH)3) 0.05738 0.03198

m (Water loss after reaction) 0.10931 0.07175 0.02542 0.01755
Am (Water loss after reaction) 0.03756 0.00788

Miheo (H20) - 0.01396 - 0.00778
Miheo (CaCO3) - 0.07754 - 0.04322
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Fig. 14. Weight changes and simulative CO5 absorption of samples carbonated
at hydration time of 1 d and 28 d as a function of time.

respectively. It can be seen from Fig. 14 that carbonation induces the
release of HyO. One of the origins of the released HyO is the carbonation
of Ca(OH); as it generates free H,O. Whether the carbonation of C-S-H
gels generates free HyO can be verified as follows.

There are three main factors that may influence the water behavior
during carbonation, which are carbonation of Ca(OH),, carbonation of
C-S-H gels, and changes of pore structures. It is known that the
carbonation of Ca(OH)-, releases free HO.

For samples carbonated at 1 d, the mass of theoretical HoO (mheo
(H20)) is lower than the difference mass of water loss after the reaction
between group C and N (Am (Water loss after reaction)), although the
hydration degree of group N is higher than group C. It demonstrates HyO
may be released from pores or/and C-S-H gels.

For samples carbonated at 28 d, the me, (H20) is very close to Am
(Water loss after reaction). As known from Fig. 13, carbonation has little
influence on the drying behavior for samples carbonated at 28 d.
Therefore, it is concluded that the carbonation of C-S-H gels may not
generate free HyO. This result is consistent with [18,49]. In conclusion,
during carbonation, water may be released as the carbonation of Ca
(OH), and the change of pore structures, but little released by the
carbonation of C-S-H gels. And this may be one of the reason that water
loss decreases when the duration of pre-carbonation hydration is pro-
longed [35,50].

3.6. New insight into mechanism of carbonation shrinkage

Carbonation shrinkage is possibly a potential crack risk to concrete,
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particularly in accelerated carbonation. Expansion is commonly
observed when the material is adsorbing substances externally. How-
ever, in the case of carbonation of cement pastes, shrinkage, instead of
swelling, is always observed [19,51,52].

From the perspective of materials, Ca(OH); is carbonated to generate
CaCO3, with a volume increase of about 11-14% [53]. The volume of
C-S-H gels decreases after carbonation as decalcification and poly-
merization [6,51,54]. By using thermodynamic modeling, the solid
volume of OPC paste increases at first and then decreases after con-
sumption of Ca(OH); with the increase of CO5 absorption [7]. This is
based on the assumption that Ca(OH); is carbonated prior to C-S-H gels.
However, the simultaneous carbonation of Ca(OH); and C-S-H gels in
cement pastes has been detected experimentally [7,55].

From the perspective of structures, it is generally believed that
CaCO3 mainly grows in pores and on the surfaces of existing hydration
products and aggregates [18]. After carbonation, the morphology of fi-
brils C-S-H gels can be retained, while the inner products become
porous [39]. According to the positions of CaCO3 generation and
changes of reaction products, an illustration of the carbonation of
cement paste is proposed as shown in Fig. 15. It can be seen that
carbonation of Ca(OH); can hardly lead to a volume increase of cement
paste as CaCO3 mainly generates in capillary pores. Instead, cement
pastes may become denser and pore structures may be refined as the
carbonation of Ca(OH),. However, with the decalcification and poly-
merization of C-S-H gels, the inner products develop porosity, which
could induce shrinkage. This agrees with the findings that the contri-
bution of inner product C-S-H to carbonation shrinkage appears to be
significant [17,23]. Carbonation shrinkage is not as considerable as

reacted C — S — H _mc(CaC03) — my(CaC0s) — [my(Ca(OH),) — m.(Ca(OH),)] /74 x 100
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atoms are located with three statuses in C-S-H gels: Ca in main chain, Ca
for charge balance (Si-OH), and Ca-OH [51,56]. It is observed that there
is amorphous CaCOj3 in the sample carbonated at 1 d. Meanwhile, the
peak temperature of calcite in 1 d carbonated sample is the highest
among all samples (Fig. 12(b)). Therefore, it is deduced that the amor-
phous CaCOjs is the combination of CO3™ ion and Ca-OH in the inter-
layer. This combination cannot deposit as crystal but exists as
amorphous state.

This phenomenon also occurs in dried carbonated samples, which
can be seen from XRD and TGA results of samples carbonated after
drying as shown in Figs. 11 and 12, respectively, and from the calculated
results from Fig. 12 as listed in Table 2. It can be seen that amorphous
CaCOg exists in sample carbonated after 28 d-hydration and 5 d-drying,
with lower decomposition temperatures than crystalline CaCOs. Mean-
while, calcite, aragonite, and vaterite are all detected as shown in
Fig. 11. Given that there is limited free water in capillary pores, CO; gets
into interlayer pores, reacts with interlayer Ca2*, and then precipitates
as amorphous CaCOs. Also, given limited free water, aragonite and
vaterite can hardly evolve to calcite through dissolution-reprecipitation
[571.

The corresponding length change of Fig. 5(a) could be noticed, as
shown in Fig. 5(b), where the samples are carbonated with limited free
water. It can be seen from Fig. 5(b) that the carbonation-induced
shrinkage is about 3.5%o, which is much higher than those of samples
carbonated at hydration age of 1 d and 28 d as shown in Fig. 13(b).
Suppose that the main carbonated substances in cement pastes are Ca
(OH), and C-S-H gels. According to Eq. (7),

)

reacted Ca(OH),

other shrinkage in cement paste. However, as carbonation occurs layer
by layer which develops deformation gradients, the risk of crack in-
creases consequently.

It can also be illustrated in Fig. 15 that carbonation can lead to the
redistribution of substances. The calcium in solid phases dissolves in the
pore solution and reacts with CO%~ to precipitate CaCOs. As a result,
calcium migrates from C-S-H gels to pores. Pores are refined, while
C-S-H gels become porous. Therefore, carbonation could enhance [2,9]
and also degrade [49] the mechanical properties of cement pastes,
which depends on the cement type and the carbonation degree.

The possibility of carbonation products generated in gel pores is
considered. CO%™ ion can enter the interlayer of C-S-H gels [21]. Ca

Carbonation-induced pore

Unhydrated cement o
) CaCO;
® Capillary pore = @
[
Outer products Inner products

Fig. 15. Illustration of carbonation of cement paste.

[myn(Ca(OH),) — m.(Ca(OH),)] /74 x 100

10

The ratio of reacted C-S-H gels to reacted Ca(OH); in dried 28
d sample is about 2.46. This value is about 0.85 for the sample
carbonated at 28 d with sufficient moisture supplied. This indicates that
more C-S-H gels are carbonated in dried sample, as a consequence of the
restriction of the third reaction through drying. Meanwhile, greater
shrinkage is manifested (Fig. 5(b)). It is suggested that the hydration
product calcium (alumino) silicate hydrates (C-(A-)S-H) is easier to
collapse and redistribute upon drying as the structural incorporation of
alkali cations in C-(A-)S-H reduces the stacking regularity of C-(A-)S-H
layer [58]. Similarly, the incorporation of anions such as carbonate ions
can also lead to the reduction in layer spacing of layered double hy-
droxides [59,60]. Therefore, it is speculated that the entrance of CO%’
ions into the interlayer of C-S-H gels makes the C-S-H gels easy to
collapse upon drying, in other word, drying can increase carbonation
shrinkage of cement pastes.

4. Conclusion

The CO, uptake capacity of hardened cement pastes decreases
dramatically with the increase of hydration time at the very beginning
days of hydration, and goes relatively stable after hydrating 28 d. Two
reasons for this finding are: i) The carbonation product, silica-alumina
gel, could act as a reactive pozzolanic material to generate C-S-H gel
through the third reaction in the presence of Ca(OH),. Hence, there is an
equilibrium between the carbonation and the third reaction. The reac-
tion moves to the later when the hydration time is prolonged enough as
Ca(OH); increases. ii) Carbonation is hindered as hydration proceeding
with refined pore structures causing the difficulty of contact between
carbonation reactants.
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With sufficient CO, and moisture supplied, carbonation of disc
sample occurs at a fast rate. The weight changes of 90% to equilibriums
can be reached within 1 d. In this circumstance, carbonation is mainly
controlled by precipitation. Calcium carbonate precipitates by the way
of heterogeneous nucleation and one-dimensional growth.

A clearer partition method of carbonation zone is proposed, in which
the carbonation zone is divided into 5 parts, i.e. full carbonation zone,
carbonation stopped zone, carbonating zone, local diffusion zone, and
non-carbonated zone. The first two belong to the carbonated zone,
which is mainly controlled by diffusion. Carbonating zone and local
diffusion zone belong to the partially-carbonated zone, which is mainly
controlled by reaction and defect.

Carbonation reduces drying shrinkage especially for cement pastes
with early ages. The influence of carbonation starts from 1 d on drying
and drying shrinkage behaviors is much significant than that starts from
28 d.

Carbonation is a water release process. During carbonation, water
can be released as the carbonation of Ca(OH), and the change of pore
structures, by contrast, the carbonation of C-S-H gels generates little
free water.

Carbonation can lead to the redistribution of substances. Calcium
migrates from C-S-H gels to pores which causes decalcification of
C-S-H gels. Pores are refined, while C-S-H gels become porous, there-
fore, carbonation shrinkage is induced. Drying can increase carbonation
shrinkage of cement pastes.
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