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ARTICLE INFO ABSTRACT

Keywords: In the present work, the synergetic effect of fly ash (FA) and ground granulated blast furnace slag (GGBS) on the

CO, curing early compressive strength and microstructure development of CO»-cured mortars was investigated. A rim of

Micro§tructure several micrometers was found around carbonated cement particles, which contained not only silica-rich gel but

Porosity . also crystal calcium carbonate. The calcium carbonate formed around the cement particles were surrounded by

Compressive strength K .

Mortar an amorphous layer of around 3 nm, while no layers were observed around the calcite formed on FA or GGBS
particles. The calcite formed on FA particles were hexagonal plate shaped, while the one on GGBS particles were
rhombohedral shaped. The use of FA resulted in the increase of crystal size and crystallinity of calcite, while
GGBS decreased the crystal size of calcite. The incorporation of FA and GGBS increased the calcite content and
polymerization of silica-rich gel. However, this didn’t result in a higher compressive strength. This was due to the
looser microstructure and nanopores within the carbonation products compared to the pure ordinary Portland
cement sample. The compressive strength of the ternary binder system showed linear relationship with capillary
pores and the crystal size of calcite. Moreover, the effect of GGBS on the compressive strength reduction was
more obvious than that of FA.

1. Introduction Ca(OH), + €O, - CaCOy + Hy0 ©)

Over the last few decades, research efforts have been made on the xCaO e ySiO, @ nH>0 + xCO, — xCaCO5 + ySiO,  nH,0 4)
carbon capture and storage techniques. Among these techniques, CO5

curing of concrete is considered to be an effective way for CO; utiliza- Besides, other clinker minerals such as C3A and C4AF can also react

tion. During this accelerated curing process, the anhydrous cement with CO; at limited reaction degree [2,3]. With the thermodynamically

clinker minerals and parts of hydrate products including calcium hy- stable CaCOz and fast early strength development of COz-cured

cement-based materials, CO, curing offers a prospective way for CO4
sequestration and utilization in the concrete industry. Besides, different
3Ca0 e SiO, +3CO; + nH,0 — SiO,  nH,0 + 3CaCOs M from traditional steam curing, CO curing is beneficial to the durability
of concrete [4] and the reduction of energy consumption [5].
Supplementary cementitious materials (SCMs), are used to partially

droxide and C-S-H can be carbonated as follows [1]:

2Ca0 o Si0, +2C0O, +nH,0 — SiO, e nH,0 + 2CaCO; 2)
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Table 1
Chemical compositions (%) of cementitious components.
CaO SiOy Al,O3 Fe,03 MgO f-CaO K>O SO3 NayO
PC 62.13 18.93 4.19 3.39 1.82 0.50 0.66 3.16 0.24
FA 5.67 46.43 32.31 7.95 0.73 / 1.63 1.02 0.877
GGBS 40.11 29.18 17.56 0.56 8.94 / 0.56 2.50 0.294

R: Rutile( internal standard) A: Alite B:Belite Br:Brownmillerite
T:Tricalcium Aluminate M: Mullite Q:Quartz — GGBS
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Fig. 1. XRD patterns of the cementitious components.
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Fig. 2. Particle size distributions of the cementitious components.

replace cement to decrease the content of cement and lower the COy
emissions [6] such as fly ash (FA) and granulated grounded blast furnace
slag (GGBS). On the other hand, the incorporation of SCMs can improve
the long-term durability of concrete such as chloride migration resis-
tance [7] and acid resistance [8]. Generally, the addition of SCMs always
results in the decrease of cement clinker and the formed calcium hy-
droxide. Thus, the effects of early CO5 curing on cement-based materials
may be varied when it is blended with SCMs.

The research on blended cement has mainly focused on the carbon-
ation of hardened cement and concrete. During the carbonation process,
hydration products are carbonated such as calcium hydroxide and
C-S-H gel. However, this reaction is not likely to happen during CO5
curing. As mentioned above, it is mainly anhydrous cement clinkers that

undergo carbonation during CO; curing process [9] such as C3S and CS.
Zhang et al. [10,11] compared the carbonation curing process and
carbonation degree of concrete with and without FA. They found that FA
could facilitate the CO5 uptake even though it decreased the ultimate
compressive strength of CO2-cured concrete. Qin et al. [12] investigated
the compressive strength and CO; uptake of CO2-cured mortars incor-
porating FA, GGBS, and limestone. It was found that the addition of 20%
SCMs decreased the compressive strength but increased the CO4 uptake.
Wang et al. [13] used CO2 curing to treat the surface of wet-mixed
cement specimens incorporating SCMs to decrease the penetrability.
However, more extensive and systematic investigations are still needed
to fully understand the role and influencing mechanisms of SCMs on the
CO4, curing of cement-based materials.

Generally, studies on the CO, curing of blended cement focused on
the performance of cement concrete incorporating a single type of SCM.
However, there is an increased interest in replacing cement by more
than one type of SCM in order to further decrease the content of cement
in concrete. Therefore, investigating the synergetic effect of hybrid
SCMs on the CO5 cured concrete is of great interest for application of
industrial waste and CO; curing. Besides, the lack of knowledge about
the evaluation of the microstructure evolution makes it difficult to
investigate the effects of CO»-curing on the microstructure, morphology,
and mechanical properties of the formed products in the blended con-
crete. Therefore, the objectives of this research include: 1) assessing the
synergetic influences of GGBS and FA on the carbonation degree,
compressive strength and pore size distribution of dry-mixed cement-
GGBS-FA ternary mortars subjected to CO2 curing; 2) investigating the
morphology and crystallinity of the carbonation products; 3) under-
standing the underlying mechanisms by which GGBS and FA impact the
COy curing process and the microstructure of CO,-cured mortars.

2. Materials and testing methods
2.1. Materials

Portland cement (PC, PI 42.5), according to the specifications of the
Chinese standard GB 8076-2008 [14], class F FA and GGBS were used in
this study. The chemical compositions of cementitious components ob-
tained by PANalytical Axios X-ray fluorescence are listed in Table 1.
20% of rutile was used as internal standard to quantify the mineral
compositions of raw materials based on XRD patterns as shown in Fig. 1.
It can be seen that the phase composition of the anhydrous PC is mainly
alite (61.6%), belite (14.5%), brownmillerite (10.0%) and tricalcium
aluminate (4.0%). Almost no amorphous phases were observed in PC.
The FA is composed of mullite (31.3%), quartz (4.4%) and amorphous
phase (63.6%), while GGBS consists mainly of amorphous phases
(98.3%). The particle size distribution of cementitious components,
obtained by Microtrac S3500 laser particle size analyzer, are shown in
Fig. 2. River sand, with a fineness modulus of 2.9 and a maximum size of
2.5 mm, was used as fine aggregate.

2.2. Mixture proportions

The binder compositions of cement mortars were designed based on
the simplex-centroid mixture design [15]. Thus, the experimental results
could be analyzed by the following linear model (Eq. (5)). According to
the literature, this design method is a good prediction tool to evaluate
and optimize the mixture proportion of cement-based materials. Several
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Fig. 3. Composition design of ternary mortar system (mass ratio).

Table 2

Weight proportions of cementitious components in ternary system.
No. PC FA GGBS
C1 1 0 0
Cc2 0.75 0.25 0
Cc3 0.75 0 0.25
C4 0.667 0.167 0.167
C5 0.5 0.5 0
Cc6 0.5 0 0.5
c7 0.5 0.25 0.25

studies reported that the difference between the experimental values
and the model’s predicted values are small and unbiased [R? > 0.9)
[16-18]:

Y=5X1 + BXo + B3 Xs + f1oXiXo + B13Xi X5 + B3 Xo X3 + 13 X1 Xa X5 (5)

where Y = response; i = parameter to be estimated. Xj, X5, X3 = mass
proportions of PC, FA, and GGBS, respectively. Zf’zlxi =1.

The ranges of mass proportion were: 0.5 < X; <1, 0 <X, < 0.5, and
0 < X3 < 0.5. The binder compositions of samples are schematized in
Fig. 3 and listed in Table 2.

2.3. Specimen preparation

The fabrication of the mortar specimens simulated the production
process of brick and block in the factory. As such, the dry powder with
water to binder ratio of 0.25 and PC to fine aggregate ratio of 1:2 was
compacted into cylinders with a diameter of 25 mm and a height of 35
mm using a pressure of approximately 10 MPa. In certain cases, the use
of paste powder is deemed more precise for microstructural examina-
tion. Hence, in this study, paste samples were produced to facilitate the
microstructural and phase analysis. Similar to mortar, the paste, with a
water to binder ratio of 0.18, was compacted into cylinders with a
diameter of 25 mm and a height of 12 mm. The paste and mortar samples
were demoulded immediately after casting. In order to have an equal
water to binder ratio of 0.18 as that of the paste, the mortar samples
were pre-conditioned firstly while the pastes were subjected directly to
COg curing. The residual water to binder ratio of 0.18 was selected in
this study to ensure a higher carbonation degree as recommended by He
etal. [19].
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2.4. Curing regimes

2.4.1. Pre-conditioning

The mortar samples were placed in an airy environment for pre-
conditioning for around 3 h until the residual water to binder ratio
(W/B). calculated by Eq. (6) reached around 0.18.

(=252

(W/B), =

(6)
Where Wy and W are the mass of the specimens before and after pre-
conditioning; W is the mass of water in the mortar specimens before
pre-conditioning, and B is the mass of binder in the mortar specimens.

2.4.2. COgz curing

Paste and mortar specimens were placed in a CO5 curing chamber for
3 h. The gas pressure of pure CO5 was kept at 0.2 MPa. The CO; curing
setup and detailed information can be found in our previous study [19].

2.5. Test methods

2.5.1. Compressive strength

A pressure measurement instrument (TYA-300B) was used to mea-
sure the compressive strength of mortars right after CO, curing at a
loading rate of 0.6 kN/s. The average value of three specimens were
calculated and presented.

2.5.2. X-ray diffraction (XRD) examination

The paste specimens were firstly crushed and then immersed in ethyl
alcohol for 24h to stop hydration. Following this, they were dried in a
vacuum drying oven for 48h, grinded with a mortar, and sieved through
a 75 pm mesh. The XRD examination was conducted on Rigaku R-axis
Spider working with Cu Ka radiation within the 26 range of 5-65° using
step size of 0.02° and a rate of 1.2°/min. Rietveld-XRD method were
performed using HighScore program to calculate the individual crys-
talline and amorphous phases. 20% of rutile was used as the internal
standard. The amorphous content was calculated based on the following
equation:
%A, — (1 7%) (1= W)™ % 10? @)

s

Where W; is the weighted concentration of rutile; R, is Rietveld analyzed
concentration of rutile.

2.5.3. Thermalgravimetric (TG) analysis

TG measurements were performed on powdered paste samples using
a 409 PC simultaneous thermal analyzer at a heating rate of 10 °C/min
from 20 °C to 1000 °C under a nitrogen atmosphere. The powdered
samples were prepared as explained above (section 2.5.2). Egs. (8) and
(9) were used to calculate the CO, uptake and carbonation degree,
respectively:

A
CO, (wi%) =~1€% 5 100 ®)

myoo0°c

Where mjgoo-c is the residual mass of the sample after 1000 °C for TG
analysis, Amco, is the mass loss of the sample between 550 °C and
1000 °C; CO,(wt%) is the percentage of CO, uptake by the sample.

. (:VV) % 100% ©

max

Where W, is the COy uptake of specimens, Wy« is the theoretical

maximum CO3 uptake of PC, which was calculated using Eq. (10) [20]:

Wnar =0.785([Ca0] — 0.7[S05]) + 1.091[MgO)] + 1.420[Na, 0] + 0.935[K, O]
(10)
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Fig. 4. TG-DTG curves of pastes.

Where [CaO], [SOs], [MgO], [NapO] and [K20] are the mass fractions of
these oxides in PC.

2.5.4. FTIR

Cement pastes were crushed, immersed in ethyl alcohol for 24h to
stop hydration, and then dried in a vacuum drying oven at 40 °C for 48h.
FTIR spectra were obtained with a Thermo-Scientific IS10 FTIR instru-
ment. The pellets were prepared by a constant sample to KBr ratio of
1:100. The FTIR spectra recorded in the range 4000 to 400 cm™! were
obtained at 2 cm ! resolution.

2.5.5. Proton nuclear magnetic resonance examination

MAG-MED proton nuclear magnetic resonance spectroscopy (*H
NMR) PM-1030 (Jiangsu Magma Medical Technology Co., Ltd, China)
operated at 10 MHz was employed to investigate the pore size distri-
bution of the paste specimens. The 90° pulse length was 100 ns and the
intrinsic spectrometer dead time was less than 15 ms. Carr-Purcell-
Meiboom-Gill (CPMG) measurements were applied with a 30 mm
probe to measure the T2 relaxation time. The relaxometry data was
analyzed by applying an inverse Laplace transform algorithm. The
number of scans was 64, and the recycle delay was 7s with a sampling
interval of 0.08 ms. The CO5-cured paste samples were firstly immersed
into distilled water for 10h at a vacuum pressure of 0.1 MPa. Then, the
samples were taken out from water, wiped off the water on the surface
and placed into the magnet coil with a diameter of 30 mm for NMR test.
The pore size (r) distribution was calculated based on the equation Eq.
(11) [21,22]:

11 s
L /}2(7> —Fgx P2 11
pore

T, Toy 2\V T

Where T, is the transversal relaxation time of water; Togyf is the
transversal relaxation time due to the surface relaxation; (S/V)pore is the

Table 3
Analysis results of specimens.
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specific surface area of pore; Fs is geometrical factor, Fs = 2.0 for cyl-
inder pore; py is the surface relaxivity, which was assumed to be 50 pm/s
[22].

2.5.6. Scanning electron microscope (SEM) examination

Fractured mortar samples with a particle size of less than 5 mm
collected after compressive strength test were stored in ethyl alcohol for
24 h to stop hydration. Then, they were placed in a vacuum drying oven
for 48h. After drying, the samples were examined using Phenom LE
SEM. This system was configured to take backscatter electron images
(BSE) and to carry out EDS (energy-dispersive X-ray spectroscopy)
element analysis. For BSE examination, dried samples were stabilized by
vacuum impregnation with a low viscosity epoxy resin, polished with 5,
2.5, and 1 pm diamond paste, and then carbon coated. The microscope
was operated at 10 kV accelerating voltage.

2.5.7. Transmission electron microscopy (TEM)

TEM data was collected on powdered paste samples, prepared as
detailed in section 2.5.2 using Thermofisher talos f200i equipped with
Bruker 6T/100RT EDS system. Before testing, the finely ground powder
was dispersed in acetone solution. A droplet was extracted from the
dilute suspension and deposited on a grid with carbon film.

3. Results
3.1. Carbonation degree

The results of TG-DTG analysis for cement pastes with early CO,
curing are presented in Fig. 4. Two main peaks were observed in the
differential thermalgravimetric (DTG) curves. The first peak at approx-
imately 100 °C is attributed to the dehydration of silica-rich gel, and the
second peak at approximately 750 °C is attributed to the decomposition
of calcium carbonate. The decomposition peak of C2, C4, C5 was higher
than that of C1, C3 and C7, which indicated that the incorporation of FA
improved the crystallinity of calcium carbonate [23]. The intensity of
the small peak around 900 °C in C2, C4 and C5 was also higher than that
in C1, C3 and C7. Therefore, it is suggested that this small peak was also
due to the decomposition of calcium carbonate.

Table 3 summarizes the calcium carbonate content of different
samples based on the TG result. The calcium carbonate content
increased due to the incorporation of FA or GGBS. The CO; uptake and
carbonation degree of different samples normalized by the weight of PC
was calculated and presented in Table 3. It can be seen that the incor-
poration of FA and GGBS increased the CO; uptake and the carbonation
degree. The CO5 uptake and carbonation degree of reference cement
paste (C1) were 9.53% and 19.06%. However, these values increased to
11.25% and 45%, respectively, when 25% FA and 25% GGBS (C7) were
used.

3.2. Compressive strength

The compressive strength of mortars after 3h of CO; curing was also
shown in Table 3. The compressive strength of cement mortar without

No.  Mass loss (%) CO, Carbonation Compressive Crystal size porosity (%) Percentage of pores (%)
95 °C200°C 600 “G-1000 °C uptake (%)  degree (%) strength (MPa) (nm) of calcite of pastes Gel pores Gapillary pores
(<200 nm) (>200 nm)

C1 4.11 9.14 9.53 19.06 30.4 29.4 16.4 6.5 9.9

c2 2.48 12.35 12.66 33.77 20.3 30.9 15.4 2.8 12.6

C3 2.64 10.73 11.02 29.39 12.6 30.7 29.0 8.2 20.8

Cc4 2.33 12.11 12.40 37.18 15.9 30.7 22.6 6.0 16.6

C5 1.48 9.67 9.82 39.26 10.1 35.3 15.0 4.0 11.0

C6 1.38 11.20 10.34 41.37 10.1 28.8 33.4 10.0 23.4

Cc7 1.87 11.04 11.25 45.00 10.5 33.2 20.3 8.3 12.0
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Fig. 5. The XRD patterns collected on the PC-FA-GGBS pastes.
Table 4
Mineralogical compositions (%) of pastes.
No. Alite Belite CsA Brownmillerite Calcite Quartz Mullite Am
PC 61.6 14.5 4.0 10.0 0 0.2 0 0
FA 0 0 0 0 0 4.4 31.3 63.6
GGBS 0 0 0 0 0.8 0.6 0 98.3
C1 23.0 3.9 2.0 4.7 10.9 0 0 51.1
Cc2 11.3 1.6 0.8 3.8 18.8 0.4 6 56.7
C3 10.2 1.2 0.6 3.6 16.5 0 0 67
C4 8.3 1 0.7 3.1 19.4 0.5 3.7 62.2
C5 7.8 0.7 0.6 2.3 12.8 1.7 15.6 57.3
C6 4.6 0.4 0.3 2.3 18.5 0 0 73
Cc7 6.4 1.1 0.5 2.3 17.4 1.3 7.6 63.1

any SCMs was 30.4 MPa. However, the incorporation of FA and GGBS
decreased substantially the strength. Specifically, adding 25% of FA or
GGBS resulted in a strength of 20.3 MPa and 12.6 MPa, respectively. The
strength further decreased to 10.1 MPa when 50% of FA or GGBS was
used.

3.3. XRD

Fig. 5 shows the XRD patterns of different related cement pastes. The
main crystalline carbonation product in control paste (C1) was calcite. A
certain amount of alite was also detected, indicating that some cement
particles remained uncarbonated. When adding FA or GGBS (samples
C5, C6, C7), the main calcium carbonate was still calcite.

The main mineralogical compositions in raw materials and pastes
subjected to CO2 curing are summarized in Table 4. Note that the
goodness of fit of Rietveld refinement was lower than 2. The PC particles
contained mainly alite and belite. After CO5 curing, the contents of these
two components in C1 decreased significantly due to the reaction shown
in Egs. (1) and (2). Calcite was the main carbonation product in C1 and

its content was about 10.9%. A certain amount of amorphous phase,
about 51.1%, was detected in C1, which was due to the formation of
silica gel and C-S-H gel with a low Ca/Si ratio [24,25]. With the
incorporation of FA and GGBS, the calcite and amorphous phase content
increased. It is worth mentioning that the amorphous phase comprised
that which was present in the raw FA and GGBS.

The mean crystal size of calcite was calculated according to the
Scherrer formulation [26]:

0.891

b :ﬁ e cos O 12

Where D is the crystal size, 4 is the wavelength of Cu Ka (0.15148 nm),
is the full width at half maximum (FWHM), and @ is the diffraction angle.

Table 3 shows the crystal size of calcite in different mixtures. For
most mixtures, the incorporation of FA increased the crystal size of
calcite whereas an increase of GGBS content (above 25%) decreased the
crystal size of calcite. This will be discussed in detail in the following
sections.
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Fig. 6. FTIR spectra of Al, A5 and A6 after CO, curing.
3.4. FTIR

Fig. 6 shows the FTIR spectra of cement paste with different mix-
tures. These spectra contain mainly three wide and intense bands. The
peaks at around 3400 em™!, 1440 cm™! and 877 cm™! are due to the
symmetric stretching vibration of hydroxyl group from water molecule
[26], antisymmetric stretching and in-plan bending vibration of CO32~
ions [27] respectively. Wavenumber range of 800-1200 cm ™' is char-
acteristic of Si-O-Si(Al) in silica-rich phase. The Si-O stretching of the
vibrations of Q0, Q1 and Q2, Q3 and Q4 are represented by the peaks at
around 850 cm ™}, 970-1040 cm™! and 1073-1150 cm ™}, respectively.
C-S-H gel mainly contains Q1 and Q2 tetrahedra, while silica gel mainly
contains Q3 and Q4 tetrahedra [28]. The peak at higher wave number
corresponds to higher degree of polymerization of Si [29]. The combi-
nation of similar absorptions of Si—-O-Si(Al) results in overlap and broad
peak from 750 cm™' to 1250 cm™'. Therefore, deconvolution is

Cement and Concrete Composites 142 (2023) 105186

performed with the Peakfit software as shown in Fig. 7 to assign and
quantify the phases contributing and the results are summarized in
Table 5. The fit was performed with Gaussian functions and the
regression coefficient (R was higher than 0.99. The area ratio of
(Q3+Q4)/(Q1+Q2) was calculated to evaluate the polymerization de-
gree of silica-rich phase. Portland cement contained mainly two peaks at
940 cm ! and 1150 cm™'. Carbonated cement (Fig. 7(d)) contained a
certain amount of Q1, Q2, Q3 and Q4, but the main peak shift to higher
wavenumber and the polymerization degree was increased from 0.47 to
1.34. This indicated the existence of C-S-H gel and silica gel with higher
polymerization compared to cement. The peak in raw FA showed higher
wavenumber compared to Portland cement. After carbonation, the Q1
and Q2 contents in A5 was much lower than that in A1 and the main
peak was Q3. The polymerization degree of A5 was 15.23, which was
much higher than Al. This increase was partly due to the higher poly-
merization degree of the raw FA when compared to Portland cement.
However, the primary reason for this increase was the ability of FA to
enhance the carbonation and promote the formation of silica gel. GGBS
mainly contained one peak at 965 cm™!, which corresponded to the
vibration of Q2. For the cement paste incorporating GGBS (A6), the main
peaks were located at 1039 em, and the polymerization of silica was
7.75, which was much higher than that of Al. This indicates that the
addition of GGBS improved the carbonation and the polymerization of
silica phase.

Table 5
Deconvolution of FTIR spectra between 750 and 1250 cm*.
No. Q0 Q1 Q2 Q3 Q4 (Q3+Q4)/(Q1+Q2)
Cement  11.49 4558  14.28  3.27 2491  0.47
Al 4.22 22.59 16.11 30.35 21.8 1.34
FA 32.78 35.55 31.67 2.05
A5 7.63 5.31 66.87 13.99 1523
GGBS 3.92 2.49 73.28 20.29 0.27
A6 16.22 9.06 58.55 11.67 7.75
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Fig. 7. Deconvoluted FTIR spectra of raw materials and CO2-cured paste.
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3.5. NMR

Fig. 8 shows the pore size distributions in ternary binder pastes
subjected to CO; curing (Other mixtures were not presented as they have
similar curve shape as C1). For all mixtures, there are two types of pores.
The pores with the size bigger than 200 nm correspond to capillary pores
and the gel pores in silica-rich gel relate to the pores smaller than 200
nm. The porosity results of pastes as summarized in Table 3 show that
the incorporation of FA decreased the porosity. For instance, the
porosity of C1 was 16.4%. While it decreased to 15.4% and 15.0% when
incorporating 25% and 50% of FA, respectively. However, the addition
of GGBS increased the porosity. As can be seen, the porosity of pastes
incorporating 25% and 50% of GGBS were 29.0% and 33.4%,
respectively.

3.6. SEM-BSE

Fig. 9 shows the SEM images of C1, C5 and C6 after CO2 curing.
Fig. 9 (a) and (b) show that the PC was fully covered by inflorescence-
like calcium carbonate particles with the particle size of 2 pm. When
adding FA (Fig. 9 (c) and (d)), hexagonal calcium carbonate was formed
both on the surface of FA and in the matrix of paste. The grain size of the
crystalline calcium carbonate was about 1 pm. Some rod-like phase in C5
might be gypsum, as demonstrated by EDX results. Fig. 9 (e) and (f)
show the SEM pictures of C6, which incorporated 50% of GGBS.
Compared to the cement particles, GGBS was not fully covered by
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calcium carbonate. The particle size (0.5 pm) of calcium carbonate was
much smaller than that in pure paste.

Fig. 10 shows the BSE images of CO,-cured pastes. In C1 sample, a
rim can be observed around PC particles which had a Ca/Si molar ratio
of 1.2 according to the EDX results. The Ca/Si molar ratio of these rims
was much lower than that in the matrix, which was about 6.7. Fig. 10 (c)
and (d) exhibit the surface of FA and GGBS, which do not appear to be
connected with the surrounding matrix. No rim was observed around FA
or GGBS particles, suggesting that they did not react during the CO2
curing process, which will be further discussed in section 4. This weak
interfacial transition zone (ITZ) between the matrix and unreacted FA
and GGBS particles may lead to coarser and weaker bonds that could
ultimately result in reduced compressive strength.

3.7. TEM

TEM images revealed a granule-shaped calcite (see Fig. 11 (a)) and a
thin lath-shaped vaterite morphology (see Fig. 11 (c)) for the carbon-
ation products in C1 sample. This was determined based on the d-space
calculation from the high-resolution transmission microscopy (HRTM)
lattice images as shown in Fig. 11 (b) and (d). Vaterite was not observed
according to the XRD spectrum, which might be due to its low concen-
tration. Both calcite and vaterite were surrounded by a thin (around 3
nm) amorphous layer. Other studies also noticed the formation of a
single and thin (few tens of nanometers) layer rich of silicon [31].
However, it was not possible to perform EDS on this layer due to its
thinness. As a result, it is hypothesized that this layer is silica-rich gel. In
previous study conducted by Park et al. [27], it was reported that the rim
(about several micrometer) surrounding calcium silicate consisted of
Ca-modified silica gel. However, the amorphous layer in our study was
considerably thinner compared to the rim depicted in the SEM images of
[27]. This suggests that the rim not only contained silica-rich gel, but
also crystal calcium carbonate. Fig. 11 (e) and (g) revealed the TEM
image of calcite in C5 near FA particles and C6 near GGBS particles. In
contrast to the products observed in C1, both samples displayed a
sheet-like morphology and were not surrounded by an amorphous layer.
This suggests that calcite deposited on the surface of FA and GGBS rather
than being formed through the carbonation of FA or GGBS. Besides, C5
revealed a porous structure (Fig. 11 (f)) compared to the products in C1
(Fig. 11 (b) and (d)). The formation of nanopores might be one of the
reasons that the blended pastes showed a lower compressive strength
compared to the reference one. The plane spacing value of calcite in C1
at (2 1 0) lattice plane (main peak) was 0.3028 nm, while this value in
C5 and C6 was 0.3036 nm and 0.3034 nm, respectively. The plane
spacing of calcite in the latter two samples were very close to that of the
standard calcite, i. e. 0.3035 nm [28]. This suggests that the calcite
formed in C5 and C6 were well-crystallized. The addition of FA and
GGBS were in favor of the improvement of crystallinity of calcite.

4. Discussions

Based on the results in Table 3, the ternary contour figures were
plotted in Fig. 12. The relationship between the responses and mixture
proportions was solved and presented in Table 6, which can be used to
predict the properties of this ternary binder cement.

As discussed previously, FA and GGBS were relatively unreacted
during the CO2-curing process as demonstrated by BSE images. FA was
not carbonated due to its low calcium content. Monkman and Shao. [29]
reported a similar observation regarding the relatively unreactive nature
of GGBS toward carbonation. This was based on their finding that the
CO, uptake of pure GGBS was only 5%. One possible reason for the
limited carbonation of GGBS could be attributed to its lower reactivity
and calcium content (Table 1) as compared to PC [29]. Consequently,
carbonation of clinker particles was prioritized over GGBS during this
3h-curing period. Besides, calcite particles precipitated on the surface of
GGBS, which was known to inhibit further carbonation by passivating
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(d) CaCOs on FA
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(e) SEM picture of C5

() CaCOs3 on GGBS

Fig. 9. SEM images and EDX results of C1, C5 and C6.

(a) BSE picture of C1

(b) Mapping of (a)

&

(c) BSE picture of C5 (d) BSE picture of C6

Fig. 10. BSE images and EDX results of C1, C5 and C6.

the surface [30]. This passivation effect may further contribute to the
observed unreacted particles. Even though they were not carbonated,
they increased the carbonation degree of cement as can be seen from
Fig. 12 (a). Besides, the carbonation degree increased with the increase
of FA content when the PC content was constant, which means that FA
showed more obvious effect on the improvement of the carbonation
degree. This is in agreement with the literatures showing that the
incorporation of 50% of FA increased the CO5 uptake by about 10% [10]
and the addition of GGBS led to the increase of the carbonation effi-
ciency [31]. The reason for this increase might be due to the filler effect
as described below.

First, the water to cement ratio increased due to the addition of FA
and GGBS. Since the carbonation can only occur with the presence of
water, the increase of water content could consequently promote the
carbonation reaction of cement [32]. Second, the incorporation of FA
and GGBS provided extra space for the carbonation of cement. As
mentioned above, the carbonation products formed a dense layer around
cement particles and inhibited further carbonation. Due to the dilution
effect of FA and GGBS, there was more extra space for the formation of

carbonation products [33]. Therefore, the carbonation was accelerated.
Third, the SEM images showed the participation of calcite on FA and
GGBS indicating FA and GGBS providing more nucleation sites for the
growth of calcite crystals [23]. This seed effect of FA/GGBS during the
nucleation of calcite could also facilitate the formation of crystals and
the improvement of the calcite crystallinity. Moreover, the distance
between the surface of particles was decreased due to the addition of
fine particles in cement, such as GGBS. This resulted in a shorter path for
the diffusion of chemical species and promoted the dissolution of cement
[34].

The morphology of calcite formed in pure cement and GGBS-blended
cement was rhombohedral shaped. By contrast, the calcite precipitated
on FA particles was hexagonal plate shaped. This is related to the dif-
ference of nucleation process of calcite in different systems. For pure
cement paste, calcite was formed in pore solution, i.e., homogeneous
nucleation. Therefore, the crystalline surface grows by the spreading of
single layers, or equivalently, by the lateral advance of the growth steps
bounding the layers as shown in Fig. 13(a). When adding FA particles,
calcite precipitated on these spherical particles. To grow on this
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Fig. 11. TEM images of C1, C5 and C6.
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Fig. 12. Contour analysis of the ternary binder pastes.

spherical substrate, the (1,0,0) plane of calcite crystal rotated and

formed hexagonal plate shape [35] due to its lower nucleation barrier as
shown in Fig. 13(c). This can be explained as following.

It is commonly understood that the nucleation barrier or the change
of Gibbs free energy (AGs) can be calculated as:

AGs =y xAx+7xsAxst+7isALs (20)

Where y;x, 7xs, and y;¢ are the interfacial energy of liquid-nucleus, nu-
cleus-solid, and liquid-solid interface. Arx, Axs, and A;s are the inter-
facial area of these three interfaces.
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Table 6
The relationship between responses and mixture proportions.
Responses Equations
Carbonation degree Y =19.1X; +22.6X, + 70.3X3 + 73.8X1 X» — 13.2X7 X3 + 56.6X>X3 + 36.8X1 X>X3 (13)
Calcite content Y =10.9X; — 14.5X, + 78.7X3 + 109.6X; X5 — 31.2X; X3 — 100.7X>X3+ a4
313.3X1X2X3
Crystal size of calcite Y = 294X, + 528X, + 154X3 — 232X X5 + 256X, X3 + 1322X,X3— 1s)
2277X1X2X3
Porosity Y =16.4X; +16.1X5 +17.9X3 — 4.9X; X5 + 65.1X1 X3 — 171.9X,X3+ (16)
220.3X1X2X3
Gel pore percentage Y =6.5X; +21.1X5 +13.9X3 — 39.2X;X> — 0.8X1X3 + 53.2X>X3 — 64.7X1X>X3 (17)
Capillary pore percentage Y =9.9X; — 5.0X3 + 4.0X5 + 34.3X1 X2 + 65.9X1 X5 — 232.7X2X3 + 296.6X1 X2 X3 (18)
Compressive strength Y =30.4X; — 10.6X;, + 51X5 + 0.8X1Xs — 122.4X; X3 — 234X, X3 + 480.8X1 X2 X3 (19)

(@) (b)

[ LSS )

/77777
/c/ 177777

Cement or GGBS n

17
c

Fig. 13. Schematic illustration for the formation of calcite on different raw materials and crystal cell of calcite.

Assuming 18 calcite crystals grow by the spreading of single layers
on FA particles as shown in Fig. 13(b) and the interface between calcite
and FA particle is 0, then:

AGs =7,y % (4><\/?_>>< 18x 2417 x4 x 18) =y X (144\/§+1224)
21

when a =4, b =4 and c = 17 as shown in Fig. 13(d) based on its crystal
structure.

When these 18 crystals rotate and form a hexagonal plate shape and
the gap between calcite and FA particle is filled as shown in Fig. 13(c),
the

AGS’=yLX><<4><\/§><18><2+17><4><16)+(17><4><4)><(yXS—yLS)

=y X (144\/5 + 1088) 272 — 75)
(22)

Normally, y, is higher than yy,. Therefore, AGs’ is less than AGs and
calcite tend to form as a hexagonal shape on FA particles.

The rotation of crystal planes in FA-blended sample can also be found
on the high-resolution image of TEM test as shown in Fig. 14. The sur-
face of GGBS was flat, thus there was no rotation of calcite plane. This
Fig. 14. The TEM image of C5 showing the angel between crystal planes. the reason that the calcite on GGBS particles were still rhombohedral
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(a) SEM picture of C1

(b) CaCOs on PC

(d) CaCOs on FA
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(f) CaCOs on GGBS

Fig. 15. Main mineralogical compositions (%) of PC and pastes normalized with respect to the PC content.
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Fig. 16. EDS points analysis for C1, C5 and C6.

shaped as shown in Fig. 13(a).

To better understand the effect of FA and GGBS on the carbonation of
cement particles, the alite, belite, and calcite content in blended pastes
was normalized by PC and the result is summarized in Fig. 15. The
amorphous content was calculated by subtracting the amorphous con-
tent of FA and GGBS assuming that FA and GGBS didn’t react with CO».
It shows that the contents of alite and belite decreased, while the calcite
content significantly increased with the incorporation of FA and GGBS.
This indicates that the incorporation of FA or GGBS promoted the for-
mation of calcite and reduced the unreacted PC content due to the filler
effect mentioned above. Based on the results in Fig. 15, the ternary
contour of calcite content can be plotted. Fig. 12(b) shows that the
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incorporation of FA and GGBS had similar effect on increasing the
calcite content.

As shown in Fig. 12(c), the incorporation of FA increased the crystal
size of calcite. This may relate to the heterogeneous nucleation of
calcite. It was assumed that the surface of cement is flat. The barrier
energy to nucleation was higher for spherical substrate (the surface of fly
ash) than a flat substrate (the surface of cement) [36]. Therefore, the
nucleation rate on the surface of cement was higher and thus the crystal
size of calcite was smaller than that on FA. On the other hand, GGBS
decreased the crystal size of calcite. This may relate to the high Mg
content in GGBS, as indicated in Table 1. Previous studies have
demonstrated that Mg?" ions inhibited the formation of calcite, result-
ing in a decrease of its crystal size [37]. Based on Table 1, the MgO
content in GGBS was approximately 9%, which could be the cause for
the reduction in crystal size of calcite. Even though, GGBS still showed a
more obvious effect on the increase of calcite content. This might be
related to the higher nucleation rate [38] as mentioned above and the
lower particle size of GGBS that proving higher specific surface area
compared to that of FA.

Based on the calculation of plane spacing value, the calcite formed in
COq-cured samples has crystal defect. On the contrary, the calcite
formed in FA/GGBS-blended samples has higher crystallinity. The TG
spectra also showed that the calcium carbonated in cement incorpo-
rating FA has higher decomposition temperature compared to the
reference cement. This indicates that the addition of FA or GGBS were in
favor of the improvement of crystallinity of carbonation products. This
may be related to the seed effect of FA/GGBS during the nucleation of
calcite that facilitated the formation of crystals [39].

According to Fig. 16, the Al/Si ratio of silica-rich gel remained at
around 0.09 regardless of whether pure cement or FA/GGBS blended
cement was used. This indicates that the silica-rich gel had a low amount
of Al even when Al-rich admixture like FA and GGBS were used. This
finding supports the previous discussion that FA and GGBS were rela-
tively unreacted in the mixture. Calcium carbonate was located in the
left corner of Fig. 16, but it cannot be separated completely from silica-
rich gel. This is because calcium carbonate and silica-rich gel were
interlocked tightly when they were produced. The silica-rich phase was
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Fig. 18. The capillary pore and gel pore percentage in cement paste.

Table 7
MLR analysis results of compressive strength.
Coefficient Standard Error t-Value Prob> [t|

Intercept 155.0 26.31 5.91 0.027
Crystal size -3.35 0.61 —5.49 0.032
CO,, uptake -1.05 1.13 —0.93 0.451
Capillary pores -1.14 0.34 —3.35 0.079
Gel pores —0.86 0.71 -1.20 0.352

mainly located near to the cement particles while the calcium-rich phase
was mainly located in the matrix as shown in Fig. 17. From Fig. 16, it can
also be seen that the silica-rich phase in the sample incorporating GGBS
and FA showed higher Si/Ca ratio than that in pure cement. One possible
explanation for this observation is that the acceleration effect of GGBS
and FA on the carbonation facilitated the decalcification of cement
clinkers.

Despite the fact that GGBS and FA increased the content of calcite,
the compressive strength deceased with the increase of GGBS or FA
content as shown in Fig. 12(g). Shao et al. [29] also reported that the
strength of COz-cured GGBS or FA paste was much lower than that of
CO,-cured cement paste. The decreasing effect of GGBS might be due to
the porosity. As can be seen from Fig. 12 (d), the incorporation of GGBS
increased the porosity of paste. This was in line with the results shown in
Ref. [31] about carbonation of GGBS concrete. FA-blended paste showed
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Fig. 19. Regression prediction for compressive strength, crystal size of calcite
and capillary pore percentage.

lower porosity than pure cement paste, but it decreased the compressive
strength as well. This might be due to the difference of the calcite
morphology. The carbonation products in pure cement paste were
connected with each other and formed a dense structure. While the
calcite particles in FA-blended cement paste were dispersed around FA
particles, thus forming a loose structure as shown in SEM pictures.
Moreover, the higher crystal size and nanopores on calcite, as demon-
strated by TEM images, might be another reason for the decrease of
compressive strength of FA/GGBS-blended cement.

The capillary pore and gel pore percentages were calculated and
presented in Fig. 18. With the incorporation of GGBS (C3 and C6), the
capillary pore and gel pore percentages increased. On the contrary, these
values decreased with the incorporation of FA (C2 and C5). The contour
analysis in Fig. 12 (e) and (f) also proved the coarsening effect of GGBS
and the refining effect of FA. As a result, GGBS showed more negative
effect on the decreasing of compressive strength compared to FA as
shown in Fig. 12 (g).

Multiple linear regression (MLR) was adopted to better understand
the relationship between compressive strength and other parameters
such as porosity, crystal size and CO5 uptake. MLR is a linear statistical
technique to predict the best relationship between a dependent variable
and several independent variables. A general MLR model is shown in Eq.
(23):
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Fig. 20. A schematic diagram of the effect of FA and GGBS on the CO, curing process.
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Y= +pBXi... +B,X, (23)
Where Y indicates dependent variable, X; represents independent vari-
ables, p; represents predicted parameters.

In this study, crystal size of calcite, CO5 uptake, capillary pores and
gel pores were considered as independent variables. The MLR analysis
results are shown in Table 7. It can be seen that the P-values of CO5
uptake and gel pores are much higher than 0.05, indicating that these
two variables had no significant effect on the compressive strength.
When CO, uptake was removed from MLR, the P-value of gel pores
(0.45) was still high. Therefore, CO5 uptake and gel pores were not
considered for MLR analysis. Then, the P-values of crystal size and
capillary pores were changed to 0.00479 and 0.0045 respectively,
indicating their significant effect on the compressive strength. The
relationship between strength and these two variables is shown as
follows:

Y=137.83 —3.22X, — 141X, 24)
Where Y indicates the compressive strength of ternary binder system, X;
and X, represent the crystal size of calcite and capillary pores
respectively.

The regression analysis results were plotted in Fig. 19. The R? value
of 0.914 shows a good correlation between measured compressive
strength and estimated strength. The negative coefficients for the crystal
size of calcite and capillary pores suggest that an increase in their size
will result in a reduction in strength. Numerous studies have reported
the linear relationship between porosity and compressive strength of
hardened concrete [40]. But the R? value was quite low (0.23) when
porosity was included only for the linear regression. This is because the
morphology and crystal size of calcite changed with the addition of FA
and GGBS. The crystal size increased with the addition of FA, which also
contributed to the decrease of the compressive strength. This is consis-
tent with the results in Ref. [41], which showed the crystals with smaller
size are stronger.

Based on the results of this study, a schematic diagram illustrating
the impact of FA and GGBS on calcite precipitation, calcite content,
crystal size and porosity in the CO-cured samples was drawn (Fig. 20).
During the CO curing of pure cement paste, CO; reacted with cement
particle and formed calcium carbonate and silica-rich gel. The matrix
and rim encompassing the cement particles contained both calcium
carbonate and silica-rich gel. But the former was mainly in the matrix,
while the latter was mainly in the rim. Besides, calcium carbonate
crystals were surrounded by amorphous layer. In FA/GGBS-blended
cement, FA or GGBS remained unreacted and calcium carbonate
precipitated on FA and GGBS. As a result, the incorporation of FA and
GGBS increased the carbonation degree and the calcite content. The
calcite precipitated on FA particles were hexagonal plate, while that on
GGBS particles and cement particles were small rhombohedral crystals.
FA decreased the porosity, capillary pore and gel pore percentages of
carbonated cement, while GGBS had opposite effect.

5. Limitations

This manuscript studied the influential mechanism of FA and GGBS
on the properties of CO2-cured cement. However, there are a few limi-
tations in this study. During pre-conditioning process, hydration of PC
occurred, and a small amount of hydration products formed. However,
the competition between carbonation and hydration of cement and the
kinetics of reactions were not discussed in this study. It should also be
noted that the addition of GGBS and FA may not only affect the prop-
erties and microstructures of paste during CO curing process, but also
affect the further hydration of PC due to the pozzolanic reaction. This
effect will be presented in the subsequent study.

Besides, pure CO, at high pressure was used in this study, which may
not accurately reflect the conditions of real carbonation. The use of
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waste fuel gas with normal pressure could be a more cost-effective
approach in further studies. However, it’s worth noting that using
waste fuel gas may also introduce additional impurities and contami-
nants that could potentially impact the properties of cement-based
materials.

Overall, while the study provides valuable insights into the effects of
short-term (3h) CO2 curing on the cement matrix immediately after
casting, it is important to acknowledge these limitations and consider
further research that could address them. This would enable a more
comprehensive understanding of the complex processes involved in
carbonation and its impact on cement-based materials.

6. Conclusions

Based on the obtained results in this study, the following conclusions
can be drawn:

(1) FA and GGBS particles were not carbonated in the CO»-cured
cement samples. However, the incorporation of FA and GGBS
increased significantly the carbonation degree of cement particles
and calcite content due to the filler effect. FA showed more effect
on the increase of carbonation degree of cement.

(2) The morphology of calcite precipitated on FA and GGBS particles
were different. The calcite formed on cement particles was sur-
rounded by an amorphous silica-rich gel layer, while the one on
FA or GGBS particles has no amorphous layer. The calcite on FA
particles was hexagonal plate shaped, while the one on GGBS and
cement particles was rhombohedral shaped. The addition of FA
and increased the crystallinity of calcite due to the nucleation
effect. FA increased the crystal size (nano scale) of calcite, while
GGBS showed opposite effect. But the particle size (micro scale)
of calcite decreased with the incorporation of FA or GGBS.

(3) The incorporation of FA or GGBS decreased the compressive
strength of the CO-cured mortars due to the loose microstructure
and the nanopores on the carbonation products. The capillary
pore percentage and the crystal size of calcite had significant
negative effect on the compressive strength. GGBS showed more
obvious negative effect on the decrease of strength than FA due to
the higher porosity.
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