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AbstractThe single process CO2 capture-mineralization approach integrates methods of CO2 absorption using aque-
ous solvents and mineral carbonation technology to not only remove carbon dioxide quickly, but also to simultane-
ously produce precipitated calcium carbonate (PCC). To develop a more sustainable process, it is important to extract
calcium from inexpensive raw materials such as industrial by-products. The extractant has a significant effect on the
quality of the calcium carbonate produced because it determines the anion paired with the calcium cation. In this
work, several calcium sources with different anions (Propionate, Acetate, Nitrate and Chloride) were applied in the sin-
gle process CO2 capture-mineralization method, and their influence on the polymorph of the obtained CaCO3 was
investigated. The CaCO3 produced with inorganic calcium sources predominantly exhibited a calcite structure, while
the CaCO3 produced with organic calcium sources had a structure in which vaterite and calcite coexist. This result was
in good agreement with our DFT calculations, which indicated the adsorption energy of the organic anions (Propio-
nate and Acetate) were lower than the inorganic anions on the surface of vaterite. Except for chloride with its non-polar
nature, in most cases, there was a strong correlation between the polymorph and the adsorption energy calculated for
each surface. A mechanism for the polymorph CaCO3 formation in our single process CO2 capture-mineralization
method was proposed after observing crystal formation at low concentration.
Keywords: Calcium Extraction, CaCO3 Polymorphism, CO2 Carbonation, Calcium Anion, Adsorption Energy, Inter-

nal Energy

INTRODUCTION

As international efforts to reduce greenhouse gas emissions ac-
celerate, carbon capture and utilization (CCU) technologies are in-
creasingly recognized as a promising approach because they can
convert captured CO2 into a more useful material instead of sim-
ply storing it. However, because carbon dioxide is thermodynami-
cally very stable and has a low energy level, turning it into other
substances, such as hydrocarbons, requires the consumption of large
amounts of energy [1,2].

Among the various types of CCU technologies, mineralization
is very advantageous in terms of energy because it converts CO2 to
carbonates, which have energy levels lower than carbon dioxide.
As a result, mineralization is a good way to isolate and store car-
bon dioxide permanently [3,4]. Mineralization of CO2 from a metal
anion or metal oxide such as calcium, magnesium or iron results
in a stable mineral, carbonate, through an exothermic reaction. Indi-
rect carbonation, which includes an extraction process using vari-

ous solvents, produces a high purity mineral carbonate. Various
extractants, including steam [5], hydrochloric acid [6], ammo-
nium chloride [7], sulfuric acid [8], acetic acid [9], and mixtures of
solvent [10] have been studied, and the metal salt that can be ob-
tained is determined by the type of extractant used.

Recently, many studies have been conducted to permanently
sequester carbon dioxide using various calcium sources, such as
industrial by-products [7,11-13]. In particular, sustainable and reli-
able CCUS technologies have been proposed [14-17], which attempt
to quickly capture CO2 gases and convert them into useful materi-
als. The combination of CCS technology and mineralization has
many advantages from the viewpoint of feedstock flexibility, capi-
tal requirements and operating costs, high value product, and an
alternative to direct storage.

In our previous work, we proposed a single process for CO2 cap-
ture and mineralization which produced a precipitated calcium car-
bonate (PCC) [15-18]. We also developed a process that was re-
peatable via chemical regeneration [19]. In that system, an amine
solvent was used to absorb CO2 and then this CO2 saturated amine
was reacted simultaneously with calcium sources for mineraliza-
tion. The use of amine in the mineralization amplified the carbon-
ation activity. The use of a calcium source also led to facile CO2

desorption from the amine during regeneration. Moreover, CaCO3

was produced as a value-added product. This process is also supe-
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rior to conventional amine scrubbing processes because it can be
performed at low temperature, thus reducing the amount of energy
required to regenerate the CO2. Also, PCC production can be ac-
complished at low pressure, such as ambient conditions.

One of the more important factors in the continuous capture-
mineralization process, however, is the type of anion used with the
calcium cation. It can determine the type of extraction solvent and
affect the overall reaction system, remaining after the precipitation
of the calcium carbonate. Many researchers have studied indirect
carbonation for calcium extraction from solid wastes with high
calcium content [6,20]. In most cases, organic, inorganic acid and
mixtures have been used for the efficient extraction of calcium
ions. However, in mineral carbonation the extracted cations are
used with paired anions. For further process development it is
necessary to check how the anion, in combination with calcium,
affects the mineral carbonation.

This work investigated how various calcium sources with differ-
ent anions affected CaCO3 formation, and how they transformed
polymorphism via the single process CO2 capture-mineralization
method. The thermodynamic aspects were investigated by simu-
lating molecular interactions and analyzing methods of controlling
the CaCO3 morphology changes. The results were then discussed
in relation to further development of the process.

EXPERIMENTAL SECTION

1. Single Process of CO2 Capture-mineralization Procedure
An AMP (2-amino-2-methyl-1-propanol, 90%, Aldrich) solu-

tion was used as the absorbent to absorb CO2 gas in a 500 mL glass
semi-batch reactor. 250 mL of 10 wt% AMP aqueous solution was
prepared. A mixture gas of 30% CO2 and 70% N2 was introduced
into the AMP solution at 40 oC and mixed using a magnetic stir-
rer operating at 450 rpm. When the concentration of the outlet
CO2 gas reached a steady state, the prepared calcium source was
injected into the reactor with a syringe. The electrical conductivity
was measured using an ISE probe in the reactor. After injecting
the calcium source, precipitation and crystallization reactions were
allowed to proceed for 90 min and 24 hr, respectively. Then, to im-
mediately stop the reaction on the powder, the obtained samples
were washed with acetone while vacuum filtering, and dried in an
oven at 60 oC for 24 hr.
2. Materials & Characterization

The calcium sources used were calcium propionate (97% purity,
Sigma Aldrich), calcium acetate (99%, Sigma Aldrich), calcium chlo-
ride anhydrous granular (93% purity, Sigma Aldrich), and calcium
nitrate tetrahydrate (99% purity, Sigma Aldrich).

CaCO3 powder obtained from the process was analyzed with a
scanning electron micrograph (FE SEM, Hitachi/S-4700), X-Ray
diffraction (XRD, Rigaku/DMax-2500), and by Brunauer-Emmett-
Teller method (BET, Micromeritics/ASAP-2020).
3. Simulation of Molecular Interactions

To shed more light on the experimental results for vaterite and
calcite, we applied a first principles method with the Vienna ab ini-
tio simulation package (VASP) [21,22] to study the adsorption ener-
getics in these compounds. The electronic exchange-correlations
were simulated within the generalized gradient approximation (GGA)

as described by Perdew, Burke and Ernzehof (PBE) [23]. Relax-
ation of the systems was carried out using the conjugate-gradient
method until the total energy was less than 103 eV/system. A
3×3×1 Monkhorst-Pack grid of K points and an energy cut-off of
400 eV were employed for geometric optimization.

For the slab calculations, we cleaved the (010) and (1014) sur-
faces for vaterite and calcite, respectively. Previous experimental
and theoretical studies reported that these two surfaces are the
most stable compounds [24,25]. The number of layers to consider
for our adsorption of molecules was optimized by calculating sur-
face energies for different numbers of layers. We found the surface
energy of seven layers (vaterite) and five layers (calcite) converged,
while a higher number of layers produced a surface energy differ-
ence of just 0.04 J/m2. The most stable configuration for the ad-
sorption of molecules was obtained by considering a number of
molecular geometries, which were allowed to interact with the sur-
face in such a way that the functional groups interacted directly
with the surface atoms. They were modelled using a (2×2) super-
cell and a 23 Å vacuum, with the bottom two layers fixed in the
bulk positions, while the layers above were allowed to relax. The
adsorption energy was calculated to be

Eads (eV)=Emol/surfEmolEsurf (1)

where Emol/surf, Emol and Esurf represent the energies of the surface
with a molecule, an isolated molecule, and the slab, respectively. A
negative Eads indicates an exothermic process, and a more negative
value implies a stronger interaction with the surface, while a posi-
tive adsorption energy represents an unstable process. The effect
of dispersion is well described by the DFT-D approach [26] and its
impact was investigated in the present study. Adsorption energy
calculations took this into account by substituting the energies in
Eq. (1) with values from the calculations with a van der Waals cor-
rection.

RESULTS AND DISCUSSION

1. Polymorphism of CaCO3 Produced from Various Calcium
Sources (Ca_X, X=Propionate, Acetate, Nitrate and Chloride) in
the Single Process CO2 Capture-Mineralization Method

Based on our previous results [16,17], the single process CO2 cap-
ture-mineralization method was conducted in a semi-batch reac-
tor. After sufficiently saturating the CO2 gas in the aqueous AMP
solution, the calcium source (Ca_X) was injected with a CO2 load-
ing to amine mole ratio of 1 :1. Since all of the tested calcium sources
were water soluble, they were easily ionized by water. The ionized
calcium (Ca2+) then rapidly combined with bicarbonate (HCO3

)
to form the precipitated calcium carbonate. In the AMP solution,
because of the alkyl group in its structure, unstable carbamate is
formed and hydrolyzes easily to bicarbonate. This favors the for-
mation of calcium carbonate [27]. The CO2 capture-mineralization
reaction in the AMP system can be summarized as follows.

2C4H11NO(aq)+CO2(g) C4H9NHCOO

(aq)+C4H9NH3
+

(aq) (2)

C4H9NHCOO

(aq)+H2O(l) HCO3


(aq)+C4H9NH2(aq) (3)

Ca(X)2(aq) Ca2+
(aq)+2(X)(aq); (X=Cl, NO3, CH3COO, C3H5OO) (4)
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Ca2+
(aq)+2HCO3



(aq) Ca(HCO3)2(aq) (5)

Ca(HCO3)2(aq) CaCO3(s)+CO2(aq)+H2O(l) (6)

CO2(aq) CO2(g) (7)

As indicated in Eq. (4), the calcium ion is present with a paired
anion (X) in the aqueous solution so that its properties affect the
formation of calcium carbonate. As shown in Fig. S1, the calcium
source (Ca_X) used in this study has a different structure and molec-
ular formula. In addition, Ca_Acetate and Ca_Propionate are organic
calcium groups, while Ca_Chloride, Ca_Nitrate are inorganic cal-
cium groups; inorganic calcium has a particularly less bulky struc-
ture and tends to form a strong acid when dissolved in water [28].
Fig. 1 shows SEM images of the calcium carbonates (CaCO3_X)
obtained using the CO2 capture-mineralization reaction following
a change in calcium anion (X). For the organic anions propionate
and acetate, a globular calcium carbonate was dominant, whereas
in the case of inorganic anions nitrate and chloride, a mainly cubic
calcium carbonate was produced. This result is similar to the ob-
tained XRD pattern shown in Fig. 2, where the calcium carbonate
produced by inorganic anions exhibits a complete calcite struc-
ture, while the calcium carbonate produced by organic anions has
a structure in which vaterite and calcite coexist.

In addition, the surface area of the produced CaCO3 decreased
in the following order: Ca_Propionate (17.1 m2/g)>Ca_Acetate (16.2

m2/g)>Ca_Nitrate (0.8 m2/g)>Ca_Chloride (0.4 m2/g). These results
can be explained by the change in the conductivity of the solution,
as shown in Fig. 3. When the CO2 gas was introduced into the
reactor within the AMP solution, conductivity gradually increased.
After saturating CO2 sufficiently, until the conductivity of the AMP
solution did not change any more, the prepared calcium sources

Fig. 1. SEM images of CaCO3_X, X=(a) propionate, (b) acetate, (c) nitrate, and (d) chloride.

Fig. 2. XRD patterns of CaCO3_X, X=(a) propionate, (b) acetate,
(c) nitrate, and (d) chloride.
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(Ca_X) were injected. It was observed that the conductivity of the
solution varied depending on the type of calcium sources. For the
organic calcium groups, Ca_Acetate and Ca_Propionate, a slight
decrease in conductivity was measured across the solution. On the
other hand, for the inorganic calcium groups, Ca_Chloride and
Ca_Nitrate, there was a rapid change to high conductivity. This
change in conductivity is caused by the calcium and the disassoci-
ated anion (X) in the aqueous solution. An anion with different
activity coefficients may alter the total energy of the AMP system,
which may affect the formation of calcium carbonate.

From the XRD and SEM results, the structure of the calcium
source and variation in conductivity, it can be inferred that an
organic bulky structure and lower conductivity is more advanta-
geous for the production of spherical vaterite CaCO3 with a greater
surface area. In contrast, inorganic calcium sources (Ca_Nitrate and
Ca_Chloride) which form nitrate and chlorine ions, respectively,
induce the production of cubic calcite CaCO3.
2. Adsorption Energy Calculation for Various Calcium Sources
(Ca_X, X=Propionate, Acetate, Nitrate and Chloride) on the
Surface of CaCO3

Using the experimental results, the effects of the molecular inter-
actions in the system were more deeply investigated by simula-
tion. To validate our procedure, we compared our calculated bulk
structural parameters with those from experiments and previous
calculations (see Table 1). Our obtained lattice parameters agreed
well with both [29,30]. From our calculation of the surface energy
needed to obtain the optimum number of layers for molecular
adsorption, we found that the surface energy of calcite (0.41 J/m2)
was always lower than that of vaterite (0.53 J/m2). This is in quali-

Fig. 3. Comparison of conductivity for different calcium sources (Ca_X, X=propionate, acetate, nitrate and chloride) during the single pro-
cess CO2 capture-mineralization in an AMP system.

Table 1. Calculated and experimental lattice parameters for vater-
ite and calcite bulk structures

Lattice constant (Å) a (Expt.) b (Expt.) c (Expt.)
Vaterite 6.97 (7.12) 6.97 (7.12) 25.16 (25.54)
Calcite 4.96 (4.99) 4.96 (4.99) 16.95 (17.06)

Fig. 4. The adsorption energy for different molecules on vaterite and
calcite surfaces with and without van der Waals correction
included.

tative agreement with previous DFT and molecular dynamics sim-
ulations [31,32].

The calculated adsorption energies with and without a van der
Waals correction are presented in Fig. 4. The calculated values ranged
from 0.92 to 2.40 eV for vaterite and 0.81 to 0.08 eV for calcite.
These values were compared with previously obtained values for
small molecules [33,34]. The magnitude of the adsorption energy
partially depends on the electrostatic interaction between the O
atom of the molecule and the Ca atom at the surface. The effect of
the dispersion interaction between the molecule and the surface is
also key to determining the magnitude of the adsorption energy
[35].

For all cases considered, the adsorption energy was lower with
the DFT-D2 method, which highlights the contribution of disper-
sion in the adsorption process. This is a peculiar scenario for CaCO3

polymorphs. Okhrimenko et al. reported that adsorption energy
values included a very large dispersion contribution, which was
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about 30% of the adsorption energy for the case of propanol on
calcite [35]. Our investigation revealed that larger molecules are
more easily adsorbed on a vaterite surface irrespective of the dis-
persion effect. Generally, organic molecules have lower adsorption
energies on a vaterite surface. To be specific, propionate had the low-
est adsorption energy among the tested anions (X) on the vaterite
surface, followed by another organic molecule, acetate. On the other
hand, chloride was found to have the highest adsorption energy,
much higher than nitrate.

In fact, the calculated adsorption energy suggests the instability
of the process. For chloride, this unusually high value might be
related to the non-polar nature of the chloride molecule, and this
was particularly true for our case, since the inclusion of the van
der Waals interaction greatly reduced the adsorption energy [35].
Even though the dispersion effect was observed in all other cases,
we found the chloride case to be most affected. To further strengthen
our inference that the bonding nature of chloride is a potential
cause, we found a similarly high adsorption energy for chloride on
calcite.

For calcite, chloride adsorption was also found to be the most
difficult case, although the adsorption energy was significantly lower
than that calculated for vaterite. Also, while the inclusion of the
van der Waals correction reduced the adsorption energy, adsorp-
tion was still found to be higher than those of other molecules.
The fact that the dispersion interaction was very high for chloride
shows that without this correction term added, the obtained struc-
ture is highly unstable. Taking the dispersion into account implies
that the adsorption energy for chloride on the vaterite surface
compares reasonably well with that obtained for calcite.

Unlike the case for vaterite, where organic molecules have the
lowest adsorption energy values, we found nitrate was most easily
adsorbed on calcite. The morphology of the surface of the calcite
is different from that of the vaterite and this could be a reason for
the marked difference in the adsorption energetics of the two com-
pounds. The order of adsorption energy for calcite was: Propionate
>Acetate>Nitrate (see Fig. 4). It is worth noting that the disper-
sion effect, although very pronounced in the case of chloride ad-
sorption, was found in all of the molecules considered, but was
very weak for nitrate.

Indeed, the morphology of the surface plays a significant role in
the adsorption energetics of compounds, and we found this to be
the case for vaterite and calcite. Vaterite had its lowest surface energy
in a model terminated by CO3 while the calcite surface was char-
acterized by uncoordinated bonding of Ca and CO3 atoms. Our
analysis and findings with respect to the adsorption of these com-
pounds were consistent with our experimental observations. We
found a strong correlation between the adsorption energy and the
morphology of CaCO3. With the exception of chloride (on calcite),
the order of adsorption energy strongly fit our experimental find-
ings. Furthermore, the easier adsorption of chloride and nitrate on
calcite correlates to the formation of calcite over vaterite. Also, pro-
pionate and acetate’s lower adsorption energy for vaterite correlates
with the formation of vaterite over calcite when these sources are
used.
3. Effect of Calcium Sources (Ca_X, X=Propionate, Acetate,
Nitrate and Chloride) on the Polymorphism of CaCO3

To investigate the formation and transport of CaCO3 in more
detail, we observed crystal generation using FE-SEM and XRD
under very low concentration conditions (Ca/CO2=0.1) with and
without ageing procedure. Unlike the supersaturated condition, reac-
tion can be kinetically controlled at low concentrations. The organic
calcium sources Ca_Propionate and Ca_Acetate have a relatively
high surface area and rough surface due to the high surface energy,
resulting from the bulky structure of the organic molecules. These
high surface energy levels induced pine-cone like or spherulitic poly-
crystalline systems, and ultimately the vaterite phase was formed.
At the same time (after CO2 equilibrium for 90 min) in low con-
centration (Fig. 5), calcite was formed through polycrystalline vater-
ite, while in high concentration (Fig. 1) mono-crystalline calcite
was formed directly in the system. Calcite is formed when the energy
available is high enough to produce a supercritical nucleus, while
with lower availability energy, vaterite is formed, which also causes
the vaterite phase to be in a stable state [35-37].

The driving force for the formation of the calcium carbonate
polymorph is Gibbs free energy, while going from a supersaturated
condition to equilibrium [35]. Gibbs energy in constant tempera-
ture and pressure is determined by the change in internal energy
less the change in entropy at a certain temperature. Stabilization of

Fig. 5. SEM Images of CaCO3_X with different ageing procedures: (a) After equilibrium for 90 min (without ageing) and (b) after equilib-
rium for 24 hr (with ageing).



1714 D. H. Moon et al.

October, 2020

the Gibbs energy can be observed in a system by monitoring the
solid product phase without ageing (the reaction was stopped after
CO2 equilibrium for 90 min as in Fig. 3) and with ageing (the
reaction was stopped 24 hr after CO2 equilibrium). This can stop
the process of crystal growth by immediately ending/terminating
the sedimentation reaction through acetone drying.

Figs. 5 and 6 show the SEM images and XRD patterns of cal-
cium carbonate obtained after (a) 90 min (without aging) and (b)
24 hr (with aging) after reaching CO2 equilibrium at low Ca/CO2

concentration (Ca/CO2=0.1), respectively. At low calcium concen-
trations, most of the observed calcium carbonate is vaterite phase.
When precipitation time is short (without aging), vaterite is formed
by rapid precipitation, and controlled by kinetic reaction. But, vater-
ite with a metastable phase can be transformed to calcite by the free
energy available in the chemical reaction.

After CO2 equilibrium for 24 hr (with aging), however, the cal-

Fig. 6. XRD Patterns of CaCO3_X with different ageing procedures: (a) After equilibrium for 90 min (without ageing) and (b) after equilib-
rium for 24 hr (with ageing).

Table 2. Internal energy of the formation for calcite and vaterite in the single process CO2 capture-mineralization
Internal energy of formation (eV)
Ca2+ source Ca_Propionate Ca_Acetate Ca_Nitrate Ca_Chloride
Vaterite 3.765 2.941 3.334 3.635
Calcite 3.625 2.802 3.190 3.495

Fig. 7. Mechanism of CaCO3 polymorphism under various calcium sources in the single process of CO2 capture-mineralization.

cite phase was predominantly observed in the system because the
precipitation reaction wants to reach a thermodynamically stable
state. These results were in good agreement with the DFT calcula-
tions and interpretation mentioned earlier in Fig. 4. The observa-
tion that calcite was not fully recovered in calcium propionate after
ageing, as discussed above, can be linked to the lower adsorption
energy on the vaterite surface compared to the calcite surface.

The tendency of calcite formation can be explained by the inter-
nal energy needed for the single process CO2 capture-mineraliza-
tion system. The internal energies of the formation for calcite and
vaterite were calculated based solely on the molecular structure in
the reaction as listed in Table 2. All of the internal energy calcula-
tions showed that calcite needed lower energy than vaterite; thus,
calcite was always found in all the calcium source systems. As a
consequence, calcite in a thermodynamically stable state was con-
stantly produced in the AMP-Ca system.
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4. Proposed Mechanism of CaCO3 Polymorphism in the Sin-
gle Process CO2 Capture-mineralization

The formation of calcium carbonate in the single process CO2

capture-mineralization begins with a nucleus burst in a supersatu-
rated solution, continues by precursor formation, and a self-aggre-
gated polycrystalline, mesocrystal, then stable crystal structure is
formed. In a single process and mineralization system using vari-
ous calcium sources (X), polymorphism is found with a mixture
of calcite and vaterite as the product. Crystallized calcite is usually
mono-crystalline with well-faceted particles, while vaterite can be
produced through nano-aggregation or crystal growth [28,38].

In the early stages of crystallization, vaterite was found to form
in all of the systems by spherulitic growth instead of nano-aggre-
gation. The nuclei formed in the system under supersaturated con-
ditions and assembled themselves in a certain polycrystalline form.
A polycrystallite formed under high surface energy is not stable,
and thus it tried to form a single crystal, such as vaterite and cal-
cite, which is more favorable. Through this mechanism, the cal-
cium carbonate crystal formed in the system tried to reach equi-
librium with the lowest free energy available. Then, to reduce the
overall energy availability, the crystal surfaces attached together
and grew. This mechanism is illustrated in Fig. 7.

CONCLUSIONS

The polymorph CaCO3 formation in the AMP absorption sys-
tem using various calcium sources (Ca_X, X=Propionate, Acetate,
Nitrate and Chloride) combined with anion (X) was investigated.
In presence of AMP solution, carbon dioxide is rapidly converted
to bicarbonate, which reacts with ionized calcium ion to produce the
precipitated CaCO3. These dissociated anions (X) affect the morphol-
ogy of calcium carbonate produced. In the case of Propionate and
Acetate, organic anions, a globular calcium carbonate was dominant,
whereas Nitrate and Chloride, inorganic anions, mainly cubic form
of calcium carbonate was produced. After observing the mecha-
nism of CaCO3 polymorphism under low concentration conditions
with a time difference, the nucleus produced under supersaturated
conditions initially formed a self-assembled polycrystalline, which
resulted in a difference in polymerization. Most calcium sources ini-
tially produce meta-stable vateraite CaCO3, but as they reach equi-
librium they have a tendency to switch to calcite, a thermodynamically
stable low energy state. This matched the results of absorption
energy calculation using DFT and confirmed that low absorption
energy is closely related to the production of vaterite.
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