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Abstract.
CO2 mineralization is an economical technology with a low carbon footprint and has been
considered an effective means to achieve carbon fixation. The slow diffusion and reaction in the
gas-solid system of CO2 mineralization is a common issue affecting the normal carbonation depth.
The surface water plays a critical role as an ionic mass transferring medium in the reaction systems.
By studying the CO2 mineralization of dispersed calcium silicate (CS) particles, this work
systematically revealed the kinetics and mechanisms of carbonation under mild environments
(below 80 ℃). It was interesting to find that carbonation of CS particles followed different kinetic
mechanisms depending on the temperature and with the migration of surface water. At 20℃, the
CO2 mineralization reaction conformed to the unreacted shrinking-core mechanism with the
primary reaction rate-limiting step of product layer diffusion. For higher temperatures (40~80℃),
the carbonation process was controlled by the surface water coverage. The leaching behavior of
CS indicated that electrical double layer (EDL) formed at the particle interface and limited Ca2+
activity in water film might be the mechanism of surface water coverage controlled kinetics.
1

Accordingly, the enhanced CO2 mineralization of CS, 58.16% CO2 uptake increment, was realized
at 80℃ through rehydration activation. The evolution of mineral micromorphology with process
of leaching and carbonation is characterized by semi-quantitative XRD analysis and mercury
intrusion porosimetry analysis. CO2 mineralization kinetics and the proposed activation method
under mild environment open the door to efficient CO2 mineralization with low energy
consumption.

Keywords: CO2 mineralization; Calcium silicate; Surface water coverage; Rehydration
activation; Electrical double layer; Ion leaching.
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1. Introduction
Global warming continues to grow caused by the enormous emission of anthropogenic
greenhouse gases. The alarming high atmospheric carbon dioxide (CO2) levels (414.5 ppm) [1] is
a reminder of the need to control CO2 emissions. To mitigate the adverse effects of global warming,
CO2 capture and utilization provide an economic approach for carbon removal [2, 3], including CO2
mineralization

[4-6]

. Currently, CO2 mineralization involves a variety of technical routes and

products, such as carbonation of minerals

[7, 8]

, solid wastes

[9, 10]

, building materials

[11]

, etc.

Experimental research shows that Ca/Mg alkali minerals such as serpentine [12, 13], olivine [14, 15],
wollastonite [16-19], etc. could present high CO2 reactivity and conversion rates.
For a wide range of CO2 mineralization techniques, high conversion rates of carbonation often
require the activation of ultramafic minerals either at high temperature (> 600 ℃)

[7, 12]

or high

pressure (> 100 bar) [20, 21], and results in huge energy consumption (>600 kWh/t-CO2) [21]. Calcium
silicate minerals, which are often found in artificial materials (cement, and concrete etc.) [22, 23] or
solid waste (steel slag, etc.) [24, 25], which are easily carbonated under mild conditions. For example,
the CO2 mineralization curing of the concrete matrix is a gas-solid reaction occurring at mild
conditions, e.g., room temperature [22]. Previous studies [26] reveal that CO2 mineralization curing
is a two-stage progressive product layer diffusion-controlled process. Generally, the surface
densification occurs rapidly in the initial stages of the reaction, and it is caused by the filling of
calcium carbonate (CaCO3) microcrystal [27]. Then, the difference between the internal and external
pore structures in the concrete matrix leads to diverse reaction degrees

[28]

. This inhomogeneity

results in unrepresentative kinetics and hinders our understanding of the reaction mechanisms.
Therefore, it is necessary to study the carbonation behavior of single mineral particles.
3

Khoshamdan et al.

[29]

used the grain model to describe the carbonation of a calcium oxide

(CaO) pellet. The product layer of CaCO3 simultaneously changes the rate-limiting step from
chemical and diffusion control to diffusion control. This led to a shallow carbonation depth, even
at high temperatures (~480 ℃) [30]. A recent study [31] on the carbonation of CaO proposed that the
interaction between steam and CaO enhances product layer diffusion and improves the carbonation
rate. The fast surface reaction at higher temperatures (550~800 ℃) slightly promotes the
carbonation conversion rate

[31]

, while intensifying the CaO grains outside, leading to a more

heterogeneous particle structure [18]. Unlike CaO, the carbonation mechanism of calcium silicate
(CaSiO3) is more complicated due to the silica layer formed on the surface by dissociation of Ca2+
ion

[32-34]

. Based on this characteristic, some scholars pointed out that the dissolution of

wollastonite (CaSiO3) is considered to be the rate-limiting step of carbonation in aqueous medium
[16]

. Moreover, the gas-solid CO2 mineralization reaction is generally limited by the gaseous

diffusion process in the solid product layer [35]. This results in lower carbonation efficiency for gassolid systems (60~70 %) [7] compared to that of liquid-solid systems (> 90%) [21].
This study aims to investigate the carbonation mechanism in calcium silicate (CS) particles
and explore related activation methods under a mild environment. The surface water coverage
model (SWCM) is developed in this study to reveal the novel carbonation mechanism occurring
with limited surface water. Subsequently, given the water reduction characteristic at high
temperatures, the rehydration method is proposed to improve the conversion rate of CS on a
particle scale. Moreover, X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM)
techniques were used to investigate the crystal lattice and microstructure changes in carbonation
products under surface water coverage mechanisms. The feasibility of rehydration from the
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perspective of ion leaching was verified by Ion Chromatography (IC) and Mercury Intrusion
Porosimetry (MIP).
2. Materials and Methods
2.1. Materials and sample preparations
2.1.1. Calcium silicate
The CS used in this study was purchased from Alfa Aesar company with 99% purity, and the
standard particle size was less than 20μm. The CS sample composition was determined using Xray Fluorescence (XRF) Spectrometry (Table 1).
Table 1. The chemical composition of CS determined by XRF (wt.%)
CaO

SiO2

Fe2O3

Al2O3

Na2O

MgO

TiO2

K2O

SO3

Others

50.068

47.775

0.714

0.689

0.263

0.121

0.081

0.032

0.018

0.239

2.1.2. CS particle samples preparation
The mixture of solid mineral powder (0.2g) and deionized water was put into 2 ml centrifuge
tubes. Based on the carbonation of concrete system [26], the water to solid (w/s) ratio (mass ratio
of deionized water and CS powder) was 0.4, to provide a good dispersion of CS particles without
gas diffusion resistance. During the CO2 mineralization process, evaporated water was collected
using silica gel (5 g silica gel/g CS). Reference data was obtained from the evaporated water in
the centrifugal tube adsorbed by silica gel without the CS sample and CO2 supplement. Three
centrifuge tubes with 0.2g water instead of CS powder and one tube of 3g silica gel were put in
the CO2 mineralization reactor (described in section 2.2.1) at 20 ℃. The water adsorption was
determined as 0.3 mg H2O/g silica gal per hour. The adsorption of CO2 gas by silica gel was
5

quantified by involving a centrifuge tube with 3g silica gel in reactor at room temperature with 40
bar pressure CO2, which was 0.05 mg CO2/g silica gel which remained unchanged after 1 hour.
2.2. Experiments and Methodology
2.2.1. CO2 mineralization experiment
As shown in Fig. 1, the CO2 mineralization reactor was a stainless autoclave (220mL), with
pressure sensors (Omron company, precision of 0.1 bar) and inlet/outlet stop valves for
injecting/ejecting gas. The CS samples were subjected to different pressures and temperatures in
the reactor. The reaction temperature was controlled using an enveloping heating jacket at
20~80℃, with a variation of ±0.2℃. CO2 gas (99.9% purity) was injected into the reactor at 40
bar pressure. The CO2 uptake capacity after 48 h and 114 h reactions were calculated using the
mass balance method, with a high precision balance (precision of 0.1mg). Three CS samples were
tested under similar working conditions and the average value of weight change was used.
For the rehydration experiments, the amount of water adsorbed by silica gel after 24 h
carbonation reaction was recorded, and the same amount of fresh silica gel was added before
rehydration. Water was subsequently added to the centrifuge tubes containing CS samples to keep
the w/s ratio at 0.4. Then, the rehydrated samples were sent to the CO2 mineralization reactor for
additional 24 h carbonation treatment. The corresponding detailed working conditions were listed
in Table 2.

Table 2. The working conditions of CO2 mineralization of CS particles.
Working conditions of CO2 mineralization reaction

6

A1

w/s = 0.4, 40 bar, 20 ℃ & 48 h reaction

A2

w/s = 0.4, 40 bar, 20 ℃ & 114 h reaction

A3

w/s = 0.4, 40 bar, 40 ℃ & 48 h reaction

A4

w/s = 0.4, 40 bar, 60 ℃ & 48 h reaction

A5

w/s = 0.4, 40 bar, 80 ℃ & 48 h reaction

A6

w/s = 0.4, 40 bar, 80 ℃ & 24 h reaction and rehydration 24 h

Fig. 1. The CO2 mineralization device for CS particles

2.2.2. Leaching process
As shown in Fig. 2, the leaching process was carried out in the enclosed reactor to determine
the effect of water film thickness on Ca2+ leaching behavior. 10 g CS powder with different w/s
ratios of 10, 0.4, and 0.08 were placed in three 200 mL beakers for 48 hours at 25 ℃. For the
7

aqueous sample (w/s of 10), the solid-solution separation process was carried out by the filtration
treatment using slow filter paper of 2.5 μm pore size. Slurry samples (w/s ratio of 0.4 and 0.08)
were placed in a 2 cm diameter cylindrical steel pelleting mold after leaching. 15 MPa pressure
was applied to the mold and the solution sample from extruded slurry was collected using a
syringe-driven filter with a pore size of 1~3 μm.
The ion concentration of the separated solution samples was determined by Dionex Aquinon
IC with Dionex IonPac CS17 Analytical Column (4×250 mm). The solid powder was dried in an
oven at approximately 105°C and the subsequent carbonation of the treated solid residue samples
was conducted in accordance with the method described in section 2.2.1.

Fig. 2. Schematic diagram of leaching, sampling and characterization methods

2.3. Model of particle carbonation at room temperature
The CS sample with good dispersion at room temperature with high w/s ratio was regarded as
particles surrounded by water (Fig. 3). The carbonation reaction occurs uniformly on the surface
and agrees with the hypothesis of the unreacted-core shrinking model (USM) [36].
8

Fig. 3. Schematic diagram of the carbonation reaction without evaporation

Supposing the gas-solid reaction of A(g) + bB (s) → Products (s). Here, A is CO2 gas; B is CS
solid; Product is the mixture of CaCO3 and SiO2 (the stoichiometric ratio is 1); and b is the
stoichiometry of reactant B. Carbonation of CS particle can be depicted using the following three
steps: (i) Gas film diffusion control step; (ii) Product-layer diffusion control step; (iii) Chemical
reaction control step. On account of the CS particle was involved in a high-pressure (40 bar)
gaseous environment, the USM applied in this paper ignored the gas film diffusion step. In addition,
the diffusion coefficient of 10~40 bar CO2 gas in water is on the order of 10-8 (m2·s-1) [37], which
is much higher than that in CS solid phase (10-12 [m2·s-1], calculated in this study). Therefore, the
CO2 diffusion resistance in water is negligible. Thus, the relationship between time t and
conversion rate of CS (X) is as shown in Eq. 1 [36].
tX = tdiff + tSR = τdiff �1 + 2(1 − X) − 3(1 − X)2/3 � + τSR �1 − (1 − X)1/3 �
τdiff =

τSR =

(1)

ρb R2

6bDe Mb �Cco2 − Ceq �
ρb R

bkss Mb �Cco2 − Ceq �

Where De is the mass-transfer coefficient of CO2 through the product layer (s-1); kss is the
9

surface reaction rate constant for USM (m2·s-1); b is the stoichiometric number of solid reactant B
and equal to 1 in this study; Mb is the molar mass of CS particles (116.16 g/mol); ρb is the density
of CS particles (2.93 g/cm3); R is the radius of the CS particle (the particle size of CS mineral was
determined to be 20 μm); CCO2 and Ceq are the concentrations of the CO2 in the bulk phase (40 bar
pressure corresponds to 163 mol/m3) and at the surface of the unreacted solid phase (Ceq = 0 for
irreversible reaction) [36], respectively.
2.4. Chemical and physical analytical characterization techniques
The micromorphology of CS was analyzed using a field emission scanning electron
microscope (SU-8010, Hitachi). The powder was sprayed with gold for 90 seconds before actual
test. CuKα radiation PANalytical X-ray diffractometer was used for XRD analysis, scanning from
10° to 70° (2θ°). Jade 5.0 was used for curve processing and peak determination. The results of
semi-quantitative XRD are calculated by X'Pert Highscore Plus software with Rietveld refinement.
The leaching behavior of the CS particle was determined by measuring the concentration of Ca
ion and pH of the leaching solution (obtained by the method in Section 2.2.2). The determination
method of ion concentration was described in Section 2.2.2, and the pH of the solution was tested
by PHS-3C pH meter with the precision of 0.01, which was purchased from INESA Scientific
Instrument Co., Ltd. The MIP tests were performed using a Micromeritics AutoPore IV 9510 with
pore sizes range of 3 nm~500 mm, and corresponding to a 0.0035 MPa-400 MPa range of applied
pressure.
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3. Results and discussions
3.1. Carbonation kinetics of CS particles
3.1.1. Effect of temperature
The effect of temperature on CO2 uptake and water evaporation under 40 bar is investigated in
this section. The result and trend curves are shown in Fig. 4. At the initial stage of 0~4 h, the
carbonation reaction occurred at a faster rate due to the increasing temperature. Moreover, at the
equilibrium state of 40~80 ℃ (The state that CO2 uptake basically unchanged > 40 h), carbonation
exhibited higher CO2 uptake with lower temperature which may be due to the impact of reaction
kinetic resistance. On the other hand, the experimental CO2 uptake of CS was far less than that of
the theoretical value by 37.93 wt.% [17]. It is worth mentioning that system water could change the
surface activity and further affected the carbonation conversion rate [27, 28]. There was a significant
reduction in the water content at the initial stages under 40~80℃, which was attributed to the large
discrepancy in CO2 uptake at different temperatures. For example, at 80 ℃ the CS sample lost
more than 80% of system water and resulted in lower CO2 uptake of about 60% at 20 ℃.
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Fig. 4. Experimental CO2 uptake and water evaporation curves of CS particles under different
temperatures (40bar and 0.4 w/s ratio)

The role of water in the carbonation process was verified by a kinetic investigations, as
discussed here. Table 3 shows the USM fitting results of CO2 uptake at different temperatures. At
20℃, there was a rare loss of system water, and the USM model was consistent with experimental
data points. Further, this indicated that carbonation under 20 ℃ was a typical product layer
diffusion-controlled process (R2 = 0.96). However, for temperatures other than 20 ℃ (i.e.
40~80 ℃), the USM was not suitable for describing the CO2 mineralization process (R2 < 0.4).
USM hypothesizes that the mass transfer is governed by both diffusion and chemical reaction with
a shrinking unreacted core. At relatively high temperatures (>20 ℃), the reduction of system water
resulted in the lack of an aqueous environment to support leaching and carbonation (Fig. 4). CO2
uptake kinetics were also limited by chemical reaction due to the change in water coverage.
Therefore, an alternative model needs to be developed for CO2 mineralization under these
12

temperature conditions.
Table 3. CO2 mineralization kinetic fitting of CS particles based on USM and SWCM (40bar, 20~80℃,
w/s = 0.4)
Temperature (℃)

20

40

60

80

R2 of USM

0.96

0.39

0.29

0.11

n = 1.0

-

0.950

0.963

0.996

n = 1.2

-

0.972

0.974

0.997

n = 1.4

-

0.986

0.988

0.999

n = 1.6

-

0.988

0.996

0.999

n = 1.8

-

0.981

0.987

0.996

n = 2.0

-

0.957

0.964

0.993

R2 of SWCM

3.1.2. Development of surface water coverage model
The carbonation of alkali minerals is a gas-liquid-solid heterogeneous reaction involving
multiple steps, while the key carbonation process is an ionic reaction

[16]

which occurs in an

aqueous environment. A simple hypothesis is that with evaporation of surface water, part of the
particle surface does not provide an adequate aqueous environment for ionic s, and the surface area
gradually converts into an inert site (Fig. 5). Thus, the overall reaction rate is controlled by ionic
reactions or water coverage of the particle. The state of water coverage is affected by
environmental temperature and humidity.
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Fig. 5. Schematic diagram of the carbonation reaction with thermal evaporation

In this ‘surface water coverage model’ (SWCM), the reaction rate rs of each initial surface
area of the particle can be written as:

rs = kcsΦ

(2)

Where kcs (mol min-1 m-2) is the apparent rate constant of a chemical reaction; Φ represents
the water coverage degree. For single-particle, the mineral carbonation rate satisfies:

dX/dt = SgMrs

(3)

Where Sg (m2 g-1) is the initial surface area of CS particle; M (g mol-1) is the mass of solid CS
particles (ever mole); X (-) is the carbonation conversion rate of mineral; t (min) is reaction time.
There is:

rs = kcsΦ = (SgM) –1 · (dX/dt)

(4)

The variation of active site proportion, Φ(t) is inversely proportional to the water coverage
Φn-1 (power number is set as n-1 for easier integrating) and apparent reaction rate rs, so:

– dΦ/dt = kcprsΦn–1 =kcpkcsΦn

(5)

In order to consider the actual change in water coverage degree, the power number “n-1” in
Φn-1 is applied to represent the reduction method of the surface water [38]; kcp is a proportionality
coefficient, which is affected by temperature, the concentration of reactants, relative humidity, etc.
14

The value of kcp represents the reduction rate of water coverage. By integrating Eq. 5 to make Φ
as a function of time.
n=1

Φ = exp (–k1k2t)

(6)

n≠1

Φ = [1 – (1 – n) k1k2t]1/(1–n)

(7)

k1 and k2 are combined parameters:

k1 = kcsSgM

(8)

k2 = kcp/SgM

(9)

By substituting Eq. 6 into Eq. 7, the correlation function of reaction conversion rate X (-) and
reaction time t (min) can be constructed:
n=1

X = [1 – exp(–k1k2t)]

(10)

n=2

X = [ln (1 + k1k2t)] / k2

(11)

n≠1 or n≠2

X = {1 – [1 – (1 – n)k1k2t](2–n)/(1–n)} / [(2 – n)k2]

(12)

3.1.3. Evaluation of carbonation kinetics by SWCM
The SWCM fitting results of the carbonation process of CS particles at 40~80℃ are shown
in Fig. 6. The value of n, which reflects the physical mechanisms such as the reaction process and
water evaporation rate [38], is determined before calculating the two unknown parameters, kcs and
kcp. As seen in Table 3, parameter n is set between 1.0~2.0 and the value of 1.6 is selected because
SWCM agrees well with experimental data at different temperatures. Similar n values at different
temperatures indicate that the carbonation process with limited surface water is primarily affected
by surface properties and the type of minerals, rather than temperature [39]. Furthermore, it can be
15

observed that the fitting goodness R2 of SWCM increases with a temperature rise. This indicates
that with the increase in temperature, the carbonation process is primarily controlled by surface
water coverage due to thermal evaporation.

Fig. 6. The fitting results of CS at different temperature based on SWCM (n = 1.6, w/s = 0.4)

Table 4 lists the parameters kcs and kcp fitted by SWCM. High temperatures generally increase
the intrinsic chemical reaction rate constant, kcs, and the surface water reduction rate, kcp. kcs is
affected by temperature and activation energy through the Arrhenius equation. The activation
energy is generally kept constant for the same reaction under the same reactions. When the ionic
reaction occurs in a confined space, i.e. ~µm water layer at the particle surface, the concentration,
and activity of ions would be greatly limited due to the strong electrostatic forces from the mineralwater interface

[32, 40, 41]

. This would result in increased activation energy of carbonation under

higher temperature with rare surface water. This is the reason why kcs at 80° C is smaller than at
60 °C. Moreover, from Eq. 5, the increment in kcp represents the water coverage reduction rate,
which is attributed to a rise in temperature. The above evidence confirms the accuracy of the
16

reaction mechanism based on SWCM.
Table 4. The kcp & kcs parameters and fitting goodness (R2) of the CS particles at different temperatures
based on the SWCM.

3.1.4.

Temperature

kcs (mol·min-1·m-2)

kcp (-)

Fitting goodness R2

40℃

0.244

0.217

0.988

60℃

0.947

0.264

0.996

80℃

0.847

0.376

0.999

Activation of carbonation by rehydration

SWCM suggests that surface water plays an important role in the CO2 mineralization process.
Therefore, the feasibility of activation of carbonation by rehydration was investigated here. As
shown in Fig. 7, with a ratio of 0.4 w/s without rehydration, the CO2 uptake reached a relatively
low level of ~ 14.7 wt.% at 40 bar and 80 °C. It was interesting to note that carbonation was reactivated by rehydration, and the CO2 uptake increased by 58.16%. This demonstrated that the
surface water coverage had a critical effect on the carbonation reaction of CS particles. This finding
pointed to a potential route for optimizing CO2 mineralization under mild environments (e.g. CO2
concrete curing). This involved that after reaching equilibrium, the reaction could be re-activated
by the re-addition of liquid water to the system, to achieve a higher conversion rate in several hours.
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Fig. 7. Kinetic optimization experiment by rehydration activation. (80℃, 40 bar w/s = 0.4)

3.1.5. Leaching behaviour of CS
The ionic reaction is a critical step for CO2 mineralization, thus, Ca2+ ion concentration and
pH of leaching solution were analysed to ascertain the leaching behaviour of the CS particles. Fig.
8(a) shows that in the initial hours, the concentration of free Ca2+ ions and pH value sharply
increased under aqueous conditions. After the initial several hours, the relatively slow leaching
process was due to the production of a silica gel layer which impeded the external diffusion of
Ca2+ ion [32, 33]. However, with sufficient water on the CS surface, the free Ca2+ ions in the solution
phase reached a 68 % saturation of in 48 hours (the solubility of wollastonite at 25°C is considered
as 2.375×10-3 mol/L [42]). On the other hand, it was interesting to report that after 48 h leaching,
the Ca2+ concentration in leaching solutions from the slurry samples was only 16.7 % and 1.8 %
of saturation for 0.4 and 0.08 w/s, respectively. This confirmed the hypothesis that temperature
18

affects the chemical reaction rate constant, as the concentration or activity of ions is greatly limited
by the reduction in surface water.
The electrical double layer formed at the CS particle interface in an aqueous or slurry
environment

[41]

was considered as the mechanism of the surface water coverage model. The

electric field in the double layer was significantly bound to the ions, leading to a decrease in the
distribution of free Ca2+ ions, especially at the distance within 20 μm [40]. The equivalent thickness
of water film in the slurry sample was 3.0 μm and 0.7 μm for w/s of 0.4 (corresponding to the
initial state) and 0.08 (corresponding to water evaporation state), respectively (See Supporting
information). Therefore, the low w/s and water evaporation at high temperatures resulted in limited
free Ca2+ leaching from the CS particle and significantly reduced CO2 uptake.

Fig 8. The impact of leaching on the CS particle carbonation. (a) Ca2+ ion concentration and pH
changes; (b) The schematic of CS carbonation process

The above analysis reveals the mechanism of carbonation and hydration activation of CS from
a microscopic perspective (Fig. 8(b)). When the leaching process is in equilibrium as shown in
stage A, the Ca2+ ions are saturated in an aqueous film and are likely to react rapidly with dissolved
CO32- ions. Once the water is insufficient and the liquid layer thickness reduces to less than that of
19

the electric field range (Stage B), the carbonation rate may significantly reduce (or even stop) due
to a decrease in the leached Ca2+ concentration. On the other hand, rehydration can reactivate the
leaching of calcium ions and increase alkalinity of the pore fluid. This confirms the effectiveness
of the rehydration activation method.

3.2. Characterization of the physicochemical properties
3.2.1. XRD/semi-QXRD and TG analysis
Fig. 9 shows the XRD characteristic peak distribution of CS after 24 h and 114 h of
carbonation. Calcium carbonate products are observed as calcite and aragonite. Since crystalline
silica was not observed, it was speculated that silica existed in an amorphous phase. By prolonging
the reaction time, the characteristic peak of wollastonite was significantly reduced, indicating a
higher conversion rate of CS. This also verified the increase in CO2 uptake within 10~48 hours at
20°C as shown in Fig. 4.
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Fig. 9. The chemical component of CS after 24 h and 114 h determined by XRD.

Semi-quantitative XRD analysis (semi-QXRD) was conducted to better understand the
distribution of different mineral components and the effects of reaction conditions. Samples
obtained under different conditions (pressure, temperature as well as the reaction time) were
selected for this study, and the details are shown in Table 2 and Fig. 10. The mass fraction change
of these different carbonation products shown in Fig. 10 can be well-matched with the changing
trend of the final CO2 uptake presented (Fig. 4). The differences in product mass fractions in Fig.
4 and Fig. 10 are attributed to the fact that semi-QXRD could not account for amorphous phases.
From XRD analysis, the main carbonate products observed were calcite and aragonite. Besides, a
comparison between A1 and A2 showed that the unreacted reactants significantly decreased at 20℃
for 24~114 h. This also demonstrates that the reaction time mainly affected the conversion of
calcite at room temperature [43]. From the data of A1 and A3~A5, the highest conversion rate in A3
21

showed that the optimal reaction temperature was 40 °C, which was consistent with the CO2 curing
of concrete [26]. Additionally, QXRD analysis between A5 and A6 exhibited the effect of activation
by rehydration (Fig. 7).
Moreover, the temperature affected the aragonite content but not the conversion rate (A3 and
A6). The formation and stability of different CaCO3 crystal structures may be related to the
thermodynamic mechanism of crystal growth. [17, 43] Compared with calcite, aragonite has higher
crystal potential energy, so higher temperature provides more energy to the crystal and causes the
formation of aragonite. The experimental results above confirm the SEM imaging results (Fig. 11).
At room temperature, the pressure and reaction time mainly affect the CaCO3 product yield.
However, at higher temperatures, the carbonation reaction of CS generated more calcium
carbonate products in the form of aragonite. Moreover, the addition of water promoted the
formation of aragonite products and reduced the proportion of calcite.

Fig 10. Semi-QXRD analysis of CS samples after carbonation.

3.2.2. Micromorphology of CS particles
Morphological diversity in the CS samples before and after carbonation reaction was observed
22

in Fig. 11. The morphology of raw CS particle is shown in Fig. 11 (a), with a long-bar like crystal
structure. Fig. 11 (b) shows a regular carbonation product generated after 20 °C carbonation
reaction, and formed a building-block-like structure. Combined with the XRD results, cubic calcite
edges were well defined and stacked tightly mixed with several amorphous SiO2. The accelerated
carbonation significantly promoted the consumption of CS crystal, and after 48 h carbonation at
60 °C (Fig. 11 (c) & (d)), a large number of oblong aragonite minerals were found staggered among
the calcite. Thus, the carbonation products did not form a building-block-like and dense structure
in the long-term carbonation reaction at room temperature. The elliptical aragonite did not play a
filling role in the micro-scale, leading to the overall structure becoming relatively loose.

Fig 11. The SEM images of different CS before and after carbonation (a) Raw CS; (b) 114h MC reaction
at 20°C; (c) & (d) 48h MC reaction at 60°C (40bar and 0.4 w/s).

The pore size distributions of CS particles before the leaching, after the leaching (before
carbonation), and after carbonation were determined by MIP analysis. Fig 12 shows that the
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leaching process significantly changed the pore structure of the samples. The minimum pore size
reduced from 75 nm to 32 nm and the cumulative pore volume increased from 0.317 mL/g to 0.359
mL/g. The increase in fine pores improved gas diffusion inside the CS during the CO2
mineralization. Meanwhile, the increase in the total pore volume enriched the specific surface area,
facilitating the carbonation reaction of the CS particles. Additionally, before 48 h of leaching and
carbonation, the cumulative pore volume decreased from 0.359 mL/g to 0.320 mL/g. This shows
that the microcrystal CaCO3 generated by the carbonation exhibited a filling effect, which could
help to reduce the total pore volume and was beneficial to the particle mechanical properties but
increased the diffusion resistance of Ca2+ ions.

Fig 12. The cumulative pore volume of CS particles determined by MIP

4. Conclusions
In this study, the microscopic mechanism of CO2 mineralization of calcium silicate particles
at different temperatures is comprehensively investigated. At room temperature (20℃), the
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carbonation of CS in the water-bearing system conforms to the unreacted-core shrinkage
mechanism, and the primary reaction rate-limiting step is the gas-phase product layer diffusion
stage. For relatively high temperatures (40~80℃), the main rate-limiting step is the migration and
evaporation of liquid water on the particle surfaces and the corresponding decrease in surface water
coverage. Due to the evaporation effect during the carbonation process, the higher ambient
temperature leads to a faster reduction in the surface water coverage, and further stagnates the CO2
mineralization reaction in the system. Based on this mechanism, the deep carbonation of calcium
silicate at higher reaction temperature (80℃, rehydration activation after the reaction stagnates)
can be realized. Furthermore, the carbonation process and micro pore structure of CS particles are
affected by the ion leaching behavior in the liquid layer. The critical factor controlling the reaction
is a decrease in water film thickness, which weakens Ca2+ leaching to ionic media caused by
thermal evaporation. Leaching behavior of CS indicates that electrical double layer (EDL) formed
at particle interface and the limited Ca2+ activity in water film might be the mechanism of surface
water coverage controlled kinetics. Furthermore, the feasibility of CO2 mineralization of CS under
a mild environment provides a technical guidance for lowering energy consumption of the concrete
curing technology.
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