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ht into mineral carbonation and
utilization in cement-based materials at solid–
liquid interfaces

Shu-Yuan Pan, *a Barry Laib and Yang Renb

In order to ensure the viability of CO2 mineralization and utilization using alkaline solid waste, a mechanistic

understanding of reactions at mineral–water interfaces was required to control the reaction pathways and

kinetics. In this study, we provided new information for understanding the reactions of CO2 mineralization

and utilization at mineral–water interfaces. Here we have carried out high-energy synchrotron X-ray

analyses to characterize the changes of mineral phases in petroleum coke fly ash during CO2

mineralization and their subsequent utilization as supplementary cementitious materials in cement

mortars. The 2-D synchrotron patterns were converted to 1-D diffraction patterns and the results were

then interpreted via the Rietveld refinement. The results indicated that there was a continuous source of

calcium ions mainly due to the dissolution of CaO and Ca(OH)2 in fly ash. This would actually enhance

the driving force of saturation index at the solid–fluid interfacial layer, and then could eventually result in

the nucleation and growth of calcium carbonate (calcite) at the interface. A small quantity of CaSO4

(anhydrite) in fly ash was also dissolved and simultaneously converted into calcite. In addition, the

calcium sulfate in fly ash would effectively prevent the early hydration of tricalcium aluminate in blended

cement, and thus could avoid the negative impact on its strength development. The proposed reaction

mechanisms were also qualitatively verified by X-ray fluorescence mapping and electron microscopy.

These results would help to design efficient reactors and cost-effective processes for CO2 mineralization

and utilization in the future.
Introduction

CO2 mineralization and utilization have been considered as one
of the most promising practices to mitigate the global anthro-
pogenic CO2 emissions while achieving a circular economy.1,2

The NASEM report in 2019 conveyed that mineral carbonation
would be one of three main utilization pathways for gaseous
carbon waste stream utilization.3 Kirchofer et al.4 reported that
the CO2 sequestration potential via mineralization using
natural alkaline sources in the US would range between 1.8%
and 23.7% of the total CO2 emissions. In the case of using
industrial alkaline solid waste, the annual mitigation potential
viamineralization in the US would be approximately 7.6 million
tonnes of CO2.5 Mineralization technologies could also offer
great potential for CO2 utilization in the short to medium term
as they could produce construction materials that possess
tremendous market value around the world,3 i.e., over 48 billion
metric tons of construction materials are needed annually.6
ngineering, National Taiwan University,
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Extensive studies on the performance of CO2 mineralization
using alkaline solid wastes have been reported.7–9 Industrial
alkaline solid wastes, such as petroleum coke y ash (PCFA) and
steel slag, are abundant and considered as the low-cost feed-
stocks for the advancement of CO2 mineralization and utiliza-
tion technologies. In our previous study,10 we have evaluated the
performance of CO2 mineralization using PCFA and its subse-
quent utilization of reaction products as supplementary
cementitious materials (SCMs) in blended cement mortars. The
results indicated that up to 95.6% of the CO2 removal ratio was
achieved in the ue gas by CO2 mineralization using PCFA. The
analysis performed for the product utilization suggested that
cement blended with a 5% substitution of carbonated PCFA
could exhibit superior compressive strength at 28 days, when
compared to that of fresh PCFA.10

CO2 mineralization and utilization using alkaline solid
wastes are a heterogeneous (CO2–uid–solid) reaction system,
which could typically involve complex, inorganic constituents in
the aqueous solution such as calcium, aluminum, sodium,
potassium, sulfate, carbonate, and chloride ions. In the litera-
ture, only few fundamental studies on CO2 geological seques-
tration have been carried out to elucidate the reaction
mechanism of supercritical CO2–saline water–rock inter-
faces,11,12 although their reaction conditions were not similar to
This journal is © The Royal Society of Chemistry 2019
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CO2 mineralization (e.g., under ambient pressures). For
cementation with alkaline solid wastes, similar approaches to
carbonating cementitious materials under the CO2 atmosphere
during the curing stage, so-called CO2 curing, have been
developed and evaluated. For instance, Zhang et al.13 found that
CO2 curing could effectively enhance the hydration of Portland
cement and thus promote its compressive strength at 28 days.
Lippiatt et al.14 also developed a combined hydration–carbon-
ation system using supersaturated aqueous CO2 solution to
overcome the process huddles because the rate of typical
hydration reactions of cement (cementation) was much higher
than that of carbonation reactions in atmosphere.

Despite recent progress on performance evaluation, mecha-
nistic understanding is still needed to unravel the CO2 minerali-
zation and utilization at interface levels for further controlling the
rate of reaction pathways. Also, the role of the carbonated product
as SCMs in cement mortars was unclear due to its complex
chemistry of cementation during hydration and strength devel-
opment of cementitious materials. The strength development of
cement-based materials involves a number of reactions, such as
the hydration of Ca3SiO5 (cement chemistry notation, C3S),
Ca2SiO4 (C2S) and Ca3Al2O6 (C3A) in the presence of minor
components such as sulfates and carbonates. In order to elucidate
the hydration reactions of different types of Portland cements,
great efforts have been made on applying the advanced analytical
techniques, such as in situ X-ray diffraction,15 high-pressure X-ray
diffraction,16,17 X-ray absorption near edge structure spectrom-
etry18 and nanoscale tomography.19 These studies could provide
signicant impacts on modeling the kinetics and morphological
evolution of cement hydration. However, when utilizing the solid
waste products frommineralization as SCMs in cement mortars or
concrete, it was difficult to understand the different mechanisms
of cement hydration reactions due to the complex compositions of
mineralized solid wastes. High-energy synchrotron X-ray analyses
provide great opportunities for determining mineralogical and
structural characteristics efficiently and accurately in complex
sample environments. An ordinary XRDmay require more than 10
hours, in the case of alkaline solid wastes,20 to get qualied
diffraction patterns (e.g., signal-to-noise ratios) for mineral phase
quantication using Rietveld renement.

To the best of our knowledge, little-to-no research has been
reported on the fundamental mechanisms of CO2 mineraliza-
tion and utilization using PCFA due to its chemical and
mineralogical complexity. In this study, we provided a new
information for understanding the relevant reactions at
mineral–water interfaces. Here, we performed high-energy
synchrotron X-ray analyses, including quantitative X-ray
diffraction and micro-probe X-ray uorescence, to characterize
the changes of mineral phases in PCFA for CO2 mineralization
and utilization. We have also examined the morphology and
elemental distributions of PCFA before and aer CO2 mineral-
ization via electron microscope to verify the ndings obtained
from the synchrotron X-ray analyses. Thus, this study could
provide an insight into the elucidation of the mechanisms and
reaction pathways at interface levels for CO2 mineralization and
utilization using PCFA via high-energy synchrotron X-ray
technique.
This journal is © The Royal Society of Chemistry 2019
Results and discussion
Reaction pathways of mineral carbonation using PCFA

In order to elucidate the reaction mechanisms, the PCFA-based
mineralization was carefully examined using high-energy
synchrotron X-ray technique. Table 1 presents the physico-
chemical compositions of fresh and carbonated PCFA deter-
mined by the XRF. Compared to iron and steel slags, the
chemical compositions of the fresh PCFA was relatively simple
where the main components were found to be CaO (�63%) and
SO3 (�31%). The results indicated that the specic surface area
of PCFA increased from 3720 to 4890 cm2 g�1 aer CO2

mineralization, whereas, the mean diameter of PCFA decreased
from 16.8 to 13.2 mm. The decrease in the mean diameter could
probably be due to the formation of small particles of carbonate
precipitates on the surface of the PCFA.

Fig. 1 shows the mineralogical characteristics of the fresh
and carbonated PCFA obtained by synchrotron X-ray diffraction
(XRD). According to the XRD results, calcium species in the
PCFA were found to be the major components that could react
with ue gas CO2 to form carbonate participates. Before
carbonation, that the anhydrite (CaSO4) peak was found to be
the major mineral phases of the fresh PCFA (Fig. 1a and c), and
the peaks due to lime (CaO), portlandite (Ca(OH)2) and quartz
(SiO2) were present as the minor phases. Aer carbonation, no
presence of lime and portlandite was observed, while the
intensity of calcite signicantly increased in the carbonated
PCFA (Fig. 1b and d). For both the fresh and carbonated PCFA,
no amorphous phase was found as there was no diffuse peak or
broad hump that could be clearly observed from the XRD
patterns. This observation was consistent with the ndings re-
ported in the literature.21,22

The mechanisms and pathways of CO2 mineralization using
PCFA were proposed as follows; the lime (CaO) and portlandite
(Ca(OH)2) in the fresh PCFA were rst dissolved and leached
into the water as shown in eqn (1) and (2), respectively. Wei
et al.23 suggested that, upon contact with water, the reactive
minerals (e.g., lime and portlandite) of calcium-bearing
components in y ash would readily dissolve within the rst
few minutes. These processes could enhance the alkalinity of
the solution by releasing calcium ions, which was actually
benecial to CO2 mineralization via accelerated carbonation.24

It was also noted that, as the pH of the slurry increased, other
alkaline compounds such as sodium and potassium would
gradually release from the glassy phases in solid wastes,23,25

thereby resulting in the formation of metal-depleted silica rims
within the ash particles.

Lime:

CaO(s) + H2O(aq) / Ca2+(aq) + 2OH�
(aq) (1)

Portlandite:

Ca(OH)2(s) + H2O(aq) / Ca2+(aq) + 2OH�
(aq) + H2O(aq) (2)

The high alkalinity of the solution due to the formed
hydroxide ions (OH�) would accelerate the dissolution of
RSC Adv., 2019, 9, 31052–31061 | 31053
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Table 1 Physico-chemical properties of fresh (F-) and carbonated (C-) petroleum coke fly ash (PCFA)

Items Constituents Units F-PCFA C-PCFA

Physical properties Density g cm�3 2.50 2.44
Specic surface area cm2 g�1 3720 4890
Fineness cm2 g�1 3810 8770
Mean diameter mm 16.8 13.2
D [4,3] mm 22.7 18.3
D [3,2] mm 6.45 5.03

Chemical compositions (XRF)a CaO % 62.8 60.1
SiO2 % 3.08 2.89
Al2O3 % 1.01 0.98
MgO % 0.83 1.24
Fe2O3 % 0.70 0.60
SO3 % 31.0 33.0
Na2O % 0.06 0.04
K2O % 0.43 0.33
Total % 99.9 99.2

Mineralogy (quantitative XRD)b Anhydrite (CaSO4) % 91.9 87.0
Lime (CaO) % 4.2 —
Quartz (SiO2) % 1.9 2.1
Calcite (CaCO3) % 1.5 11.0
Portlandite (Ca(OH)2) % 0.5 —

a The chemical compositions were analyzed by the XRF. b The mineralogy was quantied by the Rietveld method according to the high-energy
synchrotron XRD. In this study, only a slight difference in the intensity of some major peaks was observed.

Fig. 1 Elucidation of CO2 mineralization mechanism through high-
energy synchrotron 2-D patterns of (a) fresh and (b) carbonated PCFA,
and their associated 1-D XRD patterns of (c) fresh and (d) carbonated
PCFA. The 2-D patterns (a and b) were calibrated using a standard
CeO2 sample and then converted to 1-D patterns (c and d) using Fit2D
program. The wavelength of X-ray at Argonne National Laboratory is
0.1174 Angstroms.
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gaseous CO2 into carbonate ions (when the pH of solution is
above 10.3), as described by eqn (3). It was also noted that this
process will gradually acidify the solution due to the formation
of protons, which is disadvantageous to further dissolution of
CO2 into solution and thus the carbonation reaction.

CO2(g) + OH�
(aq) / CO3

2�
(aq) + H+

(aq) (3)

The leached calcium ions (eqn (1) and/or (2)) would simul-
taneously react with carbonate ions (eqn (3)) to form calcium
carbonate precipitates, as shown in eqn (4). It was noted that,
depending on the operating condition such as temperatures
31054 | RSC Adv., 2019, 9, 31052–31061
and the presence of liquid water, metastable CaCO3 phases (e.g.,
amorphous, vaterite and aragonite) might exist prior to the
formation of stable calcite.26 The overall accelerated carbon-
ation was an exothermic reaction, where the heat of formation
ðDH�

r Þ and Gibbs free energy ðDG�
rÞ of the reaction (eqn (2)–(4))

at 298.15 K and 1 atm were �113.1 and �73.1 kJ mol�1,
respectively.20

CaðaqÞ
2þ þ CO3ðaqÞ

2�/CaCO*
3ðnucleiÞ/CaCO3ðsÞ (4)

In addition, according to the results in Table 1, the content
of anhydrite (CaSO4) in PCFA was slightly reduced from 91.9%
to 87.0% aer CO2 mineralization. This might be attributed to
the dissolution of anhydrite (into calcium and carbonate ions)
and the simultaneous growth of calcite, as described by eqn (5).
The Gibbs free energy of the overall reaction at 298.15 K and 1
atm were�24.9 kJ mol�1. Roncal-Herrero et al.27 also found that
the direct carbonation of anhydrite would result in a negative
volume change with the generation of microporosity, thereby
increasing the specic surface area of materials. This observa-
tion was consistent with the ndings in this study that the
specic surface area of PCFA increased aer CO2

mineralization.

CaSO4ðsÞ þ CO3ðaqÞ
2�/CaCO3ðsÞ þ SO4ðaqÞ

2�;

DG
�
r ¼ �24:9 kJ mol�1 (5)

The mass quantity of calcite in PCFA increased from 1.5% to
11.0% aer CO2 mineralization, as presented in Table 1. The
increase of calcite would be contributed from the complete
conversion of lime (4.2%) and portlandite (0.5%) by eqn (1) and
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Scanning electron microscopy (SEM) image of carbonated
PCFA, and (b) energy dispersive X-ray spectroscopy (EDS) for the spot
with the red cross symbol on SEM image. Elemental mapping of (c)
sulfur, (d) calcium, (e) silicon, and (f) aluminum.
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(2), respectively, along with the partial conversion of anhydrite
by eqn (5). According to the stoichiometric ratio and mass
balance, about 2.4% (out of 91.9%) of anhydrite in fresh PCFA
was reacted with carbonate ions to form calcite.

The aforementioned reaction pathways of CO2 mineraliza-
tion using PCFA were veried by scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDS). As shown
in Fig. 2a, the fresh PCFA exhibited relatively smooth surfaces
with irregular shapes of particles. According to the EDS analyses
(Fig. 2b), the ratios of Ca, C, S, Si and Al atoms on the spot of red
cross symbol in the SEM image were found to be 8.3 � 0.6%,
55.1 � 3.9%, 4.1 � 0.3%, 0.8 � 0.1% and 0.4 � 0.1%, respec-
tively. The EDS results were in good agreement with the results
of the XRF (Table 1). The elemental distribution also showed
that the fresh PCFA was rich in sulfur (Fig. 2c) and calcium
(Fig. 2d) elements, with minor distribution of silicon (Fig. 2e)
and aluminum (Fig. 2f) elements. For some PCFA particles, the
elements of Al, Si, and Ca were found with very high signals. It
was presumed that Ca coexisted together with Al and Si as
calcium aluminosilicates, which might be with poor crystal-
linity and thus could not be well detected by the XRD.

In contrast, aer accelerated carbonation, the surface of the
carbonated PCFA was found to be covered with rhombohedral
(calcite) crystals, with a size of 0.1–0.5 mm (Fig. 3a). The carbonated
PCFA was rich is sulfur (Fig. 3c) and calcium (Fig. 3d) elements
with minor amounts of silicon (Fig. 3e) and aluminum (Fig. 3f).
According to the EDS results (Fig. 3b), the ratio of carbon atom
aer carbonation (57.3� 4.0%) was found to increase, appreciably
conrming the formation of carbonate precipitates in PCFA. There
was a slight decrease in the ratios of other atoms such as Ca (7.9�
0.6%), S (3.7� 0.3%), Si (0.8� 0.1%) and Al (0.2� 0.1%) due to the
presence of relatively more carbon atoms in carbonated PCFA. It
was thus suggested that the carbonate precipitates would be
physically benecial to the strength development of blended
cement as they could provide favorable sites for the nucleation as
well as the growth of hydration products.28

Mechanism of product utilization as SCMs in cement mortars:
hydration chemistry

Aer successful CO2 mineralization, the obtained products (i.e.,
carbonated PCFA) could be utilized as SCMs in blended cement
mortars. This could reduce the use of Portland cements for
Fig. 2 (a) Scanning electron microscopy (SEM) image of fresh PCFA,
and (b) energy dispersive X-ray spectroscopy (EDS) for the spot with
the red cross symbol on SEM image. Elemental mapping of (c) sulfur,
(d) calcium, (e) silicon, and (f) aluminium.

This journal is © The Royal Society of Chemistry 2019
construction works, thereby indirectly avoiding the CO2 emis-
sions during cement manufacturing.29 In addition, the elimi-
nation of lime and portlandite in PCFA aer CO2 mineralization
would be benecial to the subsequent utilization as SCMs in
cement mortars. Also, the SO3 composition (i.e., the CaSO4

phase) in the PCFA would exhibit a remarkable inuence on the
cement chemistry and initial strength development. Here, we
performed high-energy synchrotron XRD (Fig. 4) to elucidate
the mechanisms of strength development for cement mortars
blended with fresh and carbonated PCFA. The major peaks in
the synchrotron XRD patterns were identied and then their
quantities were simulated by the Rietveld renement. Table 2
presents the mineralogy of blended cement mortars with fresh
and carbonated PCFA.

In cement chemistry, the contents of available C3S (trical-
cium silicate) and C2S (dicalcium silicate) are considered as the
key constituents for strength development of cement-based
materials. C3S is the most important, abundant (usually
>70%)30 component of Portland cement. The rapid hydration of
C3S (eqn (6)) is responsible for the initial strength (<28 days).31

C2S is the second most abundant component, comprising 15–
30% of clinker. The hydration of C2S is much slow and
contributes to the ultimate strength aer 28 days (up to two
Fig. 4 High-energy synchrotron 2-D patterns of blended cement
mortars with (a) fresh and (b) carbonated PCFA, and their associated 1-
D XRD patterns of (c) fresh and (d) carbonated PCFA. The wavelength
of X-ray at Argonne National Laboratory is 0.1174 Angstroms.

RSC Adv., 2019, 9, 31052–31061 | 31055
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Table 2 Mineralogy of blended cement mortars with 5% substitution of fresh (F-) and carbonated (C-) PCFAa

Mineralogy Formula Units

Blended cement mortars

With F-PCFA With C-PCFA

Hatrurite Ca27Si9O45 % 27.1 38.7
Wollastonite CaSiO3 % — 18.3
Sillimanite Al2SiO5 % 5.1 —
Anhydrite CaSO4 % 15.4 —
Hatrurite Ca9Si3O15 % 14.2 22.2
Dmitryivanovite CaAl2O4 % 14.6 —
Ettringite Ca6Al2S3O49.496H60.602 % 0.7 7.1
Cancrinite Ca0.04C0.5H6O14.25Si3 % — 4.1

Na3.58K0.15

Ca2Al2O5 % 7.6 —
Foshagite Ca4Si3O11H2 % 3.5 —
Afwillite Ca3Si2O10H6 % 11.7 9.6
Portlandite Ca(OH)2 % — —

a The mineralogy of PCFA was quantied by the Rietveld method according to the high-energy synchrotron X-ray diffraction patterns.
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years). It was observed that �70% of the total C3S as well as
�30% of the total C2S were reacted in a cement paste at 28
days.32

2Ca3SiO5 + 6H2O/ 3CaO$2SiO2$3H2O + 3Ca(OH)2,

DH ¼ 114.16 kJ mol�1 (6)

2Ca2SiO4 + 4H2O / 3CaO$2SiO2$3H2O + Ca(OH)2,

DH ¼ 38.75 kJ mol�1 (7)

The hydration of C3S and C2S would result in the formation
of the calcium–silicate–hydrate (C–S–H) phases. As shown in
eqn (6) and (7), the hydration product (CaO$2SiO2$3H2O) was
one type of the C–S–H phases. For cement mortars blended with
the fresh PCFA, other C–S–H phases including foshagite (3.5%)
and afwillite (11.7%) were also observed, as presented in Table
2. In the case of mortars blended with the carbonated PCFA,
only the C–S–H phase of afwillite (9.6%) was found as the
hydration products.

The C3A phase in Portland cement also plays a crucial role in
strength development, as its hydration will result in a large
amount of hardening heat (eqn (8)). A rapid C3A hydration
might cause an adverse impact on the strength aer 28 days due
to the formation of microcracks, thereby weakening the bond in
cement matrix.33 However, the C3A phase would react with
sulfates (e.g., the anhydrite in PCFA) as described by eqn (9) to
form ettringite (hexacalcium aluminate trisulfate hydrate)
during the early hydration. Thus, this reaction could prevent the
early hydration of C3A and avoid inducing a stiffening of the
hydrating paste.34 In the case of cement mortars blended with
the fresh PCFA, other C3A hydration products such as
CaO$Al2O3 (dmitryivanovite, CA) and (CaO)2$Al2O3 (cancrinite,
C2A) were also formed.

C3A + 6H2O / C3A$6H2O, DH ¼ �245 kJ mol�1 (8)

C3A + 3CaSO4 (in PCFA) + 32H2O /

C3A$3CaSO4$32H2O (ettringite), DH ¼ �452 kJ mol�1 (9)
31056 | RSC Adv., 2019, 9, 31052–31061
With a substantial quantity of CaSO4 in PCFA, the ettringite
(eqn (9)) could be readily formed and could also cover the C3A
grains to avoid further hydration of C3A and thus improve the
ultimate strength of blended cement. Meantime, the deposited
ettringite would react with C3A at the contact surface, as shown
in eqn (10), to form calcium-aluminate-monosulfate (s-AFm).
Geng et al.35 applied nanotomographic and spectromicro-
scopic techniques to evaluate the C3A hydration in the presence
of gypsum (CaSO4). They found that, as soon as being in contact
with sulfur-containing solution, C3A would undergo rapid
dissolution owing to the quick growth of ettringite as well as the
formation of AFm phases (but quickly vanish), and then fol-
lowed by slow dissolution of C3A, which might probably be due
to ion-complexation.35 Similar observation was found in the
case of C3A–gypsum system suggesting both the nucleation and
growth of the s-AFm phases as the rate controlling
mechanism.15

2C3A + C3A$3CaSO4$32H2O (ettringite) + 4H2O/

3C3A$CaSO4$12H2O (s-AFm), DH ¼ �238 kJ mol�1 (10)

In addition to CaSO4, the presence of CaCO3 would chemi-
cally inuence the hydration of C3A phases in blended cement.
For instance, the CaCO3 would delay and slow down the reac-
tion of sulfate with C3A in blended cement by forming the
monocarboaluminate phases (eqn (11)). The existing carboalu-
minates were found to be quantitatively more and potentially
stiffer than that of sulfoaluminates (e.g., ettringite). In the case
of mortars blended with carbonate PCFA, the reaction of
ettringite with carbonates was found to result in other complex
carbonate-silicate products of sodium, calcium and aluminium
such as cancrinite (�4.1%).

C3A$3CaSO4$32H2O (ettringite) + CaCO3 /

C3A$CaCO3$xH2O (carboaluminate) + . (11)

It was noteworthy to mention that due to the occurrence of
CaCO3 in blended cement, the formation of ettringite would be
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Imaging of elemental distribution by X-ray fluorescence: (a–d)
fresh and (e–h) carbonated PCFA. Colocalization of silicon (red), sulfur
(green) and calcium (blue) signals is presented as the overlap of these
three colors (d and h).
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promoted during the early hydrations (<30 min) by suppressing
the formation of AFm, as shown in eqn (12). In this study, the
amount of ettringite formed in the blended cement with
carbonated PCFA was signicantly higher than that of fresh
PCFA (see Table 2). The contents of ettringite in cement mortars
blended with fresh and carbonated PCFA at 90 days were found
to be 0.7% and 7.1%, respectively.

3C3A$CaSO4$12H2O (AFm) + 2CaCO3 + 18H /

2C3A$CaCO3$11H + C3A$3CaSO4$32H2O (ettringite) (12)

The CaCO3 could also directly react with the C3A phase,
leading to the formation of the hexagonal monocarbonate
phase (C3A$CaCO3$11H2O), as shown in eqn (13). This reaction
is exothermic and faster than that of C3S hydration.36 The
unstable phase in eqn (13) aer one day would gradually
convert to the monocarbonate phase and C3AH6, as shown in
eqn (14). These reactions could enhance hydration heat and
offer mechanical strength to the cement (especially for the
initial strength development).37,38 Therefore, the blended
cement with carbonated PCFA could generally exhibit superior
compressive strength compared to that of fresh PCFA.

2C3A + 1.5CaCO3 + 0.5CH + 22.5H / C3A$CaCO3$11H

+ C3A$0.5CaCO3$0.5CH$11.5H (unstable phase) (13)

2C3A$0.5CaCO3$0.5Ca(OH)2$11.5H /

C3A$CaCO3$11H + C3AH6 (14)

Apart from these, in some cases, the partial decomposition
of monocarbonate phases to C3AH6 and CaCO3might also occur
aer seven days, as shown in eqn (15), depending upon the
temperature and humidity of the surrounding environment.
This was usually considered as one of the main reasons leading
to the decrease in compressive strength aer three days.38

C3A$CaCO3$11H / C3AH6 + CaCO3 + 5H2O (15)

In this study, no presence of CaCO3 in blended cements with
either fresh or carbonated PCFA was observed (see Table 2),
indicating the complete consumption of CaCO3 during cement
hydrations. Apart from the chemical enhancement by CaCO3 in
carbonated PCFA, the ne particle size and high surface area of
the carbonated PCFA would provide more active sites for
hydration reactions.

It was worthy noted that we applied the synchrotron XRD
technique to identify the hydration products of blended cement
due to the fact of complex reactions of hydration. Regarding the
amorphous content in cement-based materials, extensive
studies on quantitative phase analysis for Portland cements
(without any additions) have been conducted. Snellings et al.39

found that, based on the results of both external and internal
standard methods, the fresh Portland cements did not contain
amorphous materials. However, depending upon the sample
preparation and comminution procedure, a small portion of
amorphous content might be observed in Portland cements.40

Apart from the fresh Portland cements, for blended cements
with either fresh or carbonated PCFA, no signicant quantity of
This journal is © The Royal Society of Chemistry 2019
amorphous phases was observed from the XRD patterns in this
study. In the future, the amorphous (or unknown) phases
should be included in the Rietveld renement to increase the
accuracy of the estimated amounts of the crystalline phases in
cement-based materials.41
Qualitative evidences from elemental mapping using X-ray
uorescence

Here we applied the XRF mapping technique for identifying the
elemental distributions of PCFA and PCFA-blended cements to
provide qualitative evidences to the proposed pathways of CO2

mineralization and utilization. Fig. 5 shows the XRF elemental
distribution of fresh and carbonated PCFA. The results indi-
cated that a relative low content of silicon was observed both in
fresh (Fig. 5a) and carbonated (Fig. 5e) PCFA. In both cases, the
sulfur element (Fig. 5b and f) was mostly combined with the
calcium element (Fig. 5c and g), indicating the presence of
CaSO4 compound in PCFA. These observations were consistent
with the ndings presented in Table 1. They also provided the
evidence of the calcium-bearing phases such as CaO and
Ca(OH)2 would be the main reaction component in PCFA.

Fig. 6 shows the XRF elemental distribution of cement
mortars blended with either fresh or carbonated PCFA. In the
case of blended cement with fresh PCFA, the abundant silicon
element (Fig. 6a) from Portland cements was adhesively bonded
with the calcium-bearing (Fig. 6c) phases, including the CaSO4

(Fig. 6b), from the fresh PCFA. This observation indicated that
the formation of C–S–H phases might involve the CaSO4 phase
(Fig. 6d) in the fresh PCFA. With the presence of CaCO3 in
carbonated PCFA, in contrast, most of the silicon element
(Fig. 6e) was bonded with the calcium element (Fig. 6g) rather
than the sulfur element (Fig. 6f). This observation could provide
the evidences for the CaCO3 component in carbonated PCFA to
reduce or slow down the reaction of CaSO4 with Portland
cement due to the formation of monocarboaluminate. In the
blended cement with carbonated PCFA, most of the C–S–H
phases was not incorporated with the composition of sulfur
element (Fig. 6h).
RSC Adv., 2019, 9, 31052–31061 | 31057
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Fig. 6 Imaging of elemental distribution by X-ray fluorescence for
blended cement with (a–d) fresh and (e–h) carbonated PCFA.
Colocalization of silicon (red), sulfur (green) and calcium (blue) signals
is presented as the overlap of these three colors (d and h).
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Mechanistic elucidation of CO2 mineralization and utilization
at interface levels

In this study, the synchrotron techniques including XRD and XRF
were conducted to determine the reaction mechanisms of CO2

mineralization and utilization using PCFA. Based on the afore-
mentioned ndings, the reaction pathways at the mineral–water
interface for CO2 mineralization and its subsequent product
utilization were proposed, as shown in Fig. 7a and b, respectively.
For CO2 mineralization, the gaseous CO2 molecule was rst dis-
solved in the aqueous solution via Route and then converted to
bicarbonate and/or carbonate ions via Route , depending upon
the pH value of the solution. The main reactive components in
fresh PCFA were found to be calcium oxide (CaO) and calcium
hydroxide (Ca(OH)2). They would gradually hydrate via Route
and then release calcium (by Route ) and hydroxide (by Route )
ions from the inside particle into the solution. The dissolution of
CaO and Ca(OH)2 could provide a continuous source of Ca2+ ions,
which in turn could increase the driving force of saturation index
Fig. 7 Reaction pathways of (a) CO2 mineralization using PCFA at water
blended cement mortars.

31058 | RSC Adv., 2019, 9, 31052–31061
at the solid–uid interfacial layer. Thus, the generated carbonate
and calcium ions would eventually result in the nucleation and
growth of the calcium carbonate (i.e., calcite) phase at the interface
(Route ) and/or in the bulk solution (Route ). The compre-
hensive analysis indicated that most of the calcite products would
deposit and cover the surface of the PCFA particle, forming
a protective (product) layer outside the particle. Wang et al.42

revealed that the rates of nucleation of the newly formed phases
would normally depend on the solid–uid interfacial energy and
kinetic barriers regarding desolvation, attachment, detachment,
and diffusion.

In order to reduce the use of Portland cement, the carbonated
PCFA could be partially blended with Portland cement for the
production of cementmortars or concretes. The signicant quantity
of calcium sulfate (CaSO4) in PCFA would easily react with the C3A
phase in Portland cement to form ettringite phase via Route and
then further convert to the AFm phase via Route . These reactions
could effectively prevent the early hydration of C3A, and thus avoid
the negative impact on its strength development aer 28 days. With
the presence of carbonated products (i.e., CaCO3) in PCFA, part of
the formed ettringite and AFm phases would convert to carboalu-
minate via Route . The carbonated product would also directly
react with C3A to form carboaluminate (e.g., C3A$CaCO3$11H) via
Route . It was noted that the formation of carboaluminate phases
at early stage would enhance the initial strength of cement mortars,
especially for 3 days. Therefore, it suggested that the use of
carbonated PCFA in cement materials would potentially offer great
benets in terms of strength development.
Implications to interfacial chemistry of waste-based
cementitious materials

This study applied high-energy synchrotron techniques to elucidate
the reactionmechanisms of CO2mineralization using PCFA and its
product utilization as SCM in cement mortars. Several important
information and ndings were obtained as the reference of future
research. For instance, CO2 was successfully mineralized as calcite
–mineral interface, and (b) utilization of carbonated PCFA products in

This journal is © The Royal Society of Chemistry 2019
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(CaCO3) through accelerated carbonation of PCFA. In the case of
either fresh or carbonated PCFA, there was no presence of CaCO3 in
blended cement mortars aer 90 days, suggesting the complete
consumption (reaction) of CaCO3 in the course of cement hydra-
tions. In general, the addition of CaCO3 in cement mortars could
provide both physical (e.g., more active sites) and chemical (e.g., the
formation of hexagonal monocarbonate in eqn (13)) enhancement
for hydration reactions.

The ndings from this investigation could provide an insight
into the kinetics of hydration reactions for PCFA-blended cement
mortars. However, the products of hydration reactions at different
curing ages (e.g., 1, 3, 7, 28, 56 and 90 days) were not yet studied in
details. As the aforementioned, the amounts of the reaction prod-
ucts, such as carboaluminate, ettringite and the AFm phase, would
vary in the course of the hydration, thereby affecting the strength
development at the early and late stages. Our future research will be
focused on the hydration products at different ages, as well as the
kinetics of hydration reactions for PCFA-blended cement mortars
using the calorimetry and synchrotron techniques (such as in situ
XRD, nanoscale tomography and X-ray absorption near edge
structure spectrometry).

Conclusions

This study could provide an insight into the mechanistic
understanding of reactions at mineral–water interfaces for CO2

mineralization and utilization exemplied by PCFA. We found
that, for CO2 mineralization using PCFA, the formation of
calcite (CaCO3) products would be attributed to the complete
conversion of lime and portlandite, along with the partial
conversion of anhydrite in the fresh PCFA. The surface of the
carbonated PCFA was covered with rhombohedral calcite crys-
tals, with a size of 0.1–0.5 mm. For the subsequent utilization of
mineralized products, the amounts of carboaluminate, ettrin-
gite and the AFm phase varied in the course of the hydration,
thereby affecting the strength development at the early and late
stages. Also, no presence of calcite in blended cements with
either fresh or carbonated PCFA was observed, indicating the
complete consumption of CaCO3 during cement hydrations.
Despite the ndings could provide the basis for controlling
pathways and kinetics, the exact reactions in fact, especially for
hydration of blended cement, were much more complex. Future
research directions should focus on the identication of
dynamic speciation by in situ high-resolution equipment,
measuring local mass transfer and determining the phase
characteristics at the molecular levels. This could enable the
broad-spectrum collection of thermodynamic and kinetic data
that specially emphasize on mass transfer and reaction rate at
the solid–uid interfaces.

Experimental section
Mineral carbonation and utilization using PCFA

In this study, PCFA generated from the unit process of a circular
uidized bed boiler in a petrochemical industry (Taiwan) was
used. Prior to CO2 mineralization experiments, the PCFA was
dried overnight in an oven at 105 �C to eliminate the moisture.
This journal is © The Royal Society of Chemistry 2019
Additional grinding process was not required as the particle size
of the PCFA was ne enough (e.g., <20 mm) for CO2 minerali-
zation. De-ionized (DI) water with 18.2 MU cm�1 was used.
High-pressure CO2 gas of 99.5% and N2 gas of 99.5% were
purchased from Ching-Fung Gas Corporation (Taipei, Taiwan).
For the mineralization experiments, the dried PCFA was mixed
with DI water to form a PCFA slurry at a liquid-to-solid ratio of
10. The formed PCFA slurry was highly alkaline with a pH value
of >13.2, thereby rapidly resulting in the formation of carbonate
ions once the CO2 gas was introduced into the reactor. The
details of experimental procedure for CO2 mineralization could
be referred to our previous study.10

For the PCFA utilization experiments, the PCFA was blended
with clinker at a substitution ratio of 5%. In order to prepare
cement mortar specimens, graded standard sand (Ottawa sand,
compliance with ASTM C778) and ordinary Portland cement
(type I with a mean diameter of 21.6 mm) were used. The water-
to-powder and sand-to-powder ratios were designated at 0.49
and 2.75, respectively, for all cement mortars. The blended
cement mortars were cured in lime-saturated water at 23 � 1 �C
for 90 days.

High-energy synchrotron X-ray techniques

The high-energy synchrotron X-ray diffraction (XRD) patterns of
PCFA before and aer CO2 mineralization were collected at
beamline 11-ID-C of the Advanced Photon Source at Argonne
National Laboratory. The wavelength of the X-ray beam was
0.11742 Å (photon energy of 105.59 keV). A PerkinElmer area
detector was used to collect 2D XRD data. The obtained 2D
diffraction patterns were calibrated using a standard CeO2

sample and then converted to 1D patterns (the diffraction
intensity versus 2q angle) using Fit2D program.43

In order to quantify the changes of mineral phases in PCFA,
the Rietveld renement was performed using the Match so-
ware (Crystal Impact, Bonn, Germany). The parameters of
crystal structures were taken from the American Mineralogist
Crystal Structure Database in the Crystallography Open Data-
base to interpret the synchrotron XRD patterns in Match. The
collection codes for the major peaks included anhydrite (CaSO4,
code 96-900-4097), lime (CaO, code 96-900-6713), quartz (SiO2,
code 96-900-6302), calcite (CaCO3, code 96-900-9668), por-
tlandite (Ca(OH)2, code 96-900-0114), hatrurite (Ca27Si9O45,
code 96-900-8367), hatrurite (Ca9Si3O15, code 96-900-9266),
wollastonite (CaSiO3, code 96-900-5778), sillimanite (Al2SiO5,
code 96-900-3990), dmitryivanovite (CaAl2O4, code 96-901-3918),
ettringite (Ca6Al2S3O49.496H60.602, code 96-901-2923), cancrinite
(Ca0.04C0.5H6O14.25Si3Na3.58K0.15, code 96-901-3989), foshagite
(Ca4Si3O11H2, code 96-901-1044), and afwillite (Ca3Si2O10H6,
code 96-900-7612).

Micro-probe X-ray uorescence (XRF)

Scanning micro-probe XRF microscopy was carried out at
beamline 2-ID-D of the Advanced Photon Source at the Argonne
National Laboratory.44 Fresnel zone plates were used as focusing
optics in X-ray microprobes at energies between 1 and 10 keV,
corresponding to atomic numbers Z between 13 (Zn) and 30
RSC Adv., 2019, 9, 31052–31061 | 31059
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(Zn). Highly focused X-rays (Ka-line uorescence) were used to
excite and map the elements in heterogeneous PCFA with low
detection limits at the sub-micron spatial resolution. Areas of
interest were raster scanned with 0.8 mm pixel size and a focus
diameter of�0.5 mm. XRF signals from the PCFA specimen were
captured with an energy dispersive Ge detector placed perpen-
dicular to the incident beam direction in the plane of
polarization.
Morphology and elemental distribution analysis of PCFA

The qualitative analysis of PCFA was carried out with a eld-
emission scanning electron microscope (FE-SEM) equipped
with X-ray energy dispersive spectrometer (EDS). The
morphology and elemental distribution analysis (e.g., sulfur,
calcium, silicon, and aluminum) of fresh and carbonated PCFA
were examined by a FE-SEM (S-4800, Hitachi) and EDS (XFlash
Quad 5040, Bruker), respectively. The operating voltage was
kept at 10.0 kV, with the electron beam directed at 90� to the
specimen.
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