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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Jiri Jaromir Klemes High carbon emissions of cementitious materials is increasingly raising concerns under the grand goal of global
carbon neutrality. This paper presents an approach to achieve low-carbon cementitious materials and enhance
the mechanical properties while retaining the desired constructability for cast-in-place and precast applications
of civil infrastructure. The proposed approach utilizes CO2 to produce a CaCO3 suspension that is uniformly
dispersed and used to prepare cement pastes. The mechanical properties were tested, and the results showed that
the 28-day compressive strength was increased by up to 16%. Further research was conducted to understand the
effects of CaCOs suspension on cement hydration kinetics and microstructures of cement pastes through
isothermal calorimetry, thermal gravimetry analysis, mercury intrusion porosimetry, dynamic light scattering
analyzer, and scanning electron microscopy. The results revealed that the CaCO3 suspension promoted cement
hydration and densified the microstructures because of the nucleation effect caused by the high-level dispersion
of CaCOj3 particles. The proposed approach provides an alternative solution for CO, utilization in the concrete
industry with minimal modification of the manufacturing facility and offers a promising avenue for achieving
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low-carbon infrastructure.

1. Introduction

The production of concrete involves significant carbon emissions.
According to previous research (Karl and Trenberth, 2003; Ritchie and
Roser, 2020), manufacturing 1 ton of cement releases 0.8 tons of carbon
dioxide (CO2) (Bodansky, 2016). In 2020, the cement industry handles
about 7% of annual carbon emissions (Zhang et al., 2020a). Climate
change causes many serious problems, such as sea-level rise, extreme
temperature and precipitation, and frequent wildfires that endanger the
safety of the public and the wealth of the economy (Lempert et al., 2019;
Salvia et al., 2021). The Paris Agreement set a goal to limit the tem-
perature increase to 1.5 °C by 2050 (Di Maria et al., 2020). China
announced that it would achieve peak carbon emissions in 2030 and
carbon neutrality in 2060 (Hepburn et al., 2019); the United States
planned to achieve carbon neutrality in 2050 (Schreyer et al., 2020), and
many other countries planned to achieve carbon neutrality around 2050
(Ostergaard et al., 2020; Zhang et al., 2020b). To achieve carbon
neutrality, different pathways have been proposed, such as reduction of
carbon emissions by adopting renewable energy (Godin et al., 2021a),
storage of carbon via geological (Raza et al., 2019a) and biological

* Corresponding author.
E-mail address: weina.meng@stevens.edu (W. Meng).

https://doi.org/10.1016/j.jclepro.2022.133546

systems (Stuardi et al., 2019), and utilization of carbon dioxide (CO>) for
valuable industrial products (Norhasyima and Mahlia, 2018; Godin
et al., 2021b).

Previous research showed that CO, could be stored in concrete via a
mineralization process (Ho et al., 2021; Raza et al., 2019b; Zhang et al.,
2020c). This is interesting because of the large volume and long service
life of concrete in civil infrastructure. Basically, CO; reacts with cement
and cement hydration products, such as calcium hydroxide, producing
calcium carbonate (CaCOs), which is chemically and physically stable
under ambient conditions. This mineralization process is known as
“carbonation,” which naturally occurs at a low rate within concrete and
is recognized as a deterioration factor in concrete structures because this
process reduces the pH value and tends to promote corrosion of rein-
forcement (Qian et al., 2018). Due to the slow reaction rate, spontaneous
carbonation makes limited contributions to the carbon neutrality goal.
Recent research has shown that it is possible to use high-purity CO; to
increase the reaction rate and enhance the compressive strengths and
durability of concrete (Ho et al., 2021; Raza et al., 2019b). In this regard,
existing approaches can be categorized into three main groups according
to the stages of concrete production. The first group of approaches

Received 9 February 2022; Received in revised form 3 August 2022; Accepted 5 August 2022

Available online 10 August 2022
0959-6526/© 2022 Elsevier Ltd. All rights reserved.


mailto:weina.meng@stevens.edu
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2022.133546
https://doi.org/10.1016/j.jclepro.2022.133546
https://doi.org/10.1016/j.jclepro.2022.133546
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2022.133546&domain=pdf

Z. Liu et al.

sequesters CO, using solid wastes, such as recycled concrete aggregate
(Luetal., 2019) and steel slag (Ashraf, 2016), before mixing. The wastes
contain metal oxides, such as CaO and MgO, which react with CO5 to
generate carbonates (Savija and Lukovi¢, 2016). The treated waste is
used to prepare concrete that permanently locks CO, inside. However,
the treatment reduces the mechanical strength and chemical stability of
some types of wastes, depending on the chemical composition and the
physical properties that vary from different sources (Chen and Gao,
2019). Some types of solid wastes cause internal sulfate attacks (Pan
et al., 2017) or leach toxic chemicals to the environment (Ashraf et al.,
2019). The second group of approaches uses CO» to cure fresh concrete
in COg-rich environments (Liu and Meng, 2021). The concentration of
CO4 and pressure are kept high to let CO, dissolve into water and react
with cement to form dense carbonates on a thin surface of concrete
(Monkman and MacDonald, 2017). However, this method is mainly
applied to precast concrete because it is inconvenient and costly to build
a COy-rich and high-pressure chamber to accommodate cast-in-place
structures. Additionally, the mineralization rate is low. The presence
of formwork further compromises the reaction rate by hindering the
diffusion of CO5 into concrete. The third group injects gaseous or liquid
CO; into fresh concrete during mixing (Monkman et al., 2016). The
injected CO; dissolves in the mixing water and reacts with the cement to
produce CaCOs. However, the amount of sequestered CO; is low, typi-
cally less than 0.3% of the mass of cement (Monkman and MacDonald,
2016), due to the low dissolvability of CO, in water, low concentrations
of alkalis in fresh concrete, and the low reaction rate between CO; and
alkali (Kawashima et al., 2013). Special facilities are also required for
mixing to prevent the release of unreacted CO; into the ambient atmo-
sphere (Raki et al., 2010).

This research proposes an alternative approach to utilize CO5 to
prepare low-carbon cementitious materials with multiple advantages
over the existing approaches: (1) high CO5 sequestration efficiency and
reaction rates, (2) high mechanical properties, and (3) availability for
cast-in-place and precast concrete applications. Specifically, the pro-
posed approach involves two main processes. The first process is the
production of CaCOs suspension by injecting gaseous CO3 into Ca(OH)y
solutions. The second is the production of low-carbon cementitious
materials through the normal mixing process and the incorporation of
the CaCO3 suspension. Both processes are compatible with existing in-
dustrial facilities and convenient for large-scale production. The CO,
injection method has been adopted to manufacture CaCO3 in chemical
and metallurgical industries (Yang and Che, 2018; Su et al., 2016)
because the reaction rate is high and controllable (Kawashima et al.,
2014; Liew et al., 2019; Batuecasa et al., 2021). It is envisioned that the
proposed approach will be applied to realistic applications for both
precast and cast-in-place construction. The proposed approach does not
require a high-concentration CO; source. Since COj is used to produce
inert CaCOs particles, which do not affect the pH value, before concrete
mixing, the proposed approach likely retains the corrosion-resistant
layer of steel and the durability of concrete structures.

Based on the literature review, multiple knowledge gaps have been
identified. First, the effect of the CaCO3 suspension on the key properties
of cementitious materials is unknown. Previous research showed that
the use of CaCOs particles in cementitious materials compromised
flowability, compressive strength, and durability due to agglomeration
when the dosage was higher than 3% (Yesilmen et al., 2015; Han et al.,
2011). There is a lack of knowledge about the effect of the CaCOg3 sus-
pension produced with the proposed approach. Second, the sizes of
CaCOg particles in the suspension and their level of dispersion are un-
known. Because particle size affects the hydration reactions and mi-
crostructures of cementitious materials, it is important to know the
particle sizes and level of dispersion. Previous research showed that
uniform dispersion of nanoparticles increased the compressive strength
of cementitious materials (Liu et al., 2015; Wu et al., 2018; Camiletti
et al., 2013), but it is a major technical challenge to uniformly disperse
nanomaterials that are generally prone to agglomeration.
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Agglomeration limits the volume of nanomaterials and significantly
compromises the mechanical strengths and durability of cementitious
materials (Xu et al., 2017). Third, the effect of the CaCO3 suspension on
the life-cycle carbon footprint is unclear. It is hypothesized that the
proposed method produces a well-dispersed CaCOs3 suspension. It is
further posited that the well-dispersed CaCO3 suspension improves the
key properties and life-cycle performance of low-carbon cementitious
materials.

To address the abovementioned knowledge gaps, the main objectives
of this paper are to (1) investigate the effects of the CaCO3 suspension on
the flowability, compressive strength, and microstructures of cementi-
tious materials, and investigate the mechanisms of these effects. To this
end, experiments were conducted to prepare, test, and characterize the
CaCOj3 suspension and cement paste. This research develops processing
methods available for upscale manufacturing to increase the carbon
sequestration rate and improve the key properties of low-carbon
cementitious materials. The performance of the use of CaCO3 suspen-
sion is compared with the use of nano-CaCO3 powder that is mixed with
mixing water for cement paste mixing in terms of the flowability and
mechanical properties of cement paste. The underlying mechanisms
were investigated by evaluating the particle size distribution and
dispersion of CaCO3, as well as the effects on cement hydration kinetics
and microstructures of cement paste via dynamic light scattering,
scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDS), isothermal calorimetry, thermal gravimetry analysis (TGA),
and mercury intrusion porometer (MIP). This research advances the
development of low-carbon concrete for sustainable civil infrastructure.

2. Materials and experimental program
2.1. Raw materials

Type I Portland cement was adopted to prepare the cement paste.
The chemical composition of the cement is shown in Table 1. Hydrated
lime with a purity of 99.2% was used to prepare the Ca(OH) suspension.
Gaseous CO, with a purity of 100% was adopted in this research to avoid
the inclusion of other variables. For comparison, commercial nano-
CaCO3 powder with a purity of higher than 97.5% and particle sizes in
the range of 30-60 nm was investigated, the typical properties of the
nano-CaCO3 powder are presented in Table 2. A polycarboxylate-based
high-range water reducer (HRWR) was used to improve the flowability
of the mixtures.

2.2. Preparation of CaCOs suspension

CaCOg3 suspension is a mixture of CaCOg particles and water (see
Fig. 1). Two methods were used to prepare CaCO3 suspensions. The first
method is an injection method, denoted by CI, which injects CO5 gas into
Ca(OH); solution to synthesize CaCO3. The second is a mixing method,
denoted by CP, which mixes the commercial nano-CaCO3 powder with
water and stirs the mixture for the dispersion of the particles. Regarding
the CI method, to prepare a CaCOs with a target concentration, the
required Ca(OH), concentration according to Eq. (1) was calculated.
Then the Ca(OH); solution with calculated concentration was prepared
and then fully carbonated by CO injection process. During CO; injec-
tion, CO4 was injected into Ca(OH); suspensions using a gas injector, as
shown in Fig. 2. The gas flow rate was controlled at 30 L/min using a
flow meter. An air stone was used to disperse COs. The injection of CO4
was continued until the mass of the suspension became stable, indicating
that no more CO, was absorbed. The injection of CO5 consumed Ca
(OH), and produced CaCOs. The final CO2 absorption degree of Ca
(OH),, which refers to the ratio of the final CO, absorption to the
maximum theoretical CO5 absorption, depends on the Ca(OH), con-
centration. Preliminary studies showed that the CO5 absorption degree
was lower than 100% when the concentration of Ca(OH), suspension
exceeded 1.5%. To fully carbonate Ca(OH); suspension with
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Table 1
Chemical composition of Type I Portland cement (%).
Si0y Al,05 Fe03 Ca0 MgO SO3 NayO. K20 TiO, P05 Mn,03 LOI
22.44 2.76 2.24 68.05 0.91 2.25 0.19 0.11 0.14 0.09 0.03 1.28
separation method, as elaborated in Section 2.2. Mixtures CP-1%, CP-
;‘able 2 . CaCO d 2%, CP-4%, and CP-6% are mixtures prepared using CaCOs suspensions
roperties of nano-CatO; powder. with concentrations of 1%, 2%, 4%, and 6%, respectively, prepared
P_article Bulk_ pH Moisture CaCO; MgO using the CP method. The cement and CaCO3 were considered binders,
size density content content content and the water-to-binder ratio (w/b) was fixed at 0.4 for all investigated
30-60nm  0.68g/ml  8.0-9.0 0.5% >97.5% <0.5% mixtures.
The cement and the prepared CaCOgs suspensions were added to a
Hobart mixer with a volume capacity of 19 L and mixed for 5 min at a
Gas in Gas out constant rotating rate (2 rps) before casting the specimens. The speci-
- 751 =9 mens were then cast using molds placed on a vibration table. Immedi-
Flowmeter ately after cement paste casting, the specimens were covered with wet
burlap and plastic sheets to maintain moisture. The specimens were
demolded after 1 day and then cured in lime-saturated water at room
temperature (23 + 2 °C) until testing.
_CO, bubble . .
2.4. Experimental testing
: CaCO; particle
Air stone 3P

Ca(OH), suspension

Fig. 1. Illustration of the preparation of CaCO3 suspension by injecting CO,
into Ca(OH),.

concentrations higher than 1.5%, a three-step procedure is proposed: (1)
dilute the Ca(OH), concentration to 1.5% by adding deionized water,
(2) inject CO4 to achieve a maximum CO; absorption, and (3) remove
the upper layer water using a syringe after precipitation of CaCOs. This
procedure was followed to prepare high concentrations of nano-CaCO3
suspension (2%, 4%, and 6%).

Ca(OH);+CO,— CaCO3+H,0 Eq. (1)

2.3. Mixture design and sample preparation

The investigated mixtures are listed in Table 3. The control mixture
was prepared by mixing the cement with tap water. Mixtures CI-0.5%,
CI-1%, CI-2%, CI-4%, and CI-6% are the mixtures prepared using CaCO3
suspensions with concentrations of 0.5%, 1%, 2%, 4%, and 6%,
respectively, prepared using the CI method. Specifically, mixtures CI-
0.5% and CI-1% were directly produced by COs injection, and mixtures
CI-2%, CI-4%, and CI-6% were prepared by the dilution-injection-
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2.4.1. Fresh and hardened properties

The mini-slump spread was measured according to ASTM C230/
C230M. The compressive strength at 1, 7, and 28 days was evaluated
using 50 mm cubes, according to ASTM C109. The loading rate was kept
at 1.8 kN/min.

2.4.2. Heat of hydration

The hydration heat was measured using an isothermal calorimeter
(Model: Calmetrix I-Cal 4000 HPC) to evaluate the hydration kinetics.
Approximately 60 g of fresh cementitious suspension was sealed in a
plastic vial and placed into the calorimeter, which was maintained at
25 °C. The heat of hydration was constantly measured from 2 min after
completion of mixing to 48 h. The results were normalized by the mass

Table 3

The investigated mixtures (unit: g).
Designation ~ Cement  In-situ produced Nano-CaCOs3 Water HRWR

CaCOs3 powder
Control 1000 0 - 400 2.5
CI-0.5% 998 2 - 400 2.5
CI-1% 996 4 - 400 2.5
CI-2% 992 8 - 400 2.5
CI-4% 984 16 - 400 2.5
CI-6% 976 24 - 400 2.5
CP-1% 996 - 4 400 2.5
CP-2% 992 - 8 400 2.5
CP-4% 984 - 16 400 2.5
CP-6% 976 - 24 400 2.5
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Fig. 2. Mini-slump spread of the investigated mixtures prepared with (a) CI-produced CaCO3 suspensions and (b) CP-produced CaCO3 suspensions.
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of the binder.

2.4.3. Thermogravimetry analysis

The hydration products of investigated mixtures were evaluated
using a thermogravimetric analyzer (model: TA® TG55). About 50 mg of
the sample from dried slices was crushed into fine powders and vacuum
dried for 24 h before the test. During the test, the sample was heated at a
constant rate of 20 °C/min from 20 °C to 1000 °C in a nitrogen flow at a
constant flow rate of 50 ml/min.

2.4.4. Pore structure analysis

The pore structures of the investigated mixtures were evaluated
using mercury intrusion porosimetry (Model: Antor Paar Poremaster).
The total porosity and pore size distribution of the samples were
determined. For each investigated mixture, about 1 g of samples with a
size of roughly 5 x 5 x 5 mm were tested. The applied pressure ranged
from 0.1 MPa to 400 MPa.

2.4.5. Particle size distribution of CaCOj3 suspension

The particle size distribution of the CaCO3 suspensions was evalu-
ated by a dynamic light scattering analyzer (Model: Zetasizer Nano
7590). Two types of CaCOg suspensions prepared by the CI method and
the CP method and diluted to 0.5% mass concentration, were used for
the measurement.

2.4.6. SEM-EDS analysis

The distribution of CaCOs particles in the cement pastes was
observed and analyzed using SEM and EDS. Samples with a size of 20 x
20 x 20 mm were cut from cube samples using a concrete saw after 28
days of curing. After 24 h of vacuum drying, the samples were then
embedded in epoxy resin, dried for 24 h to harden, polished with silicon
carbide papers, and dried for another 24 h before testing. The section of
the cement pastes was observed by SEM at a magnification of 100x. Also,
the element’s carbon, which can represent the presence of CaCO3 on the
section, was mapped using EDS to visualize the distribution of CaCO3
particles.

3. Experimental results and discussions
3.1. Fresh and hardened properties

3.1.1. Flowability

The mini-slump test results are shown in Fig. 2. For cement pastes
prepared with CI-produced CaCOg3 suspensions, as the concentration of
CaCOs increased from 0% to 6%, the mini-slump spread of fresh cement
paste decreased from 250 mm to 193 mm (by 22.8%). For cement paste
prepared with CP-produced CaCOs3 suspensions, as the concentration
increased from 0% to 6%, the mini-slump spread of fresh cement paste
decreased from 250 mm to 206 mm (by 17.6%). The reduction in
flowability is because the nanoparticles with a high surface area
absorbed free water on their outer layer (Ge et al., 2014). For mixtures
with the same CaCOj3 concentration, the reduction in flowability by the
CI method was slightly higher than that produced by the CP method,
likely due to the finer particles and larger specific surface area of par-
ticles produced by the CI method.

3.1.2. Compressive strength

Fig. 3 presents the results of compressive strength of the investigated
mixtures at 1, 3, and 28 days. For mixtures using CI-produced CaCO3
suspensions, as the concentration increased from 0% to 1%, where
CaCOj3 suspensions could be directly produced by CO; injection without
additional processing, the compressive strength after 1 day increased
from 33 MPa to 42 MPa (by 27%), and the compressive strength after 28
days increased from 50 MPa to 55 MPa (by 10%). As the concentration
further increased from 1% to 6%, where mixtures were produced with
the dilute-absorb-separate method, the 1-day compressive strength
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Fig. 3. Comparison of the compressive strengths of the mixtures prepared with
the two methods for CaCO3 suspensions.

initially increased to 44 MPa (by 34% compared with the control
mixture) at 2% concentration and then decreased to 40 MPa. The 28-day
compressive strength initially increased to 58 MPa (by 16% compared
with the control mixture) at 2% concentration and then decreased to 50
MPa. For mixtures using CP-produced CaCOj3 suspensions, as the con-
centration increased from 0% to 6%, the 1-day compressive strength
initially increased from 33 MPa to 39 MPa (by 18%) at 4% CaCOs3 and
then decreased to 49.5 MPa, and the 28-day compressive strength
initially increased from 50 MPa to 54 MPa (by 8%) at 4% CaCO3 and
then decreased to 49 MPa.

At the same CaCO3 concentration, the compressive strength of mix-
tures using CI-produced CaCOj is considerably higher than the mixtures
using CP-produced CaCOs. The 1-day compressive strength was highest
at 2% for the CI method and 4% for the CP method, with the former
value being 15% higher. This means that with 2% CI-produced CaCOs
suspension, the compressive strength of the cement paste was 12%
higher at 1 day and 8% higher at 28 days than that of the mixture with
4% CP-produced CaCOs suspension. This demonstrates the advantage of
the CI method over the CP method in improving the mechanical prop-
erties of cementitious composites.

It was reported that the enhancement of mechanical properties is
because the nano-CaCOs particles promote the hydration of the cement
by providing extra seeding sites for the hydration products within the
cement (Stefanidou and Papayianni, 2012). However, the difficulty of
dispersion due to the high surface energy can limit the potential of these
nanoparticles (Zhou et al., 2019). This could explain the compromise of
the enhancement effect by both the CI and CP methods at concentrations
higher than 2% and 4%, respectively. For CI-produced CaCO3 suspen-
sion, the strength follows a decreasing trend as the concentration ex-
ceeds 2% because the degree of agglomeration of particles can increase
during the sediment process. For CP-produced CaCOs suspension, the
strength follows a decreasing trend as the concentration exceeds 4%
because the particles are not well dispersed and can be easily agglom-
erated. Further, the CI method tends to contribute a more significant
increase in strength compared to the CP method because the CaCOs;
particles generated by in-situ CO5 injection are more well dispersed and
homogeneous, which will be discussed in depth in the following
sections.

3.2. Effects of CaCOg suspensions on the hydration and microstructure of
cement pastes

3.2.1. Hydration heat

The hydration heat of the cement paste with 0%, 1%, and 4% CaCOs3
suspension produced by both the CI and CP methods is presented in
Fig. 4. As shown in Fig. 4(a), the peak was earlier for all the mixtures
using CaCOg suspension compared with the control mixture. The use of
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the 1% CaCOj3 suspension significantly increased the intensity of the
heat peak. The increase of CaCO3 suspension concentration from 1% to
4% caused the main peak to occur earlier; however, the peak intensity
was reduced. Compared with the cement paste prepared with CP-
produced CaCOs suspensions at the same concentration, mixtures pre-
pared with CI-produced CaCOs suspensions had peaks occurring earlier
and with 5%-10% greater intensity. Multiple studies have proved that
inactive nanoparticles can accelerate cement hydration (Stefanidou and
Papayianni, 2012; Zhou et al., 2019; Huang et al., 2017) because the
nanoparticles can behave as nuclei for the hydrates, and the grain
boundary region was densely populated with nuclei and transformed
completely early in the overall process of hydration (Wu et al., 2021).
Fig. 4(b) shows the cumulative hydration heat at 48 h. In line with the
heat flow results, the use of CaCOj3 suspension led to higher cumulative
heat. However, with the concentration of nan0-CaCOj3 suspension
increasing from 1% to 4%, the cumulative heat tended to be reduced
after 24 h, leading to a reduction in total hydration heat in the first 48 h.
This could be because agglomeration of particles compromised the
nucleation effect, as well as the replacement of cement by CaCOs,
decreased some hydration reactions. These results indicate that incor-
poration of CaCOj3 by both the CI and CP methods can contribute to the
hydration acceleration effect, where the CI method is more effective,
and the effect can be compromised with an excessive amount of CaCO3
due to the agglomeration.

3.2.2. Phase development

The development of the investigated cement pastes was evaluated
after 28 days of curing using thermogravimetry analysis. Fig. 5(a) and
Fig. 5(b) illustrate the weight change and differential weight change
under rising temperatures for all mixtures. As the temperature increased
from room temperature to 1000 °C, the mass monotonically decreased.
This decrease is due to the vaporization and decomposition of hydration
products. The differential weight change of each sample exhibited three
peaks at temperatures 110 °C, 460 °C, and 660 °C, which can be
attributed to the dehydration of C-S-H, ettringite, and AFm, the
decomposition of Ca(OH);, and the decomposition of CaCOgs respec-
tively (Collodetti et al., 2014a). According to the mass changes in the
ranges of 400-500 °C and 500-950 °C, the CaCO3 and Ca(OH), content
were approximately calculated (Sargam and Wang, 2021). The results
are presented in Fig. 5(c) and (d), respectively. For mixtures with
Cl-produced CaCOs suspensions, as the concentration increased from
0 to 4%, the content of Ca(OH), increased from 14.2% to 15.8% (by
11%) at a 1% concentration and then decreased to 15.5%, and the
content of CaCO3 increased from 2.5% to 4.5%. For mixtures using
CP-produced CaCOs suspensions, as the concentration increased from
0% to 4%, the content of Ca(OH), increased from 14.2% to 15.2% (by
7.3%), and the content of CaCOs increased from 2.5% to 4.7%. The
increase of Ca(OH), content in mixtures using CaCOs suspensions is
because of the cement hydration acceleration, and the trend of increase
is in line with the hydration heat flow in Section 3.2.1. As for the CaCO3

6 A Control

- = =Cl4%

Heat flow (mw/g binder)
W

Time (hours)

(@
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content, the increase in the composition was consistent with the increase
in the concentration of the CaCO3 suspension.

3.2.3. Pore structure

The pore structure characterized by cumulative and differential
porosity at particle size from 1 nm to 10 pm for cement paste prepared
without CaCOs suspension and with CaCO3 suspension produced by the
CI and CP methods are presented in Fig. 6.

In Fig. 6(a), the total porosity was substantially reduced in cement
paste prepared with CaCOs suspension compared with the control
mixture. For mixtures using CI-produced CaCOs suspensions, as the
concentration increased from 0% to 4%, the total porosity initially
decreased from 14.4% to 10.2% (by 29%) at 1% concentration, and then
increased to 13.0%. For mixtures using CP-produced CaCOs3 suspen-
sions, as the concentration increased from 0% to 4%, the total porosity
decreased from 14.4% to 11.2% (by 22%) at 1% concentration, and then
increased to 13.6%. CI method appeared to result in 8%-20% less
porosity less than the CP method at the same CaCOs3 concentration. The
porosity reduction of mixtures prepared by the CI method was more
significant than that prepared by the CP method at the same concen-
tration because of the better nucleation effects by CaCOs by the CI
method, as is discussed in Section 3.2.1 and 3.2.2. Fig. 6(b) shows the
differential pore size distribution. Compared with the control mixture,
the peak intensity was weakened for all CI and CP mixtures. Also, the
pore diameter of the peak was reduced from 100 nm to 15 nm (CI-1%),
20 nm (CP-1%), 40 nm (CI-4%), and 70 nm (CP-4%), which is because
large pores become smaller due to the filler effect. There are three types
of pores in cementitious materials: micropores, which are mainly gel
pores (<10 nm), mesopores or capillary pores (10-5000 nm), and
macropores due to deliberately entrained air or inadequate compaction
(>5000 nm) (Meng and Khayat, 2018). It is known that pore size dis-
tribution is a key factor influencing the mechanical properties of con-
crete, in which capillary pores are responsible for the reduction of
strength and durability (Zhang and Shao, 2018). In Fig. 6(b), total
capillary pores were significantly reduced and shifted to pores of a
smaller size for both CI and CP mixtures, and the reduction was greater
for CI mixtures compared with CP mixtures at the same CaCOgs sus-
pension concentration. This can explain the trend of compressive
strength changes and justify the advantage of the CI method in
enhancing the mechanical properties of cement paste over the CP
method.

3.3. Discussion of the dispersion level of CaCO3 suspensions prepared by
CI and CP

3.3.1. Particle size distribution of CaCOg3 suspensions

The CaCOs suspensions prepared using both the CI and CP methods
were investigated in this section. The particle size distribution was
measured after the suspension was freshly synthesized. To investigate
the CaCOg particle dispersion change with time, which is important for
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Fig. 4. Hydration heat of investigated cement pastes: (a) heat flow, and (b) cumulative heat.
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understanding the particle agglomeration behavior and guiding in-situ
implementation, the measurement was also taken at 10 min and 30
min after the suspension was freshly synthesized. Also, both original
suspensions prepared by the CP method and those dispersed by ultra-
sonic bath were measured. The suspending medium was water for ul-
trasonic dispersion treatments, and the treatments were applied for 15
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min, using power levels of 30 W. The results of the particle size distri-
butions are presented in Fig. 7. As can be seen from Fig. 7(a), for CaCOg
suspension produced by the CP method, the CaCO3 suspension without
ultrasonic dispersion has a mean particle size of 1500 nm, and the size of
most of the particles is between 400 and 3000 nm, and a small amount of
larger (4000-8000 nm) particles can also be identified. Considering that
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Fig. 7. Particle size distribution of CaCO3 suspensions produced by the CI and CP methods: (a) changes with time, (b) changes with concentrations.
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the diameter of nano-CaCO3 powder is 30-60 nm, the result demon-
strates that there are apparent agglomerates for CaCO3 powder, which is
a common phenomenon for nanomaterials and undermines its func-
tionality in cementitious composites (Jin et al., 2013). With ultrasonic
dispersion, the particle size of suspension at 0 min is reduced and is
distributed continuously in a range of 200-4000 nm. The particle size
grew with the increase in retention time after preparation, and the
max-sized agglomerated particles were found around 4900 nm after 30
min. For the suspension produced by the CI method, the mean particle
size was 600 nm, and most particles ranged between 100 and 1300 nm,
showing nearly half the mean particle size compared with the fresh
CaCOs3 suspension prepared by the CP method. Similarly, due to
agglomeration, the particle size expands with the time after freshly
synthesis, and the max-sized particles were observed around 3500 nm
after 30 min of retention time. However, the mean size was noticeably
lower than that of the CP counterpart. Better dispersion and homoge-
neity of the CaCOs particles in the suspensions produced by the CI
method than those produced by the CP method with ultrasonic disper-
sion were also observed. In addition, as shown in Fig. 7(b), compared
with the CP method, the CI method tends to generate CaCO3 suspension
with smaller sized particles for various concentration due to lower de-
gree of agglomeration. Therefore, it can be expected that the CaCO3
particles generated by CI method can be better distributed in the
cementitious systems, which can enhance the filler effect and explain the
better improvement in the mechanical properties of the cement pastes,
as shown in Section 3.1.2. The results also imply that the nano-CaCOs3
particles will get agglomerated with time; this can justify the signifi-
cance of adopting freshly synthesized CaCOs suspension for mixing
cement-based materials that fully activate the filler effect of the nano--
CaCOg particles in this study.

3.3.2. Dispersion analysis

3.3.2.1. SEM-EDS analysis. To verify the homogeneity of CaCOs3 parti-
cles in cement paste prepared using Cl-produced CaCOj3 suspension
within 1% concentration that showed significant enhancement for me-
chanical properties, SEM-EDS observations were conducted. As shown
in Fig. 8(a) and Fig. 8(b), the white crystals existing on the sections of
both the CI-1% and CP-1% samples were identified as CaCOs3 particles
from the carbon mapping by EDS, as shown in Fig. 8(c) and (d). It is
observed from the SEM images that the CaCOj3 particles in the CI-1%
sample are finer and more well dispersed on the section than in the
section of the CP-1% sample, where CaCOj3 particles are agglomerated in
some areas. The mapping of carbon, which represents the locations of
CaCOg, can show this difference more clearly, as seen in the highlighted
area in Fig. 8(d). This can justify the advantage of the CI method in
dispersing the CaCOj3 particles and utilizing the potential of its nucle-
ation effect to accelerate hydration and improve mechanical properties.
This is because nanoparticles intrinsically tend to agglomerate because
of the adhesion of particles to each other by van-der Waals forces
(Collodetti et al., 2014b). Because the in-situ CI synthesized CaCOs is
immediately used to mix with cement before they get agglomerated, the
nano-CaCOs particles produced by this method can be evenly distributed
in the cement paste and function as nucleation sites. In contrast, the dry
nano-CaCO3 powders produced by the CP method are already agglom-
erated to a certain degree when they are manufactured, transported, and
stored.

3.3.2.2. Statistical analysis of CaCOgz distribution. To further verify the
SEM-EDS observations, we propose an alternative method to quantify
the CaCOs distribution in cement paste, which is statistical analysis of
CaCOg distribution in cement paste by measuring the CaCO3 content in
different parts of cement paste through TGA tests. Specifically, the
quantification process are conducted as follows:

Journal of Cleaner Production 373 (2022) 133546

(i) Division of a section into multiple pieces

A paste slice cut from a cubic sample is divided into multiple pieces,
specifically, a 20 mm x 20 mm x 2 mm sample is cut into 16 pieces
marked as P1~P16, with each sample around 5 mm x 5 mm x 2 mm, as
shown in below Fig. 9. Two groups of samples with one from CI-4%
mixture and the other from CP-4% mixture are tested for comparison.

(ii) TGA quantification of CaCOg in each piece

Each piece is ground into powders and vacuum dried for 24h for TGA
testing, around 50 mg powder is used for TGA, the test program is the
same as described in Section 2.4.3, i.e. the powders were heated at a
constant rate of 20 °C/min from 20 °C to 1000 °C in a nitrogen flow at a
constant flow rate of 50 ml/min. Below Fig. 10 are the results showing
the differential weight change under rising temperatures. The CaCOs
contents are calculated according to mass changes at 500-900 °C cor-
responding to CaCO3 decomposition.

(iii) Statistical analysis of TGA results

After obtaining the CaCOs contents of each piece in sample CI-4%
and CP-4%, statistical analysis of the CaCOj3 distribution is conducted.
Results for each piece and the average result and the standard deviation
for each sample are summarized in below Table 4. To better present the
homogeneity of CaCOs3 in cement paste, the data points of all pieces for
each sample are shown in below Fig. 11, it is obvious that the data points
for CI-4% sample are less dispersive than those for CP-4% sample. This is
in accordance with the results obtained from SEM-EDS analysis,
demonstrating that the CI method leads to better CaCO3 dispersion level
than the CP method.

4. Conclusion

This study investigated the effects of the proposed novel method,
which injects CO; into cement-based materials, on the performance of
cement-based materials. Cement pastes were prepared using the CaCO3
suspension over a wide range of concentrations produced by this
method, as well as a conventional method that directly incorporates
nano-CaCO3 powders.

Based on the above investigations, the following conclusions are
drawn:

(1) CaCOg3 suspension can improve the compressive strength of
cement pastes, and the strength gains increased with CaCOs3
concentration within a specific range and were compromised
beyond that range. Compared with plain cement paste, 28-day
compressive strength was increased by 16% by the CI method
at an optimal concentration of 2% and by 8% by the CP method at
an optimal concentration of 4%.
Hydration heat kinetics and TGA both demonstrated that the
cement hydration of cement paste prepared with CaCO3 suspen-
sion was accelerated, and the CI method led to 5%-10% higher
hydration heat and 2%-5% more hydration products than the CP
method. MIP results revealed that the microstructures of cement
paste prepared with CaCO3 suspension were densified, and the CI
method resulted in 8%-20% less porosity than the CP method.
(3) Particle size distribution analysis indicated that the CI method
generated CaCOgs suspension with a smaller particle size and a
more uniform particle size distribution than the CP method. The
SEM-EDS results showed that the distribution of CaCOg3 in CI-
produced cement paste was more uniform than that of the CP
reference. This can justify the better nucleation effect of nano-
CaCOg3 particles using the CI method.
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Fig. 8. SEM-EDS observation of mixture CI-1% and CP-1%: (a) SEM image of CI-1%, (b) SEM image of CP-1%, (c) carbon mapping of CI-1%, and (d) carbon mapping
of CP-1%.
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Table 4
CaCO3 content statistics for sample CI-4% and CP-4%.

CaCO; content (%)

CI-4% P1-4 4.68 4.45 4.54 4.31 Avg = 4.67
P5-8 4.99 4.87 4.5864 4.54 Std = 0.19
P9-12 4.73 4.82 4.54 4.63
P13-16 4.59 4.96 4.77 4.73

CP-4% P1-4 4.87 4.62 4.41 4.18 Avg = 4.74
P5-8 5.34 5.21 4.31 4.27 Std = 0.44
P9-12 5.06 5.21 4.27 4.31
P13-16 4.27 5.31 5.11 5.06
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Fig. 11. CaCO; content data points of all pieces for both samples.
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