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ABSTRACT

Controlling particle size is important in powder technology. Here we report a scalable
production process of mesoporous calcium carbonate with a controllable particle size.
We focus on the effect of the aggregation rate on the obtained particles. In this study, we
change the particle concentration (1.2—12 mass%) to control the aggregation rate and
then obtained particles with relatively narrow range of particle size (310+£30-560+100
nm) and nearly identical specific surface areas and particle structures by template-free
method. We proposed the aggregation model to describe the formation of meso-porous

calcium carbonate.
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1. Introduction

The process of controlling particle properties (particle size, particle shape, etc.) is
important in powder technology. Generally, powders have a particle size distribution
with different shapes. Compared to coarser powders, handling of fine powders creates
issues as the particle properties drastically change. For example, some problems such as
increased frictional resistance, increased stickiness or adhesion, and scattering can arise.
Shape variations affect the preparation time, quantitative capability, and product
qualities. Hence, homogenization of particle size and the shape of raw material are
necessary to improve product quality and handling properties.

Calcium carbonate is a common biomineral. The development of functional materials
that mimic peculiar structures such as pearls and shells has attracted attention. Because
biomineralization is a self-organization process in nature and can be effectively used for
many materials, extensive research has occurred in the last few decade [1-3]. To design
functional materials, it is necessary to understand the formation mechanism of calcium
carbonate. The crystallization process is important in the synthesis and purification of
calcium carbonate as well as in applications of solid materials. Research has been
conducted to precisely control the crystal structure (calcite, aragonite, vaterite), particle
size, particle shape, and pore structure by syntheses using interactions with
macromolecules [4, 5] or additives [6-8]. Calcium carbonate that controls these particle
characteristics is expected to be applied in various fields [9-11].

The most used industrial process of obtaining calcium carbonate involves the
following steps [12]: (a) Calcination of limestone to produce quicklime and carbon
dioxide; (b) A slaking process, where the quicklime is transformed into a slaked lime
slurry (a Ca(OH); suspension), which is controlled by the addition of water; (c) A
carbonation reaction, where CO; is bubbled through an aqueous slurry of slaked lime.
The carbonation reaction is the crucial step determining the particle characteristics of
the obtained products. Especially, when calcium carbonate is applied as a filler, its
particle size is important and has been controlled by adding additives [13-15].
Templates and additives are often used to control the particle characteristics (especially
particle size and pore structure) of calcium carbonate and there is a problem that they
must be removed.

In our research, we have improved the carbonation process, which is used in industry,
and have advanced mass-production of mesoporous calcium carbonate by a
template-free method in an organic solvent. Performing the carbonation reaction in an

organic solvent yielded a calcium carbonate colloidal dispersion. Aging the obtained



dispersion under various conditions gave the following results [16]: (1) When a
colloidal solution with dispersed nanosized calcium carbonate is aged statically, the
solution becomes cloudy after gelation. (2) The aging temperature greatly affects
particle formation. For example, when the aging temperature is 20 °C, egg-like shaped
calcite particles (specific surface area: ~200 m? g'!) with particle sizes of ~500 nm are
obtained. When the aging temperature is 200 °C, rod-like shaped vaterite particles
(specific surface area: ~65 m? g'!) with a major diameter of 1.2—1.5 um are obtained. (3)
In the aging process, the phase transition of the crystal and the aggregation of the
colloid occur simultaneously. Consequently, the resulting particles have various shapes
and crystal structures.

In this research, we focus on particle aggregation and attempt to synthesize
mesoporous calcium carbonate with particle size controlled by template-free method.
Concretely, we examine the influence of particle concentration, which is an aggregation
rate—determining factor, based on the aggregation rate formula of the particle in solution
[17]. As aggregation rate determining—factors, there are three parameters of temperature,
viscosity, particle concentration. Controlling the temperature or the viscosity is difficult.
It is especially challenging to realize a uniform system temperature during
high-temperature aging. A mixture of crystal polymorphs and variations in shape are
observed [16]. So, we conducted experiments focusing on particle concentrations,
which are relatively easy to control among these determinants. Then we assess the
particle properties of mesoporous calcium carbonate obtained from the calcium

carbonate dispersion as a function of particle concentration.

2. Experimental

2.1 Synthesis of mesoporous calcium carbonate in an organic solvent

Calcium hydroxide (Nacalai Tesque), ethylene glycol (Kanto Chemical), and ethanol
(Kanto Chemical) were used as received. Calcium carbonate was prepared by the
carbonation of calcium hydroxide in an ethylene glycol—ethanol organic solvent mixture
[16, 18, 19]. We placed 50.0-g calcium hydroxide in 450-g mixed solvent (with 30
mass% ethylene glycol). CO2 was blended with N> at a concentration of 30 vol%, and
the flow rate of gas was 1.0 L min!. The carbonation reaction temperature was
controlled at 20 °C using a water bath. After 140 minutes of carbonation, the suspension

was centrifuged for 20 minutes at a rate of 3540 G to remove the unreacted calcium



hydroxide.

The concentration of the calcium carbonate colloid dispersed in the supernatant liquid
estimated from the thermal weight change was ~12.0 mass%, the solid content separated
and removed was 1.2 mass%, and the yield of calcium carbonate was 89%.

A predetermined amount of a solvent solution (ethanol:ethylene glycol ratio of 7:3)
was added to the solution after completion of the reaction to adjust the particle
concentration. When it was aged statically at 20 °C, the colloidal solution became a
cloudy sol through the gel. In this research, aging was completed when the solution
became a cloudy sol. The cloudy suspension was washed twice with ethanol to
eliminate the excess ethylene glycol. The suspension was then centrifuged at 3540 G for
15 minutes. The supernatant was discarded, and the residue was dried in a vacuum for

12 hours. The resultant dry powder was used in the measurements.

2.2 Evaluation of the products

The specific surface area and the pore distribution of the product were measured at 80
points (adsorption side, 40 points; desorption side, 40 points) from a relative pressure
between 0.025 and 0.9975 using a nitrogen adsorption instrument (manufactured by
Quantachrome, AUTOSORB-1-¢/MK2). SEM (JEOL, JSM-6380A) was used to
observe the particle shape. X-ray diffraction (MultiFlex-120NP manufactured by
Rigaku) was used to analyze the crystal structure. The ratio of vaterite was calculated

from the peak intensity of the X-ray diffraction using Rao’s equation [20].
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Here 1, is the peak intensity of calcite. 1,4, 1154, andly,y,y are the peak

intensities of vaterite. To determine the particle size, we selected 100 particles

arbitrarily from the SEM image and measured their Feret diameter.
3. Result and discussion

3.1 Aggregation of calcium carbonate colloidal nanoparticles

Our method yields a transparent calcium carbonate colloid solution. Generally,

dispersion and aggregation of particles in the liquid phase are described by DLVO



theory [21, 22]. The total potential energy is expressed by the sum of the electrostatic
interaction and the van der Waals interaction acting between the particles dispersed in
the solution. The potential energy of the electric double layer is extremely small in a
mixed solvent of ethanol and ethylene glycol due to the low dielectric constant of the
solvent. Therefore, the force acting between the calcium carbonate colloidal
nanoparticles in the liquid phase is primarily van der Waals interactions, and the
colloidal nanoparticles spontaneously aggregate.

When two aggregated particles are considered as one and the aggregated particles are

not redispersed (irreversible coagulation), the aggregation rate is expressed by equation

(2) [17]
_d_N:k'N2:4k_TN2 < Q)
dt 3n

Here, k' is the aggregation rate constant, N is the number of particles in a certain volume,
k 1s the Boltzmann constant, # is the viscosity coefficient, and 7 is the absolute
temperature. From equation (2), temperature 7, viscosity #, and particle concentration N
can be considered as factors determining the aggregation rate.

Figure 1 shows the SEM images of the calcium carbonate particles obtained at each
particle concentration. At a low concentration, spherical particles with a particle size of
~300 nm are observed. As the concentration increases, the particle size increases to
~500 nm.

Figure 2 shows the result of the XRD measurements. Calcite crystals are obtained
for all conditions and a significant difference is not confirmed. Table 1 shows the
evaluation results of the particle characteristics of calcium carbonate obtained under
each condition. In all conditions, the obtained particles exceed the specific surface area
value of calcium carbonate synthesized with the template (~50 m? g!) [4], and have
mesopores. Furthermore, the specific surface area is as high as ~150 m? g!, excluding
the highest concentration conditions.

Figure 3 depicts the relationship between the aggregation rate and the particle
diameter. These results show that the larger the particle concentration, the larger the

particle size.
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Fig. 1 SEM images of the particles obtained at each particle concentration
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Fig. 2 XRD patterns of the particles obtained at each particle concentration
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Fig. 3 Relationship between particle size and aggregation rate



Table 1

Particle properties obtained at each particle concentration

Specific
Particle Aging Amount of Aggregation Particle Ratio of P Pore o
) ] ] ) ) surface Crystallite size
concentration time particles rate S1ze vaterite volume
25 /3 33 /03 area 3 [nm]
[mass%| [day] [x10” /m’] [*10°° /m’s] [nm] [-] 5 [cm’/g]
[m7/g]
1.2 10 6.29 8.22 310+£30  0.057 100.9 0.538 12.7
3.6 6 19.2 76.4 470+£50 0.244 156.3 0.526 9.4
6.0 3 32.5 220 500+£50 0.194 158.3 0.499 12.7
8.4 2 46.3 446 560+100 0.162 157.0 0.523 7.5
12 1 68.0 959 530+100 0.125 42.62 0.317 6.4




3.2 Influence of particle concentration on particle aggregation

The calcium carbonate particles in solution after completion of the reaction
spontaneously aggregate due to the van der Waals interaction. Therefore, we focused on
the aggregation process and considered that changing the aggregation rate can control
the obtained characteristics of particles.

During the aging stage, dissolution of the vaterite and subsequent reprecipitation
form calcite. Thus, the water content in the colloidal dispersion should play an
important role in the polymorphs. From this point of view, we found a fine balance
between the aging time and water content; increasing the aging time or water content
decreases the ratio of the vaterite phase [23]. In this study, a small amount of water was
included in the colloidal solution due to the carbonation reaction (Ca(OH), + CO; —
CaCOs + H20). Because a predetermined amount of a solvent solution was added to the
colloidal solution (solid content was 12 mass%, see section 2.1), the water content
becomes low when the concentration of colloidal particles is low. However, a lower
colloidal particle concentration requires a longer aging time. Consequently, the ratio of
vaterite is maximized at a 3.6 mass% particle concentration, as shown in Table 1.

By aging the solution after completion of the reaction at 20 °C, the primary colloidal
particles aggregate and form mesoporous calcium carbonate. However, the crystallite
size on the (1 0 4) plane of calcite crystals differs (Table 1). From this, it is inferred that
particle growth and aggregation occur simultaneously in the low aggregation rate
condition.

Regarding the crystallite size, the aging time plays a crucial role. Particle-growth
mechanisms are generally divided into direct precipitation of simple solutes on the
crystal face (Fig. 4, left) and aggregation mechanisms where primary particles form
aggregates and then grow (Fig. 4, right) [24-26]. In this research, aggregation is the
dominant reaction at high aggregation rates, but primary colloidal particle growth may
also occur at low aggregation rates (Fig. 5). At a low aggregation rate (low
concentration), we allotted sufficient time for primary particle growth before collecting
the final aggregates. Consequently, it is inferred that the size of the produced particles
and crystallite size differ.

Furthermore, the specific surface area and pore volume are small at the high
aggregation rate condition. We previously demonstrated that calcium carbonate
colloidal particles aggregate to form particles in our process [16, 23]. Based on previous

results, the interstices of particles when forming particles become pores, providing



mesoporous calcium carbonate. For a high particle aggregation rate, the particles collide,
reducing or destroying the interstices.

Temporal changes are important in terms of morphology and particle size of the
aggregates during the aging stage. Because visualizing the intermediate products in the
aging process is extremely difficult in the native state, we are unable to show direct
evidence regarding the particle size (and shape). Additionally, according to Meldrum
and Colfen [27], aggregation of nanocrystallites is very hard to control in terms of
morphology and size of the final aggregate. Very recently, Nudelman et al. [26]
provided the in vitro evidence for aggregation and transformation from amorphous
calcium to a crystalline solid state using cryoTEM. We plan to investigate the

relationship between particle size (and shape) and the aggregation rate.
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4.

Conclusion

We synthesized mesoporous calcium carbonate with a controlled particle size by the

carbonation method in organic solvent. Calcite particles with particle size (300-500 nm)

are obtained by adjusting the aggregation rate of the calcium carbonate colloid solution

by changing particle concentration (1.2-12 mass%).
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