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Abstract: In this study, an innovative wet carbonation process was developed to
prepare aragonite whisker-rich materials (AWM) from cement and simulated flue gas,
which subsequently served as micro-fiber additions to cement. The parameters
including temperature, duration and MgCl, concentration governing the aragonite
formation were investigated, and the formation mechanism was explored. The results
showed that needle-like aragonite whisker with a single crystal length of 10-30 pm and
diameter of 0.5-2 um could be synthesized rapidly when the cement suspension
containing 0.05 M/L MgCl, was carbonated at 80 °C. The formation of aragonite was
favored in a suspension with a high concentration of Ca®>" and a minimum Mg?"/Ca*"
molar ratio greater than 0.12. Additionally, amorphous phases including alumina-silica
gel and silica gel were also detected. By mixing the AWM with cement, a new type of
micro-fiber reinforced cement was developed, which showed significant mechanical

performance improvement and embodied CO; content (25.3%).

Key words: Carbonation; Micro-fiber reinforced cement; aragonite whisker; CO»

sequestration
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1. Introduction

The world is facing a great environmental challenge due to the excessive release of
COas. Cement is one of the most widely used man-made materials in the world and its
production accounts for about 8% of global anthropogenic CO; emissions [1],
contributing from both fuel combustion and the calcination process of limestone
(calcium carbonation (CC)). Due to improvements of thermal efficiency of modern
combustion system, the CO; resulting from the decomposition of CC accounts for about
70% of total CO2 emission in advanced cement plants [2]. Since it is hard to further
improve the thermal efficiency of mature cement plants [3]. Thus, reducing the CO;
from the decomposition of CC would be the most viable way to mitigate CO> emission
from cement production. Therein, the use of non-carbonate materials is already being
practiced [4]. However, the reductions in energy use and absolute CO> emission
resulting from decomposition would reach their limit in the near future [4]. Further
innovations in reducing CO> emission of cement production is required in the area of
CO; capture and storage technologies, which shows the potential to reach zero emission
in cement production [5-9].

CO; capture and storage technologies can prevent CO; from being released into the
atmosphere. Depends on the engagement stages, there are mainly four categories of
CO» capture and storage technologies that have been investigated and proposed,
including employ retrieve processes at the pre-combustion, post-combustion, oxyfuel

combustion, and industrial separation stages [10]. Among these technologies, the post-
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combustion process is the preferred option as it only requires slightly retrofitting
existing facilities and have limited impact on the existing cement production
procedures[11]. Carbon capture technologies such as chemical absorption [6, 12],
membrane separation [13] and sorption with solids [14, 15] have been used to capture
CO> from kiln-off gas. Although some of these technologies have been validated at the
pilot scale, few of them has been demonstrated at commercial scale [5]. Moreover, the
overall cost of cement production increased by 49-92 % for cement manufactures
running carbon capture equipment compared to conventional plants [16]. Further
research and development are urgently needed to make CO; capture and storage
technologies economically viable.

In fact, Portland cement can be used as an excellent CO> capture and storage
material to absorb CO: in flue gas, which possesses a high carbonation reactivity and
has a carbon sequestration potential that is theoretically equal to the CO> emitted from
the decomposition of limestone during the cement making process [17, 18]. It has
potentials to absorb CO; in flue gases. Regarding the carbonation mechanisms of
Portland cement, the calcium silicates including alite (C3S) and belite (C>S) have good
carbonation reactivities [19]. Calcium carbonate (CC) and an amorphous alumina-silica
gel are the main carbonation products [19, 20]. Generally, three main polymorphs of
CC can be observed in carbonated cement [21, 22], which are calcite, aragonite and
vaterite. Referring to aragonite, as a metastable CC polymorph, it usually presents a

needle-like shape [23]. Also, vaterite is also unstable and these two CC polymorphs
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may eventually convert to calcite [24].

Furthermore, conventional concrete is regarded as a brittle material, where cracks
can be easily generated by thermal stress, shrinkage stress, and other external loadings.
The addition of fiber is one of the most effective ways to improve the toughness and
tensile strength of concrete [25-28]. Among various fibers, micro-fibers including
carbon nano-tubes [29], carbon (including graphene) fiber [30], polyvinyl alcohol fiber
[31], micro-steel fiber [32] and micron size calcium carbonate whisker [25, 33] can
arrest the generation and propagation of micro-cracks, which are effective in improving
tensile strength and toughness of cement-based materials [34, 35]. Needle-like
aragonite whisker, a micro-fiber with a length of 10-30 pm and diameter of 0.5-3 um
is also a promising material to be used for micro-fiber reinforced cement-based
materials due to its relatively low production cost [36], and ability to enhance the
mechanical properties and crack resistance of concrete [25, 37-39].

As mentioned above, even though a large amount of CO is released during cement
production, the produced cement clinkers have a high carbonation reactivity, and upon
which carbonation products with a high proportion of CC would be produced. In fact,
the needle-like aragonite can be stably produced through the carbonation of cement
based materials if the transformation of aragonite to calcite is inhibited. Usually, the
formation and conversion of CC follows the Ostwald’s process, that is, all the
metastable CC polymorphs tend to be transformed to calcite, which is the most stable

polymorph [40-42]. It has been reported that the conversion of CC polymorphs depends
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on many factors such as relative humidity, CO> concentration, pH value and magnesium
content etc. [43-46], and the relative amounts of different CC polymorphs formed
varied in different studies. Also, certain additives can be added to control the CC
crystallization during carbonation, for example, amino acids promoted the formation of
amorphous CC, vaterite and aragonite [47], and an appropriate amount of chitosan
promoted the aragonite formation and increased CC crystal size of the carbonated y-
C2S [48]. Because of these complex factors, no study has reported on the relative
amounts of different CC polymorphs formed in the carbonated cement based materials.

However, aragonite whiskers, as a manmade commercial product, had been
produced by a carbonation process of Ca(OH): in the presence of crystal stabilizers and
precursors [49, 50]. Due to the significant amount of calcium content, it seems to be
suitable to use Portland cement to prepare aragonite whiskers through carbonation
process involving the presence of stabilizers and precursors. Thus, aragonite whisker-
rich materials (AWM) containing needle-like whiskers and reactive amorphous gels can
be produced at cement plants by using cement clinkers and flue gas. Furthermore, a
new micro-fiber reinforced Portland cement can be conveniently and economically
obtained by mixing the produced AWM and the original cement. The flue gas from the
cement plants containing a high concentration of CO; that can be used as the CO2 source
to carbonate cement directly and rapidly under a wet condition [19]. Thus, this study
proposed a new CO» capture technology that can reduce CO> emission efficiently and

contribute to the forthcoming CO; neutral economy. Therefore, the systematically
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investigations on carbonation process and mechanism were needed to verify the
feasibility of proposing approach.

In this paper, a wet carbonation approach is reported to prepare AWM, aiming to
capture CO: in the flue gas and prepare value-added products in the cement plant at the
same time. The prepared AWM was used to produce micro-fiber reinforced cement with
a low carbon footprint. Magnesium chloride was used as a crystal stabilizer to optimize
the synthesized aragonite whisker [49, 50]. A gas mixture with a CO; concentration of
20 % (20 % pure CO> and 80 % Nz) was used to simulate the kiln-off gas in cement
plants. The effects of magnesium chloride concentration, temperature and carbonation
duration on the generation of carbonation products were investigated using powdered
X-ray diffraction (XRD), Fourier transformation-infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) and Solid-state nuclear magnetic resonance
(NMR). The carbonation mechanisms behind the formation of AWM and the CO:
sequestration ability during the wet carbonation process were systemically explored.
The mechanical properties and hydration heat of the micro-fiber reinforced cement

were validated, and the benefits of CO» emission reduction were discussed.

2. Material and methods

2.1 Materials and preparation

2.1.1 Materials

A type I Portland cement (CEM I 52.5) produced by Green Island Cement was

used in this study and its chemical compositions are shown in Table 1. The cement had
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a specific density of 3.09 g/cm® and a BET specific area of 861.7 m?*/kg. River sand
with a size less than 2.36 mm was used as the aggregate. Magnesium chloride
hexahydrate (MgCl,e6H>0) (Analytical Grade, Fluka) was used as the crystal stabilizer.
Deionized (DI) water and commercially sourced gases (CO; and N») with a

concentration of 99.9 % were used.

Table 1 Chemical compositions of Portland cement (wt. %)

Oxide NaxO ADLOs SiO> Fe;0O3 SO; CaO MgO K.O LOI
% 0.13 732 19.61 332 203 63.15 2.14 0.59 1.09

2.1.2 Design and preparation of micro-fiber reinforced cement

In order to produce the micro-fiber reinforced cement, a process was designed as
shown in Figure 1. Firstly, the cement powder was mixed with MgCl, solution to
prepare a cement slurry suspension, then, the gas containing CO; was injected into the
suspension to produce AWM. After a filtration process, the produced AWM was mixed

with a new batch of cement to produce micro-fiber reinforced cement.

Raw materials —— Wet carbonation process — Mix process ————  Products

3 blend . q
B o el Fiber-reinforced
j — cement

2 o,
Drying
& o =)
%2
=S -
Aragonite whisker- I

Cement production Wet carbonation rich materials

Cco

Figure 1 Design and preparation process of micro-fiber reinforced cement

In order to realize this design, an experiment program was planned to model this
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industrial process in the laboratory. Commercially sourced CO> and N> were mixed to
simulate flue gas emitted from cement production, and 20 % CO> concentration was
chosen based on the CO; concentration of flue gas produced from the cement industry
[5]. Figure 2 shows the experimental setup for the preparation of AWM.

The detailed experimental process is as follows: firstly, 15 g of cement was mixed
with 300 mL of MgCl, solution thoroughly by using an electrical stirrer. The MgCl»
was chosen as a crystal stabilizer due to its ability to promote aragonite nucleation [49,
50]. The concentrations of 0 M/L, 0.01 M/L, 0.025 M/L, 0.05 M/L and 0.1 M/L were
considered to find an optimal one; Secondly, mixed gas containing 20 % CO2 was
injected into the aqueous system with a flow rate of 1 L/min at given temperature to
control the crystal structure of CC. The suspension was mechanically stirred at a speed
of 300 rpm. Different temperatures including 20 °C, 40 °C, 60 °C and 80 °C were
evaluated to obtain an optimal temperature in this study. Also, the carbonation durations
of 30 min, 60 min, 120 min and 240 min were investigated; Thirdly, after carbonation,
the suspended solid was collected by a filtration process using filter funnel and filter
paper (2.5 um), and then dried in a freeze dryer. Finally, the dried solid with was mixed
with a new batch of cement using dosage ratios of 5 %, 10 % and 20 % to prepare

micro-fiber reinforced cement.
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Figure 2 Illustration of setup for the preparation of AWM in the laboratory

2.1.3 Mixture proportion of micro-fiber reinforced cement mortar

Mortar samples with a water to cement ratio of 0.45 and sand to cement ratio of
2.5 were prepared to evaluate the mechanical properties of the micro-fiber reinforced

cement.

2.2 Test methods
2.2.1 X-ray Powder Diffraction (XRD)

A X-ray diffractometer (Rigaku Smart-Lab) equipment Cu-Ka radiation (A=1.54
A) was used to measure the XRD spectra of carbonated cement. A range of 5-70 ° was
chosen, and it was conducted with a scan speed of 5 °/min and a step of 0.02 °. The
Rietveld analysis of the sample incorporating with 10 wt.% corundum was performed
by using a TOPAS 5.0 software. 10 wt.% corundum was added into the samples as a
benchmark to quantitatively determine the content of non-crystalline phases. The
Inorganic Crystal Structure Database (ICSD) was used for Rietveld refinement and

calculation. The contents of different phases could be obtained by peak functions based
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on the XRD results and the crystal structures of the phases. The refined parameters such
as zero-shift error, background coefficients, cell parameters, peak shape parameters etc.
were optimized. Meanwhile, the Lorentz polarization factor was fixed to be zero and
the peak shape was fitted based on the FP peak function. The weighted profile R-factor
(Rwp) value was below 10%, which ensured the satisfactory fit quality and good

Rietveld refinement results.

2.2.2 Fourier transformation-infrared spectroscopy (FTIR)

The FTIR spectra of samples carbonated with different conditions was tested by
an FTIR Spectrometer (PerkinElmer UATR Two). A range of 4000-500 cm™ with a
resolution of 1 cm™ was chosen for all the tests. An averaging 64 scans for each

measurement was conducted. Before test, all the samples were dried in a drying oven.

2.2.3 Scanning electron microscopy (SEM)

The SEM images of the carbonated cement were captured by using a scanning
electron microscope (Tescan VEGA 3 apparatus) with an accelerating voltage of 20 kV.
The powder samples collected from carbonation were coated on carbon conductive tape.
The prepared powder was stuck on a conducting resin and coated with gold before the

test.

2.2.4 Thermal analysis (TGA)

The thermalgravimetric analysis (TGA) of the carbonated cement was performed

to represent the composition of carbonation products. A heating range of 40 °C to 1000 °C

was set, and all the tests were performed with a heating rate of 10 °C/min under N2
striping gas with a thermogravimetry analyzer (Rigaku, Thermo plus EVO2). Before
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the test, the powder samples were dried in a vacuum oven for 24 h.

2.2.5 Solid-state Nuclear Magnetic Resonance (NMR)

The ?’Al and ?° Si MAS NMR spectra of the samples carbonated at different times
(0 min, 30 min, 60 min, 120 min and 240 min) were acquired to evaluate the changes
of the alumina and silica-bearing phases. A solid-state NMR spectrometer (JEOL
ECZ500R) was used. The °Si NMR spectra were tested with a spinning speed of 4 kHz
and a relaxation delay of 20 s by using a 7 mm triple-resonance probe, and the 2’Al
spectra were obtained by using a 3.2 mm triple-resonance probe with a spinning speed

of 12.5 kHz. Before the test, the powder samples were dried in a vacuum oven for 24

h.

2.2.6 Inductively coupled plasma-optical emission spectrometer (ICP-

OES)

The concentrations of Ca®>" and Mg?" in the cement-MgCl, suspension were tested
before and during carbonation process. The inductively coupled plasma-optical
emission spectrometry (ICP-OES, Spectro Blue) was used for the analysis. The filtrates
of the samples were collected at 2 min and 5 min before injecting CO», also at 5 min,
10 min, 15 min, 20 min, 30 min and 60 min after injecting CO,. Before the ICP test, the

filtrates were digested by concentrated nitric acid [51].
2.2.7 Mechanical properties

A mortar with a water to binder ratio of 0.45 and sand to binder ratio of 2.5 was

prepared for mechanical properties measurement. Prism samples with the size of 40
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mm x 40 mm x 160 mm was cast. After water curing for 3 d, 7 d and 28 d, the equivalent
compressive strength and flexural strength tests were conducted using a loading rate of

0.6 MPa/s and loading rate of 50 N/s, respectively.

2.2.8 Hydration heat

The hydration heat of micro-fiber reinforced cement containing different amount
of AWM (0 wt.%, 5 wt.%, 10 wt.% and 20 wt.%) was tested by an isothermal
calorimeter (I-Cal 4000, Calmetrix). The samples of 50 g powders and mixed with 20
g DI water. The heat flow and cumulative heat were collected under a constant

temperature of 20 °C for 72 h.

2.2.9 BET surface area

The BET surface area of prepared AWM was determined by using a BET surface
area and porosimetry system (Micromeritics ASAP 2020). The BET surface area of the

samples could be acquired from the desorption isotherms

3. Results and analysis

3.1 Effect of magnesium chloride concentration on the
carbonation products

3.1.1 Composition evolution of carbonation products

The effect of MgCl> concentration on the phase assemblage of cement after
carbonating for 60 min was determined by XRD (Figure 3) and FTIR (Figure 4). The
detailed contents of aragonite, calcite and clinker phases (revealed by Rietveld analysis)

are shown in Table 2.
13
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The XRD spectra of the samples prepared with different concentrations of MgCl,
solution are shown in Figure 3. As well known, the main clinker compositions of OPC
are C3S, CoS, C3A and C4AF. For all the samples carbonated in MgCl» solutions with
different concentrations, the amounts of clinker phases were significantly reduced,
while newly formed CC became the dominant crystalline component. The MgCl»
concentration had noticeable effects on the carbonation rate and carbonation products
formed. Firstly, the residual amount of clinker phases increased with the increasing
MgCl, concentration, while the amount of crystalline CC content decreased. Secondly,
aragonite started to be present after MgCl. was added, becoming the dominant
polymorph of CC when the MgCl> concentration reached 0.025 M/L. However, 0.1 M/L
MgCl, concentration is not recommended, as the aragonite content was decreased along
the further increase of the MgCl, concentration. To be more specific, the calcite content
decreased from 71.27 % to 5.76 % as the MgCl, concentration was increased from 0
M/L to 0.05 M/L. At the same time, the aragonite content increased from 1.59 % to
60.87 %. However, the aragonite content was reduced to 47.49 % when the MgClz
concentration was further increased to 0.1 M/L. It should be noted that the total amount
of CC decreased when the MgCl, was added, indicating a reduced carbonation degree.

Overall, the MgCl, not only decelerated the carbonation rate of cement but also
promoted the transformation from calcite to aragonite. The presence of MgCl. did not
influence the carbonation of C4AF, which might be attributed to the low carbonation

reactivity [52]. Based on the results, a MgCl> concentration higher than 0.025 M/L

14



1  should be chosen to prevent the transformation from aragonite to calcite completely.
.
%-Aragonite ¢—Calcite
v-Gypsum 6-C AF
©-C,S;6-C,S;0-C,A
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26 (°)
Figure 3 XRD spectra of cement carbonated with different concentration of MgCl.
2 Table 2 Amounts of carbonation products obtained by Rietveld analysis (wt.%)
NO. CiS C.S CiAF  GA Calcite  Aragonite Gypsum ACn
0M-80°C-60min 2.81 0.92 6.02 2.02 71.27 1.59 0.77 14.60
0.01M-80°C-60min 876 4770 6.13 3.48 21.63 40.09 0.07 15.14
0.025M-80°C-60min 7.73 5.60 5.37 5.21 541 61.00 1.04 8.63
0.05M-80°C-60min 6.86 4.63 5.72 4.97 5.76 60.87 0.76 10.44
0.1M-80°C-60min 11.68 7.24  6.52 6.00 5.02 47.49 0.49 15.56
3 Note: ACn is the amorphous and crystalline non-quantified (ACn) content
4 Figure 4 shows the FTIR spectra of the samples prepared with different
5  concentrations of MgCl,. Usually, the asymmetric stretch of the carbonate ions at 1488
6 cm’ accompanied with the absorption peak at 699 cm was the characteristic of
7 amorphous calcium carbonate (ACC) [53, 54]. Compared to the samples carbonated in
8 DI water, the involvement of MgCly leaded to a distinct absorption peak at 699 cm™.. In
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addition, the broad absorptions peaks between 900 cm™ and 1200 cm™! [55] related to
the vibration of Si-O bonds also changed with the variation MgCl, concentration,
specially, the absorption peaks became narrower with the increase of MgCl,
concentration, suggesting the reduced decalcification degree of calcium silicate. Also,
the peak shifted from 1038 cm™ to 1010 cm™! as the MgClz concentration was increased
from 0 M/L to 0.1 M/L, indicating the reduced polymerization of Si [56]. The
absorption bands located at about 1416-1470 cm™ and 853-873 cm! could be assigned
to the symmetric stretch and out-of-plane bending bands of the C-O bond. These
absorption bands located at about 1400-1490 cm™! shifted to higher values while the
absorption at 850-880 cm! shifted to a lower value after adding MgCl,, which might
reflect the transformation from calcite to aragonite. Therefore, the increased MgCl
concentration not only rendered the preferential formation of aragonite but also
promoted the generation of ACC due to the stabilization effect of magnesium [57, 58].
A MgCl, concentration higher than 0.025 M/L but lower than 0.1 M/L would be chosen
to ensure a high aragonite content and reduced the ACC formation based on the XRD

and FTIR results.
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Figure 4 FTIR spectra curves of cement carbonated with different concentrations of
MgClz solution

3.1.2 Microstructure

The morphologies of the cement carbonated for 60 min at different concentrations
of MgCl solution are shown in Figure 5. It can be observed that the morphology of
carbonated products was strongly associated with the MgCl> concentration. For the
cement carbonated in DI water, aggregated grains with a rhombohedral shape grew on
the surface of cement particles. However, the morphology was significantly changed
for the cement carbonated in MgCl, solution with a concentration of 0.01 M/L. Needle-
like aragonite with a small diameter and rhombohedral-shaped calcite were both present.
Interestingly, calcite could not be observed when the MgCl, concentration was higher
than 0.025 M/L, indicating the new-formed aragonite was dominant in the reaction
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products while the formation of calcite was hindered completely. This was in agreement
with the QXRD results. The morphology of aragonite was also closely related to the
MgCl> concentration. These thin aragonite crystals grew bigger with the increase of
MgCl> concentration, and a needle-like crystal structure was obtained at 0.05 M/L
where a single crystalline particle measured a length of 10-30 um and diameter of 0.5-
2 um grew on the surface of cement. These aragonite whiskers connected with each
other and grew on the un-carbonated cement core. This evidence that the presence of
MgCl> strongly promoted the formation of this mineral. Also, aggregated cottony
materials located between the aggregated aragonites could be observed in the samples
carbonated in the MgClz solution. Based on the XRD and SEM results, a MgCl
concentration of 0.05 M/L was therefore chosen to ensure the formation of aragonite

with a needle-like morphology.

18
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Figure 5 Morphology of cement carbonated in different concentrations of MgCl»

3.2 Effect of temperature on the carbonation products

3.2.1 Composition evolution of carbonation products

The effect of temperature on the carbonation products of the sample carbonated

for 60 min was also characterized by XRD (Figure 6) and FTIR (Figure 7). The contents
19



1 ofaragonite, calcite and clinker phases have been revealed by Rietveld analysis and are
2  shown in Table 3.
3 Figure 6 shows the XRD spectra of the samples carbonated in 0.05 M/L MgCl»
4 solution at different temperatures. The XRD spectra shows that the polymorphs of CC
5 and their contents were strongly associated with the carbonation temperature. In general,
6  almost all the CC was calcite in the sample carbonated at 20 °C, while the calcite started
7  totransform to aragonite at 40 °C. As a result, the calcite content decreased from 49.08 %
8 to 5.76 % as the temperature was increased from 20 °C to 80 °C, but the aragonite
9  content increased from 0 % to 60.87 % at the same time. The aragonite became the
10  main polymorph of CC at 60 °C. In addition, the total amount of crystalline CC was
11  first decreased to 44.87 % at 40 °C and then increased with the further increase of
12 temperature. Meanwhile, the amounts of residue clinker phases including C»S, C3S and
13 C4AF showed an opposite trend. Therefore, the carbonation temperature was another
14  key factor controlling the formation of CC polymorphs and the carbonation rate. In
15  order to prepare AWM by carbonating cement, a carbonation temperature higher than
16 60 °C and MgCl» solution with a concentration of 0.05 M/L were required.
17 Table 3 Contents of carbonation products obtained by Rietveld analysis (wt.%)

NO. GS G.S CiAF  GA Calcite  Aragonite Gypsum ACn
0.05M-20°C-60min 14.23 10.90 7.50 7.93 49.08 0.00 0.67 9.69
0.05M-40°C-60min 1451 8.47 5.99 7.44 26.16 18.71 0.69 18.03
0.05M-60°C-60min 521 634 6.64 4.80 5.56 53.69 0.54 17.21
0.05M-80°C-60min 6.86 4.63 5.72 4.97 5.76 60.87 0.76 10.44

18

Note: ACn is the amorphous and crystalline non-quantified (ACn) content
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Figure 6 XRD spectra of samples carbonated in 0.05M solution at different
temperature

Figure 7 shows the FTIR spectra of the samples carbonated for 60 min at 20 °C,
40 °C, 60 °C and 80 °C, respectively. The spectra indicated that the absorption peaks
associated with the vibration of Si-O bond [55, 59] were influenced by the carbonation
temperature. The narrower peak and lower intensity of samples carbonated at higher
temperature, indicating a reduced polymerization of the silica-bearing materials [56].
The vibration of C-O bond was also observed, which could be used to characterize the
formation of CC. Also, the presence of ACC was confirmed in the samples carbonated
at 60 °C and 80 °C due to the appearance of the asymmetric stretch of the carbonate
ions at 1488 cm™! accompanied by the absorption peak at 699 cm™ [53, 54]. Therefore,
the increased temperature reduced the polymerization of the newly formed silica-

bearing materials and promoted the formation of ACC.
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Figure 7 FTIR spectra of samples carbonated at 20 °C, 40 °C, 60 °C and 80 °C

3.2.2 Microstructure

Figure 8 shows the morphologies of the cement carbonated at 20 °C, 40 °C, 60 °C
and 80 °C. The carbonation temperature had a significant influence on the
microstructure of the carbonated samples. The rhombohedral-shaped calcite without
clear edges grew on the cement particles at 20 °C. For the samples carbonated at 40 °C,
both clusters of different-oriented aragonite and rhombohedral-shaped calcite were
present. For the samples carbonated at 60 °C, the rhombohedral-shaped calcite was fully
replaced by the clusters of different-oriented aragonite. Moreover, the aragonite turned
to the needle-like shape at 80 °C. Therefore, the increased temperature not only
promoted the aragonite formation but also affected its morphology. In order to prepare
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1 needle-like aragonite whiskers, a temperature higher than 80 °C should be used.
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Figure 8 The morphologies of samples carbonated at 20 °C, 40 °C, 60 °C and 80 °C

3 3.3 Effect of carbonation duration

4 3.3.1 Evolution of carbonation phases

5 Based on the results in sections 3.1 and 3.2, the optimized carbonation conditions
6  for aragonite formation with a MgCl, concentration of 0.05 M/L and a temperature of
7 80 °C were selected. In order to better understand the mechanism of the aragonite
8  formation, the evolution of carbonation phases was further characterized by QXRD

9  (Figure 9), TG (Figure 10), FTIR (Figure 11), ?°Si NMR (Figure 12) and ’Al NMR
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(Figure 13) methods. The quantitative mineral composition of cement and crystalline
carbonation products is shown in Table 4.

(1) Evolution of calcium phases

The XRD spectra of the samples carbonated for 0 min, 30 min, 60 min, 120 min
and 240 min are shown in Figure 9. The Rietveld analysis was used to obtain the
contents of the carbonation products and residual cement phases (shown in Table 4).
The XRD spectra of the reference sample revealed that the main components of cement
were C3S, CoS, C4AF, C3A, calcite and gypsum. After mixing with MgCl> solution,
brucite was quickly formed before COz injection. Afterwards, the amount of aragonite
increased rapidly and the content of clinker phases decreased with increasing
carbonation time. It should be noted that brucite disappeared at about 30 min of
carbonation.

Generally, the amount of aragonite increased from 0 % to 68.53 % as the
carbonation time was increased from 0 min to 240 min. The calcium silicates including
C3S and C;S were nearly exhausted at 240 min, but about 3.27 % C3A and 4.96 % CsAF
were still remained. Among these four principal clinkers, C3S showed the highest
carbonation reactivity. About 74.38 % CsS had already been consumed after 30 min,
but further reaction was slower and the total carbonation degree was 97.10 % after
carbonating for 240 min. C,S had the second fast carbonation reactivity, and the
carbonation degree reached 58.77 % at 30 min and 98.05 % at 240 min. Compared with

the calcium silicates, the carbonation rates of C3A and CsAF were slower, where
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1 reactions degrees of 54.06 % and 70.27 % were recorded respectively at 240 min. The

2  difference in carbonation rates of these four clinker phases might be linked to the

3 different dissolution rates of Ca**[60].

4 Table 4 Amounts of carbonation products obtained by QXRD (Rietveld analysis)
5 (Wt.%)

NO. CiS C.S CiAF  GA Calcite  Aragonite Gypsum ACn
0.05M-80°C-0min 48.57 21.34 9.71 9.89 5.75 0.10 2.37 0.47
0.05M-80°C-30min 13.82 10.60 7.43 5.72 6.43 51.72 0.79 3.47
0.05M-80°C-60min 6.86 4.63 5.72 4.97 5.76 60.87 0.76 10.44
0.05M-80°C-120min 3.54 194 533 3.47 4.42 62.47 0.37 18.47
0.05M-80°C-240min 1.57 0.50 4.96 3.27 5.36 68.53 0.78 15.04
6 Note: ACn is the amorphous and crystalline non-quantified (ACn) content
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Figure 9 XRD spectra of samples carbonated for different times

9 Thermal analysis was also conducted to reveal the carbonation products (shown in
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Figure 10). For the samples without carbonation, the presence of brucite was confirmed
from the peak located at about 400 °C [61, 62]. But brucite disappeared after injecting
CO», and a small peak located at about 470 °C was observed. This new peak can be
attributed to the decomposition of the residual magnesium chloride hexahydrate (MCH)
[63]. The CC comprising calcite and aragonite [49, 64, 65] could be revealed by the
peak at about 670-740 °C. Similar to the XRD results, CC formed rapidly after injecting
COg, and its amount increased quickly within 30 min and leveled off afterwards and
reached a total content more than 60 % after 240 min. Interestingly, according to the
DTG curves, the center of peaks associated with the decomposition of CC was shifted.
Specifically, it was increased from 680 °C to 730 °C as the MgCl, concentration was
increased from 0 M/L to 0.1 M/L. The increased temperature was attributed to the
formation of polymorphs of CC, especially aragonite has a higher decomposition

temperature than that of calcite [66].

100 1
% r 0 rumy —— ™S
<9 r = |
é ——0.05M-80°C-Omin E 1 ——0.05M-80°C-Omin
285 i 0.05M-80°C-30min S 2 0.05M-80°C-Omin
980 | 0.05M-80°C-60min o® 0.05M-80°C-Omin
oo} ———0.05M-80°C-120min = -3 F =—0.05M-80°C-0min
=75 [a)
——80-240min-0.05M ——80-240min-0.05M
70 | 4
65 L L L -5 L L L L
0 200 400 600 800 1000 1200 0 200 400 600 800 1000
Temperature(°C) Temperature(°C)
(a) TG (b) DTG

Figure 10 Thermal analysis of samples carbonated for different times

The FTIR spectra of the samples carbonated for different times are shown in
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Figure 11. The presence of ACC was confirmed in the carbonated samples [53, 54].
The increased intensity of the absorption peak at 699 cm™ revealed the increased
amount of ACC. However, the amount of ACC was small and was difficult to
quantify. Also, the absorptions between 900 cm™' and 1200 cm! corresponding to the
vibration vz of Si-O bond [55] became broader as the carbonation reaction
progressed . These peaks at about 1038 cm™ is linked with the vibration of Si-O bonds
in Q% and Q*, confirming the formation of silica gel [67]. The presence of absorption
bands at about 1488 cm™ and 854 cm™! were related to the symmetric stretch and out-
of-plane bending bands of the C-O bond in aragonite [54]. These absorption bands
located at about 1400-1490 cm™ shifted to a higher value of 1488 cm™ while the
absorption at 850-880 cm™! shifted to a lower value of 854 cm™ when the aragonite

was formed, which was attributed to the polymorphs of CC.
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Figure 11 The development of FTIR spectra of RCF during carbonation
3.3.2 Evolution of silica and alumina phases in carbonated cement

The ?°Si NMR and >’ A1 NMR spectra of the samples were obtained to indicate the
evolution of the silica phase and the alumina phase. The 2°Si NMR spectra of the cement
carbonated for different carbonation time are shown in Figure 12, which were labelled
according to Q". Generally, the presence of Q° signal (at about -71 ppm) refers to
individual silicon-oxygen tetrahedral of silicate in the clinker, Q® (at about -100 ppm)
belongs to the hydroxylated surface sites ((SiO);—Si-OH) in the silica gel and Q* signal
(at about -110 ppm) belongs to Q* ((SiO-)4Si) in the silica gel [68-70]. Also, a Q% signal
located at about -93.4 ppm was observed which represented the presence of alumina-
silica gel formed by carbonation [69]. As the cement was carbonated directly without

hydration, no Q* site (at about -80 ppm) and Q? (at about -85 ppm) site associated with
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C-S-H gel [71] were observed. However, the intensity of QP site decreased rapidly with
the increasing carbonation time, while the intensities of Q® and Q* increased. This
indicated the transformation between an individual silicon-oxygen tetrahedral and a
highly polymerized SiO4 tetrahedra. It should be noted that the intensity of Q° decreased
rapidly during the first 60 min, and after that, the carbonation of the clinker phases was
slowed down. Correspondingly, Q* and Q* increased rapidly within 60 min, and their
intensities increased continually between 60 min and 240 min. It worth noting that the
Q" site was still present at 240 min.

The evolution of alumina phases was determined by 2?’Al NMR spectra and are
shown in Figure 13. For the sample without carbonation, the broad resonance centered
at about 10 ppm could be observed, which is attributed to the presence of six-fold
coordination in C3A and C4AF [69, 72]. A significant reduction of intensity of this
resonance was observed within the first 30 min, indicating the rapid carbonation of C3A
and C4AF. This was in agreement with the XRD results elaborated in previous section.
A new resonance centered at about 56 ppm appeared and its intensity increased with
increasing carbonation time, which indicated the increased tetrahedrally coordinated
aluminum, indicating the aluminum incorporated in the alumina-silica gel [73, 74].
Similar to the silicon phase, rapid change was observed during the first 60 min. Also, a
broad resonance centered at about 86 ppm was observed in the reference sample, which
was associated with aluminum guest-ions incorporated in C3S and CoS [19]. This

aluminum dissolved into solution rapidly during the carbonation of calcium silicate and
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1  participated as an alumina-silica gel, leading to the reduced intensity of this resonance.
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Figure 12 %° Si NMR spectra of cement with different carbonation time
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Figure 13 2?A1 NMR spectra of cement with different carbonation time
3 3.3.3 Evolution of microstructure

4 The morphology development of the samples is revealed in Figure 14. It can be
30
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observed that dumbbell-shaped aragonite with a low length/diameter ratio and large
diameter was quickly formed on the cement grains at 30 min of carbonation. Some
poorly crystalline products with lumpy shapes could be observed on the grains as well.
The shape of aragonite was changed with increasing carbonation time. The
length/diameter ratio of the aragonite crystal increased, and it became typical needle-
like at 60 min. Furthermore, needle-like aragonite with a length of 10-30 um and a
diameter of 0.5-2 um was observed at 120 min. From the morphology development,
aragonite was formed immediately after injecting CO», The crystal formed had an
elongated shape and face-capped diameter. Some fibroid and lumpy-shaped products
between the individual aragonite crystals were observed, which might be attributed to

the formation of amorphous phases.
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Figure 14 Morphologies of samples carbonated at different times

4. Validation of micro-fiber reinforced cement
4.1 The characteristic of prepared AWM

The particle characteristics of cement and AWM were determined using laser
granulometry and BET methods, and the test results are shown in Figure 15. It can be
observed from Figure 15 (a) that the particle size increased after carbonation, the
amount of particle with size <10 um was significantly reduced, and the center of the
peak shifted from about 20 um to about 30 um. The D50 was increased from 17.69 pm

to 31.46 um corresponding to the D50 of cement and AMW (carbonated for 120 min),
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respectively. In addition, from the two isotherms, the BET surface areas of cement and
AWM were 1.70 m%*g and 23.45 m?/g, indicting a significant increased adsorption
capacity. This might be attributed to the amorphous phases in AWM. Therefore, the
prepared AWM possessed both coarsened particle size and higher BET surface area

than that of cement.
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Figure 15 The particle size distribution and BET adsorption & desorption isotherm
of AWM

4.2 Hydration heat of micro-fiber reinforced cement

In order to investigate the effect of AWM on the hydration and performance of
cement, the mechanical properties and hydration heat of micro-fiber reinforced cement
containing different amounts of AWM (5 wt.%, 10 wt.% and 20 wt.%,) were determined.

Figure 16 shows the heat flow and cumulative heat release of the micro-fiber
reinforced cement paste prepared with a water to binder ratio of 0.4. For the samples
incorporated AWM, the hydration heat curves were significantly changed compared to

the reference batch. Firstly, the induction period was shortened with the increase of
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AWM addition. Secondly, the magnitude of main hydration heat peak related to the
hydration of C3S was increased, and a higher hydration rate was observed with the
increased dosage. Thirdly, similar second peak associated with the depletion of gypsum
and hydration of aluminate phases were observed.

Due to the increased heat flow rate, an improved cumulative heat release of the
micro-fiber reinforced cement pastes could be observed. The cumulative heat of the
micro-fiber reinforced cement paste (20 wt. % AWM) reached 217.04 J/g at 72 h, which
was much higher than that of the reference cement paste (150.82 J/g). Therefore, the
AWM addition led to an accelerated hydration rate and higher hydration degree. This
might be attributed to the presence of the amorphous phases in the AWM, which had a
very high surface area (shown in Figure 15), serving as nucleation sites that can
accelerate cement hydration. Also, the amorphous phases had a very high pozzolanic
reactivity [75] that consumed Ca" in the pore solution, which further promoted and
accelerated the cement hydration. Furthermore, the aragonite phase in the AWM had
some acceleration effect on cement hydration due to nucleation effect [76], as shown in

Figure 16.
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Figure 16 Influence of AWM on the hydration heat flow (a) and cumulative heat (b)

of cement pastes

4.3 Evaluation of mechanical properties

Figure 17 shows the compressive strength and flexural strength of the prepared
micro-fiber reinforced cement mortar containing different amounts of AWM carbonated
for 120 min. It can be observed that the mechanical properties were dependent on the
proportion of AWM. Both compressive strength and flexural strength were improved
after adding AWM at all testing ages. For the compressive strength, the 28 d-strength
of the samples incorporated with 10 % AWM reached the maximum value of 61.7 MPa,
which was an increase of 24.1 % compared to that of the reference samples. But the
improvement of compressive strength was reduced when the addition of AWM reached
20 % due probably to the dilution of cement content and the introduction of interface
defects [33] when excess of AWM was added. The changes of flexural strength also
showed a similar trend, where a maximum strength increase of 25.9 % was observed
for the sample containing 5 % AWM. The improved mechanical properties can be
explained by the presence of the aragonite whiskers and amorphous gels with high
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pozzolanic reactivity [37, 77, 78]. Therefore, an AWM reinforced cement with excellent
performance could be developed by adding AWM prepared by a sustainable wet

carbonation method proposed in this study.
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Figure 17 Compressive strength and flexural strength of AWM reinforced cement
mortar

5. Discussion
5.1 Phase assemblance evolution of aragonite whisker-rich

materials

Based on above results, AWM could be prepared by injecting CO> into a hot
cement suspension solution containing MgCl,. The optimal temperature and MgClz
concentration were 80 °C and 0.05 M/L, respectively. The phases evolution and factors

controlling the aragonite formation were discussed as follows:
5.1.1 Phases evolution during wet carbonation of cement

A suspension of cement-MgCl,-Mg(OH),-CaCl, was immediately formed after
mixing. After injecting CO,, the Ca*" dissolved from the cement clinker would react

with CO; in MgCl solution, resulting in the formation of aragonite, calcite or ACC.
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When the MgCl concentration was low (lower than 0.025 M/L), the main crystalline
form of CC was calcite. But aragonite became dominant CC polymorph formed when
the MgCl, concentration was increased to 0.025 M/L. Moreover, ACC was also formed,
but its amount was rather small for quantification. The Mg?" incorporated in ACC
increased its stability and hindered its transformation from an amorphous phase to a
crystalline phase [79, 80].

Another main carbonation product was an amorphous phase, which were
characterized by Si NMR and 2’ Al NMR. The results indicated that Q° signal (at about
-100 ppm) corresponding to the hydroxylated surface sites ((SiO);—Si-OH) and Q*
signal (at about -110 ppm) corresponding to ((SiO-)4Si) in the alumina-silica gel and
silica gel were formed (as shown in Figure 12). Also, the FTIR peaks at about 1038 cm”
I'are linked to the vibration of Si-O bonds associated with the formation of silica gel
according to previous studies [52, 67]. Moreover, the >’ A1 NMR spectra in Figure 13
also demonstrated that aluminum was incorporated in the alumina-silica gel. Therefore,
the main amorphous gels presence in the AWM were silica gel and alumina-silica gel.

The XRD results indicated that the calcium silicates including C3S and C,S were
the most reactive components in cement (Figure 9). The carbonated products would be
CC and silica bearing gel such as silica gel and alumina-silica gel. For the aluminum
phase and iron phase in the cement, the carbonation of these two phase were confirmed
by XRD and ?’Al NMR results, showing that the formation of alumina-silica gel was

similar to the carbonation products of aluminum-bearing phases in the cement paste
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including ettringite, AFm and C-A-S-H [46, 71, 81], which was contrary to the findings
of a previous study [19]. It was possible that the dissolved aluminum and iron would
also be incorporated in the silica bearing gel.

The formation of carbonation products and the evolution of the cement
microstructure are illustrated in Figure 18. Firstly, brucite was formed in the solution
and on the surface of the cement particles after mixing. Secondly, the brucite was
rapidly consumed, while aragonite with a low length to diameter ratio and amorphous
gel were formed on the cement particles. Thirdly, once brucite was completely
disappeared after 30 min, both needle-like aragonite and amorphous gel grew on the
cement particle. Finally, the cement grains were ruptured, and the individual aragonite

whiskers could be observed at 120 min.
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(a) Cement clinker (b) Cement suspension (c) Carbonated cement (<30min) () Carbonated cement (30-120min) (e) Carbonated cement (>120min)
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Figure 18 Formation of carbonation products and microstructure
5.1.2 Factors favoring aragonite formation
From the above results, temperature and MgCl> concentration are key factors
controlling the aragonite formation during carbonation. From section 3.2, temperature
seemed to be a key factor controlling the aragonite formation and its morphology. In
general, the clusters of different-oriented aragonite started to form at 40 °C, while the
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aragonite crystals became needle-like at 80 °C. The increased temperature not only
promoted the aragonite formation but also affected its crystal growth direction and size.
Usually, polymorph formations were controlled by their nucleation energies during the
carbonation process [82]. In this study, the temperature mainly influenced the solubility
product of CC and the dissolution of the anhydrous cement. Firstly, the solubility
products of calcite and aragonite both increased with the increase of temperature, but
the increase in the solubility of aragonite was higher than that of calcite, leading to a
reduced difference in solubility products [82]. This might contribute to the nucleation
of aragonite. Meanwhile, the higher temperature increased the activity of Mg?* in
solution, which rendered sufficient amount of Mg** located on the microcrystalline
surface of calcite which restrained its nucleation and growth [64]. Furthermore,
although the solubility of CO; was reduced under high temperature, the dissolution and
precipitation processes were accelerated, consequently leading to a promoted
carbonation rate.

Except temperature, magnesium concentration is another key factor affecting
aragonite formation. In order to investigate the influence of magnesium concentration,
the evolution of Mg?* and Ca?* ions in the suspension prepared with different initial
MgCl> concentrations were measured and are shown in Figure 19. For all the samples,
the Ca®" concentration increased rapidly to the maximum values at 5 min before
injecting CO», and then it decreased continually in the subsequent carbonation period.

On the contrary, Mg?" concentration showed an opposite trend. The increased Ca®" and
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reduced Mg?" were attributed to the dissolution of cement and reaction between Mg>*
and the dissolved OH", which was confirmed by the formation of brucite. Therefore, a
system of cement-MgCl,-Mg(OH),-CaCl, was formed before injecting CO> (shown in
Equation 5). It can be seen that the Ca** concentration increased with the increasing
MgCl concentration. When the initial concentration of MgCl, was lower than 0.01 M,
the Mg?* concentration was reduced to less than 0.5 ppm immediately after mixing with
cement, indicating the exhaustion of MgCl, due to the excess OH™ dissolved from
cement. Therefore, the suspension became a system of Cement-Mg(OH),-CaCly,
preventing the formation of aragonite at an early age because only a limited amount of
Mg?* was present in solution. It is interesting to note that the concentration of Mg*"
increased and reached a relatively high value after injecting CO2, which was attributed
to the reaction shown in Equation 6. Meanwhile, Ca** showed an opposite trend.
Afterwards, aragonite was formed again due to the increased Mg?" concentration, which
was evidenced by the changes of the amount of calcite and aragonite shown in the XRD
results (samples carbonated in 0.01 M/L MgCL).

But for the samples carbonated in a lower MgClz concentration, a lower amount
of aragonite was obtained. It should be noted that the Ca®" concentration changed
associated with the evolution of Mg?*. In order to further explore the effect of Mg?",
the development Mg?"/Ca" ratio calculated based on the ICP results, a minimum
Mg?*/Ca?" ratio of 0.12 should be achieved before injecting CO> to ensure the formation

of aragonite with needle-like morphology.
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Figure 19 Development of Ca®" and Mg®* during carbonation

5.2 Enhanced mechanical properties and accelerated

hydration of micro-fiber reinforced cement

In this study, it has been proven that the AWM addition led to the accelerated
hydration, resulting in increased compressive strength and flexural strength at both
early and later ages. This was not only attributed to the high reactivity of AWM, but
also contributed by the additional nucleation sites, refinement effects, and fiber bridging
effect induced by the incorporation of AWM.

Firstly, the higher early strength was attributed to the high reactivity of AWM, as
the high reactivity of AWM was related to the presence of the amorphous gels, which
might have similar characteristics to silica fume as revealed by NMR results in Figure
12 and 13. In addition, the prepared AWM had a very high BET surface area (>23 m?/g

while only 1.70 m?/g for Portland cement. This significantly increased surface area was
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due to the formation of amorphous phases from the decalcified clinker. This BET
surface area was even higher than that of metakaolin and silica fume [83, 84]. As a
result, the AWM would react with Ca(OH), and promote the reaction of the silicate
phases. Then, the high reactivity of AWM had a noticeable influence on cement
hydration and contributed to the enhanced mechanical properties.

Secondly, the amorphous phases in AWM possessed a high surface area, it would
work both as nucleation sites accelerating the cement hydration and a supplementary
cementing material (pozzolanic material), resulting in pore refinement effect [85]. Also,
it has been reported that aragonite can provide additional nucleation sites, promoting
the precipitation of hydration products and accelerating the hydration of cement [76].
As a result, an accelerated hydration rate and a higher hydration degree were recorded,
resulting in increased compressive strength and flexural strength at both the early and
later ages.

Thirdly, the needle-like aragonite whiskers with crystalline particle lengths of 10-
30 um and diameters of 0.5-2 um were synthesized, which could serve as micro-fibers
to arrest crack growth in cement paste [86]. As a result, an increased mechanical

property of micro-fiber reinforced cement could be observed.

5.3 CO: sequestration and reduction by the use of micro-fiber

reinforced cement

Based on the above test results, an appreciable amount of CO» participated in the

formation of AWM by the wet carbonation process. The amounts of carbonation
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products and CO> sequestration were calculated based on the results from XRD, TG
and weighting after carbonation. The results showed that about 0.413 g of CO; was
sequestrated by 1 g of cement after carbonation for 120 min, generating around 1.519
g of AWM.

As when using the aragonite whisker as micro-fiber and the amorphous gel as
ultra-fine and ultra-reactive supplementary cementitious materials, the amount of
clinker in cement can be reduced which would in turn reduce embodied carbon in the
concrete product [87]. The potential CO reduction is summarized in Figure 20
(assuming a 20 % replacement of clinker content is adopted). Another reduction of 20 %
CO; emission would be achieved from the reduced content of clinker [88]. As the
previous study shows that about 1 ton CO; was consumed for the production of 1ton of
clinker in Hong Kong [89]. Thus, a CO» reduction of 5.3 % would be obtained due to
the CO> sequestration in AWM. According to the above analysis, a CO, emission

reduction of more than 25.3 % could acquire during the cement production.
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1 g Cement

[ 0.663g Ca0 ] [ 0.197g SO, ] [ 0.037g Fe,0, ] [ 0.039g Al,O, ] [ 0.067g Others and ]

(by XRF) (by XRF) (by XRF) (by XRD) LOI (by XRF and TG)
Carbonation 0.413g
@ CO;, (by TG)
[ 1.519g Carbonated AWM (by ]
weighting)

Preparation of fiber-
reinforced cement

[ 20% AWM (by weighting) ] H,]:-[ 80% Cement (by weighting) ]

Another CO, reduction of 20%

[ AWM fiber-reinforced cement ]

Figure 20 Potential CO» reduction of the micro-fiber reinforced cement

5.4 Benefits of this study

The world is facing a great environmental challenge due to the extensive release of
COz. To mitigate global warming and associated climate changes, sequestering CO2 by
cement based materials has attracted a lot of interests. The carbonation of cement based
materials has been investigated for many years, and the generation of different
polymorphs of calcium carbonate including calcite, aragonite, vaterite and amorphous
calcium carbonate could be observed. But the relative amounts of these polymorphs
formed varied from different studies. Only a few research studies mentioned controlling
the polymorph of calcium carbonate during the carbonation of cement based materials.
Considering the morphologies and characteristics of different polymorphs, the
production of aragonite by inhibiting the transformation from aragonite to calcite is of

great interest for high-value utilization of cement based materials by using accelerated
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carbonation. In this study, a production process for needle-like AWM was developed
through the carbonation of Portland cement, while the temperature and MgCl
addition’s concentration were precisely controlled, and the production mechanism was
revealed.

The proposed approach is a novel way of preparing an aragonite whisker-rich
material by using cement clinkers and flue gas in the cement plant, which has a great
potential to be upscaled. This approach tackles several issues at the same time: 1) The
direct utilize of flue gas, which provides a feasible way to reduce CO2 emission in
cement plants and helps to make cement and concrete production “greener” in terms of
CO2 emissions; 2) Preparation of value-added products (aragonite whisker-rich
materials) within one hour of wet carbonation, that can be used in many applications;
3) Revealing the carbonation mechanisms of the formation of AWM, which is of great
importance for controlling the carbonation products, regulating the formation of
polymorphs of calcium carbonate and expanding our understanding on the kinetics of
carbonation of cement based materials; 4) Preparation of micro-fiber reinforced cement
in cement plants, which possesses very high mechanical properties and cracking

resistance.

6. Conclusion

In this study, a novel way of preparing needle-like AWM by using cement clinkers

and flue gas in the cement plant was developed by simultaneously controlling the
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temperature and MgCl, concentration. This study provides a way to reduce CO:
emission in cement plant and helps to make cement and concrete production more
“green” in terms of CO» emission. Based on the experimental results, the following
conclusions can be drawn.

(1) Needle-like aragonite whiskers with single crystal lengths of 10-30 um and
diameter of 0.5-2 um could be synthesized rapidly when the CO; was injected into a
cement suspension with 0.05 M MgCl» at 80 °C.

(2) The prepared AWM consisting of aragonite and amorphous phases were
prepared rapidly by the wet carbonation process.

(3) The AWM addition led to the accelerated hydration and a higher hydration
degree of cement when it was added to a new cement, and as a result, micro-fiber
reinforced cement was prepared by mixing AWM and Portland cement, which showed
significant improvement in compressive strength (up to 24.1 % increase) and flexural
strength (up to 25.9 % increase). Meanwhile, compared to conventional OPC
production, this newly developed cement exhibited a significantly lower embodied
carbon.

(4) The proposed wet carbonation route was able to sequestrate 0.413 g CO./g
cement and the whole process could complete rapidly. Also, it is expected that it can be
easily up-scaled and adopted in cement plants, since both cement and CO> can be
sourced together.

(5) Temperature and magnesium ion concentration were the main key factors
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affecting the formation of aragonite whiskers. Therein, the increased temperature
improved the activity of magnesium ions which rendered sufficient Mg** located on the
microcrystal surface of calcite and restrained the nucleation and growth of calcite.
Aragonite whiskers preferred to form in the system of cement-MgCl,-Mg(OH),-CaCl,
with a high Ca®" concentration and a minimum Mg?"/Ca®" molar ratio of higher than
0.12.

(6) Amorphous phases including silica gel and alumina-silica gel were formed,
which had high pozzolanic reactivity and contributed to the improved performance of
the micro-fiber reinforced cement.
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