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ARTICLE INFO ABSTRACT

Keywords: In this study, the chemical phases analysis and the kinetics of synthetic calcium silicate hydrate (C-S-H) under
Synthetic C-S-H differentCOzconcentrations (natural (0.03%), 3%, 10%, 20%, 50%, 100%) were investigated. For this aim, the
Carbonation

scanning electron microscope (SEM) and transmission electron microscope (TEM) were employed for micro-
structure characterisation. The 2°Si magic angle spinning nuclear magnetic resonance (>°5i MAS NMR), X-ray
diffraction (XRD) and thermogravimetric analysis (TGA) coupled with mass spectrometer (MS) were used for
characterising the chemical phases before and after carbonation. From the NMR results, it was found that C-S-H
would be partly decalcified under the natural condition but completely under the accelerated conditions. Two
equations related to the carbonation kinetics under natural and accelerated conditions were proposed respec-
tively. The compositions in decalcified C-S-H were not affected by the CO, concentration. The XRD analysis
showed that vaterite, aragonite and calcite were coexistent after carbonation, which would be transformed to
aragonite and calcite with further carbonation. The preferential formation of the allotropic calcium carbonate
was not impacted by the concentration of CO, either. Based on the TGA-MS test, the stoichiometric formula of
synthetic C-S-H was determined with Ca0.5i0,+0.87H,0 or C-S-H; 5. In addition, a carbonation kinetics model
was proposed to learn the carbonation kinetics of C-S-H carbonated in different CO, concentrations. The ex-
perimental data fitted well with the model. The carbonation kinetics between 3% and 20% CO, are similar, but
different from that under 50% and 100% CO-.

Different COsconcentration
Chemical phases
Kinetics

1. Introduction with other hydration products, and presents as amorphous and in-

homogeneous phases in concrete—all of which made the performance

Almost all of the concrete structures have to undergo the carbona-
tion reaction, because of the abundant sources of CO, in atmosphere,
which will then decrease the pH value of pore solution inside concrete,
and finally cause the depassivation of steel reinforcement, resulting in
the reduced working lifetime of concrete structure eventually [1,2].
Due to the widespread and high potential of concrete to become the
most efficient agent to capture the CO,, the CO, storage capacity of
concrete becomes a hot topic recently [3].

The calcium-silicate-hydrate (C-S-H), which is the most influential
hydration product for the final strength of concrete, is vulnerable to
carbonation [4,5]. It is also the main component in concrete to absorb
and store the atmospheric CO». However, C-S-H in concrete is blended
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of this product difficult to be studied, especially that the carbonation of
pure C-S-H is not clear. For instance, Morandeau et al. [6] has studied
the carbonation mechanism of C-S-H through the carbonation of cement
paste and mortar, but their results still cannot explain the chemical
phases’ transformation of pure C-S-H during carbonation. It is therefore
more reasonable to study the carbonation performance of pure C-S-H
through laboratory experiments by using the synthetic C-S-H [7-10].
Similar research has been done by Sevelsted et al. [4] to evaluate the
carbonation performance of C-S-H with varying Ca/Si ratio, but their
results are only suitable for the atmospheric carbonation and the allo-
tropic precipitation of calcium carbonate after carbonation is absent in
their results.
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According to the model proposed by Taylor [11,12], the 1.4nm
tobermorite can be used to describe the C-S-H structure with lower Ca/
Si ratio while jennite is more suitable for representing C-S-H with
higher Ca/Si. For the C-S-H hydrated from C3S or OPC cement, the Ca/
Si ratio are varying from 1.2 to 2.1 with an average value of 1.75 [13].
To understand the carbonation behaviour of pure C-S-H in cement
paste, Morales-Florez et al. [14] have chemically synthesized the C-S-H
with Ca/Si = 1.8 which is close to the average ratio in Portland cement
paste. However, when supplementary cement materials (SCM), such as
silica fume, fly ash or slag, are used to replace Portland cement [15],
the mean value of C-S-H in the hydrated mixture will be decreased to
approximately 1 [16,17]. In such condition, the tobermorite-like model
should be better to describe C-S-H structure. The Ca/Si ratio of to-
bermorite varies between 1 and 1.5 with different degrees of protona-
tion. If all of the bridging silicate tetrahedra are protonated the Ca/Si
should equal to 1 [13], which is closer to the value for the SCM mixed
cement paste. Therefore, it is necessary to investigate the carbonation
performance of C-S-H in cement paste with SCM by synthetic C-S-H
with Ca/Si ratio of 1. Besides, Sevelsted et al. [4] suggested that C-S-H
with Ca/Si higher than 0.67 will be decalcified to Ca/Si = 0.67 first and
then decomposed to form calcium carbonate and calcium modified si-
lica gel under the effect of carbonation. While some researches have
studied the carbonation performance of C-S-H with different Ca/Si ra-
tios under the atmospheric environment [4,18], the results from this
paper can be the representative for characterizing the carbonation
performance of C-S-H with Ca/Si > 0.67 under accelerated carbona-
tion.

An observation of the C-S-H structure clearly indicates that caleium
is covalently connected to the silicon chain via oxygen atoms, but ba-
lanced with Ca®*"* from the pore solution. When C-S-H is carbonated,
calcium would be decalcified to precipitate as calcium carbonate, with
the formation of calcium modified silica gel, causing higher poly-
merisation of C-S-H [4,19-21]. Three allotropic kinds of calcium car-
bonate, named as calcite, vaterite and aragonite, are usually formed in
the carbonated C-S-H [22-24]. The formation of amorphous calcium
carbonate is also investigated and reported by some researchers [6,25].
There are several reasons, including difference in supersaturation [26],
pH [27], surface of nucleation [28], temperature, humidity and CO»
concentration [1,29], that may affect the polymorphic precipitation of
calcium carbonate. However, until now, they are no obvious nor simple
explanation for this preferential polymorphic precipitation [30].

The concrete carbonation rate are controlled by several reasons such
as temperature, humidity and CO, concentration. It is reported that
carbonation rate reached maximum within the range of 50-70% RH
[29]. Drouet et al. [31] found that, for CEM Ithe carbonation rate in-
creased linearly within the temperature ranging from 20 to 80 °C, whilst

(a) SEM photograph

Fig. 1. SEM photograph and EDS result of the synthetic C-S-H.
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for CEM V, it increased between 20 and 50 °C but decreased between 50
and 80°C. Cui et al. [32] suggested that carbonation depth was in-
creased with increasing CO, concentration but its effect is reduced
when CO; concentration beyond 20%. In this study, however, only the
effect of CO, concentration was considered. Actually, the carbonation
rate under natural condition is too slow to be applied for extensive
research. Usually, the accelerated carbonation with high CO, con-
centration is widely used in laboratories to give an evaluation of car-
bonation resistance of cement-based materials. However, the re-
commended CO, concentration for accelerated carbonation
experiments varies from countries. For instance, it is recommended by
governments to use 1%, 2%, 3% and 4% CO, in Belgium, Germany,
some Nordic countries and UK respectively [30,33], while 20% CO- is
required in China [34]. A uniform standard applying for accelerated
carbonation has not been reached until now, while much higher CO,
concentration, such as 50% or 100%, are even used by some researchers
in laboratory experiments [32,35,36].

In the present work, the C-S-H with 1.0 Ca/Si molar ratio was used
for both natural (0.03% CO- concentration) and accelerated carbona-
tion (3%, 10%, 20%, 50% and 100% CO, concentration). The micro-
structure characterisations of the C-S-H samples were investigated by
the aid of scanning electron microscope (SEM) and transmission elec-
tron microscope (TEM). Furthermore, to present qualitative and quan-
titative analysis of the Si configuration inside C-S-H after carbonation,
the 2%Si magic angle spinning nuclear magnetic resonance (*°Si MAS
NMR) measurement was employed. Relative proportion of allotropic
calcium carbonate was measured via X-ray diffraction (XRD). The
theoretical analysis of the carbonation kinetics of the synthetic C-S-H
under different CO, concentrations have been studied in detail. The
results from this investigation also contribute to the CO, storage by
cementitious materials and the carbonation of recycled concrete.

2. Materials and methods
2.1. Synthesis of calcium silicate hydrate

Hydrothermal synthesis method was applied to produce the amor-
phous calcium silicate hydrate (C-S-H) by mixing the slurry of lime and
amorphous SiO, in an autoclave. The Ca/Si molar ratio of initial ma-
terial was 1:1 and water solid ratio in mass was 10:1. It was synthesised
at the temperature of 120 °C for 7 h with a stirring speed of 400 rpm,
followed by filtering and oven-drying at 80 °C. The chosen way for the
C-S-H synthesis (120°C) probably conducts to better crystallization
compared to C-S-H in the field. More details of C-S-H synthesis were
described in another study [37]. Finally, the powder shape of pure C-S-
H with irregular appearance was collected as shown in Fig. 1(a). The
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Fig. 2. TEM image of the synthetic C-S-H.
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Fig. 3. Particle distribution of synthetic C-S-H.

energy dispersive spectrometer (EDS) analysis in Fig. 1(b) verifies the
high intensity of Ca, Si and O, and gives the atomic ratio of Ca/Si = 1.0.
Also, Fig. 2 gives the nano-structure of synthetic C-S-H from TEM ob-
servation, showing the compositions of foil sheets. Particle size of C-S-H
powder is obtained using a laser particle analyser as presented in Fig. 3.
The values of the measured mean particle size D [4,3] is 7.21 ym. The
uncarbonated sample was labelled as reference in this study.

2.2. Accelerated carbonation

The synthetic C-S-H powder samples with three grams weight were
loosely dispersed on the bottom of an aluminium container with a
diameter of 55 mm. For the natural carbonation, the sample containers
were placed in a climate environment with a mean temperature of 25 °C
and a relative humidity ranging from 40% to 75%. The CO. con-
centration in the climate of the room was approximately 0.03% [1]. For
the accelerated carbonation, as displayed in Fig. 4, the sample

Q Regulator

CO: Tank

Magnatic
value

Fig. 4. Sketch of carbonation device.
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containers were put into the newly designed carbonation chambers.
More details of the accelerated carbonation chamber were described in
another study [38]. The relative humidity and temperature for the ac-
celerated carbonation were maintained at 72 + 2% and 20 + 2°C,
respectively. Different concentrations of CO5 (3%, 10%, 20%, 50% and
100%) were applied with 0.5% fluctuation. Because only the difference
of CO, concentration was considered in this study, the effect of slight
difference in temperature and humidity between the natural and ac-
celerated carbonations was ignored. The mass changes of all the sam-
ples were measured during the whole carbonation process, which
showed that the mass became stable after 20 days, indicating a com-
pletion of carbonation at that time. The NMR measurements were,
therefore, applied after carbonating for 20 days. The sample carbonated
at 100% CO, was also measured after 60 days of carbonation to in-
vestigate the effect of exposure time on the decalcification process. The
XRD measurements were carried out after carbonation for 20 and 60
days, respectively.

2.3. Microstructure characterisation

2.3.1. *°Si MAS NMR

To detect the silicate configuration transformation of synthetic C-S-
H after carbonation, 2°Si MAS NMR measurements were carried out in a
JEOL ECZ600MHz (14.1T) spectrometer. Samples were packed in
8 mm ZrO- rotors to spin at the speed of 5kHz and YB/2x = 40 kHz,
whilst parameters for relaxation delay and scanning numbers were
determined as 60 s and 512 times respectively. The chemical shifts were
referenced to trimethylsilyl (TSPA)

2.3.2. XRD analysis

To identify the mineral compositions before and after carbonation,
C-S-H samples without pre-drying were measured by XRD powder dif-
fractometer (Bruker, D8 Advance) with Cu K, radiation at 40 kV and
40 mA. Measuring range was set as 5-70° 20 with 0.02° step and 1 s step
time. Qualitative analysis of chemical phases was finished in EVA
software and quantitative analysis of the relative content of calcium
carbonate was given via TOPAS software.

2.3.3. Thermal analysis

The thermogravimetric analysis (TGA) tests were performed at
Netzsch STA 449 F5 under N, atmosphere coupled with a mass spec-
trometer (MS) Netzsch QMS 403D Quadrupole. The sample without
carbonation (14.3mg) was heated under a nitrogen atmosphere
(250 ml/min) in a corundum crucible varying from 30°C to 1000 °C,
with the heating rate of 10 “C/min.

2.3.4. SEM and TEM

The microstructure was observed by ZEISS Gemini SEM and its
nano-structure was further characterised by FEI Talos 2000 TEM.
Before the SEM observation, the powder samples were scattered uni-
formly on the surface of a conductive film and then coated with the thin
gold, and ultrasonic dispersion technique was used to disperse samples
immersed in ethanol before the TEM test.

3. Results
3.1. 2Si MAS NMR results

The 2°Si MAS NMR spectra of synthetic C-S-H before and after
carbonation under different CO, concentrations were demonstrated in
Fig. 5. All of the spectra were deconvolved into several peaks with
different polymerization degrees(Q,, n = 0, 1, 2, 3, 4), representing the
connectivity of Si atoms [39], to give quantitative information of Si
coordination with fitting accuracy kept at R?>0.98. The isolated tet-
rahedra Q, was not detected for any of the samples, as a result of the
absence of C5S and C,S [20,30].
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Fig. 5. °Si MAS NMR spectra of C-S-H gel after carbonation of 20 days (a)-(g) and 60 days (h) (Exp. = experimental result, Sim. = simulated spectra, Peak. =
separating simulated peaks, Res. = difference between experimental and simulated result, the fitting accuracy was controlled at R2=0.98).
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For the reference sample which was uncarbonated, four distinct
peaks were deconvolved, i.e. the end groups or dimers (Q, -79.6 ppm),
the bridging sites (Qzp, - 82.8 ppm) and paired sites (Qzp, -85.4 ppm),
and only traceable content of high polymerised chain Q3(Ca), locating
at -90.3 ppm (Si0-)3Si*-1/2Ca), which was in agreement with the pre-
vious studies [8,9,40-44]. It is noteworthy that the deconvolution re-
sults of this pure C-S-H were different from that of the cement paste:
two peaks of Q2 (Qzp and Q) were deconvolved from the spectrum,
while only one peak of Q, was found in the cement paste sample with
high Ca/ Si ratio [38], which is also consistent with the results shown in
[4].

After carbonation, Q; and Q, were almost disappeared with the
increase of Q3(Ca) (locating from -92.8 to -93.9 ppm), and at the same
time, other silica rich phases were formed. The peak shifts assigned
from -101.2 to -102.3 ppm were a representative of hydroxylated Si
tetrahedrons (Q3(OH), (Si0);-Si—OH), while peaks from -111.8 to
-112.7 ppm were attributed to the formation of Q, where all of the
calcium atoms were decalcified and silicate tetrahedrons were con-
densed as quartz-like silica gel [29,45].

The deconvolution results for the chemical shift and proportion of
Q,, were listed in Table 1. For the reference sample, the main compo-
sition was C-S-H with relatively low connectivity, because Q; (41%),
Q2 (13%) and Qo (43%) were the major proportions, and only 3% Qs
was found in the structure, causing by the natural carbonation during
sample preparation. When natural carbonation (0.03% CO,) was con-
sidered, the proportions of Q; and Q. were dramatically decreased,
while quite amount of calcium-modified silica gel including Qs(Ca),
Q3(OH) and Q4 appeared after carbonation. However, only part of C-S-
H was carbonated at the atmospheric environment (0.03% CO-) since
certain proportions of Q, and Q, were still remained. This result was
consistent with the former study that C-S-H was difficult to be fully
carbonated in the natural condition [20,30]. The mean chain length of
Si0,4 CL tetrahedra can thus be calculated with Eq. (1) [4], where I(Q"™)
represents the content of Q,, (%). Here only values of the sample before
and after natural carbonation were given, because the samples after the
accelerated carbonations were completely decalcified without the re-
maining of C-S-H related peaks (Q,, Qz, and Q). Table 1 shows that
CL was significantly lengthened from 4.7 to 7.8 after natural carbona-
tion, which was caused by the polymerization of Si tetrahedra.

CL = 2[1(Q)) + 1(Qq) + 1(Q)]/1(Qy) (1)

When samples were carbonated at accelerated conditions from 3%
to 100% CO,, totally different results were found compared to that
under natural condition. In the view of Table 1, Q;, Qz;, and Qz, were
entirely vanished under the accelerated carbonation, except for the
sample that was kept at 3% COs, which still had 1% Qg left. The
proportions of Qs(Ca), Q3(OH) and Q, in carbonated phases were ap-
proximately 5%, 25% and 70%, respectively. All of the C-S-H samples
were carbonated to stay as decalcified C-S-H (including calcium mod-
ified silica gel and silica gel) and calcium carbonate.

Further comparison was made between the samples carbonated
under 100% CO,. When the carbonation period increased from 20 days
to 60 days, the proportion of Q;(OH) was slightly decreased (by 2%),

Journal of CO, Utilization 35 (2020) 303-313

accompanying with a small increase of Q, (by 2%). This indicates a
higher polymerisation after a longer carbonation duration. However,
this polymerisation process seems to be very slow. By using Eq. (2)
below, the level of decalcification, Ly, could be evaluated, as displayed
in Table 3 [30]:

=[1

where Q/, Q5,, and Qz'i, represent the proportions of Qi, Q2 and Q2

Q' + Q3 +Q3,

Ly -—
QP + Q4 +Q5,

] % 100%
(2)

after carbonation, respectively, while Qb, szb, szp indicate those in the
sample before carbonation.

The decalcification level Ly, as shown in Table 2, has reached almost
100% for all the samples under the accelerated conditions, verifying the
fact that C-S-H has been completely decalcified, while it was only
59.5% for the one under the natural carbonation (0.03% CO5). In ad-
dition, what should be emphasised from Table 2 is that the values of
Q4/(Q5(Ca) + Q5(0OH)) under all the accelerated conditions are between
2.0 and 2.5 with average value of 2.3, suggesting the similar compo-
sitions in decalcified C-S-H.

Mass change shows that there is no further mass increase even for
natural carbonation after 20 days, indicating the completion of the
carbonation process in 20 days. Hence, it can be concluded that car-
bonation of C-S-H under natural condition and accelerated conditions
are different: only a portion of C-S-H will be decalcified under natural
condition, while under accelerated conditions all of the C-S-H will be
decalcified. CO, concentration will not affect the compositions of dec-
alcified C-S-H (including calcium modified silica gel and silica gel).
Besides, when the duration time of carbonation is prolonged, the degree
of polymerisation will be improved further.

3.2. XRD results

The XRD spectra of synthetic C-S-H before and after carbonation are
presented in Fig. 6. For the reference sample, diffused peaks instead of
sharps peaks were presented at 20 of 29.4°, 32° and 50° in the spectra,
indicating the appearance of amorphous C-S-H. After carbonation under
ambient condition (0.03% CO-), the peaks at 26 of 32° and 50° were
disappeared, meanwhile the peak at 20 of 29.4° was narrowed and its
intensity was decreased. Different types of calcium carbonate formed
with the appearance of calcite, aragonite and vaterite. Vaterite became
the dominant phase after accelerated carbonation.

Despite that the peak at 20 of 29.4° is characteristic for both C-S-H
and calcite, NMR results above at the Section 3.1 demonstrated that the
C-S-H was completely decalcified under accelerated carbonation, so
that the peak located at 29.4° could be considered as the existence of
calcite. The content of C-S-H therefore was not considered in the
quantitative analysis. As a result, the relative proportion of the crys-
talline forms of carbonated products can be quantitatively analysed by
Rietveld refinement. Results are displayed in Tables 3 and 4. It showed
that vaterite was the dominate phase under all the carbonation condi-
tions conducted in this study, which contains approximately 92%
content of all the detectable mineral compositions. For calcite, the

Table 1
Deconvolution results of 2°Si MAS NMR spectrum of the samples before and after carbonation (%).
ppm from TSPA (1(Q,) (%)) Carbonation time (d) Qp Qap Qap Q3(Ca) Q3(0H) Q4 CL
Reference 20 —79.6 (41) —82.8(13) —85.4 (43) —90.3 (3) - - 4.7
Natural (0.03% CO5) 20 —80.7 (10) —84.3 (10) —86.9 (19) —93.9 (8) —101.9 (18) —-112.7 (35) 7.8
3% CO- 20 - — —86.4 (1) —93(5) —101.5 (25) —111.9 (69) —
10% CO- 20 - - - —93.9 (6) —101.7 (24) —112 (70) -
20% COo 20 - — - —93.7 (5) —101.8 (25) —111.9 (70) —
50% CO» 20 - - - —93.5 (6) —101.2 (27) —112.2 (67) -
100% CO, 20 - — - —93.4 (3) —102.3 (28) —112.4 (69) —
100% CO2 60 - - - —92.8 (3) —101.5 (26) —-111.8 (71) -
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Table 2

Journal of CO, Utilization 35 (2020) 303-313

Decalcification of the C-S-H induced by carbonation calculated from 295i NMR and Eq. (2).

Sample Carbonation time (d) Q1+ Qap+ Q2 (%) Lqg (%) Q3(Ca) +Q3(0H) + Q4(%) Q4/(Q3(Ca) +Q3(0H)) (%)
Reference 20 97 0 3 0.0
Natural (0.03% CO2) 20 39 60 61 1.3
3% CO, 20 1 99 99 23
10% CO- 20 0 100 100 2.3
20% CO, 20 0 100 100 23
50% COo 20 0 100 100 2.0
100% CO, 20 0 100 100 2.2
100% CO, 60 0 100 100 2.4

amount varied from 3.3% to 4% under the accelerated conditions, but Table 3

increased to 7.1% under the natural carbonation (0.03% CO5). A slight
amount of aragonite was formed after carbonation. Because of the quite
similar content of vaterite, aragonite and calcite, it can be assumed that
the preferential precipitation of polymorphic calcium carbonate is in-
dependent of the CO, concentration.

In the view of the relative proportion of carbonated phases between
20 and 60 days, there was a decrease in the amount of vaterite and an
increase of another two polymorphic calcium carbonate, i.e. aragonite
and calcite, were observed. This finding indicated that the phase
transformation from vaterite to aragonite and calcite occured during
carbonation reaction, even when the decalcification process was com-
pleted. Pretty low rate of transformation speed (lower than 1% between
20 and 60 days under the accelerated conditions) was also verified
when the carbonation was finished after 20 days, as demonstrated in
[28,30,46,47]. The vaterite and aragonite—the thermodynamically
unstable forms—are expected to transform into calcite as a final state
after long time curing.

3.3. Carbonation kinetics of C-S-H under different COz concentrations

3.3.1. Stoichiometric formula of synthetic C-S-H

The reference sample without carbonation was selected to measure
with TGA-MS, as shown in Fig. 7, to determine the stoichiometric for-
mula of synthetic C-S-H. According to the TGA-MS results, 11.83% mass
loss was detected at the temperature between 105 °C and 818 °C, which
was attributed to the C-S-H dehydration. No obvious emission of CO,
was detected, suggesting the high purity of produced C-S-H. The exo-
thermic peak at 833.2°C indicated a phase transformation to wollas-
tonite [48].

If mass balance was considered, when CaO and SiO, were mixed
with initial Ca/Si = 1.0, 1 mol of Ca0Q+Si0; +xH, 0 would be synthesized
(Eq. (3)). Therefore, the mass loss from the dehydration of C-S-H (W)
can be expressed in Eq. (4). For the totally carbonated C-S-H, the car-
bonation reaction should follow the Eq. (5), and the ideal maximum
mass increase W, can be calculated by Eq. (6).

(a) 20 days
<>Vaterite ¥ Calcite cAragonite xC-S-H

PSR 100%CO
o T
e B0%CO,
20%CO,
(o : 10%CO,
N e, Y U A | WY W S
a 5 s 3%CO,
- wllivwwy , 003%CO,
% x " reference

Rietveld refinement results of carbonated C-S-H under different CO, con-
centrations after 20 days.

Sample Vaterite Aragonite Calcite Others
0.03%CO, 91.3 0.9 7.1 0.7
3% CO, 92.3 1.1 3.8 2.8
10 %CO, 92.6 1.5 3.3 2.6
20% CO» 92.5 0.7 3.9 2.9
50% CO4 92.1 0.8 4.0 3.1
100% CO2 91.5 1.2 3.8 3.5
Table 4

Rietveld refinement results of carbonated C-S-H under different CO, con-
centrations after 60 days.

Sample Vaterite Aragonite Calcite Others

0.03%CO2 87.8 0.7 9.4 21

3% CO, 91.4 1.9 3.5 3.2

10 %CO-, 91.1 1.9 3.7 3.3

20% CO, 91.9 1.7 3.5 2.9

50% CO, 921 1.9 4.1 1.9

100% CO, 91.2 1.6 4.1 3.1
CaO + SiO; + xH;0 — Ca0sSi0;+xH,0 (3)
W = 18.01x x 100%

56.08 + 60.08 + 18.01x (4
CaO'SiOZ XH;O + COZ i CaCO:; + SIOZ «xH; 0 (5)
Wax = 44.01 x 100%

56.08 + 60.08 + 18.01x + 44.01 (6)

Based on the mass loss value from the TGA spectrum, and Eq. (4),
the stoichiometric formula of synthetic C-S-H could be determined with
Ca0+Si0,+0.87TH, 0, or simplified as C-S-Hyg;. Thus, the theoretically
maximum mass increase W, should be 33.4% in view of Egs. (5) and

(6).

(b) 60 days
<>Vaterite ¥ Calcite cAragonite xC-S-H
P o 100%CO
< < < o =
L) 50%CO,
R N - '"2"0%'002“
o,
- _J\_“LJ L_}_J‘k #ﬁ_._J‘LA L/J‘_#-loi/ﬁ,oﬁ{ =
o o o 3%CO,

v Y | v wvy , 0.03%CO,

- o » .
/ reference
~— s %

10 20 30 40 50 60 70

20(%)

(a) 20 days

10 20 30 40 50 60 70
20(°%)

(b)60 days

Fig. 6. Diffractograms of C-S-H under carbonation at different conditions for 20 days (a) and 60 days (b).
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Fig. 8. Mass increase of samples in wt% under different concentration of CO, after 2 (a) and 60 (b) days.

3.3.2. Carbonation kinetics under different CO2 concentrations

The evolution of the samples’ mass increase under different carbo-
nation conditions are shown in Fig. 8. The mass increasing rate in-
creased with higher CO, concentration. There was no further mass in-
crease in the accelerated and natural conditions after carbonation of 2
and 20 days, respectively. The carbonation reaction could be divided
into two stages: for stage-1, the sample mass increased continuously
with the prolonging of exposure time; for stage-2, the sample mass was
almost stable and even showed a slight decrease, because of water
dissipation. In general, no further mass increase for all the samples after
20 days was observed, indicating the completion of the carbonation
process.

Here, the carbonation degree for the synthetic C-S-H was calculated
according to Eq. (7), as follows:

. W (t)

Winax (7)

where W (t) represents the mass increase at time t and W,,,, denotes the
theoretical maximum mass increase, which was determined by TGA-MS
analysis in Section 3.3.1 as 33.4%.

Morandeau et al. [6] suggested that carbonation of C-S-H will not
release any physical water, which means the water produced from C-S-
H carbonation will be absorbed by the silica gel. That is also verified by
Thiery et al. [49] by saying that characteristic times of carbonation and
drying are sufficiently separated in carbonation process. Therefore, in
this study, the mass increase in stage-1 was resulted from the reaction
with CO; so that the mass change at this stage can reflect the carbo-
nation degree based on Eq. (7). However, samples’ mass showed de-
creasing tendency at stage-2, which is attributed to effect of drying at
surrounding RH of 72%. The carbonation degree at stage-2 converted
from mass change was, therefore, somehow underestimated compared
with the true value. Therefore, the analysis of carbonation kinetics in
this study are relied on the data from stage-1.

Fig. 9 indicates the carbonation degree of C-S-H at different ac-
celerated conditions. It can be seen from Fig. 9 that the carbonation
degree of C-S-H was lower than 0.8 under all carbonation conditions. In
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view of the NMR results, some of C-S-H was still remained, especially
when carbonated at atmospheric environment (0.03% CO-), which was
disappeared under the accelerating carbonation. Thus, two equations,
written as Eq. (8a) and (8b). were used to describe the carbonation
reaction of C-S-H in 0.03% CO, and accelerating carbonation. For C-S-H
carbonated under natural condition, only part of C-S-H was decalcified
to form as the mixture of uncarbonated C-S-H, calcium carbonate and
decalcified C-S-H (calcium modified silica gel and silica gel), as ex-
pressed by Eq. (8a). However, for the sample carbonated under ac-
celerated conditions, calcium carbonate and decalcified C-S-H (calcium
modified silica gel and silica gel) coexisted together, as expressed by Eq.
(8b), respectively.

C-S-Hyg7 + aCO; — (1 — Ly)[C-S-Hys7] +

Ly[(1 — a)Ca0+Si0;+0.87H,0)] + aLyCaCO; (8a)
C-S-Hyg) + 2CO; — (1 — &) Ca0+Si0,+0.87H,0
+ aCaCOs (8b)

In the review of [21,50-53], the carbonation kinetics can be ex-
pressed by Eq. (9),

M- —a) =k 9)

where k is a constant value of reaction rate, t is the carbonation time
(h), and n is a factor indicating the different steps during carbonation.
The reaction rate constant k is determined by the logarithmic form, and
Eq. (9) to can be rewritten as Eq. (10).
1/31 — l l

In[1 -0 —-a)3] = nln(k)+ nln(t) (10)

Fig. 10 gives the tested data fitted with the model, represented by
Eq. (9) and Eq. (10). Two stages were fitted for any kind of conditions,
and only fitting parameters of stage-1 were given in Table 5, which
represented the reaction rate of carbonation. When the slope of the
model (1/n) equals to 1, Eq. (9) was defined as the “contracting vo-
lume” equation, which implies that the carbonation is controlled by the
phase boundary [50,51]. For 1/n = 0.5, Eq. (9) was represented as the
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Fig. 9. Carbonation degree of synthetic C-S-H under different concentration of CO, after 2 (a) and 60 (b) days.
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Fig. 10. Plots representing the model-predicted (lines) and actual (data points)
value of In(1 — (1 — a)'/?) vs. In(t) for carbonation kinetics of different con-
centration of CO». Dashed line and solid line represent stage-1 and stage-2 of
carbonation reaction, respectively.

Table 5
Fitting parameters of carbonation kinetic model of different CO> concentra-
tions.

Sample Slope (1/n) Intercept(In(k)/n) k/10~*h™1

0.03%CO, 0.58 —6.25 0.21
3%CO04o 0.87 —5.02 29.17
10%CO5 0.71 —4.14 29.23
20%CO04 0.61 —3.50 32.73
50%CO4 0.58 —3.10 47.73

100%CO, 0.51 —215 147.62

Jander’s equation, which suggests that layer forms of reaction products
were coated outside the uniform size of reactants so that reaction rate
was affected by the diffusion rate through the outer-layer [50-521.
Other studies have proved the evolution of the phase-boundary con-
trolled to diffusion controlled stages during the carbonation process
[21,53]. However, in this study, only one kind of reaction was found in
Fig. 10. In actual experiment, to keep the concentration steady, the
mass changes were recorded after 20 min of carbonation. It is assumed
that the phase-boundary controlled reaction has been finished in the
first 20 min. After then, the diffusion controlled stage became domi-
nant. Therefore, the mass changes recorded in this study should follow
the diffusion controlled reaction, which means the ideal slope of 1/n
should be equal to 0.5. As shown in Table 5, the slope of the fitting
curves were varying form 0.51 to 0.87. The fitted slope (1/n) for 100%
CO;, carbonated sample (0.51) was very close to 0.5. For other samples,
the fitted slope (1/n) ranged from 0.58 to 0.87. Such difference between
the calculated and theoretical values was also observed by Ashraf [21].
It was because that carbonation process is more complicated in prac-
tice. In summary, Eq. (9) provided a simplified model for carbonation
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kinetics.

3.3.3. Effect of different CO- concentrations on the carbonation rate

Table 5 shows that the reaction rate constant k increased rapidly
when CO, concentration (Cco,) was higher than 20%, and reached the
fastest rate (147.62 X 10~ *h™) under 100% CO,, suggesting the si-
milar reaction kinetics between 3% and 20% CO,. The Boltzmann
function in Eq. (11) was used to fit the relationship between the reac-
tion rate constant (k) and CO, concentration under accelerated carbo-
nation, as shown in Fig. 11. However, the carbonation rate constant
under natural carbonation (0.03% CO,) was much smaller than that
under the accelerated conditions. Herein, the CO, concentration be-
tween 0.03% and 3% was not studied, and the reaction rate constant in
this range remained unknown. The dashed line was used to describe the
relation from 0.03% to 3% CO-.
k = 679.68 — 655.2/

A + exp((Ceo, — 139.8)/27.19)),

3 <x <100, R? =0.99 a1

4, Discussion

4.1. Crystal precipitation of allotropic forms of calcium carbonate after
carbonation

As reported in the literatures, the carbonation of portlandite and C-
S-H under ambient environment follows the initial formation of amor-
phous calcium carbonate (ACC) which is then transformed to me-
tastable forms of vaterite and aragonite, and finally calcite is formed
through dissolution-precipitation process [54-56]. However, Our in-
vestigation shows that vaterite is the dominant phase after carbonation
of pure C-S-H, which is different from the carbonation of cement paste
that calcite and vaterite are the main products [30,38]. The difference
in carbonation products between pure C-S-H and cement paste could be
ascribed to the following reasons.

160
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204 s
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m  Experimental data
—— Fitting curves

reaction rate constant k/ h

CO, Concentration (%)

Fig. 11. Experimental and fitted data of reaction rate constant of carbonation.



Y. Li, et al

Firstly, the pH value of pore solution in cement paste is at least 12.5
[57-59]. Calcite is the only stable form for allotropic calcium carbonate
[60] and supersaturated rapidly in such solution with high alkalinity
[61,62]. Thus, once carbonation occurs, calcite will be precipitated
with the consumptions of Ca>* and OH™ in pore solution. However,
there is high content of solid portlandite in the cement paste, which will
dissolve into solution to compensate the consumptions of Ca®?* and
OH™ and to keep the pH at its high level. When carbonation proceeds
and portlandite is completely consumed, the pH of pore solution will be
decreased to lower than 9 [57,58]. It is the value that precipitation of
vaterite become predominant [27,60]. This could explain the coex-
istence of calcite and vaterite after the carbonation of cement paste
[30,38].

However, for the pure C-S-H in this study, with initial pH at around
11.5 [41,63], the pH will be decreased immediately when carbonation
starts. Hence, the predominant precipitation of vaterite is expected due
to the low pH value after carbonation [57,58]. The transformation of
vaterite to calcite is possible but its rate is very limited, as verified by
the data in Tables 3 and 4. The low transformation rate can also be
attributed to the lack of water (72% RH) [27]. In addition, the pre-
ferable precipitation of calcium carbonate is also affected by the
properties of C-S-H. It is suggested that C-S-H we used in this research
(Ca/Si = 1) has a calcium octahedral sheets structure, similar symme-
tries, and a positive surface charge to form as vaterite [64], while C-S-H
with higher Ca/Si ratio may have structures similar to both vaterite and
calcite [18].

Furthermore, the presence of aragonite for both cement paste and C-
S-H carbonation could be ascribed to the formation of amorphous cal-
cium modified silica gel after carbonation [64].

4.2. Carbonation and decalcification degree of C-S-H under different CO;
concentrations

The carbonation degree defined in this paper is referred to the
“proportion of calcium precipitating as calcium carbonate”. After car-
bonation, calcium will be contained in the residue C-S-H, decalcified C-
S-H and calcium carbonate. However, the decalcification degree is de-
termined only by the remaining proportion of Qi, Qa, and Qap, de-
convolved from the NMR results. From Table 2 and Fig. 9, even though
the decalcification degree under the accelerated carbonation was close
to 100%, the carbonation degree for all samples are below 0.8. It means
that apart from the residue C-S-H, decalcified C-S-H also contained
calcium. One should note that definition of carbonation degree by Eq.
(7) is different from that of decalcification degree (also as decalcifica-
tion level) by Eq. (2) in this paper.

The carbonation degree for all samples cannot reach the ideal value
1.0, which is mainly triggered by the blocking of calcium carbonate at
the gel pore to prevent the total decalcification of C-S-H. After 60 days
carbonation, the degree of carbonation in the sample carbonated under
natural environment was always much lower than that under the ac-
celerated carbonation conditions. It has been observed that the carbo-
nation degrees under 3% to 20% CO; are similar, but lower than that
under 50% and 100% CO,. This is consistent with the kinetics analysis
in Section 3.3.3, that is, the carbonation effects from 3% to 20% CO-
are similar. Therefore, from the view of carbonation degree and ki-
netics, 20% CO, is advised to use for the accelerated carbonation,
which has the highest rate but shows little influence on the final car-
bonation degree and kinetics.

Moreover, when C-S-H was mixed with other hydration produc-
tions, such as portlandite and AFm, to form as cement paste, the dec-
alcification degree of C-S-H after carbonation was different from syn-
thetic C-5-H powder. Auroy et al. [30] have found that decalcification
degrees induced by carbonation for cement paste varying from 76% to
92%. A former study conducted by the authors also proved that the
decalcification degree of C-S-H in cement paste was about 80% [38].
However, in this research, the value of decalcification degree increased
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to 100% for pure C-S-H under accelerated carbonation. It is because of
the difference in the carbonation kinetics between the cement paste and
synthetic C-S-H. For a hydrated cement mixture, CO, diffuses through
both capillary and gel pores, and then dissolves into the pore solution to
react with the calcium ions from the pore solution. The way that CO5
diffuses into cement mixture should follow the Fick’s second law, so
that CO, distribution in the cement follow the decreasing gradient.
However, CO, can dissolve directly into the gel pores at the synthetic C-
S-H surface. This difference of reaction kinetics may affect the final
decalcification degree. In addition, after the carbonation of cement
paste, pores will be blocked by the formation of calcium carbonate. The
portlandite has a size around 3-5um [65], whose volume will expand
further when it is carbonated to form as calcium carbonate. The por-
osity of cement paste will decrease considerable after carbonation.
Therefore, the big size of the carbonated portlandite will not only
hinder the decalcification of C-S-H located behind the portlandite, but
also protect the inner C-S-H from the decalcification due to lower dif-
fusion rate of CO,, while no portlandite hinders the further dec-
alcification of pure C-S-H. The NMR results, displayed in Tables 1 and 2,
presented that the decalcification degree of synthetic C-S-H in all CO,
concentrations were similar that C-S-H was completely decalcified after
the accelerated carbonation. As a result, it is believed that the dec-
alcification process of synthetic C-S-H is not affected by the CO, con-
centration, but the decalcification degree of C-S-H in cement paste is
related to carbonation kinetics and the existence of portlandite. Our
former study has also verified that the CO- concentration below 20%
would not change the decalcification degree dramatically for the ce-
ment paste [38].

4.3. Concerns of durability and sustainability of concrete with natural and
accelerated carbonation

The results we got above are beneficial for evaluating both dur-
ability and sustainability properties of concrete structures under car-
bonation. Investigation has been conducted to evaluate the feasibility
for storage of natural CO; in concrete due to carbonation [66-70]. It is
shown in this study that C-S-H is difficult to be fully carbonated under
the natural condition (only approximately 40% according to Eq. 8a).
The carbonation products consisted of residue C-S-H, calcium carbonate
and decalcified C-S-H. Former study also verified the low decalcifica-
tion degree of C-S-H in cement paste after natural carbonation [38].
Thus, the potential of CO. storage in concrete has not been fully
exploited under natural condition. Actually, the CO, storage capacity of
concrete can be improved twice if full carbonation is considered. More
details about improving CO-, storage capacity of concrete should be
further studied.

Moreover, the carbonation performance of cement-based materials
nowadays are often obtained via accelerated carbonation, which is to-
tally different to that under natural carbonation, even under 3% CO,, in
view of the results above. Though the relationship of carbonation
depths between natural and accelerated conditions has been reported
by some researchers [32,71,72], the differences in chemical phases and
reaction kinetics between natural and accelerated carbonations are
rarely considered, which actually is quite different on the basis of the
data in this paper. The carbonation results gotten from accelerated
conditions should be considered carefully before used for predicting the
carbonation performance of concrete under natural condition.

Another sustainability issue of CO, concerning recycled aggregate
concrete (RAC) should also be considered. Thanks to the development
of industry and economy, the generation of construction and demolition
waste (C&DW) in daily life has brought heavy burden on the earth
environment [73-75]. Producing RAC by recycled aggregates has been
seen as a valid method for reutilization of C&DW [76-78]. However,
due to its high water sorption, high porosity and low mechanical
properties, the durability properties of RAC is more inferior compared
to the concrete made of natural aggregates [79,80]. The accelerated
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carbonation has been adopted to pre-carbonate the recycled concrete
aggregate (RCA) to get better quality and mechanical properties of RAC
[81,82]. Based on the data mentioned above, the decalcification degree
of C-S-H is similar under accelerated conditions and higher than that
under natural condition. Though the carbonation kinetics below 20%
CO, is the same and different from those conditions higher than 20%
CO, (as shown in Table 5), the decalcification results of C-S-H and
compositions of allotropic calcium carbonates are not affected by the
CO, concentration. It is advised to use higher concentration of CO, to
pre-carbonate the RCA in order to get higher rate and degree of car-
bonation.

5. Conclusion

In this study, the synthetic C-S-H with Ca/Si = 1.0 was carbonated
under natural and accelerated conditions using different concentrations
of CO5. The SEM and TEM were used for microstructure characterisa-
tion. The 2°Si MAS-NMR, XRD and TGA-MS methods were applied for
the quantitative and qualitative analysis of chemical phases after car-
bonation. The carbonation kinetics were analysed for explaining the
carbonation rate under different CO, concentrations.

The data from NMR measurements showed that C-S-H will be dec-
alcified partly under natural condition and completely under ac-
celerated conditions. With the increase in carbonation duration, the
degree of polymerisation will be improved further by a slow rate. The
compositions of decalcified C-S-H were not affected by the concentra-
tion of COs,.

Quantitative XRD analysis suggested that three allotropic forms of
calcium carbonate, i.e. vaterite, aragonite and calcite were formed after
carbonation, with the dominant proportion of vaterite. More aragonite
and calcite will be transformed from vaterite for further carbonation.
The preferred formation of calcium carbonate was not influenced by the
CO- concentration under accelerated carbonation conditions.

The stoichiometric formula of synthetic C-S-H was
Ca0s5i0,+0.87H,0 or C-S-Hpg;. The carbonation reaction proceeded
differently under natural and accelerated conditions. Two equations
(8(a) and 8(b)) were used to describe the chemical reactions under
natural and accelerated carbonations, respectively.

The carbonation kinetics of C-S-H under different CO5 concentra-
tions were studied, and the experimental data fitted well with the
employed model. The carbonation rate constant kept almost similar,
when CO; concentration was in a range of 3-20%, and increased dra-
matically when CO, concentration was higher than 20%. The carbo-
nation kinetics between 3% and 20% CO-, are similar, but different from
that under 50% and 100% CO-.

The decalcification results of pure synthetic C-S-H are not affected
by the CO, concentration and 100% decalcification degree is reached
under accelerated carbonation. However, the final carbonation degree
of C-S-H will be impacted by the carbonation concentration.
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