Cement and Concrete Research 157 (2022) 106827

Contents lists available at ScienceDirect

Cement and
Concrete
Research

Cement and Concrete Research

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/cemconres

" materialstoday

Check for

Effect of temperature on CO, curing, compressive strength and | e
microstructure of cement paste

a,c,e,**

%P Sarra Drissi *“®", Jianhui Liu ™, Xiang Hu ®¢, Baixin Song, Caijun Shi

@ Key Laboratory for Green & Advanced Civil Engineering Materials and Application Technology of Hunan Province, Changsha 410082, China

b Key Laboratory for Advanced Technology in Environmental Protection of Jiangsu Province, Yancheng Institute of Technology, Yancheng 224051, Jiangsu, China

¢ College of Civil Engineering, Hunan University, Changsha 410082, China

4 Department of Civil Engineering and Energy Technology, Faculty of Technology, Art and Design, Oslo Metropolitan University, PO box 4 St. Olavs plass, Oslo, NO-0130,
Norway

€ Department of Civil Engineering, The University of British Columbia, 6250 Applied Science Lane, Vancouver, BC V6T 1Z4, Canada

f School of Materials Science and Engineering, Henan Polytechnic University, Jiaozuo 454003, China

ARTICLE INFO ABSTRACT

Keywords: This study investigated the effect of temperature (5 °C-50 °C) on the carbonation process, compressive strength
CO curing and microstructure of CO,-cured cement paste. Results showed that the carbonation process and rate were
Temperature significantly affected by temperature and time. When the curing temperature increased, the rate of improvement
Calcium carbonate crystals s . . . . ..

Silica gel of cement paste’s properties was accelerated. The carbonation reaction was mainly kinetically controlled by
Microsgtructure product layer diffusion with an activation energy of about 10.8 kJ/mol. Temperature had greatly affected the

structural transformation, morphological changes, size and amounts of calcium carbonate polymorphs (calcite,
aragonite and vaterite) as well as their degree of crystallinity and decomposition temperature. Alongside calcite,
vaterite and aragonite were formed at low and high curing temperatures, respectively. Apart from microstruc-
ture, the compressive strength was also found to be very sensitive to temperature and carbonation products. The
relationship between the amount of different carbonate polymorphs and the compressive strength was also
provided.

1. Introduction high CO; pressure caused capillary condensation in steel slag samples,

which blocked the capillary pores and hindered the CO4 diffusion. Be-

CO;, curing of concrete enables fast chemical reactions between the
calcium-bearing phases in fresh concrete and CO2 which accelerates its
strength development and hence shortens the curing process [1,2]. This
curing technique is receiving increased attention from researchers and
practitioners as it can be a promising technology to reduce atmospheric
CO; and improve the concrete properties significantly compared to
conventional curing technologies, particularly steam curing [3,4].

Generally, CO2 curing efficiency is strongly affected by numerous
factors such as CO; concentration and pressure, mix design, moisture
content, chemical composition, etc. [2,5-7]. Shi et al. [8] reported that
the increase in the CO; pressure from 0.2 MPa to 0.5 MPa at the early
ages of curing, particularly the first 30 min, improved the CO5 uptake of
lightweight concrete blocks. However, Salman et al. [9] found that using

sides, they noticed the presence of densely packed bud-shaped calcite
crystals on the surface while less abundant and smaller irregular calcite
crystals formed in the core of the sample [9]. This created strong and
weak zones in the samples and consequently lowered the compressive
strength [9]. Another study by Shao et al. [10] showed that the use of
type 30 cement increased the CO; uptake and compressive strength by
approximately 10% compared to type 10 cement. Furthermore, Shi et al.
[11] observed a significant improvement in the degree of carbonation
and compressive strength of concrete following a preliminary drying
step prior to the curing process. This was due to the removal of capillary
water from a large number of pores which decreased the moisture
content and promoted the CO5 diffusion into the cement matrix [11].
Temperature may also have strong effects on COy curing [12].
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Studies showed that the temperature affected significantly the diffu-
sivity of CO2 and the solubility of calcium ions in concrete. In fact, high
temperature could reduce the solubility of CO, and calcium ions but
could promote, on the other hand, the COy diffusivity through the
carbonated layers [13,14]. Liu et al. [15] reported that the CO;, uptake
increased from 2% to 14% as the curing temperature increased from
20 °C to 60 °C, but decreased from 14% to 6% as the temperature
increased from 60 °C to 100 °C. This was attributed to the lower solu-
bility of CO in water at elevated temperatures. Salman et al. [9] found
that increasing the curing temperature from 20 °C to 40 °C did not result
in any noticeable increase in CO5 uptake, but increased linearly with the
temperature increase up to 80 °C. Humbert et al. [16] demonstrated that
curing temperature above 60 °C hindered the carbonation reaction
because of the fast evaporation of water.

According to the literature [17,18], temperature could control also
the calcium carbonate (CaCOs) dissolution and precipitation reactions.
Generally, three crystallin polymorphs could be formed: calcite, vaterite
and aragonite. Other allotropic varieties in hydrated forms were also
reported by some researchers, namely amorphous calcium carbonate,
calcium carbonate monohydrate and calcium carbonate hexahydrate
[17,18]. Several favorable conditions for the production of synthetic
CaCOj3 polymorphs have been proposed in the literature. Calcite was
found to be the most thermodynamically stable crystalline phase under
ambient temperature and standard pressure conditions. The best con-
ditions promoting the formation of vaterite were temperatures up to
40 °C and pH between 8 and 10 [17]. Nevertheless, vaterite could be
easily converted to calcite or aragonite in the presence of water [17]. On
the other hand, 80 °C favored the formation of aragonite [19].
Compared to synthetic CaCOs, these conditions could probably shift for
cementitious materials owing to their complexity and the physical/
chemical interactions between COj, cement particles and curing pa-
rameters. Furthermore, the effect of temperature on the carbonation
process and compressive strength as well as the factors controlling these
characteristics are still not clear. Therefore, the effect of temperature on
the morphological changes of calcium carbonate polymorphs and ki-
netics of the carbonation process is investigated in this study. The
sensitivity of CO5 curing process to temperature was examined using the
activation energy which is calculated using the Arrhenius equation. On
the other hand, a correlation between the compressive strength and
carbonates in carbonated calcium silicate binders was established in a
previous study by Ashraf and Olek [20]. However, only the ratio of
poorly and well crystalline carbonates was quantified. Therefore, this
study aims to analyze quantitatively the relationship between
compressive strength development and different calcium carbonate
polymorphs.

2. Materials and specimen preparation
2.1. Materials

Portland cement (P-I 42.5) in accordance with GB 175-2007 having
a specific surface area of about 336 m2/kg was used in this study. Its
chemical, main mineral composition and particle size distribution are
summarized in Tablel and Fig. 1, respectively.

2.2. Specimen preparation

The cement pastes were prepared using a water to cement ratio of
0.18, which has been proven to be beneficial for CO5 curing. All pastes
were hand-mixed for 5 min at a room temperature of 20 + 2 °C with a
relative humidity of 70 + 5%. Then, the dry mixture was filled into 20
mm diameter and 30 mm height cylindrical steel molds. Subsequently,
the molds were uniformly compacted using a pressure machine at a
pressure of approximately 10 MPa. Compaction was selected in this
study to simulate the production of concrete blocks and ensure faster
sample demolding [11,21,22]. The samples were then demolded and
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Fig. 1. Particle size distribution of Portland cement.

pre-conditioned for 2 h as specified in previous studies [11,23].
2.3. Curing process

The samples for most tests were placed in a CO chamber with all
surface exposed, in which the relative humidity, CO, concentration and
pressure were maintained at 60% + 5%, 20 + 2% and 0.15 MPa,
respectively. A thermostat was used to control the temperature of the
CO3 chamber at 5 °C, 20 °C and 50 °C. Samples were taken out for testing
at 1 h, 2 h, 12 h, 24 h, 168 h and 672 h in order to investigate the
evolution of their properties with time. Fig. 2 shows the temperature
change of the sample center during the carbonation curing. The tem-
perature increased quickly during the first few minutes then dropped to
the set temperature in about 1 h and remained constant thereafter. Note
that specimens for the carbonation depth measurements had only one
end exposed to CO; but all other surfaces were sealed with paraffin.

3. Methods

The different tests conducted in this study are summarized in Fig. 3
and will be detailed in the following sections.
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Fig. 2. Temperature change of samples during carbonation curing.
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Fig. 3. A sketch of the experimental procedure.

3.1. Carbonation depth

At the end of each curing period, the sealed samples were taken out
from the CO5 chamber and cooled to room temperature. After splitting
the samples, the split surfaces were cleaned and then sprayed with
phenolphthalein solution (1% in 70% ethyl alcohol) [24]. The average
depth of the colorless region was measured immediately after spraying
phenolphthalein solution.

3.2. Compressive strength

The compressive strength of the samples was determined after 1 h, 2
h,12h, 24 h, 168 h and 672 h of full exposure to CO5 for curing using a
compression machine at a loading rate of 0.6 KN/s until failure. Three
cylindrical samples were tested for each curing temperature and the
mean value was reported as the compressive strength result.

3.3. Phase analysis and morphology characteristics

Thin layers were cut from the surface of the sample after fully
exposure to COy using an STX-202A small diamond wire cutting ma-
chine. The thickness of the layers was about 0.5 mm for X-ray diffraction
(XRD), Thermogravimetric analysis (TGA) and Nuclear magnetic reso-
nance (NMR) analyses and 2 mm for Scanning electron microscopy
(SEM) analyses. The layers were then immersed in acetone and their
weight change over time was tracked. The sample weight reached
equilibrium after 7 d. During exchange, the solvent was renewed every
2 d. Afterward, the samples were dried in an oven at 60 °C for 72 h to
remove acetone. For XRD, TGA and NMR analyses, the samples were
grounded by pestle and mortar into a fine powder with a particle size of
less than 45 pm.

3.3.1. XRD

XRD measurements were carried out on powdered samples using a
Cu ka X-ray radiation at 40 Kv and 40 mA. The 20 scans were carried out
between 5°-65° with a step size of 0.02° at a rate of 2°/min. Rietveld
analyses were carried out to provide semi-quantitative analysis of the
crystalline phases by using rutile (20% by mass of the powder) as
reference.

3.3.2. TGA
TGA was performed using approximately 15 mg of the powdered
sample at a heating rate of 10 °C /min from 30 °C to 1000 °C under a 20

ml/min flow of nitrogen gas.

3.3.3. #’si NMR

Solid-state 2°Si magic angle spinning (MAS) NMR spectra were
recorded on powdered samples at 79.5MHZ on a Bruker AVANCE III
400 MHz spectrometer with a BO field strength of 9.4 T and MAS fre-
quency of 8 kHZ in 3.2 mm rotors. The measurements were conducted
using a 71.4 kHZ spinning rate, 1200 scans, 7/2 pulses of 4.0 ps and 30s
relaxation delays. The deconvolution method was used to calculate the
proportion of Q" in the different samples [25].

3.3.4. SEM-EDS

The morphology and chemical compositions of the samples were
detected using a FEI Nova Nano SEM 450 equipped with a Backscattered
electron detector (BSE) and an energy dispersed spectroscopy (EDS).
Before testing, the samples were first embedded under vacuum in epoxy
resin, then polished with 200, 400, 800, 1200 and 2000 grit sandpaper,
and a Buehler EcoMet 30 polisher and finally coated with a thin layer of
carbon. For each sample, more than 100 points were collected for the
EDS analysis and were selected around the uncarbonated cement grains.

3.3.5. Nanoindentation

Nanoindentation tests were performed using a Switzerland CSM
OPX/CPX system fitted with a Berkovich diamond indenter probe to
evaluate the micromechanical properties of the sample. The tip was
calibrated using a standard fused quartz specimen with known me-
chanical properties. Before testing, the sample was treated to achieve a
roughness lower than 70 nm and ensure that its surface is adequately
flat. Indentation grids of (10x10) indent spaced by 0.1 x 0.1 mm? were
performed to characterize the different phases in each sample (Fig. 4).
For each grid, a maximum force of 500 mN (maximum penetration
depth of 1 pm) was held for 300 nm with the Berkovich tip. The loading
and unloading were performed at a constant rate of 20 mN/s. The mean
elastic modulus values of the sample and the individual microscopic
phases were determined as described by Ashraf and Olek [20].

4. Results
4.1. Carbonation depth
Figs. 5 presents the carbonation depth images of cement paste sam-

ples cured at different temperatures. Besides, the carbonation depth
versus the square root of curing time is shown in Fig. 6. As can be seen,
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Fig. 4. Optical image of a region in indentation grids.

the samples were not completely carbonated at the depth. The carbon-
ation depth was below 22 mm which is substantially lower than the
height of the samples even after 28d of CO5 curing. The reason for such
result will be explained in detail in the following sections. On the other
hand, Fig. 6 shows that the carbonation reaction was very fast during the
first hour of curing. Nevertheless, this rate seems to slow down at a
longer curing time which could be attributed to the precipitation of
carbonation products which blocked the fast and further reaction of CO5
with the matrix over time.

Fig. 7 shows that the carbonation depth increased with temperature
regardless of age. For example, the carbonation depth of the sample after
28 days of CO; curing at 5 °C, 20 °C and 50 °C was 12.2 mm, 18.5 mm
and 21.8 mm, respectively. Furthermore, samples cured at 50 °C reached
a carbonation depth approximately up to 2 times as those cured at 5 °C,
suggesting that higher curing temperature resulted in a faster
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carbonation rate.

4.2. Compressive strength

Fig. 8 shows the effect of curing temperature on the compressive
strength of carbonated pastes. It is apparent that CO5 curing contributed
to a significant strength gain at early ages up to 24 h. The compressive
strengths of paste carbonated for 2 h at 5 °C and 20 °C were nearly four
and three times as those after 2 h of moist-curing, as shown in Figs. 8 and
9. Note that the samples used for the compressive strength measurement
were fully exposed to CO, without any coating during the carbonation
curing. The phenolphthalein changes the colour at lower pH values of
approximately 9.0. While the colorless portion observed in the carbon-
ated area of the Portland cement concrete corresponded to the pH range
of 7.0-8.0 [26]. The non-carbonated part of the cement paste exhibited
an alkalinity of pH > 11.5 and a magenta coloration was obtained [27].
Therefore, the actual carbonated depths are larger than the measured
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Fig. 6. Effect of temperature on carbonation depth.

Fig. 5. Carbonation depths of cement samples cured at different temperatures.
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ones. On one hand, the high strength of COs-cured specimens after a
short period of time is attributed to the strong carbonated surface layer
formed during carbonation. On the other hand, carbonation of cement is
a very fast and exothermic process. Accelerated hydration of the cement
in the uncarbonated portion due to its rapid temperature raise, as
illustrated in Fig. 2, can also contribute to the early strength gain.
Monkman and Shao [28] prepared concrete mixed with water to cement
(w/c) ratio of 0.125 and found that the compressive strength of 2 h CO»-
cured sample was approximately 90.7% of the 24 h CO,-cured sample.
Zhan et al. [29] used CO» curing on the fresh OPC pastes prepared with a
wy/c ratio of 0.18 and found that their compressive strength after 2 h of
carbonation curing achieved more than 66.1% of that after 24 h of
carbonation curing. Pan et al. [6] found that the compressive strength of
3 h COy-cured sample was 18% higher than that of moist-cured samples
though the carbonation depth was about 1.6 mm. With time, the
compressive strength of moist-cured and CO,-cured samples became
almost similar due to the continued higher hydration rate of cement in
moist-cured samples, but slowed down carbonation rate because of
hindrance effect of the outer carbonated layer.
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On the other hand, it is clear that the low temperature affected
negatively the compressive strength at both early and later-ages
compared to high temperature. The early strength of the paste cured
for 1 h at 20 °C and 50 °C was 35.4% and 60.9% higher than that cured
at 5 °C, while their strength at 672 h was 14.1% and 16.2% higher than
that cured at 5 °C. This might be possibly due to the acceleration of
reaction rate at higher curing temperature which probably could result
in major morphological changes in CaCOj3 crystals as well as their con-
tent in the samples. On the other hand, the temperature affected
significantly the rate of strength development over time. As observed in
Fig. 8, a rapid strength gain occurred at early ages, especially during the
first 12 h of curing. Interestingly, at 20 °C and 50 °C a strength greater
than 20 MPa was achieved after only 2 h of CO5 curing, indicating that
CO4, curing could significantly reduce the curing time as reported by Shi
et al. [8]. Afterward, this gain rate gradually decreased for all curing
temperatures with curing time. In fact, the 12 h strength was almost 3.3
times the 1 h strength but the 24 h strength was only 1.4 times the 12 h
strength. This could be attributed to the formation of CaCOs and the
densification of the microstructure at early ages which probably hin-
dered the further ingress of CO, in the sample and formation of
carbonation products.

4.3. Phase evolution analyses by XRD and TGA

XRD patterns and quantitative XRD results are plotted in Figs. 11 and
12. Again, the experimental data reveal that samples were not fully
carbonated since C3S and CyS were detected in the XRD patterns. As can
be seen, the main phases present in all CO,-cured samples were C3S and
CoS as well as CaCO3. Compared to cement mineral composition in
Table 1, CyS appeared to be much more reactive than CsS towards
carbonation which is consistent with the results reported previously
[23]. Within the initial 2 h of curing, the total amount of CaCO3 was
about 9.8%, 17.9% and 23.4% in the sample cured at 5 °C, 20 °C and
50 °C, respectively, revealing that CaCO3 formed immediately following
CO3 curing. In addition, a substantial increase in CaCOs peaks and a
decrease in the C3S and C,S peaks over time were observed. A slightly
lower amount of C3S and C,S, but a higher amount of CaCO3 were
detected in the sample cured at 20 °C and 50 °C compared to that cured
at 5 °C, revealing that higher curing temperature significantly acceler-
ated the conversion of clinker phases to CaCOs3. Moreover, it is clear that
the three CaCO3 polymorphs (vaterite, calcite and aragonite) were
formed with calcite being the predominant carbonate in all pastes as
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reported in [29,30].

Figs. 11 and 12 show that temperature influenced strongly the
crystallization pathway. This result matches well with other published
studies [31,32] and SEM results (presented in section 4.5). An increase
in temperature from 5 °C to 50 °C tended to favor the formation of
aragonite rather than vaterite. According to [31,33], vaterite was the
primary carbonation product that would transform to calcite at low
temperatures and aragonite at high temperatures. At temperature be-
tween these limits, the three polymorphs (calcite, vaterite and arago-
nite) coexisted.

Fig. 13 depicts the TG-DTG results of cement pastes cured under
different temperatures. After 2 h of curing, a certain mass loss around
88 °C - 106 °C was observed and could be resulted from the loss of free
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water or bound water from C-S-H. Note that this mass loss became
negligible at 28d for samples cured at 5 °C and 20 °C suggesting a
probable consumption of early hydration products (C-S-H phases) dur-
ing CO; curing. However, a wider peak around 103 °C was observed for
samples cured at 50 °C. The exact cause of this mass loss is not clear but
could be mainly associated with the free water in the mix and possibly
also from the formation of C-S-H. Besides carbonates, researchers
observed the presence of silica gel as one of the main amorphous phases
following the CO curing of clinker phases and OPC paste [34]. Ac-
cording to Goto et al. [30], C-S-H gel was formed in the initial (3 min)
stage of carbonation and then converted to silica gel [30]. The experi-
mental results presented in [35,36] revealed the existence of amorphous
calcium silicate hydrocarbonate and C-S-H gel in carbonated C3S and
C,S. Therefore, it can be speculated that hydration could be probably
undergoing simultaneously with carbonation at high temperatures.
NMR results will provide further confirmation for this observation.
Furthermore, no traces of Ca(OH), could be specifically identified at all
studied temperatures neither in the TGA results nor in the XRD patterns.
No mass loss was detected between 200 °C and 450 °C. This could be a
possible evidence of the fast carbonation reaction kinetics and the for-
mation of carbonates prior to the formation of Ca(OH); in the CO,-cured
samples. An important mass loss between 500 °C and 950 °C, corre-
sponding to the decomposition of CaCO3 [37-39], was observed. Most
importantly, a slight shift in the decomposition temperature of CaCO3
was also observed. For example, the CaCO3 decomposition temperature
of 28d CO,-sample cured at 50 °C was around 740 °C which is 3% higher
than that cured at 5 °C (Fig. 13 (b)). This suggests that high temperatures
could improve to some extent the crystallization degree of CaCOs.

From Fig. 13 (b), it can be pictured that the thermal decomposition
temperature of CaCOs, more obvious for samples cured for 2 h at 5 °C
and 20 °C, involved two-stage weight loss, as reported elsewhere [40].
According to Fig. 14, in agreement with [40], two CaCOs structures
were identified: a poorly crystalline CaCOs3, decomposed between
500 °C and 650 °C, and a well-defined crystalline CaCOg3 structure,
decomposed at a temperature above 650 °C [33]. This two-stage
decomposition could be resulting from the difference in the thermal
stability of the different CaCOg crystals. As temperature and curing time
increase, the well-defined crystalline CaCOg3 content increases which is
consistent with the Rietveld results presented in Fig. 12. Generally, by
comparing the amount of calcite determined by XRD (Fig. 15) to the
amount of well-defined crystalline CaCO3; determined by TG-DTG
(Fig. 14), it can be seen that the former was higher than the latter.
Therefore, it can be speculated that calcite decomposition shifted to a
lower temperature (500 °C - 650 °C), or its peak probably overlapped
with other phases.

4.4. ?°Si NMR characterization

For each temperature, the 2°Si NMR spectra of the 28-day CO,-cured
sample were compared to that of the unreacted clinker in Fig. 16. After
curing, unreacted C3S and CS (Q° located at —71 ppm), observed in the
cement clinker, disappeared suggesting that most of C3S and C,S have
been consumed during the CO, curing process. The presence of Q!
(around —80 ppm) and Q? (around —85.5 ppm) provide a clear evidence
of the formation of C-S-H gel. This observation confirms the TGA result
which revealed a mass loss below 105 °C in particular in the samples
cured at 5 °C. Also, the presence of Q%(Ca) at —99 ppm and Q* at —110
ppm indicates the formation of silica gel [41].

To provide a more detailed analysis of the effect of temperature on
CO,-cured pastes, the relative intensities (Q"%) from the deconvolution

Table 1

Chemical and mineral composition of cement (wt%).
SiO4 Al,03 Fey03 Ca0 MgO SO3 R0 f-CaO CsS CoS C3A C4AF
21.91 5.30 3.67 64.5 1.51 2.03 0.55 0.88 59.0 16.2 6.8 11.7
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results were calculated and summarized in Table 2. At 5 °C, the sample
contained only traces of C3S (Q%), C,S (Q% and C-S-H gel (Q! and Q).
However, these unreacted phases gradually disappeared in the samples
cured at 20 °C and 50 °C. In addition, their Q? and Q* intensities strongly
decreased and increased, respectively, compared to that cured at 5 °C.
This result highlights that higher curing temperatures resulted in a
higher consumption of clinker phases, namely C3S and C5S, and the
formation of highly polymerized silica gel. As can be seen in Fig. 16, the
silica gel in the samples was completely polymerized and presented a
characteristic 2°Si NMR silica gel spectra (Q% and Q*). This result dem-
onstrates that the polymerization of silica gel and its Si/Ca ratio could
increase with the increase in curing temperature which is in agreement
with previous publications [5,42].

4.5. Morphology

Fig. 17 presents the SEM images of COs-cured pastes at different
temperatures. Despite the similar composition of the samples, the
morphology of crystals changed with the increase in temperature. SEM
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Fig. 15. Comparison of the different CaCO3 crystalline contents determined
from DTG and XRD analysis.

images reveal that (i) calcite (rhombohedral) and vaterite (spheroidal),
(ii) calcite, vaterite and aragonite (needle-like shaped crystallites) and
(iii) calcite and aragonite (rod-like shaped crystallites) were present in
the sample cured at 5 °C, 20 °C and 50 °C, respectively. It is evident that
calcite crystals were likely to precipitate at different temperatures due to
their high thermodynamic stability with respect to temperature,
whereby the metastable phases formed at 5 °C and 50 °C were vaterite
and aragonite, respectively. This result is in good agreement with the
experimental observations of Deboer [43]. According to Deboer [43],
vaterite was stable at low temperatures while the formation of aragonite
was dominated by the increase in temperature due to its higher growth
rate at high temperatures compared to calcite and vaterite.

On the other hand, temperature had a significant effect on the
growth of polymorphs. The size of calcite increased from 250 to 450 nm
to 500-2000 nm as temperature increased from 5 °C to 20 °C. At 20 °C,
the size of aragonite crystallites was smaller than 1000 nm. At 50 °C,
there was a marked change in the morphology of aragonite. At this
temperature, most of vaterite traces were gone while the needle-shaped
aragonite converted to rod-like aragonite crystallites and their size
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Fig. 16. 2°Si NMR spectra of 28 d CO,-cured pastes at different temperatures.

Table 2
Different Q" intensities of the CO,-cured samples at different temperatures.

Samples Q" (n = 0-4) intensities/%

1(Q% 1(QhH 1(Q2p) 1(QH Q% 1(Q%
5°C-28d 8.5 7.6 6.9 12.8 44.4 19.8
20°C-28 d 2.5 4.3 5.1 9.5 48.5 30.1
50 °C-28 d 1.3 1.9 4.3 6.1 40.2 46.2

became bigger than 3000 nm.

Fig. 18 (a) - (c) presents the BSE images of COy-cured pastes at 28
days. The different phases were identified based on the different grey
levels in the BSE images [44]. It is obvious that all samples were very
dense except for the presence of some minor and small size pores. Fewer
pores were observed with increasing temperature suggesting that the
increase in the calcite content along with aragonite further contributed
to a denser and low porosity matrix than vaterite. It can be seen that the
higher was the curing temperature, the lower was the amount of
unreacted grains in particular the smallest grains which agrees with XRD
results. However, some of the anhydrous cement grains remained
unreacted in all samples.

The chemical changes of silica gel in the different paste were
examined in terms of element ratios with EDS. The different ratios
selected in this study were Al/Ca versus Si/Ca ratio. The circles, shown
in Fig. 18 (d), indicate the major atomic ratios that were considered for
silica gel with minimal intermixing of secondary phase. Fig. 18 (d)
shows that Si/Ca and Al/Ca ratios increased with the increase in tem-
perature, indicating that high temperature resulted in improving the
polymerization of silica gel and alumina gel [5,45-48]. A higher Si/Ca
ratio could also have contributed to the strength improvement as
demonstrated by Kunther et al. [46].

4.6. Nanoindentation analysis

The frequency distribution of the elastic modulus values of the CO»-
cured pastes at different temperatures is exhibited in Fig. 19 and Table 3.
Different temperatures resulted basically in the same types of phases
namely silica gel, CaCOs; and unreacted cement particles with an
average elastic modulus of 35-40 GPa, 64-69 GPa and 117-125 GPa,
respectively.

It is clear from Table 3 that the elastic modules of unreacted cement
particles decreased with increasing temperature, while the elastic
modulus of silica gel increased with increasing temperature. Notably,
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the increase in temperature to 20 °C and 50 °C reduced the elastic
modules of the unreacted cement particles by 1.6% and 6.4% and
increased the elastic modulus of silica gel by 11.4% and 14.3%. This
result is in agreement with SEM-EDS and BSE-EDS results and accen-
tuates the fact that COy curing and ambient to high temperature
consolidate the cement matrix. Furthermore, the calcium carbonate
modulus value decreased with the increase in curing temperature. This
could probably indicate that vaterite formed at 5 °C had a higher mean
elastic modulus than aragonite which was formed at 50 °C as discussed
in Section 3.5. This is in agreement with the experimental results in a
previous publication [48], which showed that vaterite had the highest
mean elastic modulus while aragonite had the lowest mean elastic
modulus.

5. Discussions
5.1. Temperature versus time

Similar to conventional curing techniques, high temperature accel-
erated the carbonation reaction, increased the carbonation rate,
improved the strength development rate and influenced the micro-
structure of cement paste. However, as the curing period was extended,
the improvement rate of the overall properties was slowed down
regardless of temperature. As discussed previously, high temperature
accelerated the formation and growth of CaCOs at early ages and
thereby led to a faster coating of unreacted cement particles and the
plugging of the pore structure. Consequently, the ability of COy to
further diffuse into the matrix was impeded and thus the effect of tem-
perature on the overall properties was slowed down. The blockage of
CO-, diffusion resulted in a lower carbonation depth increase with time.
Referring to Fig. 6, the carbonation depth was notably slowed down
with time in particular for the samples cured at 50 °C. The presence of
unreacted cement particles spotted in the SEM images seems to corre-
spond well with this observation. Therefore, the decrease in the
improvement rate of the overall properties over time could be explained.

5.2. Effect of temperature on the carbonation kinetics

As previous studies illustrated, kinetic parameters depend mostly on
experimental conditions, in particular temperature [49]. To evaluate the
different reaction kinetics and hence the effect of temperature on the
COq, curing process, the Arrhenius equation in its logarithmic form (Eq.
1) was used [50]:

—Ea 1
InK = e X T +B (@D)]
where K is the reaction rate in mm/s*>, Ea is the activation energy, R
(8.314 J/K mol) is the universal gas constant, T is the temperature in
Kelvin and B is an intercept.

In this study, the reaction rate was determined as the slope of the
fitted line of the carbonation depth-time square root plot and is equal to
2.522 mm/s%%, 3.905 mm/s*° and 4.997 mm/s*° at 5 °C, 20 °C and
50 °C, respectively. It is clear that the increase in temperature increased
considerably the reaction rate. As known, the increase in the tempera-
ture improves the mass transfer rate, promotes the thermal motion of
molecules and increases their average kinetic energy which results in
speeding up the carbonation reaction [51]. Therefore, it could be
speculated that the enhanced reaction rate at elevated temperature had
a dominating effect on the carbonation reaction in the first 12 h of the
curing process, while the fast precipitation of the carbonate product
lowered the carbonation rate later on due to the diffusion limitation of
reacting species through the layer [52].

In general, the reaction mechanism governing the carbonation re-
action rate is controlled by (1) chemical reaction at the cement particle
surface and (2) CO; diffusion through the carbonate layers surrounding
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(f) Aragonite crystals formed at 50°C

Fig. 17. SEM images of CO,-cured pastes at different temperatures.

the cement grains. However, the above results showed that temperature
increased the reaction rate and consequently influenced the carbonation
reaction mechanism. To study further the influence of temperature on
the carbonation reaction rate, the activation energy (Ea) was calculated
from the slope of the Arrhenius equation, as follows in Fig. 20. In this
study, the Ea is about 10.8 kJ/mol, indicating that the product layer
diffusion has controlled the CO; curing process [53,54]. Again, it could
be concluded that initially and for the first 12 h of curing, carbonation
was rapid and followed a rate that is chemically rate-controlling
mechanism at the surface of cement particles but undergoes a sudden
transition to a slower diffusion-controlled regime thereafter. Ashraf
et al. [20] reported that the carbonation of calcium silicate phases
occurred in two stages, namely phase boundary controlled stage during
the initial 10 h of COy exposure and then a product layer diffusion-
controlled stage up to the end of the CO, exposure. However, higher
activation energies (>30 kJ/mol) were reported in their study in
particular for the diffusion-controlled stage. This can be due to the

differences in the sample mix design as well as the CO; curing process.

5.3. Effect of temperature on the crystallization pathway

The results of this study showed that the formation of the different
polymorphs was controlled by temperature. Nielsen et al. [54] defined
two CaCOsg crystallization pathways: direct and indirect. The first one
consisted of the direct formation of crystalline polymorphs indepen-
dently of any amorphous particles. The indirect pathway consisted of the
transformation of the amorphous precursor into a more energetically
favorable crystalline through a direct, physical connection between the
growing and shrinking phases [55]. In this study, low temperature (5 °C)
seemed to impair the formation of vaterite and high temperature (50 °C)
led to aragonite formation, while calcite was the most prominent crys-
talline at different temperatures. Based on the work of Nielson et al.
[55], the lack of vaterite at high temperature (50 °C) could be attributed
to its dissolution. Therefore, it is evident that temperature could be
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(a) BSE image samples cured at 5°C

(b) BSE image of samples cured at 20°C
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Fig. 18. Typical BSE images and EDS analyses of CO,-cured samples at different temperatures.
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Fig. 19. Frequency distribution and theoretical PDF of elastic modulus of CO,-cured pastes.
bl controlled so as to get either calcite, vaterite, or aragonite or a mixture of
Table 3

. . . . . calcite, vaterite and aragonite.
The mean elastic modulus of single microscopic phase in CO,-cured pastes at

different temperatures.

Microscopic phase Mean elastic modulus (GPa) 5.4. Relation between phase composition and compressive strength

5°C 20°C 50 °C . o . s .
Compressive strength was significantly improved with increasing
zlhccg gel 22 23 22 temperature. The reason for such result could be potentially linked to
aCO3 . . . ces
Unreacted clinkers 125 123 117 the effect of temperature on the reaction kinetics and consequently it is

effect on the phase composition of the sample as well as the morpho-
logical differences of the carbonate polymorphs. According to XRD re-
sults, different curing temperatures resulted in different amounts of
phases as well as the type and size of polymorphs. There should be also
other factors affecting the compressive strength development such as the

10
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Fig. 20. Regression of Arrhenius equation.

porosity, the amount of poorly CaCOs, the increase in crystals size and
Si/Ca ratio as observed in the SEM and 2°Si NMR spectrums. Note that
XRD and TGA results revealed the presence of unreacted cement parti-
cles and some hydration products. However, unreacted cement clinker
and hydration products have been reported to have a negligible effect on
the compressive strength of COs-cured samples [1,21].

In the following, a relationship between the amount of different
CaCO3 polymorphs (X (%)) and compressive strength is plotted in
Fig. 21. It can be seen that aragonite and vaterite had a positive effect on
the compressive strength development.

6. Conclusions

This study investigated the compressive strength and morphological
changes of cement paste cured using CO» and different temperatures.
The experimental results showed that the increase in temperature
improved significantly the strength of CO,-cured cement paste. Ambient
(20 °C) to high (50 °C) temperature effectively increased the carbon-
ation depth. Typically, samples cured at 20 °C and 50 °C reached a
carbonation depth 2 times quicker than those cured at 5 °C. Neverthe-
less, high temperature (50 °C) and curing time over 12 h inhibited the
improvement in carbonation depth. On the other hand, low and high
temperature influenced greatly the morphology and growth of CaCOs3
polymorphs. Calcite was the most dominant polymorphic form found in
all samples, regardless of time and temperature. Vaterite was easily
formed at low temperatures, while aragonite was more stable at high
temperatures. Generally, bigger calcite and aragonite crystals were
formed at high temperatures compared to low temperatures. Besides,
the polymerization of silica gel and Si/Ca and Al/Ca ratios increased, at
high temperatures. Furthermore, higher temperature increased the
elastic modulus of silica gel due to the formation of highly-polymerized
silica gel. The CO5 curing was kinetically regulated by a product layer
diffusion while the reaction kinetic in particular at early ages might be
also controlled chemically to some extent.

In future studies, the effect of different CO, concentrations/pressures
along with temperature as well as different supplementary cementitious
materials (SCMs) should be further evaluated to provide general insight
on the behavior of cement-based materials cured particularly with lower
CO, concentration.
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