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Microstructure of Ordinary Portland Cement paste subjected to early age carbonation curing was studied to
examine the effect of early carbonation on performance of paste at different ages. The study was intended
to understand the mechanism of concrete carbonation at early age through the microstructure development
of its cement paste. Early carbonation was carried out after 18-hour initial controlled air curing. The micro-
structure characterized by XRD, TGA, 29Si NMR and SEM was correlated to strength gain, CO2 uptake and pH
change. Itwas found that early carbonation could accelerate early strengthwhile allowing subsequent hydration.
The short term carbonation created a microstructure with more strength-contributing solids than conventional
hydration. Calcium hydroxidewas converted to calcium carbonates, and calcium–silicate–hydrate became inter-
mingled with carbonates, generating an amorphous calcium–silicate–hydrocarbonate binding phase. Carbon-
ation modified C–S–H retained its original gel structure. The re-hydration procedure applied after carbonation
was essential in increasing late strength and durability.
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1. Introduction

Concrete is well known to be reactive with carbon dioxide. When
this carbonation reaction occurs in freshly cast cement and concrete,
the process has been shown to offer improved mechanical [1–3] and
durability [4] properties. It is believed that carbonation of fresh dical-
cium silicate (C2S) and triclacium silicate (C3S) pastes is an accelerated
curing process, with the governing reactions shownby Eqs. (1)–(2). The
carbonation reaction products are a hybrid of calcium–silicate–hydrate
(C–S–H) and calcium carbonate (CaCO3). High early strength can be
obtained within a few minutes to a few hours [1, 3].

C3Sþ 3−xð ÞCO2 þ yH2O→CxSHy þ 3−xð ÞCaCO3 ð1Þ

C2Sþ 2−xð ÞCO2 þ yH2O→CxSHy þ 2−xð ÞCaCO3 ð2Þ

The carbonation reaction could also occur in mature concrete dur-
ing service (Eqs. (3)–(4)). Atmospheric carbon dioxide reacts with
hydration products, such as calcium hydroxide (CH) and calcium sil-
icate hydrate (C–S–H), forming CaCO3 and silica gel:

Ca OHð Þ2 þ CO2→CaCO3 þH2O ð3Þ

C–S–Hþ 2CO2→SiO2 þ 2CaCO3 þH2O ð4Þ
Extensive investigations into weathering carbonation of hydration
products have suggested that the reactions of CH and C–S–Hwith car-
bon dioxide are dominant in atmospheric carbonation [5, 6]. It was
found that atmospheric carbonation of well hydrated tricalcium sili-
cate for over two years has led to complete carbonation and decalci-
fication of C–S–H and formation of silica gel and partial carbonation
of CH [5]. A 100-day carbonation of 28-day hydrated Ordinary Port-
land Cement (OPC) using natural weathering carbonation lowered
the Ca/Si of the C–S–H. Carbonation of the same duration performed
on the same hydrated OPC paste using 10% and 100% pure CO2, decal-
cified the C–S–H completely [6].

Carbonation of mature concrete exposed to atmospheric carbon
dioxide is not a desired chemical reaction. It generates carbonation
shrinkage and reduces the pH value of the pore solution in concrete,
leading to restrained concrete cracking and carbonation-induced
steel corrosion [7]. However carbonation at early ages can be benefi-
cial, acting as an accelerated curing technique [1, 3] that can consider-
ably improve the durability performance of concrete due to the
elimination of CH [4]. A recent study showed that two-hour carbon-
ation curing of concrete after 18 h of pre-setting can effectively re-
place steam curing for precast concrete production [8]. Concrete
carbonated on this manner has comparable strength to steam-cured
concrete and exhibits an enhanced resistance to permeation, sulfate
attack, and freeze–thaw damage. Subsequent hydration after early
carbonation contributes significantly to late strength gain and main-
tains concrete alkalinity above the threshold value. The early carbon-
ation of precast concrete could reduce the carbonation shrinkage of
assembled concrete structures in service [9]. In addition to the technical
advantages, early carbonation curing is a CO2 sequestration process that
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Table 2
Curing regimes.

Batch ID Initial curing Subsequent
curing

Test
age

B1 20A 20 h air curing⁎ 0 20 h
B2 20S 20 h sealed curing 0 20 h
B3 18A+2C 18 h air curing⁎+2 h carbonation 0 20 h
B8 20A 20 h air curing⁎ 27 days in

sealed bag
28 days

B9 20S 20 h sealed curing 27 days in
sealed bag

28 days

B10 18A+2C 18 h air curing⁎+2 h carbonation 27 days in
sealed bag

28 days

B11 18A+2C
+WS

18 h air curing⁎+2 h carbonation
+water spray

27 days in
sealed bag

28 days

⁎ Air curing in RH=60%, T=25 °C.
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is capable of utilizing carbon dioxide recovered from cement kiln flue
gas, allowing for carbon recycling within the cement and concrete in-
dustry [10].

This paper presents a study on the microstructure development of
a cement paste subject to two-hour carbonation curing after an initial
setting of 18 h in an attempt to understand the performance of con-
crete subject to a similar early carbonation process. While research
on the carbonation of fresh cement paste or mature concrete are ex-
tensive, work on early carbonation of cement paste after initial set-
ting but within 24 h followed by a subsequent hydration cycle is
scarce. Nevertheless, this process window is more feasible for large
scale production than immediate carbonation of fresh products. Car-
bonated cement pastes are compared with traditionally hydrated ref-
erences by strength gain, carbon uptake and pH value at early and late
ages. The progressive microstructure changes are characterized by X-
Ray diffraction (XRD) analysis, thermogravimetry analysis (TGA), 29Si
nuclear magnetic resonance (NMR) spectroscopy and Scanning Elec-
tron Microscopy (SEM).
2. Experimental procedure

CSA (Canadian Standard Association) Type GU Ordinary Portland
Cement (Holcim OPC) was used in preparing cement paste samples.
Its chemical composition, as determined by XRF, is presented in
Table 1. Cement paste samples were selected to eliminate the influ-
ence of aggregates on the microstructural analysis. To study the effect
of early carbonation on concrete through microstructure change of
cement paste, cement paste samples were prepared with same water
to cement ratio of 0.36 as used in concrete [8]. Thisw/c ratiowas chosen
to represent a group of precast concretes such as masonry blocks, sew-
age pipes and hollow core slabs. At this w/c, early carbonation of con-
crete requires an initial curing to reduce free water and allow carbon
dioxide diffusion [8]. To assure that the final water content in the ce-
ment paste remained the sameas in concrete after initial curing, a thick-
ness of 6 mm was selected through trial tests. The initial curing was
carried out in an environmental chamber at 25 °C and 60% relative hu-
midity (RH) for 18 h. The duration was chosen to represent overnight
initial curing for a daily work shift. Strips of cement paste 200 mm
long, 14 mm high and 6 mm thick were cast in a mold and then cut
into samples of 14 mm×14mm×6 mmwhile they were still in plastic
state. These test specimenswere then cured in an environmental cham-
ber for 18 h. Thefinal percentwater content in the paste after initial cur-
ing was kept the same as in concrete. Therefore, the paste samples so
prepared represented the paste in concrete reported in a prior study [8].

Seven batches, shown in Table 2, were cast with the same w/c but
treated with different curing regimes. The sealed hydrated reference
(B2 and B9) were kept in a sealed condition up to tests at 20 h and
28 days without water loss. B1 and B8 were also hydration references
that were initially cured in an environmental chamber at a RH of 60%
at 25 °C for 20 h. B1 specimens were tested right after this 20 h period
while B8 specimens were sealed for an additional 27 days of hydra-
tion after the 20 h in the environmental chamber. B3, B10 and B11
were initially air cured in the same environmental chamber for 18 h
and then carbonated together for 2 h in a CO2 chamber. After 18 h
of initial curing and 2 h of carbonation, B3 specimens were tested im-
mediately for 20-h strength and B10 specimens were sealed for an
Table 1
Chemical composition of the cement.

Constituent %

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 CO2 LOI

63.1 19.8 4.9 2 2 0.85⁎ – 3.8 1.89 1.66

⁎ Na2O alkali equivalent including K2O.
additional 27 days of hydration before being tested at 28 days. To
examine the effect of water loss during initial air curing on
subsequent hydration, B11 specimens were water sprayed right
after carbonation curing to compensate for total water loss during
air and carbonation curing periods and then sealed for subsequent
hydration of 27 days.

Fig. 1 shows the early carbonation curing setup. After air cured
samples were placed in the chamber, carbon dioxide of 99.5% purity
was injected to and kept at a constant pressure of 0.15 MPa so that
CO2 absorbed by the cement would be replenished. The chamber
was then placed on an electronic balance and the mass of the entire
system was recorded. The balance was zeroed before the gas was
injected and the subsequent mass curve was used to quantify the per-
cent carbon uptake by cement paste after correction for residual gas
in the chamber [4]. A second method used to determine CO2 uptake
was the mass gain method that compares the sample mass before
and after carbonation. The mass difference, together with the lost
water due to exothermic reactions, represents carbon uptake. The
lost water was condensed on the wall of chamber and collected by ab-
sorbent paper. The CO2 uptake was calculated based on cement mass:

CO2 uptake %ð Þ ¼ Massaftercarbonation þWaterlostð Þ−Massbeforecarbonation
Masscement

ð5Þ

Compressive strengths at 20 h and 28 days were tested using a
compression area of 14×6 mm. Ten samples of each batch were test-
ed at each specified age to produce a representative average. The frac-
tured samples were collected for XRD, pH, TGA, NMR and SEM
analysis. Samples were preserved in acetone to stop further hydra-
tion. The acetone was refreshed on each of three consecutive days
to make sure all the free water was washed out of the samples. Before
making powder samples for analysis, they were dried overnight at
60 °C.
Fig. 1. Early carbonation curing set up.
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The pH values of carbonated and hydrated samples were mea-
sured after compressive tests employing a simple ion extraction
method [11]. Distilled water of 100 μl was dropped on an absorbent
paper on the paste sample surface. After 15 min, which was deter-
mined to be sufficient to produce constant values, the pH of the solu-
tion extracted by the paper was measured using a pH meter (Extech
PH110) with a flat sensor head of 9 mm diameter. Three samples in
each batch were chosen for the measurements and the values were
averaged.

Crystalline phases of carbonated and hydrated cement pastes
were analyzed using a Phillips PW1710 Power Diffractometer (Cu
Kα radiation, scan interval 15–55° 2θ, 0.02° and 0.5 s per step). For
carbonated samples, powders were taken from both surface (outer
2 mm) and core (middle 2 mm) for comparison. The same powder
sample of 100 mgused for XRDwas also examined for thermogravimetry
analysis. A thermal analyzer (NETZSCH, TG 449F3 Jupiter) with a res-
olution of 0.01 mg was employed to run TGA and obtain the mass
loss of the samples in the range 25 °C to 950 °C at the heating rate
of 10°/min.

To study the effect of the carbonation treatment on silicate struc-
ture of C–S–H, 29Si NMR spectra were obtained at 59.5 MHz using an
Agilent/Varian VNMRS-300 spectrometer. Samples of constant mass
of 100 μg were collected from the 2 mm surface layer, packed in
7.5 mm zirconia rotors, and spun at 4000 Hz. A π/2 pulse of 5 μs was
applied with a recycle delay of 5 s.

The fracture surfaces of the samples were also examined using a
variable pressure (VP) SEM in SE mode to study the morphology of
the paste in the near surface zone at different stages of carbonation.
3. Results

3.1. Early carbonation behavior after initial air curing

Table 3 summarizes the percent water content of batches after dif-
ferent initial curing treatments. The calculation was based on the ini-
tial mixing water, considering the water content as being 100%
immediately after casting. Except for the sealed hydrated reference
batches (B2 and B9), all other samples experienced water loss during
the initial curing. The 18-hour air curing at 60% RH and 25 °C lowered
the water content in the samples of batches B1, B3, B8, B10 and B11
down to about 60% of the initial mixing water. Air curing in a con-
trolled environment is crucial to early carbonation curing. It removes
part of the free water and allows a diffusion-controlled carbonation
reaction. The subsequent 2-hour carbonation cycle led to further
water loss in the carbonation batches B3, B10 and B11 due to exother-
mic reaction according to Eqs. (1)–(2). However, this loss was less
than 4% of the initial water. Water loss could be detrimental for
long term hydration. To restore initial water content in the carbonat-
ed batches, the water lost due to both air and carbonation curing was
replaced by water spray in Batch 11. It was possible to replace all of
Table 3
Change of water content in paste samples with respect to mixing water.

Water content with respect to mixing water (%)

Batch
ID

After
mixing

After air
curing

After
carbonation

After water
spray

Remaining
water

B1 100 59.4 n/a n/a 59.4
B2 100 n/a n/a n/a 100
B3 100 63.1 59.3 n/a 59.3
B8 100 60.4 n/a n/a 60.4
B9 100 n/a n/a n/a 100
B10 100 62.8 59.1 n/a 59.1
B11 100 62.6 58.9 100 100
the lost water to carbonated cement and reach the original water con-
tent of 100%. After the water spray, the B11 samples were sealed in
plastic bags for subsequent hydration. The final water content of
each batch is shown in Table 3.

The early carbonation behavior of the cement pastes was charac-
terized by strength gain, CO2 uptake and pH value. Results are sum-
marized in Table 4. Comparison of carbonated cement paste (B3)
with the hydration references (B1 and B2) revealed significantly ac-
celerated early strength gain due to the 2-hour carbonation treat-
ment. Although there was significant water loss in the carbonated
cement paste, the 20-hour strength was still higher in the carbonated
(B3) than in the hydrated reference without water loss (B2). It was
noted that water loss in air curing made the reference B1 weaker
than the B2 reference. Considerable strength gain was observed in
carbonated cement paste at 28 days. The strength gain due to the hy-
dration progress suggested that early carbonation did not hinder sub-
sequent hydration. Carbonated cement paste (B10) exhibited higher
strength than reference with the same water loss (B8) but lower
strength than reference without water loss (B9). This indicates that
early age water loss due to air curing had a negative effect on subse-
quent hydration. The water spray seemed to be a simple and effective
method to solve the problem. The strength gain in carbonated cement
paste after exposure to the water spray (B11) exhibited the highest
strength at 28 days. It is likely that if water content can be replen-
ished to its original level, early carbonation curing can be utilized to
its best advantages. This finding suggests that in general a strong
paste structure can be formed after a short carbonation period fol-
lowed by conventional hydration.

The CO2 uptake by cement pastes subjected to 2-hour carbon-
ation is also summarized in Table 4. The uptakes by two methods
are of close value and their average is in the range of 8% based on
dry cement mass. Carbonation is also evidenced by the change in
pH values. The air cured reference (B1) showed a slightly lower pH
value at 20 h, compared to the sealed hydrated reference (B2), due
to a lower degree of hydration. The 2-hour carbonation cycle re-
duced the pH about one unit in B3 at 20 h, due to partial consump-
tion of the CH phase. The carbonated samples with and without
water spray treatment (B11 and B10, respectively) manifested dif-
ferent pH values after 27 days of subsequent hydration. The carbon-
ated paste with water spray (B11) became more alkaline with an
increased pH value, while the pH of the carbonated paste without ad-
ditional water (B10) did not change significantly after 27 days. Sub-
sequent hydration appeared to be critical in this early carbonation
curing process. If sufficient water is available after early carbonation,
the performance of the carbonated cement can be comparable to the
best reference. Although the total alkalinity of B11 was still slightly
lower than that in the best reference samples (B9), carbonated ce-
ment can still maintain a sufficiently high pH to avoid depassivation
of embedded reinforcing steel. It is indicative that early carbonation
treatment could be considered applicable to precast reinforced
concrete.
Table 4
Strength, pH and carbon uptake.

CO2 uptake (%)

Batch ID Strength (MPa) Mass gain Mass curve pH

B1 31.0±4.1 n/a n/a 12.6±0.1
B2 35.8±2.6 n/a n/a 13.0±0.1
B3 50.0±5.4 7.6 8.9 11.3±0.2
B8 47.2±5.3 n/a n/a 12.9±0.1
B9 97.2±5.9 n/a n/a 13.1±0.2
B10 76.8±6.4 7.6 8.9 11.8±0.1
B11 123.7±11.8 7.5 8.9 12.3±0.1



Fig. 3. Comparison of XRD patterns on surface and at core of carbonated pastes.
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3.2. Phase analysis

The XRD patterns of all batches are presented in Figs. 2 and 3.
While Fig. 2 presents the XRD patterns in the 2-mm surface layer,
Fig. 3 compares samples taken from the surface and the core. In
Fig. 2, comparing B3 with B1 indicates that the CH proportion is sig-
nificantly reduced at the surface after carbonation, whereas at the
same time, calcium carbonates are generated. The presence of residual
CH even in the highly carbonated zone might be due to isolation of
the CH crystals by calcite formation on its surface, a phenomenon also
observed by other researchers [12]. A noticeable reduction in the peak
intensity of B3 at 32.3 °C corresponding to two over lapping peaks of
C2S and C3Swas detectable. It might suggest that C2S or C3Swas partially
carbonated.

Comparing B3 and B11 in Fig. 2 suggests that further hydration oc-
curred in the carbonated zone of water-sprayed cement, since the CH
peaks grow stronger and C3S and C2S are noticeably diminished.
However, there is no strong evidence to show CH growth in B10, in-
dicating a weak subsequent hydration due to lack of water.

Fig. 3 compares the degree of carbonation at the surface and in the
core. The core samples for XRD were taken from 2 to 4 mm depth. At
early age, no significant carbonation occurs in the core of the carbon-
ated cement if the XRD trace of the B3 core (Fig. 3) is compared with
that of the reference B1 (Fig. 2). Comparison of the B3 and B11 cores
suggests subsequent hydration progress, as CH peaks appear to be
stronger and calcium silicate peaks weaker after 28 days in a sealed
condition.
3.3. TGA/DTG results

Fig. 4 compares enlarged TGA and DTG curves of hydrated (B9)
and carbonated (B11) batches. For the carbonated batches, powder
samples were taken from the surface of carbonated cement pastes.
A steeper mass loss between 105 and 150 °C is evident in the B9
TGA curve indicates CSH dehydration [13]. The TGA curve corre-
sponding to the carbonated sample exhibits a low rate of mass loss
due to CH decomposition at 420–460 °C, while the reference sample
shows a higher rate of mass loss in the same range. The mass loss
after 540 °C is attributed to decarbonation. Thus, the steeper curves
in the carbonated cements clearly indicate the onset and the rate of
loss of bonded CO2.

DTG curves of all batches are compared in Fig. 5. Mass loss between
105 and 420 °C represents the loss of combined water due to dehydra-
tion of calcium silicate hydrate, aluminate hydrate and ferroaluminate
Fig. 2. XRD patterns of cement pastes from surface of samples.
hydrate [13–15]. The loss between 420 and 540 °C corresponds to the
dehydration of calcium hydroxide [13, 14]. Decarbonation of well-
crystalline calcium carbonate occurs at temperatures between 720
and 950 °C [16]. The loss between 540 and 720 °C is likely associated
with poorly-crystalline calcium carbonate [17, 18].

Comparing the curves of B1 with B3, it can be seen that dehydra-
tion of CH at 450 °C is less intensive in carbonated cement pastes, in-
dicating the CH consumption due to carbonation. The peak intensities
around 750 °C in the reference hydration cement pastes are weak and
represent initial carbon content in as-received cement or due to at-
mospheric carbonation. Contrarily, the peaks around 800 °C in the
carbonated are strong. These peaks confirm the formation of strong
crystalline calcium carbonates.
Fig. 4. Typical TGA and DTG curves of paste samples in batches B9 and B11.
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Fig. 5. Comparison of DTG curves of paste samples at early (20 h) and late (28 days)
age.

Fig. 7. CO2 loss of pastes due to decarbonation.
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The weight losses corresponding to all endothermic events be-
tween 105 and 540 °C are summarized in Fig. 6. Water losses between
105 and 540 °C represent decomposition of hydration products. Tem-
perature of 105 to 200 °C induce decomposition of C–S–H gel, ettrin-
gite and gypsum, 200 to 420 °C — C3A and C4AF hydration products
[13, 14], 420 to 540 °C — calcium hydroxide. However, if water is
more firmly bonded in the C–S–H, it is still likely that some C–S–H de-
hydration will occur up to 300 °C [19].

By comparing early age batches B1 and B3, it can be seen that the
water loss corresponding to temperature ranges below 420 °C shows
no significant difference, suggesting that the short carbonation period
does not alter the structure of the binding phases with the exception
that CH is noticeably reduced. Examining carbonated pastes (B3 and
B11) by comparing water losses at different temperature ranges re-
veals that the water losses between 105–200 °C and 420–540 °C are
noticeably increased. This implies a significant increase in hydration
after carbonation, which is in agreement with strength test results.
It is interesting to compare B11 with B9. The carbonated cement
paste exhibits less hydration products than the hydration reference
owing to significantly reduced CH, as well as C3A and C4AF hydration
products. The content of C–S–H gel nevertheless seems to be compa-
rable. Hydration degree is low in B8 and B10, in which water loss due
to initial air curing is the direct cause.
Fig. 6. Water loss of pastes due to dehydration.
The CO2 content of the samples, determined by weight loss above
540 °C, is presented in Fig. 7. It is evident that the carbonated batches
contain much higher carbon contents compared to the reference sam-
ples. The CO2 loss in the reference samples were most likely due to
carbonates in the as-received cement and atmospheric carbonation,
since no strict measures were taken to prevent air carbonation during
mixing and air curing. Higher CO2 content in the reference paste com-
pared to that of as-received cement given in Table 1 could verify oc-
currence of air carbonation during making samples.

Two different ranges of CO2 loss were distinguished using DTG
peaks, being 540–720 °C and 720–950 °C. The carbonates decompos-
ing at a higher temperature range could suggest a highly crystalline
phase. It is interesting to study the distribution of the bonded CO2

between the two temperature ranges; comparing the carbon loss
of B1 and B3, it can be seen that at lower temperatures, less CO2 was re-
leased compared to that of higher temperature; it can be implied that
during the short term carbonation, CO2 was primarily converted to a
highly crystalline form, from carbonation of calcium silicates and CH.
In addition, the carbonates produced from carbonation of C–S–H, repre-
sented by a CO2 loss between 540 and 720 °C [12, 16, 17], showed the
least thermal stability, suggesting poorly crystalline calcium carbonate.

The total mass losses of the samples are presented in Table 5. Car-
bonated samples exhibited higher mass losses compared to hydrated
references at both early and late ages. Comparing the value for hy-
drated reference sample B9 and B11 suggests that carbonated cement
contains more hydration and carbonation products. This explains
why carbonated cement paste with water spray (B11) is stronger
than the hydrated reference without water loss (B9).

Using the CO2 loss data obtained from the TGA test, CH and CaCO3

were quantified for all of the batches and the corresponding contents
are presented in Table 6. The amount of calcium carbonates could be
generated due to carbonation of the CH produced during the 18-hour
air curing (B1), which was estimated using stoichiometric calculation
to be (100/74×(6.5–3.8)%=3.6%), according to Eq. (3). The numbers
100 and 74 are the molar masses of calcium carbonates and CH, re-
spectively. Taking into account the initial calcium carbonates present
in the non-hydrated samples (10.0%), the total calcium carbonate
content that could be expected assuming only CH carbonation would
be 13.6% (13.6%=3.6+10.0). However, this calcium carbonate content
Table 5
Total mass loss of cement paste in TGA test.

Batch ID B1 B2 B3 B8 B9 B10 B11

Total mass loss (%) 10.1 11.3 15.8 10.6 16.1 17.6 19.2
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Table 6
Calcium hydroxide and calcium carbonate content in paste samples.

Phase content (%)

B1 B2 B3 B8 B9 B10 B11

Calcium hydroxide 6.5 9.9 3.8 8.4 13.9 2.9 5.1
Calcium carbonate 10.0 9.4 24.8 7.0 6.1 26.1 23.9

Table 7
Q numbers obtained from 29Si NMR.

Batch ID Q0 Q1 Q2 Q1/Q2

B1 157 41 24 1.71
B2 161 57 39 1.46
B3 132 24 20 1.20
B8 159 50 34 1.47
B9 112 72 51 1.41
B10 130 28 24 1.17
B11 113 37 29 1.28

191V. Rostami et al. / Cement and Concrete Research 42 (2012) 186–193
is much smaller than the amount measured in B3 (24.8%), which sup-
ports the hypothesis that carbonation of phases other than CH, such as
calcium silicates and C–S–H, had occurred.

Comparing the amount of carbonation-induced calcium carbon-
ates decomposed after 720 °C with those produced due to CH carbon-
ation in B3 can illustrate whether carbonation of phases other than
CH also generated high thermally stable carbonates. The former was
calculated to be 3.6%, while the latter can be estimated using Fig. 7
and Eq. (3) to be 8.2% ((100/44)×(6.2–2.5)%=8.2%), where the
values 100 and 44 are the molar masses of CaCO3 and CO2, respective-
ly. This observation suggests that more than half of the well crystal-
line calcium carbonates were formed due to carbonation of phases
other than CH, including C–S–H and calcium silicates.

It is also worth comparing the CH contents in B3 and B11; the ex-
tent of subsequent hydration can be estimated comparing CH content
in these two batches. The CH content was increased in the water
sprayed batch (B11), suggesting hydration of unreacted calcium sili-
cates in the carbonated zone occurred after the early age carbonation,
which is in agreement with XRD observation. However, comparing
XRD results corresponding surface and the core of the samples clearly
indicated that more hydration occurred in the non-carbonated core of
the paste after the first 24 h.
Fig. 8. 29Si NMR spectra of carbonated and reference samples (peaks are approximately
at Q0=−70 ppm, Q1=−79 ppm and Q2=−83 ppm).
3.4. NMR results

The 29Si NMR spectra of all batches are plotted in Fig. 8. The peaks
of chemical shift are designated as Q0, Q1 and Q2, the values of which
are summarized in Table 7. Q0 represents the percentage of unreacted
calcium silicates, while Q1 and Q2 reflect the percentage of dimer and
linear chain bonds in C–S–H, respectively. As hydration progresses, Q0

decreases while Q1 and Q2 increase, as can be seen in the reference
samples B2 and B9. Comparing the results from B1 and B3 reveals
that the Q1/Q2 ratio decreased due to carbonation, suggesting carbon-
ation had enhanced degree of polymerization of C–S–H in comparison
to reference. No Q3 and Q4 were observed in this short term carbon-
ation indicating no silica gel was generated from early carbonation
[17]. Since carbonated cement paste had shown an early strength
that was significantly higher than the hydration reference, it is impli-
cated that C–S–H structure developed due to carbonation is stronger
owing to the silica dimers and liner chains integrated with calcium
carbonates. This phenomenon was not observed in previous studies
on carbonation of hydration products in a mature concrete, where
high degrees of polymerization had been reported [5, 17].
Fig. 9. Air cured OPC paste at 20 h (B1): a) SEM photomicrograph. b) EDS analysis.
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Fig. 10. Sealed cured OPC paste at 28 days (B9): a) SEM photomicrograph. b) EDS analysis.

Fig. 11. Carbonated OPC paste at 20 h (B3): a) SEM photomicrograph. b) EDS analysis.
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3.5. SEM

Figs. 9–12 present typical SEM photomicrographs of OPC pastes
taken in secondary electron (SE) mode for the different curing proce-
dures. Fig. 9 shows the paste sample before carbonation (B1). EDS anal-
ysis suggests strong peaks of Ca, Si and O. The high content of the
designated elements indicates the presence of calcium silicate hydrates
generated in vicinity of calcium silicates after 18 h of controlled air cur-
ing. Fig. 10 presents the microstructure of the reference cement paste
(B9) after 28 days of hydration without water loss. It is composed of
typical amorphous C–S–H and crystalline CH.

Fig. 11 shows the typical features of a carbonated paste (B3). Gen-
erally, the carbonated paste has finer texture compared to the hydra-
tion reference (B1 in Fig. 9). While the corresponding XRD pattern
suggests formation of carbon products, the SEM picture does not pro-
vide any evidence of the crystalline form of carbonates. However, a
monolithic amorphous C–S–H containing relatively high carbon con-
tent can be distinguished based on the Energy Dispersive Spectroscopy
(EDS) spot analysis (Fig. 11b). This result suggests that the C–S–Hphase
ismodified by carbonates, which is in agreementwith the thermogravi-
metric results. In addition, pure calcium carbonate is not detected; in-
stead it is always intermingled with C–S–H gel.

Fig. 12 shows the carbonated sample after 27 days of subsequent
hydration (B11). The EDS analysis of the spots shown reveals strong
intensities of Ca, Si, O and C, suggesting the existence of a hybrid of
hydrates and carbonates. Comparison of relative intensities of carbon
and oxygen in Fig. 11 with those in Fig. 12 suggests that O/C is notice-
ably greater in the B11 sample. This can serve as supporting evidence
of subsequent hydration in the carbonated zone, as was revealed from
XRD, NMR and TGA analysis.

4. Discussion

Early carbonation curing is different fromweathering carbonation.
Early carbonation curing is performed after 18 h of hydration and
consists of only 2 h of exposure to CO2. Therefore, the degree of car-
bonation is not high and subsequent hydration can still proceed. In
contrast, weathering carbonation of mature concrete occurs after
completion of hydration and is detrimental to structure of hydrated
cement paste. Decalcification of C–S–H and formation of silica gel
are the direct consequence [5]. However, the short-term early age
carbonation investigated in this research did not lead to silica gel for-
mation and no significant reduction in pH value. Instead the carbon-
ated cement paste at early age was enhanced by further hydration.

According to the NMR results obtained in this research, carbonat-
ed C–S–H did not undergo further polymerization after the short term
carbonation. Early carbonation decreases Q1/Q2 ratio, suggesting car-
bonation modified C–S–H is Si-rich but its binding capacity by Ca–O
structure is maintained. The formation of calcium carbonates is evi-
denced by carbon uptake, accelerated strength gain, calcite peak in
XRD and endothermic peaks by DTG. However there are no clear crys-
tals of micron size under SEM. Although existence of carbon is also
evident by EDS analysis, the binding phase is typical of amorphous.
Because of carbonation, calcium content in C–S–H is reduced, leading
to a change in silica structure in combination of silica dimers and lin-
ear chains with no crosslinking. Therefore calcium carbonates may
coexist in nano crystal size within C–S–H gel of the same order of
magnitude. This is a beneficial characteristic for early carbonation:
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Fig. 12. Carbonated OPC paste at 28 days (B11): a) SEM photomicrograph. b) EDS
analysis.
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early strength of concrete is accelerated, surface layer of concrete is
densified and chemically unstable calcium hydroxide is reduced. At
the same time C–S–H gel can retain amorphous nature and compara-
ble pH value for steel protection. Concrete so produced will also show
its capacity for carbon sequestration and will help utilize the flue gas
CO2 collected from cement production in a beneficial manner.
5. Conclusions

Early carbonation of cement paste after 18 h of controlled air cur-
ing has led to noticeable early strength gain which is likely attributed
to the formation of an amorphous calcium silicate hydrocarbonate.
The sum of hydration and carbonation solid products is much higher
in carbonated cements than in hydrated references. Calcium hydrox-
ide and calcium silicates are the first compounds to be carbonated,
followed by C–S–H. Two-hour carbonation enables a carbon uptake
of 8% in terms of cement mass, which corresponds to a degree of car-
bonation of 16%. At this reaction level, the pH of the cement paste is
reduced by one unit immediately after carbonation but can be in-
creased through subsequent rehydration to a value comparable to the
hydration reference. Therefore, the early carbonation process appears
to be applicable to accelerated curing of reinforced precast concretes.
Although carbonated cement can maintain a pH value above the corro-
sion threshold, its calcium hydroxide content is much reduced. Early
carbonation is therefore expected to significantly improve concrete
durability.

Controlled air curing is necessary to allow carbon dioxide to diffuse
into concrete. This process, however, evaporates free water, making
concreteweaker after subsequent hydration. Adding lostwater through
a surface spray to the carbonated samples immediately after the car-
bonation cycle is critical toward long-term strength and durability.
With sufficient water, subsequent hydration can take place after the
carbonation cycle and 28-day strengths of carbonated cement can ex-
ceed that of best reference.

Early carbonation is different from weathering carbonation. The
subsequent rehydration after early carbonation can compensate for
water loss and pH reduction and is capable of producing concrete
stronger and more resistant to permeation due to the formation of a
greater proportion of solids. Early carbonation does not hinder subse-
quent hydration. If applied properly, early carbonation can result in
both technical and environmental benefits.
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