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A compounded system of fly ash (FA) and carbide slag (CS) was proposed for CO, mineralization using the aqueous
approach to prepare supplementary cementitious material. Influence of CS dosage on the morphology, particle size
distribution, and chemical phases of the carbonation products were characterized. It is found that the mineralization
products (calcite) cover on the surface of FA leading to a remarkable synergistic effect in which the CO, uptake is
improved by about 50%. Furthermore, FA with calcite attached effectively mitigates the set retardation in OPC/FA
blends by about 30% and improved the 3- and 28-day compressive strengths by 37.2% and 24.3% respectively due to
combined physical and chemical effects. The results indicate that a high-volume cement replacement can be achieved
using the carbonated FA produced by the proposed synergy CO, mineralization.

Keywords: CO, mineralization; fly ash; carbide slag; supplementary cementitious materials; early age performance

1. Introduction

As the most commonly used binder material in construc-
tion, annual worldwide production of ordinary Portland
cement (OPC) is above 4 billion Mt [1, 2]. It is well
known that cement industry is highly energy-intensive
and greenhouse gas-emitting because it consumes a great
deal of fuel and raw ingredients, e.g. limestone [3, 4].
Approximately, 1.35 billion tons of CO, are emitted annu-
ally from the OPC production industries alone, accounting
for nearly 8-9% of global greenhouse gases emissions [5,
6]. It is estimated that, by the year 2050, the worldwide
demand for OPC would increase to nearly 6 billion tones
[7]. Reduction of CO, emissions from OPC-related activ-
ities therefore generates considerable efforts [8, 9].

Coal fly ash (FA) is a by-product of coal burning at
coal-fired power plants [10]. The annual output of FA is
up to 1000 Mt globally [11]. It is one of the most favor-
able supplementary cementitious materials (SCMs) and is
commonly blended with clinker to make Portland cement
or used as a partial replacement for Portland cement in
concrete [12, 13]. In practice, replacement levels no more
than 20% are commonly used even though FA does pro-
vide economic and environmental benefits and improve-
ments in the long-term mechanical properties and
durability of concrete [13—15]. This is mainly attributed to
the delayed setting and low early age strength when high
volume FA is used [16]. Limestone powder has been
introduced in the FA/OPC blends. A synergy between FA
and limestone powder, which promotes early age strength

and hydration [14], resulted in the ternary cements [17].
Additionally, Bentz et al. [18] showed that the fine lime-
stone powder (<5 um) is effective in reducing the initial
and final setting time of FA/cement blends. They also
concluded that the fineness of the limestone powders
dominates their performance as accelerators of reaction
and setting. Thongsanitgarn et al. [19] found that the add-
ition of finer limestone powder promotes the heat of
hydration both in terms of the rate of heat and the cumula-
tive heat release. The seeding effect of CaCO; nanopar-
ticles, which accelerates the growth of C-S—H, was
reported by Sato and Diallo [20] and Kawashima et al.
[21]. As a consequence, such high volume FA concretes
resulted in improved early-age and later-age compressive
strengths and durability [22]. The later-age strength
improvement could be attributed to the promoted pozzo-
lanic reaction of FA [23].

Fine CaCO; powder can be produced through CO,
mineralization [24, 25]. In this technique, different poly-
morphs of CaCO; nucleate and grow via CO, sequestra-
tion in a calcium alkoxide solution. By adjusting the
liquid-to-solid-ratio, mixing rate of the precursor salts, pH
and reaction temperature, calcite, aragonite and vaterite
phases can be produced [26-28]. Alkaline solid wastes
(e.g. FA, slag blast furnace slag, steel slag, waste gypsum,
etc.) may be considered as the most suitable raw materials
for CO, mineralization due to their high reactivity, intrin-
sic alkalinity, and availability near industrial sites [29-31].
This generates benefits with respect to CO, emission
reduction and solid wastes stabilization.
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As one of the most representative alkaline solid
wastes, the potential of using FA as a material for mineral
CO, sequestration generates significant efforts [32]. Both
gas—solid and aqueous (liquate—solid) carbonation
approach have been applied [28]. The gas—solid approach
generally lasts more than a few hours [33, 34]. The effi-
ciency is possibly insufficient for industrial applications.
Aqueous carbonation is generally applied to accelerate the
CO, uptake [35]. However, the carbonation capacity of
FA is generally low as the dissoluble calcium content is
limited. Attempts have been made to improve the CO,
sequestration capacity of FA. Increasing the reaction tem-
perature (from 20 to 80 °C) does not seem to significantly
increase the carbonation capacity. Ukwattage et al. [36]
explained that although the kinetic energy of carbonation
reaction is improved, this is partly compromised by rapid
formation of a calcite layer on the FA surface. To substan-
tially improve the capacity of CO, sequestration, much
higher temperature is required [37, 38]. The pressure does
influence the reaction process significantly, as the
increased pressure promotes CO, solubility in liquid thus
accelerating the rate of mineralization. However, this does
not effectively contribute to the CO, uptake capacity [39,
40]. A relatively small solid-to-liquid ratio is an effective
way to improve the carbonation efficiency as well as
increasing the CO, uptake capacity because it can acceler-
ate the release of Ca®" and the CO, uptake rate due to a
dilution effect [41]. However, the dissolution rate of CO,
would be reduced with pH of the alkaline solutions. The
reported solid-to-liquid ratio in the literature is generally
in between 50 and 300 g/L [42, 43].

Based on the literature, it may be possible to substitute
OPC with carbonated FA which may perform improved
early age properties compared with the OPC/FA blends.
However, research on such utilization shows unsatisfac-
tory results [33, 34, 44] as the amount of mineralized car-
bonate is quite low. To this end, the current study coupled
class F FA and calcium carbide residue (a solid waste gen-
erated from industrial production of ethylene polyvinyl
chloride) for carbonation to produce SCMs. The CO,
uptake capacity of the binder was measured. The influence
of carbonated products on the early age performance (set-
ting time and compressive strength) as well as the mech-
anism behind were investigated.

2. Materials and methods
2.1. Raw materials

The used raw materials involved P.I. 42.5 OPC, FA
(ASTM class F) and carbide slag (CS). OPC was pro-
duced by Fushun Cement Corporation (Fushun, China)
with a density of 3.11 g/cm3 and specific surface area
(SSA) of 358 m?/kg. The FA had the Blaine fineness of
341.0 m*/kg. The chemical composition of the raw materi-
als (measured by X-ray fluorescence (XRF)) is shown in
Table 1. The FA has a calcium content of 3.66%. The par-
ticle size distributions of the raw materials (measured by a
laser particle size analyzer) and shown in Figure 1. The
X-ray diffraction (XRD) of raw materials is shown in

Table 1. Chemical composition (wt.%).

Component SiO, Al,O3 Fe,0O; CaO MgO SOz Others LOI

Cement 21.82 4.68 3.56 63.43 329 230 092 1.48
FA 56.11 29.60 5.00 3.66 0.77 0.84 4.02 4.05
CS 3.13 191 0.44 88.09 0.21 577 045 24.17

Cumulative passing (%)

Particle size (um)

Figure 1. Particle size distribution of raw materials.

M-Mullite A-Anhydrite
Q-Quartz L-Lime
Q P-Portlandite

2.0

Figure 2. X-ray diffraction (XRD) of raw materials. FA: fly
ash; CS: carbide slag.

Figure 2. The crystalline phases identified in the FA
include mullite (3A1,03-2Si0,), quartz (SiO,), lime
(Ca0), anhydrite (CaSQ,), and non-crystalline alumino-
silicate glass. In CS, the main phase is portlandite.

2.2. Preparation and characterization of
carbonated FA

FA and blends of FA and CS were carbonated using the
so-called direct aqueous carbonation method as shown in
Figure 3 at a room temperature of 20 °C. In terms of the
blends, FA was mixed with 5, 10, 15, and 20 wt.% CS to
improve the CO, uptake capacity and termed as FACS-5,
FACS-10, FACS-15, and FACS-20, respectively. The car-
bonation treated FACS-5, FACS-10, FACS-15, and
FACS-20 were termed as CFA, CFACS-5, CFACS-10,
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Figure 3. Schematics of the experimental setup used for aqueous carbonation.

CFACS-15, and CFACS-20, respectively. They were col-
lectively referred as carbonated FA in the current study
for the sake of simplification. In the direct aqueous car-
bonation method, solids were first mixed with water in a
three-necked flask using a magnetic stirrer switch. The
liquid-to-solid ratio of 7.5 was chosen to improve the car-
bonation efficiency. The effect of different liquid—solid
ratios on mineralization efficiency is presented in the sup-
plementary materials. The pH was monitored during mix-
ing and carbonation. Once the pH stabilized, the CO, was
passed into the slurry at a speed of 0.4 L/min. The pH
began to stabilize briefly to 7.0 by 5min, and a small pH
rise occurred after CO, injection ceased. After injection of
CO, briefly for 2-3 times, the pH stabilized at 7.0. The
hole process was around 6 min. The slurries were then fil-
tered using a 0.1 um filter and vacuum dried for 24 h at
temperature of 105 °C.

The particle size distribution of carbonated FAs was
measured by a laser particle size analyzer using the fluid
module which has a measurement range of 0.02—2000 ym.
Scanning electron microscope (SEM) under second elec-
tron (SE) mode was used to observe the morphology of
FA particles. Carbonated particles were ground and sieved
for the XRD, Fourier transform infrared spectroscopy
(FTIR) and thermogravimetric analysis (TGA) tests. The
XRD spectra of carbonated FA particles were obtained by
an X-ray diffractometer with Cu-Ko radiation and the
samples were scanned in the range of 5° < 26 < 90° with
a step rate of 2°/min and scanning step of 0.02°/min.
FTIR measurement was conducted using the conventional
KBr disc method (1.0 mg of sample to 300.0 mg of KBr).
Frequencies were scanned across a range of 4000—
400cm™". TGA was performed using about 10 mg of the
FA powders. During the measurement, samples were
heated from 20 to 900 °C at rate of 10 °C/min in nitrogen
atmosphere.

2.3. Testing of blended OPC/FA pastes

The blended cement mixes consist of 70% OPC and 30%
FAs by weight. The mix proportion is given in Table 2.

Table 2. Mix proportions of blended cement pastes.

OPC content FA FA content
Mixes (Wt.%) type wt.%)  w/b
OPC 100 - 0 0.40
OPC/FA 70 FA 30 0.40
OPC/CFA 70 CFA 30 0.40
OPC/CFACS-5 70 CFACS-5 30 0.40
OPC/CFACS-10 70 CFACS-10 30 0.40
OPC/CFACS-15 70 CFACS-15 30 0.40
OPC/CFACS-20 70 CFACS-20 30 0.40

The water-to-binder (w/b) ratio was 0.4 for all the mixes.
Pure OPC paste was used as reference.

Water requirement of normal consistency was tested
by the Vicat apparatus according to GB/T 1346. Setting
times of pastes were determined using the Vicat needle.
The initial and final setting time are defined as the elapsed
time required for the penetration depth of Vicat needle at
needle penetrate 36 = 1 mm and 0.5 mm, respectively.

Heat of hydration was measured by isothermal calor-
imetry at ambient temperature (20 °C). The heat flow was
recorded every 60s up to 72h. SEM and XRD analyses
were performed out on the hydrated pastes at the age of
3 days and 28 days to investigate the influence of carbo-
nated FAs on the microstructure and hydration products.
The amount of hydrated water and portlandite at 28 days
was measured using TGA. For the sample preparation, the
fresh paste was first mixed using a Hobart mixer and then
cast in a plastic cylindrical mold with 25 mm diameter and
57 mm height. Afterwards, the cylinder was rotated at a
speed of 30 rpm at room temperature (20 °C) for 24 h to
minimize bleeding, and subsequently placed in the stand-
ard curing room (7 = 20 = 2°C, RH > 95%) in sealed
conditions until the test age. The hydration of the hydrated
paste was arrested by solvent exchange method using iso-
propanol [45]. For the XRD and TGA test, paste was
ground into powder and sieved through 320 mesh. Before
the test, the samples were stored in a vacuum oven with
40 °C for 24 h to evaporate the isopropanol.
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Mortars were prepared for the strength activity index
(SAI) measurement following the Chinese Standard GB/T
1596-2017. The water-to-binder ratio and sand-to-binder
ratio were 1/2 and 1/3, respectively. After mixing, the
materials were cast in cubic mold with size of 40 mm and
placed in the room with a temperature of 20 + 2 °C under
sealed condition for one day. They were then demolded
and cured in lime-saturated water until the age of 3 days
and 28 days. Compressive strength measurement was then
carried out according to Chinese Standard GB/T 17671. A
loading rate of 0.6 kIN/s was used. For each mix, six speci-
mens were tested and the average value was used for cal-
culating the SAI.

3. Results and discussion
3.1. Carbonated FA
3.1.1.

Morphology of FAs before and after CO, mineralization
is shown in Figure 4. As it can be seen from Figure 4(a),
FAs are spherical particles. Due to the low calcium con-
tent, the calcium carbonate particles are small and dis-
persed on the CFA surface (see Figure 4(b)). With
addition of CS and leaching of Ca®", the calcium concen-
tration of the liquid increases, generating larger calcium
carbonate particles with a cubic shape (see Figure 4(c—f)).
These particles cover on the FA surface (called ‘ectopic

Morphology

@

Figure 4. SEM images of carbonated and non-carbonated FA: (a) FA; (b) CFA; (c) CFACS-5; (d) CFACS-10; (e) CFACS-15;

(f) CFACS-20; (g) SEM-EDS results of carbonated FA.
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cover’) and further agglomerate and form clusters. The
amount of C, O, and Ca increased significantly when
points 2 and 3 were struck on particles dispersed on the
CFA surface compared to point 1, indicating CaCO3 was
present (see Figure 4(g)). This is in in accordance with
Ma et al. [46]. Because during the mineralization, an alka-
line environment leads to a positive zeta potential of CS
and a negative zeta potential of FA. Consequently, FA
particles preferentially absorb Ca®" through the electro-
static attraction force. Once the nuclei are formed, a large
amount of CaCO; grows.

3.1.2. Particle size distribution

FA displays a unimodal particle size distribution [47] and
consists of a major population with grain sizes around
20 pum (Figure 5). After carbonation, the SSA increases by
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Figure 5. Particle size distribution of LFA before and after
carbonation.
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Table 3. Specific surface area and particle size distribution
of FA before and after carbonation.

Particle size distribution (%)

SSA
Sample (m%kg)  <5um 5-20 um >20 um
FA 341.0  19.02 40.54 40.44
CFA 353.6  19.66 43.15 37.19
CFACS-5 3694 2027 46.60 33.13
CFACS-10 3841  21.71 47.72 30.57
CFACS-15 3832  21.86 48.52 29.62
CFACS-20 4200  25.40 4550 29.10
M-Mullite Q-Quartz
C-Calcite A-Anhydrite

c P-Portlandite

Q Q
\.,uihm M CFACS-20
CFACS-15
CFACS-10
CFACS-5

CFA

\J)_'L‘-LLJJA D B FA

0 10 20 30 4 S0 6 70 8 90
20 (%)

Figure 6. XRD patterns of un- and carbonated FA.

3.7% for CFA and 23.2% for CFACS-20. The amount of
fine (<5um) and medium size (5-20um) particles
increase and large (>20 um) particles decrease. This trend
becomes more remarkable with CS amount increasing.
Similar observation has been reported in Shao et al. [48].
The raise of fine particles can be attributed the agglomer-
ation of CaCOj in the solution. Furthermore, the leaching
of Ca*" and Mg®" leads to the reduction of particle size.
The adsorption and precipitation of carbonate solids on
the surface of FA lead to the volume percentage increment
of medium size. However, different trends are observed
for Chen et al. and Jaschik et al. [34, 49] as different car-
bonation conditions are applied (Table 3).

3.1.3. XRD and FTIR

The XRD patterns of original and carbonated FAs are
compared in Figure 6. It shows that the mineralization
product mainly consists of calcite. With the addition of
CS, significantly enhanced calcite diffraction peaks are
observed for CFACS-15 and CFACS-20.

Findings from the XRD analysis are supported by the
FTIR results (see Figure 7). The absorption bands of
460 cm_l, 560 cm_l, and 1096 cm_l, which appear in all
FAs, correspond to the Si—O stretching vibration, indicat-
ing the presence of quartz. The COs*~ bending (v»,
875cm™") band and C—O bending (v5, 1420cm™") are
assigned to the peak characteristic of calcite [50]. All car-
bonated FAs display an additional absorption band at
1793-1799 cm™", which indicates the presence of calcite

! | | [
PP
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1

CFACS-15 ' A
: : : : [
1nl
3 CFACS-10 INCT 4 T\
= : | Voot
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Figure 7. FTIR spectra of un- and carbonated FA.

[51]. In addition, the absorption band of 745cm™" indi-
cates the presence of vaterite [52], which is not detected
by XRD due to its low content. Unlike the mineralization
system using hydrated cement paste powder or steel slag
[53-55], no silica gel nor calcium silicate mineral is
observed to be generated during the mineralization pro-
cess using FA and CS. This can be attributed to the fact
that the hydration process of FA is quite slow [14, 15] and
the mineralization process lasts for only 6 min which lim-
its the production of silica gel and calcium silicate
mineral.

3.1.4. TGA

TGA results are presented in Figure 8. Mass loss peak at
550-900°C is observed in all carbonated FAs, which is
attributed to the decomposition of CaCO5 [56]. This is
consistent with the observations in XRD and FTIR.
Clearly, addition of CS leads to the CaCO3; decomposition
peak shifting to higher temperature, indicating that a
higher crystallinity is achieved [57]. The CO, uptake and
carbonation efficiency can be calculated based on TGA
results as:

A 900 ©
w(CO,) = 2M550-900 °C  100% 1)
mo
W(COQ)

CO =1000 X ——————— 2
2uptake X 1 —W(COQ) ( )

W(CSZ) ;X 1 W(C?z) ;X 1

T00-w(CO;) X MWeo,  100-w(COz) < MWeo
{CaO(%) = 2 2 (3)
) = /MW, O/ MWy

where Amsyg goo - is the weight loss between 550 and
900 °C for the carbonated sample, mj, is the initial mass of
samples, w(CO,) is the mass fraction of CO, in the carbo-
nated sample, MWcoy, MW¢,, and MWc,o are the
molecular weight of the CO,, Ca, and CaO (g/mol), Caya
and CaOyy, are the percent weight fraction determined by
the XRF.

The results are shown in Table 4. Carbonation effi-
ciency takes into account the calcium in all Ca-bearing
minerals of the CS and FA (i.e. anhydrite, free lime, por-
tlandite, and Ca-silicates) [51]. FA has a quite low
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carbonation efficiency (17.0%). CS has much higher car-
bonation efficiency than FA as it contains mainly the sol-
uble portlandite while the calcium in FA. The carbonation
efficiency is significantly increased when CS and FA is
coupled for the carbonation. Notably, the carbonation effi-
ciency of CFACS-15 and CFACS-20 is even higher than
pure CS.

Supposing the carbonation process of CS and FA is
independent, the theoretical CO, uptake of the mixed
binders (FA and CS) is calculated. Clearly, the measured
CO, uptake is much higher than the theoretical one. This
means there exists a synergistic effect of FAs coupled
with CS for mineralization of CO,. This can be attributed

to the fact that, as shown in Figure 5, FA offers a large
amount of surface for CaCO; to grow on and leaves more
exposed sites of CS for Ca®" dissolution [46].
Furthermore, CS contains a large number of portlandite
which can act as alkali activator to promote the Ca*" dis-
solution from FA [36]. A synergistic effect ratio is defined
as the ratio between real measured and theoretical calcu-
lated CO, uptake amounts. In general, it increases with
the CS amount and reaches 1.25 for CFACS-15. The CO,
uptake improvement is much higher than the other techni-
ques, e.g. increasing temperature and pressure [36,
37, 39].

3.2. Blended OPC/FA mixes

3.2.1. Workability and setting time
100 The water demand of normal consistency and setting
P times of the mixes are given in Table 5. Addition of FAs
90 - slightly increases the water demand. After carbonation,
the water demand is further increased as the mineraliza-
% oIl tion results in much higher SSA of FA particles [58].
. The initial and final setting times for OPC are 115 and
= P 185 min, respectively. As expected, addition of FA in
nr CFA cement significantly delays the setting. This is because the
CFACS-5 FA particles mainly work as a diluent material at early
60 - CFACS-10 Calcite ages, not participating in the flocculation and setting proc-
giﬁg:;g esses [59]. . . N
50 I I L I Carbonation treatment can effectively mitigate the set
200 400 600 800 retardation in OPC/FA blends. However, the reduction of
Temperature (°C) . . . Lo I s
@ setting tlme.ls .not significant for C.F.A, as limited c.alclte is
0.001 formed. This is enhanced by addition of CS during car-
0000 L I o bonation. Clearly, compa'red With FA,' CFACS—IO leads: to
d v PN 17.8% and 19.7% reduction in the initial and final setting
L0l 610°C \ E times. The reduction is more significant for CFACS-20:
2 o002 .. 675°C 29.3% and 32.8% for initial and final setting times,
g
g\o/ 0BT 645G 705°C Table 5. Workability and setting times of OPC/FA blends.
% -0.004 |- Settme 0
-0.005 —S(F:/i Watffrr?g:r:;mem ?ﬂ: ;I(;grnllrlge
-0.006 |- 25282?0 / Mixes consistency (%) Initial Final
-0.007 - CFACS-15 728°C OPC 26.0 115 185
CHAGS20 OPC/FA 26.6 225 305
0.008 200 20 o 300 OPC/CFA 27.6 205 295
o OPC/CFACS-5 27.8 200 270
Tf{,’;perat”re e OPC/CFACS-10 282 185 245
OPC/CFACS-15 29.5 170 235
Figure 8. TG-DTG curves of FA before and after carbon- OPC/CFACS-20 30.0 145 205
ation: (a) TG and (b) DTG.
Table 4. CO, uptake and carbonation efficiency of CS and FA after carbonation.
Carbonation Measured CO, Theoretical CO, Synergistic
Sample efficiency (%) uptake (kg-t™") uptake (kgt™") effect ratio
CCS 68.9 477 - -
CFA 17.0 5 - -
CFACS-5 57.6 36 33.6 1.07
CFACS-10 63.8 58 52.2 1.11
CFACS-15 66.5 95 75.8 1.25
CFACS-20 72.0 120 99.4 1.21
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Figure 9. Hydration heat of cement paste: (a) heat flow
curves and (b) cumulative heat.

respectively. This can be attributed to the mineralized cal-
cium carbonate during carbonation treatment. It has been
reported that the small calcium carbonate particles can
stick to larger cement particles and provide seeding sites
for the hydration products of the cement, which facilitates
the formation of percolated solid backbone [60, 61].

3.2.2. Hydration heat

The isothermal calorimetry heat profiles show the heat of
hydration per gram of the binder evolved during the first
72 h at a constant w/b ratio of 0.4 (Figure 9). OPC is given
as reference. The hydration process can be separated into
four stages: initial reaction period, induction period, accel-
eration period, and retardation period [62]. Two humps of
the main hydration peak are observed in Figure 9(a). The
first is caused by the hydration of calcium silicates, mainly
tricalcium silicates (C3S) and the second corresponds to
renewed reaction of the aluminate phases in which further
hydration of tricalcium aluminate (C3A) proceeds [63].
Substitution of OPC with FA leads to a delay of hydration
heat development. On the other hand, when CFACS-10
and CFACS-20 are used, isothermal calorimetry curve is
shifted to earlier times with respect to pure OPC. This

50
3 days 28 days
13 days[]
— -
= 40 - ==
[ — &
]
=S .
<
80 30 -
=
5]
—~
@ —
o
2
@2 20 H
o
—
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=]
© o
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® osP ot » & o e &7
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Figure 10. Compressive strength of cement mortar mixed
with FA.

indicates that the presence of calcium carbonate generated
in carbonated FA reduces the induction period and accel-
erates the cement hydration. Similar trend has been
observed in a ternary Portland cements containing fine
limestone powder and FA [19]. Furthermore, the height of
the main hydration peaks is associated with the amount of
mineralized calcium carbonate in FA: higher mineralized
calcium carbonate content corresponds to stronger exo-
thermic peaks. This trend also applies for the measured
cumulative heat of the 72 h hydration (see Figure 9(b)). At
least two mechanisms are involved for the influence of
mineralized calcium carbonate on the early age hydration
of these blended cement pastes. The first can be attributed
to the filler effect of these small particles (<5 um) provid-
ing additional surfaces for the nucleation and growth of
hydration products [64]. The second mechanism may be
related with the enriched calcium ion content in the pore
solution due to the dissolution of calcium carbonate [65].

As shown in Figure 9(b), replacement of OPC by FA
results in a reduction in the total released heat, due to the
slow reaction of FA and the cement dilution effect. The
total heat of OPC/FA and OPC/CFA released up to 72 h is
much lower than OPC/CFACS-series. The trend observed
in the emitted cumulative heat is the same as the compres-
sive strength of their equivalent mortar (Figure 10).

3.2.3. XRD

The principal hydration products in all blends are similar
to net OPC (Figure 11). Three major crystalline phases
identified are portlandite, calcium carbonate, and
unreacted tricalcium silicate. Calcite peaks are more evi-
dent in OPC/CFACS-15 and OPC/CFACS-20, as more
calcite is initially incorporated in these mixes. Due to the
ongoing hydration, the diffraction peak of tricalcium sili-
cate is reduced at 28 days.

The XRD patterns of the hydrated cement pastes at
low angles are compared in Figure 12. At three days,
ettringite (9.1° 20) and ferrite (12.2° 20) are observed in
all mixes. Monosulfate (Ms 9.8° 20), which is a result of
the reaction between remaining aluminates and ettringite
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Figure 11. XRD patterns for the hydrated cement pastes at the age of: (a) three days and (b) 28 days.

when gypsum is consumed [66], is found in pure OPC,
OPC/FA, and OPC/CFA. In the presence of CaCOs;, this
reaction is inhibited [67], thus no Ms appears in OPC/
CFACS-series. Instead, mono- and hemicarbonate (Mc at
11.7° 20 and Hc at 10.8° 20) are found [14, 68]. The
exception for OPC/CFA is due to the limited CaCO;
amount. Additionally, for OPC and OPC/FA system, there
is also a broad peak between Ms and He, which may be
related to the carbonate and sulfate containing hydroxy-
AFm (AFm*) [14]. At 28 days, AFm* remains.

At 28 days, the reduction of ettringite and increase of
Ms in OPC/FA and OPC/CFA are observed due to the on-
going hydration. In terms of OPC/CFACS-series, the dif-
ferential peak of ettringite remains [68]. Furthermore,

with hydration going on, Hc peak decreases in OPC/
CFACS-series, whereas the peak of Mc increases. This is
because Mc is thermodynamically more stable than Hc
[69, 70] and Hc would transform into Mc. However, at
28 days, Hc still remains in the system as this process
is quite slow. This observation is in accordance
with references [14, 68] in which Hc is presented until
90 days.

3.24. TGA

The weight loss in hydrated blended cement paste at
28 days on heating is compared in Figure 13. Three peaks
can be clearly seen on the DTG curves. The first peak is
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Figure 12. XRD patterns of low angles for the hydrated cement pastes at the age of: (a) three days and (b) 28 days.
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Figure 13. Weight loss and derivative weight loss curves for
cement paste at 28 days.

in between 30 and 200 °C, and is generated by the decom-
position of ettringite, monosulfate hydrate, and C—S-H
gel [71].

The second peak occurs between 350 and 550°C,
which is attributed to the decomposition of portlandite
[72]. Decomposition of calcium carbonate leads to the
third peak in the range of 650 and 800°C [56]. The
weight loss between 650 and 700 °C indicates the pres-
ence of amorphous or poorly crystalline calcium carbon-
ate that can decompose at lower temperatures. This can
be attributed to the natural carbonation process during
the curing and sample preparation process in which
vaterite and aragonite are formed. These polymorphs of
calcium carbonate possess lower decomposition tem-
perature compared with calcite due to the lower thermo-
dynamic stability [73]. The intensity of the weight loss
peak correlates with the calcite content mineralized by
the FA, showing that some of the added calcium car-
bonate is still stable in the matrix and does not partici-
pate in the reaction.

The hydrate water and portlandite content was calcu-
lated using the weight loss between 40-550°C and 350-
550 °C, respectively:

H— Amao_so0°c (4)
msop°C

Am350—5oo°c 74

CH = 5)

mgy 18
where Amyg_so0-c is the weight loss between 40 and
500°C in the sample, mq is the initial mass of samples,
Ams3s0_s50°c 1s the weight loss between 350 and 500 °C in
the sample.

The content of hydrate water and portlandite in the
hydrated pure OPC and blended cement pastes are com-
pared in Table 6. The hydrated water increases with the
mineralized calcium carbonate content in FA. 5.6%
hydrated water increment is observed for CFACS-20 com-
pared with FA. Similar observation has been reported in a
ternary system containing OPC, FA, and limestone
powder [74].
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Substitution of cement using FA leads to the reduction
of portlandite content due to the diluted cement content as
well as the pozzolanic reaction of FA [75]. After carbon-
ation treatment, the portlandite content is significantly
reduced in the hydrated blends which is a sign for the
improved binder reactivity [76]. In terms of OPC/FA, the
portlandite content reduces with the incorporated calcite
content which controls the available carbonates in the
pore solution and governs the formation of Hc in which
portlandite is consumed [77].

3.2.5. MIP

Figure 14 shows the pore size distribution of OPC/FA,
OPC/CFA, and OPC/CFACS-20 at 28 days. Porosity and
threshold pore diameter are calculated and listed in
Table 7. Compared with OPC/FA, the porosity of OPC/
CFA and OPC/CFACS-20 at 28 days decreased by 8.9%
and 17.5%, respectively. Similar trend is observed for the
threshold pore diameter.

Based on the Zhao [78], the pore size can be divided
into four categories: <20 nm, 20-50 nm, 50-200 nm, and
>200 nm, representing harmless pores, less harmful pores,
harmful pores, and multi-harmful pores. As can be seen in
Figure 15, compared with OPC/FA, the proportion of
harmful pores in OPC/CFACS-20 decreases by 31.9%.
Apparently, CFACS-20 significantly reduces the porosity
and refines the pore structure, thus leading to a higher
compressive strength.

3.2.6. Compressive strength

Compressive strengths of mortars cured for 3 and 28 days
are shown in Figure 10. Addition of 30% non-carbonated

Table 6. Content of hydrate water and portlandite in
cement paste.

Mixes Hydrate water (wt.%) Portlandite (wt.%)
OPC 17.11 26.37
OPC/FA 13.98 19.68
OPC/CFA 14.07 19.32
OPC/CFACS-5 14.15 19.30
OPC/CFACS-10 14.60 19.14
OPC/CFACS-15 14.72 18.66
OPC/CFACS-20 14.76 18.51
0.25
—=—OPC
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920 OPC/FA
= —v— OPC/CFA
-
E
= 015
é 0.10 P
2
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Figure 14. MIP results of cement pastes.
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FA significantly reduces the compressive strength. The
SAI is calculated as the ratio between the compressive of
blended OPC/FA mortar and reference net OPC mortar.
Clearly, for all FAs, the 28-day SAI is higher than the
three-day one as the pozzolanic reaction of FA mainly
occurs at late stage and the FA is relatively inert at the
early stage [79]. Compared with FA blended cement, the
early strength improvement by using CFACS-series can be
attributed to the following factors: calcite in CFACS-20
can provide active nucleation sites for hydrates and partici-
pate in the formation of Mc and Hc. Ettringite is therefore
retained, which has larger volume than Ms and AFm [80].
In addition, CFACS-series can improve the amount and
density of outer hydration products. Therefore, harmful
and multi-harmful pores are transformed into less harmful

Table 7. Pore structure parameters of cement pastes.

Age Porosity Threshold pore
Samples (day) (%) diameter (nm)
OPC 28 21.07 26.39
OPC/FA 30.00 56.71
OPC/CFA 27.32 55.26
OPC/CFACS-20 24.75 45.11
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Figure 15. Pore diameter distribution of cement pastes at
28 days.
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or harmless pores, optimizing the pore structure and the
densify microstructure.

It is evident that the carbonation treatment increases
the SAI of FAs. SAI increases remarkably with the miner-
alized calcium carbonate content in FA, suggesting that
the mineralized calcium carbonate is beneficial to the
compressive strength gain of the blends. With respect to
CFACS-20, the 3-day and 28-day SAls are 84.9% and
90.8%, which are 37.2% and 24.3% higher than FA,
respectively. This is much higher compared with the avail-
able data in the literature [34, 44]. The improvements in
both SAI and setting time could allow the use of high-vol-
ume FA mixes with sufficient engineering properties
(Table 8).

3.2.7. SEM

The microstructure of the hydrated blended cement pastes
at three days is shown in Figure 16. C-S-H gel and

Table 8. Strength activity index of FAs.
Strength activity index (SAI) (%)

FA type 3 days 28 days
OPC/FA 61.9 73.0
OPC/CFA 65.9 80.0
OPC/CFACS-5 68.0 81.8
OPC/CFACS-10 71.8 83.6
OPC/CFACS-15 74.8 88.2
OPC/CFACS-20 84.9 90.8

portlandité

\';

FA

— 1um
X 10,000 5.0kV SEI SEM WD 9.6mm

B

GFA@S-10

' 'i-“, ettringite
C-S-H ToA =

— 1pm

X 10,000 10.0kV SEI SEM WD 10.4mm

©

calcium hydroxide can be clearly seen in each mix, but
the compaction degree of the hydration products varies.
Furthermore, spherical FA particles are observed in all
mixes, indicating that the FA plays a major role in filling
and acts as a micro-aggregate at early ages. For OPC/
CFACS-10 and OPC/CFACS-20, more ettringite is
observed which is consistent with the above analysis.

The microstructure of hardened cement pastes at
28 days is shown in Figure 17. It is much denser than at
three days. The hydration products are deposited on the
FA particles and grow with ongoing hydration. FA par-
ticles become honeycombed due to the pozzolanic reac-
tion [81, 82]. Additionally, it is evident that after
carbonation treatment, the surface of FA dissolves more
indicating a higher hydration degree. The hydration degree
seems to increase with amount of calcium carbonate
formed during carbonation. The calcium carbonate can
interact with aluminates from FA after a few days. The
formed carboaluminates contribute to the space-filling
process in the capillary region and, thereby, to higher
compressive strength.

4. Conclusions

This work explored the feasibility of using FA coupled
with CS for CO, mineralization to enhance its CO,
sequestration capacity and performance as SCMs. Binders
with different FA and CS amounts were carbonated at
atmospheric temperature and normal pressure using the

CFACS-20
~ “portlandite

Figure 16. SEM images of cement pastes after three days of hydration: (a) OPC/LFA; (b) OPC/CLFA; (c) OPC/CLCS-10 and (d)

OPC/CLCS-20.
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Figure 17. SEM images of cement pastes after 28 days of hydration: (a) OPC/FA; (b) OPC/CFA; (c) OPC/CFACS-10 and

(d) OPC/CFACS-20.

aqueous approach. Morphology, particle size distribution,
and chemical composition of the carbonated FAs were
characterized and its performance as SCMs was investi-
gated. The following conclusions can be drawn.

e A synergistic effect of FA coupled with CS for
mineralization exists. This leads to a significant
improvement on CO, uptake compared with the
carbonation of CS and FA individually.

o The mineralization product mainly consists of
calcite. Calcium carbonate particles with cubic
shape nucleate on the FA surfaces and cluster
further with the mineralization. This leads to the
increased SSA.

e  When used as SCMs, the carbonation treatment
does not significantly increase the water require-
ment of FA but does effectively mitigate the set
retardation in OPC/FA blends. The addition of
CS for the carbonation treatment increases the
3 d and 28 d SAls by 37.2% and 24.3%,
respectively.

e The mineralized calcium carbonate alters the
early hydration kinetics of binders from both
physical and chemical mechanism. Evidence
from the XRD, TGA, and SEM observations con-
firms that the dosage of mineralized calcium car-
bonate governs the ettringite preservation,

carboaluminate formation and increase in hydra-
tion degree of cement clinker phases.

Using synergy carbonation treatment of FA and CS
under normal temperatures and pressures to produce
SCMs for high volume replacement of OPC can be a sus-
tainable and economical solution for reducing the carbon
footprint of the cement industry. This reduction results
both from the mineralization process and the reduced
cement clinker required for concrete production.
Nevertheless, further research on the influence of carbo-
nated FA on the durability and volume stability of blended
cement is required for the popularization of the synergy
carbonation technique.
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