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A B S T R A C T

In this study, the chemical composition of cement pastes, exposed to accelerated carbonation using different
concentration of CO2 (3%, 10%, 20%, 50%,100%), have been determined and compared with those of natural
carbonation (0.03%). Quantitative X-ray diffraction (QXRD) and 29Si Magic Angle Spinning Nuclear Magnetic
Resonance (MAS NMR) were used for characterisation and quantitative analysis of the carbonated phases. The
obtained QXRD results revealed that the complete carbonation was hardly attained. Calcite, aragonite and va-
terite were in co-existence after accelerated carbonation, while vaterite was dominant. The preferential poly-
morphic precipitation of the three crystal forms of calcium carbonate was affected by the carbonation degree of
C-S-H and the duration of the carbonation process, but not by the concentration of CO2. The NMR results
indicated that C-S-H gel was strongly decalcified, and calcium modified silica gel was formed after carbonation.
The C-S-H decalcification, under all the accelerated carbonation conditions, was clearly more pronounced than
that under the natural carbonation conditions. When the concentration of CO2 was in the range of 3%–20%, the
ratio of decalcified to remaining C-S-H was similar, in a range of 5–6, while under the higher concentration of
CO2 this ratio was increased to> 8. Therefore, in consideration of both acceleration rate and measurement
uncertainty, the higher concentration, up to 20%, of CO2 in an accelerated carbonation should be applicable.

1. Introduction

Carbonation is one of the most well-discussed research topics in
cement and concrete durability. Almost all the cement-based materials
must undergo a certain extent of carbonation, during their whole ser-
vice life, due to the presence of CO2 in the atmosphere. The hydration
phases, reacting with CO2, mainly contain portlandite (Ca(OH)2) and
calcium-silicate-hydrate (C-S-H), which can be consumed simulta-
neously [1–4]. For hardened cement based materials, CO2 can be dis-
solved into the pore solution to form carbonic acid, resulting in the
consumption of Ca(OH)2, which lowers the alkalinity and increases the
possibility of corrosion of steel inside the concrete [5]. Meanwhile,
when the Ca(OH)2 is consumed, the calcium in the calcium-silicate-
hydrate (C-S-H) will be released to try to maintain the alkaline en-
vironment needed for the C-S-H gel, resulting in the decalcification of
C-S-H [6].

The carbonation reaction in a cement-based material, that occurs in
the natural environment, is at a very slow rate due to the low

concentration of CO2 in the atmosphere (around 0.03% in volume) [7].
Accelerated carbonation experiments are commonly employed in the
laboratory to evaluate the resistance of concrete to carbonation. Na-
tional standards for accelerated carbonation varies between countries
e.g. 1% in Belgium, 2% in Germany, 3% in the Nordic countries [8], 4%
in the UK [9], and 20% in China [10]. Unfortunately, a universal
standard for accelerated carbonation has not been established yet and
some researchers are using even higher CO2 concentrations in carbo-
nation tests [11–13].

The strength of young concrete will be increased after carbonation
[14–16] due to its effect of accelerating the hydration of C3S and C2S
[17–19] and simultaneously reducing the porosity of concrete [20,21].
Also, the strength of aged concrete can be increased by the reaction
products present in the carbonated system (i.e. Ca-modified silica gel
and CaCO3) because of their higher stiffness compared to the C-S-H
phase [22,23]. The CO2 concentration will affect the carbonation rate of
concrete. In general, as Papadakis reported [24], the carbonation depth
xc can be predicted as the square root of the CO2 concentration:
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Where the Dc represents the effective diffusion coefficient of CO2, CO[ ]2
0

represents the concentration of CO2, and the denominator in Eq. (2) is
the total concentration of CaO in the form of carbonatable materials.
However, in actual practice, the carbonation depths do not always obey
the square root relationship with the CO2 concentration. Cui et al. [25]
have proved that the concrete carbonation depth increased with in-
creasing CO2 concentration, but the significance was markedly smaller
when the CO2 concentration was higher than 20%. They indicated that
the mechanisms of CO2 diffusion in concrete vary with different con-
centrations of CO2 and they suggested that a dense carbonated micro-
structure would form, at the outermost layer of concrete, at a high
concentration of CO2. It was also reported by Loo et al. [26] that the
carbonation rate apparently increased with increasing CO2 concentra-
tion in the concrete with lower strength but this was not so significant
in concrete with a strength higher than 40MPa, because of the low rate
of CO2 diffusion.

This paper will focus on the effect of CO2 concentration on the
distribution of chemical phases after carbonation, i.e. calcium carbo-
nate and decalcified C-S-H gel. The calcium carbonate can exist under
several allotropic forms: calcite, aragonite and vaterite [27–31], with
the possibility that amorphous calcium carbonate may also co-exist
[32]. Researchers have found that mineralogical compositions of cal-
cium carbonate, of concrete carbonated under natural conditions, and
pure CO2, are different [31,33,34]. Nevertheless, these studies only
analysed the compositions in qualitative ways, and there is still a lack of
quantitative analysis of the carbonated mineral phases. The dec-
alcification of C-S-H gel, under natural and accelerated carbonation, has
been studied using nuclear magnetic resonance (NMR) by several re-
searcher [9,35–41], whereas NMR analysis about the decalcification of
C-S-H gel, under different CO2 concentrations, is rare and the resolution
of NMR testing in the previous studies was not good enough for con-
vincing deconvolution results [42]. The correlation between the effects
of natural and accelerated carbonation, on cement-based materials, has
so far remained unclear.

Therefore, it is necessary to study the carbonated phases under
different CO2 concentrations and find a CO2 concentration, which not
only has the best efficiency for accelerating carbonation, but also does
not dramatically change the distribution of the carbonated phases. The
morphology of calcium carbonate, and decalcification of C-S-H gel,
should be quantitatively analysed to give direct evidence of the effect of
different CO2 concentrations. In the present work, cement paste was
exposed to natural carbonation (0.03% CO2) and accelerated carbona-
tion at different concentrations of CO2 (3%, 10%, 20%, 50% and
100%), the concentration being precisely controlled via a newly de-
veloped controller. X-ray diffraction (XRD) and 29Si magic angle spin-
ning nuclear magnetic resonance (MAS-NMR) measurements were
employed in this study for quantitative analysis of the carbonated
phases under different CO2 concentrations.

2. Materials and preparation

In this study a type of Chinese reference Portland cement was used
to ensure the traceability of chemical compositions. The cement was
fabricated by China United Cement Corporation and complied with the
requirements according to Chinese standard GB8076-2008. Its chemical
composition is listed in Table 1. Fig. 1 shows the particle size dis-
tribution of the cement powder as measured by HELOS (H3585) laser
particle size analyser. The D50, D90 and D(4,3) are 13.39 μm, 4.45 μm
and 19.01 μm, respectively, according to the analysis.

Cement paste samples were prepared by mixing de-ionised water
with the reference cement with the water/cement ratio being 0.56. The

samples were cast in plastic tubes (∅10mm×100mm) and put in a
rotating apparatus, at a speed of 10 rpm/min for 24 h, to remove en-
trapped air bubbles. The samples were then cured in the room at 22℃
for three months in a sealed condition. Afterwards the cement samples
were demoulded by using an endotherm knife and cut into small cy-
linders of size ∅10mm×10mm using a diamond sawing machine.
Finally, the cylinders were put into a carbonation environment.

A new chamber was designed for accelerated carbonation as shown
in Fig. 2. In the carbonation chamber, a designated concentration of
CO2 was achieved by mixing pure CO2 gas with fresh air. An electronic
sensor, sensitive to CO2 with a precision of 0.01%, was put inside the
chamber to measure the concentration of carbon dioxide. A magnetic
valve, operated by a computerised controller, was used to control the
in-flow of CO2. Once the desired concentration was reached, the valve
was closed to maintain the experimental conditions. According to the
data, monitored during the tests, the variation of CO2 concentration
was in a range of 0.5%.

The relative humidity inside the chamber was controlled as
74 ± 2% by a saturated NaNO3 solution. The environmental tem-
perature was set as 20 ± 2℃ through an air conditioner. The con-
centration of CO2 was set at 3%, 10%, 20%, 50% and 100%, respec-
tively. Meanwhile, the parallel batch of cement samples were
carbonated in the fresh air condition (around 0.03% of CO2) for 60
days, where relatively humidity was ranging from 40% to 75% and
average temperature was 25℃.

During carbonation, some of the samples were taken out, at certain
intervals, for checking on the carbonation depth by cutting and
spraying with a phenolphthalein solution. The carbonation was deemed

Table 1
Chemical compositions of reference cement (wt%).

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O Free CaO Loss Cl-

21.98 4.51 3.55 64.45 2.40 2.45 0.502 0.9 1.22 0.01

Fig. 1. Particle size distribution of cement powder.

Fig. 2. Sketch of carbonation device.
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to have finished when the whole cutting faces were colourless (pH≤ 9)
after spraying with the phenolphthalein solution. It was observed that
the cutting faces became colourless when sprayed with phenolphthalein
solution after just 3 days carbonation. In order to ensure enough car-
bonation, the carbonation time for 100% CO2 sample was lengthened to
14 days, whilst for the other samples, the carbonation process was
sustained for 60 days. The carbonation depth in the samples exposed to
the natural environment was only about 3mm.

When the carbonation process was finished, the samples subjected
to the accelerated carbonation were crushed to powder with an agate
mortar and sieved through a sieve of 0.25mm. For the sample carbo-
nated in the natural environment, the carbonation depth was about
3mm. The powder for analysis was gently scraped from the first 1 mm
of carbonated area using a blade. Therefore, the containment of un-
carbonated cement should have been avoided.

3. Analysis methods

3.1. 29Si magic angle spinning nuclear magnetic resonance

Dipolar Decoupling Magic angle spinning (DDMAS) nuclear mag-
netic resonance (NMR) with 29Si was used for detecting the structural
changes of C-S-H gel after carbonation. Spectra were collected by JEOL
ECZ600MHz (14.1 T) spectrometer, with a spinning speed of 15 kHz in
a 3.2mm ZrO2 rotors, ϒB/2π=40 kHz. The relaxation delay was
chosen as 10 s because no significant difference in spectra was found
when this parameter was set between 10 s, 20 s, 30 s, 60 s and 100 s.
The number of scans was set as 8500. Trimethylsilyl (TSPA) was used as
an external reference. The spectrum was analysed to obtain informa-
tion, regarding the peaks, related to the silicate configuration.

3.2. X-ray diffraction (XRD) analysis

Bruker D8 Advance powder diffractometer with Cu Kα radiation
(40kv and 40mA, scan interval 5-70˚ 2θ, with a step of 0.0194˚ and 1 s
per step) was employed for identifying mineral compositions of cement
pastes carbonated under different concentrations of CO2. Phase iden-
tification was performed using EVA software. TOPAS software was used
for Rietveld refinement quantitative analysis of all the mineral phases
except the C-S-H which was not counted due to the lack of a suitable
model structure [43]. The fitting accuracy of quantitative analysis was
kept at Rwp< 10%.

4. Result and discussion

4.1. XRD results

Fig. 3 shows the diffractograms of the samples carbonated under
different CO2 concentrations. Here, only the main phases related to
carbonation process were marked. The reference sample refers to the
uncarbonated sample. Portlandite was found as the main phase in the
reference sample. When cement samples were carbonated, calcium
carbonate was formed with three kinds of polymorph (vaterite, calcite,
aragonite), though the signal of aragonite is nearly untraceable in the
diffractograms. It can be seen that, in the natural air condition (0.03%),
both vaterite and calcite show a high intensity. However, in the ac-
celerated conditions, vaterite becomes the major precipitated phase
whilst calcite shows a relatively low intensity.

The results from the quantitative analysis by using Rietveld refine-
ment are shown in Table 2. The results show that the total amount of
calcium carbonate, in the sample carbonated under 0.03% CO2, re-
presented 88.8% of the total amount of detectable phases, which was
increased to a range of 94% and 95.6% under the accelerated carbo-
nation. Meanwhile, the portlandite was almost undetectable after the
accelerated carbonation. The amount of calcite, in the sample after
carbonation under 0.03% CO2, was 38.7% of the total amount of

detectable phases, whilst this amount was reduced to around 20% of
the total amount of detectable phases in the accelerated carbonation,
except for the 100% CO2 condition. Vaterite was the dominating pre-
cipitate in carbonated phases with about 50%, and more than 73%, of
the total amount of detectable phases in the samples after the natural
carbonation and the accelerated carbonation (except for 100% CO2

condition), respectively.

4.2. 29Si MAS NMR results

Deconvolution results of 29Si MAS NMR spectra after the carbona-
tion of the cement samples under different concentrations of CO2 are
shown in Fig. 4. The 29Si MAS NMR spectrum gives the proportion of Qn

(n= 0, 1, 2, 3, 4), where Qn represents a Si atom bonded through
oxygen to other Si atoms [44]. Four peaks were found in the reference
sample. The peak with the maximum intensity, locked at -71 ppm, was
marked as Q0, originating from C3S and C2S [9,42,45]. Q1 (around
-80 ppm) and Q2 (around -85.5 ppm) represent the chemical environ-
ment of silicon atoms in the C-S-H, which belong to chain-end groups or
dimers and chain middle groups, respectively [45]. Also, the small
amount of Q3(Ca) (1.6%) at -93 ppm which occurred, was attributed to
the cross-linked silicate tetrahedrons, which increase dramatically after
carbonation. Two broader and overlapping peaks were seen after car-
bonation. The peak assigned at −101 ppm was Q3(OH) (hydroxylated
surface sites (SiO)3-Si-OH), whilst the peak at around −110 ppm was
Q4 (fully condensed network of silicate tetrahedrons) [7,37].

The relative intensities (Qn%) from the deconvolution results are
given in Table 3. It can be seen that the compositions of Q0, Q1 and Q2

were obviously reduced after carbonation. However, a small amount of
Q0 still remained after carbonation for 60 days, which could be due to
the extremely slow carbonation rate of the un-hydrated C2S and C3S

Fig. 3. Diffractograms of cement pastes after carbonation under different con-
centration of CO2.

Table 2
Rietveld refinement results of the composition of cement samples after carbo-
nation under different concentration of CO2 (wt%, not accounting for C-S-H gel,
p= portlandite, e= ettringite, g= gypsum, c= calcite, a= aragonite, v=
vaterite).

Sample p e g c a v c+ a+v others

Reference 56.8 0.4 3.9 0 0 0 0 38.9
0.03% CO2 0.9 0.8 1.1 38.7 1.3 48.8 88.8 8.4
3% CO2 0 0.2 1 21.8 0.1 73.7 95.6 3.2
10% CO2 0 0.3 1 22 0.7 74 96.7 2
20% CO2 0 0.2 1 20.9 0.9 73.2 95 3.8
50% CO2 0 0.2 1.1 19.6 0.3 75.7 95.6 3.1
100% CO2 0.1 0.1 1.4 31.7 1.4 60.9 94 4.4
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[2,46]. The reduction of Q1 and Q2 as well as the appearance of Q3(Ca),
Q3(OH) and Q4 indicate the decalcification of C-S-H gel. By using the
following equation, the level of decalcification could be evaluated with

a ratio Ld by comparing the relative intensities related to C-S-H (Q1, Q2)
before (superscript ‘b’) and after (superscript ‘a’) carbonation [9]:

⎜ ⎟= ⎛
⎝

−
+
+

⎞
⎠

×L
Q Q
Q Q

1 100%d

a a

b b
1 2

1 2 (3)

The results shown in Table 4 clearly confirm the strong dec-
alcification of C-S-H. For the reference sample, C-S-H occupies more
than 70% of the total amount of phases. Ld varies from 50% to 87%
after carbonation under different concentrations of CO2, showing that
only a small amount of C-S-H remained after carbonation (9.5% to
36.8%). It should be noted that little C-S-H remained after carbonation
where the corresponding solution pH was more than 10 [47,48],
though the paste showed as colourless with the phenolphthalein solu-
tion, which is consistent with the findings in previous studies [9,42].
Furthermore, as Table 4 shows, the Ld for samples carbonated at 50%
and 100% CO2 (87.1% and 85.7% respectively) were larger than that at
3%, 10% and 20% CO2 (around 80%), which may be explained by the

Fig. 4. 29Si MAS NMR spectra of samples after carbonation under different concentration of CO2 (Exp. = experimental result, Sim. = simulated spectra, Peak. =
separating simulated peaks, Res. = difference between experimental and simulated result).

Table 3
Composition of samples given by 29Si MAS NMR after carbonation under dif-
ferent concentration of CO2 (%).

Sample Unhydrated C-S-H Ca-modified silica gel

Q0(%) Q1(%) Q2(%) Q3(Ca)(%) Q3(OH)(%) Q4(%)

Reference 24.9 45.4 28.1 1.6
0.03% CO2 8.2 10.9 25.9 22.0 20.1 12.9
3% CO2 3.0 7.5 5.9 25.1 23.1 35.4
10% CO2 2.6 7.6 8.1 18.6 30.6 32.5
20% CO2 1.7 5.3 8.9 14.4 21.7 48
50% CO2 2.6 6.6 2.9 11.8 15 61.1
100% CO2 1.8 5.9 4.6 30.2 21.2 36.3
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increased availability of CO2 under a high concentration of CO2.

5. Discussion

The CO2 concentration for accelerated carbonation tests varies be-
tween different countries. Usually, 3% is chosen as this is considered as
the condition relatively close to the natural one [9,49]. In this paper,
the difference of chemical compositions between the natural condition
(0.03% CO2) and accelerated conditions (3%, 10%, 20%, 50% and
100% CO2) has been studied. Calcite should be thermodynamically
stable at room temperature and pressure [50]. However, in a Portland
cement system, after carbonation, vaterite was the dominant phase
whose content is more than calcite even under the natural air carbo-
nation. Therefore, the formation of calcium carbonate in cement-based
materials was different from that expected according to classic chemical
reactions. The presence of vaterite and aragonite was an intrinsic fea-
ture of carbonation.

It has been indicated by Auroy et al. [9] that calcite and aragonite
will be precipitated after the carbonation of both C-S-H and portlandite,
whereas vaterite was only precipitated from the carbonation of C-S-H.
As shown in Table 4, the remaining C-S-H (i.e. Q1+Q2) in 0.03% CO2

was 36.8%, a value that decreased to a range of 9.5% and 15.7% under
accelerated carbonation. Thus, in this study, the lower content of va-
terite, in the natural condition (0.03% CO2), should be attributed to the
low de-calcification degree of C-S-H in cement paste. Nevertheless, for
samples carbonated at 100% CO2, the content of calcite (31.7%) and
vaterite (60.9%) were different from those in 3%–50% CO2 conditions,
though the content of remaining C-S-H (10.5%) was similar within
samples of other accelerated conditions. This may be explained by the
shortage of carbonation time (only 14 days) for the sample in the 100%
CO2 condition. If the carbonation time was prolonged to 60 days, the
content of calcite and vaterite would be expected to have the same
value as that in 3%–50% CO2 conditions. It is worth to emphasising that
the XRD results revealed quite similar quantities of calcite, aragonite
and vaterite in the samples carbonated under the accelerated conditions
below 50% CO2, which is evidence that the preferential polymorphic
precipitation of calcium carbonate was affected by the carbonation
degree of C-S-H and the duration of the carbonation process, but not by
the concentration of CO2.

Rietveld refinement results in Table 2 show that portlandite re-
mained in the cement matrix under the natural condition (0.03% CO2)
but vanished in the accelerated conditions. In fact, the powder in this
study was ground from an area where phenolphthalein spraying
showed colourless, with the expectation that the entire portlandite had
been consumed after carbonation. The remaining portlandite, under the
natural condition, can be attributed to the formation of a slightly dif-
fusive calcium carbonate layer around the grains of portlandite that
hindered their dissolution, indicating that the carbonation process
never reached the ultimate state in the natural condition (0.03% CO2).
This is consistent with previous studies [9,33,40,51]. However, the
remaining portlandite content was so small as to be negligible. For the
accelerated conditions, the carbonation time was prolonged for more
than the time when phenolphthalein spraying tests showed colourless

on the cutting surface so that carbonation was deemed to be enough.
The portlandite content, under accelerated conditions, almost vanished,
which could also illustrate the sufficiency of the carbonation.

The C-S-H gel, defined as Q1 and Q2 in the NMR analysis, which is
responsible for the main strength of cement paste, was shown to remain
in all samples, after accelerated carbonation conditions, though most of
it was decalcified to calcium modified silicate gel. It is reported that
[35], during the carbonation process, C-S-H gel was decalcified by the
removal of inter-layer Ca ions (i.e., Ca at the interlayer sites balancing
silicate anions). The excess negative charge, caused by removal of in-
terlayer Ca ions, is then balanced through protonation and subsequent
formation of Si-OH which then condense according to Eq. (4) [52].

≡ − + − ≡ →≡ − − ≡ +Si OH OH Si Si O Si H O2 (4)

This condensation should be responsible for the amorphous silica
phases Q3 and Q4 seen in the NMR results, meanwhile increasing the
average length of silica chain. For C-S-H with a Ca/Si ratio higher than
0.67 [53,54], the decomposition of the C-S-H gel involves two steps,
corresponding to the follow ideal reaction schemes [35]:

+ → ++ −CaO SiO H O xCO CaO SiO H O xCaCO( ) ( ) ( ) ( )x y y z0.67 2 2 2 0.67 2 2 3

(5)

+ → +− − −CaO SiO H O xCO CaCO SiO H O( ) ( ) 0.67 ( )y z y z n0.67 2 2 2 3 2 2 (6)

where 0≦x≦1.1, 0.4≦y≦2.5. In this study, the initial Ca/Si ratio in the
cement paste was about 1.7, which was de-calcified first to a Ca/Si ratio
of 0.67, then further decomposed to silica gel according to Eq. (6). This
means that uncarbonated, decalcified and decomposed parts of C-S-H
were mixed in the cement matrix. The pH of corresponding aqueous
solution of C-S-H gel with 0.67 Ca/Si was about 10 [47,48], which does
not match the colourless condition of phenolphthalein solution
spraying (pH≤ 8.9), that is, the reaction in Eq. (5) has been finished
and the C-S-H has been decomposed to the calcium-modified silica gel
which made the pH in the pore solution lower than 8.9.

The remaining content of C-S-H (Q1+Q2) and the decalcification
degree of C-S-H (Ld) is presented in Table 4. As the results show, a lot of
the C-S-H was un-decalcified after the natural carbonation, indicating
the slow rate of decalcification at the low carbonation concentrations.
Besides, the C-S-H levels remaining, under the carbonations of 3%, 10%
and 20% CO2, are quite similar and higher than those in 50% and 100%
CO2, suggesting a similar carbonation environment in 3%, 10% and
20% CO2. Assuming the Tobermorite–like model for the C-S-H structure
[55], the C-S-H should be decalcified to Q3(Ca) ((SiO-)3Si*-1/2Ca,
-93 ppm) and Q3(OH) ((SiO-)3Si*-OH, -101 ppm) groups first during
carbonation and then be decalcified to the full condensed group Q4

((SiO-)4Si*, −110 ppm) by further carbonation.
The total content of decalcified C-S-H (Q3(Ca)+Q3(OH)+Q4) and

the ratio of decalcified to remained C-S-H (B/A) are summarised in
Table 4. It can be seen that, under the accelerated conditions from 3%
to 20% CO2, the ratio of decalcified to remained C-S-H was similar, that
is, B/A=5-6, while under the higher CO2, this ratio was increased to
more than 8. Therefore, it is reasonable to assume the similar degree of
decalcification for C-S-H under the accelerated conditions at the con-
centration of CO2 between 3% to 20%.

However, the actual concentrations of CO2 in the test chamber are
not always as stable as expected. In this study, the variation of actual
concentration in the chamber was recorded as± 0.5%, which con-
tributes to 16.7%, 5% and 2.5% target errors for concentration of 3%,
10% and 20% CO2, respectively. If the carbonation test was performed
at a low concentration, the measurement precision will be impaired
dramatically due to the uncertainty of CO2 concentration, as mentioned
previously by Harrison et al. [56]. It is clear from the view point of
measurement uncertainty, that the higher CO2 concentration will con-
tribute to a better precision.

Therefore, considering the similar degree of decalcification for C-S-
H the accelerated carbonation test under the concentration of 20% CO2

Table 4
Calculation of remained C-S-H and decalcified C-S-H after carbonation.

Sample Q1+Q2(%) Q3(Ca)+Q3(OH)+Q4(%) Ld(%) B/Aa

Reference 73.5 1.6 0 0.02
0.03% CO2 36.8 55 49.93 1.49
3% CO2 13.4 83.6 81.77 6.24
10% CO2 15.7 81.7 78.64 5.20
20% CO2 14.2 84.1 80.68 5.92
50% CO2 9.5 87.9 87.07 9.25
100% CO2 10.5 87.7 85.71 8.35

a A=Q1+Q2, B=Q3(Ca)+Q3(OH)+Q4.
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should provide the most precise measurements.
It should be noted that NMR results in this study are more suitable

for cement with low content of aluminium. If cement is blended with
supplementary cementitious materials, such as fly ash or slag, the Al
incorporated in C-S-H should be considered and 27Al MAS NMR can be
applied for further analysis [57].

6. Conclusions

Accelerated carbonation experiments are commonly used in la-
boratory by increasing the concentration of CO2 and standards for that
are varies from different countries. In this study, microstructural
changes of cement paste, after carbonation using different concentra-
tion of CO2, were investigated by 29Si DDMAS-NMR and XRD analysis.
The samples were tested after complete carbonation.

Though phenolphthalein indicator showed colourless after only a
few days under the accelerated carbonation, portlandite and C-S-H gel
remained in the carbonated samples. Full carbonation could not be
reached, even after 60 days, under the accelerated carbonation with
50% CO2. However, considering the small amount of portlandite and C-
S-H left, the carbonation degree in this study can be considered as being
enough.

The results from XRD analysis have revealed preferential poly-
morphic precipitation of three crystal forms of calcium carbonate,
namely calcite, aragonite and vaterite. Among them, vaterite is the
dominant phase. This preferential polymorphic precipitation of calcium
carbonate was affected by the carbonation degree of C-S-H and the
duration of carbonation process, but not by the concentration of CO2.

The NMR results showed that C-S-H gel was strongly decalcified,
and calcium modified silica gel was detected after carbonation. The
decalcification of C-S-H was more obvious in the accelerated condi-
tions. After carbonation, C-S-H gel, decalcified C-S-H gel and decom-
posed C-S-H gel are in co-existence. The ratio of remaining to dec-
alcified C-S-H, under the accelerated carbonation conditions, is always
higher than that under the natural conditions, but they are similar when
the concentration of CO2 was in the range of 3% and 20%.

Considering the similar degree of decalcification for C-S-H the ac-
celerated carbonation test under the concentration of 20% CO2 should
provide the most precise measurements.

Data availability
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