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ABSTRACT: Herein, metastable spheroidal vaterite calcium carbonate
(CaCO;) was prepared using a simple ultrasound technique. The fabricated
material comprises an irregular nanoparticle aggregate when steamed
ammonia liquid waste, that is, (CaCl,) and (NH,),COj, is used as the raw
material at atmospheric temperature, without any surfactants. The effects of
ultrasound amplitude, probe immersion depth, and solution volume on
particle properties were investigated. The obtained samples were identified
and characterized by X-ray diffraction, Fourier transform infrared
spectroscopy, scanning electron microscopy, and the Brunauer—Emmett—
Teller technique. Our experiments show that the probe immersion depth
and the reaction volume are the key parameters that impact the diameter
size and size distribution of the fabricated spheroidal vaterite CaCO,
particles. The ultrasound amplitude considerably affected the particle size
and the specific surface area. A possible formation mechanism for pure
vaterite is proposed herein, which suggests that simple vaterite CaCOj; is formed owing to the special properties of steamed
ammonia liquid waste and the synergistic effects of the ultrasonic system. This study may provide a new method for vaterite CaCO;

synthesis.

1. INTRODUCTION

Calcium carbonate (CaCO;) is one of the most widely used fill
materials. It is used in pigments,1 plastics,2 wastewater
treatment,’ paper,4 cement,” rubber, and adhesives.” There-
fore, synthesizing CaCOj; via a precipitation reaction is a
popular topic in chemical engineering. Anhydrous CaCOj;
possesses three crystalline polymorphic types (vaterite,

on the synthesis parameters. Several synthesis methods have
been used to regulate the crystallization, nucleation, and crystal
growth of CaCO; with the desired properties.'” ™" With the
continuous progress in science and technology, a new chemical
preparation method has received extensive research attention
in the field of CaCO; synthesis.””>* Recently, researchers
have found that ultrasound plays a crucial role in the synthesis

aragonite, and calcite), and their thermodynamic stability
increases sequentially.”® Because vaterite has the lowest
thermodynamic stability, it can easily transform into calcite
and/or aragonite via recrystallization when it comes in contact
with water.”"" Among the polymorphic types, vaterite-phase
CaCOs; is expected to have several potential applications in
various industries because of its unique properties, such as
lower specific gravity, high solubility, high dispersion, large
specific surface area, and porous nature, compared with the
other two crystalline forms. However, as vaterite can easily
transform into more stable calcite and aragonite in an aqueous
medium, synthesizing vaterite CaCO; without additives or a
special method is challenging. Therefore, methods to control
and obtain vaterite-phase CaCOj; crystals have attracted
considerable research attention in recent years.'””'*

To realize the maximum utilization of CaCOj in industrial
applications, obtaining particles with a fine size, narrow size
distribution, and uniform morphology and crystal structure
(polymorph) is crucial.'>'® These properties primarily depend
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of inorganic chemicals during some precipitation reactions.
While taking advantage of the produced cavitation effect, the
ultrasonic chemical method has been widely used to prepare
various solid materials.””** Ultrasonochemistry plays an
important role in crystallization. For example, ultrasound
facilitates the reduction of induction time and/or accelerates
the crystal growth of CaCOj particles during nucleation while
eliminating the particle agglomeration width, thus providing
better control over particle size distribution, morphology, and
physicochemical properties. In addition, ultrasound promotes
the precipitation of the different polymorphs of CaCO,.***°
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Figure 1. X-ray diffraction (XRD) patterns of CaCO; crystals prepared using various ultrasonic amplitudes with probe immersion depths and
solution volumes of (a) 60 mm and 180 mL, (b) 180 mm and 180 mL, (c) 180 mm and 360 mL, and (d) 180 mm and 540 mL, respectively (V:

vaterite).

Therefore, the ultrasound method is commonly used to obtain
the desired physicochemical properties of CaCOj particles.””**

With ease, vaterite can thermodynamically easily transform
into the more stable calcite when placed in a water solution;””
therefore, obtaining vaterite CaCOj; with high-purity crystals is
difficult.”® Some research studies indicated that vaterite can be
prepared in the presence of surfactants or via special chemically
assisted methods.”" Recently, several studies have reported the
preparation of metastable vaterite by ultrasonic chemically
assisted methods. For example, Juhasz-Bortuzzo et al.”
successfully prepared high-purity vaterite using the ultrasonic
technique without any surfactant. Price et al.*’ studied the
effects of different ultrasound treatment parameters on the
composition of precipitated CaCO; polymorphs in the absence
of an assistant. Kojima et al.’* investigated the impact of
ultrasonic amplitude and frequency on the shape of fabricated
vaterite particles in the absence of additives.

Although numerous studies on CaCOj; vaterite poly-
morphism have been widely carried out, favorable ultrasonic
sonochemistry conditions for generating the vaterite poly-
morph have not been fully identified. Obtaining a fundamental
understanding of the correlation between the ultrasonic
sonochemistry used and the physicochemical properties of
the resulting vaterite product still remains challenging,
particularly in the presence of impurity ions with steamed
ammonia liquid waste. Herein, the reaction parameters used to
prepare vaterite using the ultrasound technique, with steamed
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ammonia liquid waste and without any surfactants, are
evaluated for the first time. The understanding of the
physicochemical properties of vaterite CaCOj; synthesized
with ultrasonic assistance achieved in this study helps in
realizing the large-scale synthesis of high-purity vaterite CaCOj;
using steamed ammonia liquid waste as the calcium source.

2. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of prepared CaCOj particles
with different ultrasonic amplitudes, probe immersion depths,
and solution volume reaction conditions. The XRD results
indicate three intensity peaks at 26 values of 24.92, 26.99, and
32.78° corresponding to hkl values of (110), (112), and (114),
respectively. XRD results also indicate that all samples
obtained under different ultrasound synthesis conditions
show pure vaterite (JCPDS: 33-0268) as the only crystalline
phase.

The phase composition of the prepared crystalline CaCOj;
products under different conditions was further studied by
FTIR spectroscopy, as shown in Figure 2. FTIR spectra
indicate two characteristic peaks at 872 and 744 cm™', which
are representative of the out-of-plane and in-plane bending
modes of CO;>7, respectively. The FTIR characteristics
indicate that pure vaterite was formed for samples undergoing
all ultrasonic preparation conditions.

Based on the XRD patterns and FTIR spectra, only the
vaterite-phase CaCO; was obtained via sonochemical synthesis

https://doi.org/10.1021/acsomega.1c02772
ACS Omega 2021, 6, 23846—23854
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Figure 2. Fourier transform infrared (FTIR) spectra of CaCOj; prepared using various ultrasonic amplitudes with probe immersion depths and
solution volumes of (a) 60 mm and 180 mL, (b) 180 mm and 180 mL, (c) 180 mm and 360 mL, and (d) 180 mm and 540 mL, respectively.

using steamed ammonia liquid waste as the calcium source and
in the absence of additives. The results also show that the
ultrasound amplitude, probe immersion depth, and solution
volume have no effect on the crystal phase composition of the
prepared products. This method can realize single metastable
spherical vaterite CaCO;. Our previous research studies’ ™’
have shown that preparing single-purity metastable vaterite
CaCO; through conventional simple mechanical mixing using
steamed ammonia liquid waste as the calcium source is
difficult. In addition, several reported studies have also
indicated that achieving single-phase high-purity vaterite
CaCO, without additives’® * is difficult even when using
the ultrasonic chemistry method.*" Therefore, it can be
concluded that by using steam ammonia liquid waste as the
raw calcium source, vaterite can be effectively prepared using
ultrasonic waves.

The morphologies of products obtained under different
probe depths, solution volumes, and ultrasonic amplitudes
were characterized by scanning electron microscopy (SEM)
(Figures 3 and 4). The SEM images show that all vaterite
samples exhibit spherical and fine-grained morphologies.
Figure 3 (K and Kjo) and Figure 4 (K5 and K,,) show that
the spheroidal vaterite samples are composed of an
agglomeration of particles tens of nanometers in size, and
the high-magnification SEM images can further verify these
conclusions. The vaterite products prepared under the action
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of ultrasound show many agglomerations (Figures 3 and 4),
and the particle size and morphology of the resulting products
exhibit only minor alterations. When the ultrasonic amplitude
is increased, the agglomeration degree of the products reduces
to a certain extent. From Figures 3 and 4, it can be seen that
the vaterite aggregates produced using the ultrasonic method
are inconsistent with those obtained by the author in relevant
studies.>*>® Therefore, it can be concluded that the ultrasonic
method can prevent vaterite agglomeration.

Table 1 and Figure S show the changes in the average
diameter (Ds,) and particle size distribution with a change in
the ultrasonic amplitude. Table 1 shows that the sample
vaterite size decreased with an increase in the ultrasonic
amplitude. The Dy particle size of K;—Ks samples decreased
from 4.80 to 3.18 ym, and the standard deviation of the Dy,
size of these five samples was 0.5752. The Dy particle size of
K¢—Ko samples decreased from 5.66 to 3.88 um, and the
standard deviation of the Dy, size of these five samples was
0.7321. The Dy, particle size of K;;—K;5 samples decreased
from 7.11 to 4.62 um, and the standard deviation of the Dy,
size of these five samples was 0.8788. Moreover, the DSO
particle size of K;s—K,, decreased from 5.88 to 2.78 um, and
the standard deviation of the Dy size of these five samples was
1.0660. For K, —K,, samples, when the ultrasonic probe depth
and the reaction volume increased, the effect of the change in

https://doi.org/10.1021/acsomega.1c02772
ACS Omega 2021, 6, 23846—23854
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Figure 3. Morphologies of vaterite CaCO; obtained using different ultrasonic amplitudes, probe immersion depths, and solution volumes of (K;—
K;) 60 mm and 180 mL and (K¢—K;,) 180 mm and 180 mL.

the ultrasonic amplitude on the change of the product particle Table 1 shows that as the ultrasonic amplitude increased, the
size increased. particle size of the vaterite products decreased. Figure 4 shows
23849 https://doi.org/10.1021/acsomega.1c02772
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Figure 4. Morphologies of vaterite CaCO, obtained using different ultrasonic amplitudes, probe immersion depths, and solution volumes of (K;;—
K;5) 180 mm and 360 mL and (K;4—K,,) 180 mm and 540 mL.

that as the ultrasonic amplitude increased, the product reunion decreased. Thus, increasing the ultrasonic amplitude can
decreased; thus, the particle size of the winning product reduce the size of the vaterite particles. Figure S shows that
23850 https://doi.org/10.1021/acsomega.1c02772
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Table 1. Dy, Size of Vaterite Obtained under Different Preparation Conditions

samples K, K, K, K, K K K, Ky Ko Kio
Dy, (um) 4.80 4.67 4.04 4.06 3.18 5.66 4.83 4.69 4.51 3.38
samples Ky, Ky, K3 Ky Kis Kis K, Kg Ko Ky
Dy, (um) 7.11 6.18 5.29 5.14 4.62 5.88 521 4.44 3.93 2.78
b —-20% o “ry
8- 40% ——20% ——20%
60% —n—40% —B—40%
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Figure S. Particle diameter distribution of samples prepared using various ultrasonic amplitudes, probe immersion depths, and solution volumes of
(a) 60 mm and 180 mL, (b) 180 mm and 180 mL, (c) 180 mm and 360 mL, and (d) 180 mm and 540 mL.

the size distribution of the resultant vaterite decreased from 20
to 100% as the ultrasonic amplitude increased. From Figure S,
it is observed that the vaterite size distribution is bimodal with
two optimum volumes. The possible mechanism of this
phenomenon is Oswald ripening. The particle size of vaterite
formed after crystal nucleation is 1—3 yum, and a portion of the
vaterite gathered together the particles owing to Oswald
maturation when the reaction time was increased; hence, the
particle size increased to 5—18 um. Therefore, the product
contains both small unaggregated particles and large
aggregated particles, resulting in a bimodal particle size
distribution pattern. The resultant product is composed of
many agglomerates and some agglomerated particles, as shown
in the SEM images in Figures 3 and 4, providing a basis for the
results obtained using a laser particle size analyzer (LPSA) in
Figure S. Therefore, the size distribution of the vaterite sample
is bimodal with two optimum volumes.

Table 2 shows the specific surface areas of different products
obtained using the BET method. The results in Table 2 show

Table 2. Brunauer—Emmett—Teller (BET) Surface Area of
Vaterite Obtained under Different Preparation Conditions

samples K, K, K, K, K
specific surface area (m?*/g) 1227  13.88  13.64 1636 2091
samples K K, Ky Ky Ko
specific surface area (m*/g)  6.75 13.56 11.07 1036 1647
samples Ky, K, K3 Ky Ky
specific surface area (m*/g)  11.05 10.56 1129 1262  15.08
samples Kis Ky, Kig Ko Ky
specific surface area (m*/g)  14.95 1619 1510 1656 1820

that when the ultrasonic amplitude was increased, the specific
surface area of the prepared products increased. When the
ultrasonic amplitude was increased from 20 to 100%, the
specific surface area of the vaterite samples showed an
increasing trend and rapid enlargement, from the initial value
of 12.27 to 20.91 m?/g at a probe immersion depth of 60 mm
and a solution volume of 180 mL. The specific surface areas
increased from 6.75 m?/ g at 20% ultrasonic amplitude to 16.47
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m?/g at 100% ultrasonic amplitude at a probe immersion
depth of 180 mm and a solution volume of 180 mL. At a probe
immersion depth of 180 mm and a solution volume of 360 mL,
the specific surface area increased from 11.05 to 15.08 m*/g
when the ultrasonic amplitude was increased from 20 to 100%.
At a probe immersion depth of 180 mm and a solution volume
of 540 mL, the specific surface area increased from 14.95 to
18.02 m*/g with an increase in the ultrasonic amplitude from
20 to 100%. When comparing the specific surface areas of K;—
K, samples, it can be seen that as the probe depth increased,
the specific surface area of the prepared product decreased
slightly. However, when comparing the specific surface areas of
K—K,, samples, it can be seen that the specific surface area of
the prepared product increased with an increase in the reaction
volume.

The above characterization results indicate that pure
metastable vaterite was prepared using a simple ultrasonic
chemistry method without additives and by using steamed
ammonia liquid waste as the calcium source. The formation of
vaterite CaCOj appears to have two main functions. Table 3

Table 3. Content of Main Impurity Ions in Steamed
Ammonia Liquid Waste

ions concentration (mol/L)

K* 0.014
Na* 0.054
Mg* 0.0000058

indicates that a small amount of Mg®*, K*, and Na* is present
in the steamed ammonia liquid waste. Several literature studies
have reported that Mg**, K', and Na' can change the
crystallization process of CaCO;;*™** therefore, metastable
vaterite is formed owing to the steamed ammonia liquid
waste.” Second, our previous research studies’” " have
shown that it is difficult to prepare single-phase high-purity
metastable vaterite CaCOj; by conventional simple mechanical
mixing using steamed ammonia liquid waste as the calcium
source. However, the current study indicates that pure vaterite
CaCOj; is obtained using the ultrasonic chemistry method

https://doi.org/10.1021/acsomega.1c02772
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when steamed ammonia liquid waste is employed. Hence, it
can be explained that the ultrasonic reaction played a decisive
role in the formation of vaterite.

Results from the study by Dzakula et al.”™ indicate that the
ultrasound treatment resulted in a decrease of induction period
in the precipitation systems, and the formation of vaterite
particles occurs within the initial reaction stage. Combined
with the literature data,*”*® it can be suggested that the most
important mechanism responsible for the promotion of vaterite
formation under ultrasonic irradiation is supposed to be
ultrasonic cavitation. Under conventional conditions, the
formed vaterite undergoes a phase change to form a more
stable calcite according to the literature study. Wagterveld et
al.*” suggested that cavitation generated by ultrasound can
induce micromixing and/or shear/stress. Our research
suggested™ that a high stirring speed can strongly prevent
the vaterite transition to calcite. Hence, this research suggested
that ultrasonic chemistry can inhibit the vaterite trans-
formation to a more thermodynamically stable aragonite and
calcite, thus promoting the formation of pure vaterite CaCO;
products. Based on the experimental results and the above
analysis, it is inferred that the ultrasonic reaction for the
promotion of vaterite formation can prevent the phase
transition of vaterite and allow the vaterite product to remain
stable in the reaction system.

1.46

3. CONCLUSIONS

We obtained pure vaterite CaCOj; particles using steamed
ammonia liquid waste as the calcium source and without
additives via sonochemical synthesis. Vaterite-phase CaCO,
with typical spherical particles of 2.78 ym can be prepared, and
the BET surface area was 20.91 m?/g at 100% ultrasound
amplitude. The effects of the ultrasound amplitude, probe
immersion depth, and solution volume on the size, particle size
distribution, and specific surface area of the vaterite samples
were investigated. With an increase in the ultrasound
amplitude, the product particle size decreased while the
specific surface area increased. The ultrasonic amplitude,
probing depth, and solution volume clearly have an influence
on the particle size and specific surface area of the final vaterite
product. We used industrial waste (steamed ammonia liquid
waste) to realize metastable vaterite via facile precipitation
using sonochemical synthesis without any other assistance.
This method is likely to realize large-scale industrial
applications owing to the lack of template-directed or
additive-assisted conditions in the preparation process.

4. EXPERIMENTAL SECTION

4.1. Materials. Steamed ammonia liquid waste was
provided by Qinghai West Magnesium Industry Co., Ltd.
Filtration was used to remove solid impurities. The subnatant
was collected as the calcium (CaCl,) source via three filtration
processes. Ammonium carbonate ((NH,),CO;) was acquired
from Tianjin Bodi Chemical Reagent Company. All chemical
reagents were of analytical grade.

4.2. Synthetic Conditions. Vaterite was prepared via
facile precipitation in glass bottles using the ultrasonic
chemical method. Ultrasound waves were generated using an
ultrasonic homogenizer (OuHor UH2000-T) on which a horn
with a diameter of 12 mm was mounted. The ultrasound
amplitude of the sonication treatment could be set using a
controller. A frequency of 24.5 kHz and a power of 1200 W

were used during the experiments. A 0.60 mol/L CaCl,
aqueous solution of steamed ammonia liquid waste was used
as the stock solution. A solution of 0.60 mol/L (NH,),CO,
was dissolved in water; the weighed (NH,),CO; was placed in
deionized water for synthesis. For particle preparation, 0.60
mol/L CaCl, and 0.60 mol/L (NH,),CO; solutions were
immediately poured into glass vessels. The ultrasound
amplitudes were 20, 40, 60, 80, and 100%. The mixed solution
was uniformly sonically oscillated for 10 min. Table 4 shows

Table 4. Experimental Parameters for Producing Vaterite

ultrasonic probe immersion depth  solution volume
samples amplitude (%) (mm) (mL)
K, 20 60 180
K, 40 60 180
K, 60 60 180
K, 80 60 180
Ks 100 60 180
Ks 20 180 180
K; 40 180 180
Ky 60 180 180
Ky 80 180 180
Ky 100 180 180
K, 20 180 360
Ki, 40 180 360
K3 60 180 360
Ky, 80 180 360
Ky 100 180 360
Ky 20 180 540
Ky, 40 180 540
Ky 60 180 540
Ky 80 180 540
Ky 100 180 540

the preparation conditions for each experiment. When the
reaction was completed, the obtained CaCOj; product was
collected using a suction filtration device, and the particles
were washed with deionized water several times during the
filtration process. Finally, to detect and characterize the
obtained samples, they were placed in a desiccator and dried
at 105 °C for 12 h.

4.3. Characterization. Powder XRD (DX-2700BH) and
FTIR (Cary 630) were used to identify the phases of the
resultant powders. The crystalline phase of the resultant
particles was determined by XRD using Cu Ka radiation
(1.54184 A) and a step length of 0.02°. The morphology and
size of the particles were determined using a SEM (ZEISS
Gemini 300). A gold film was sputtered on the particles placed
on the glass slide, and the sample was examined at a 3 kV
accelerating voltage. The specific surface area and the pore size
of CaCO; were measured using N, adsorption—desorption
isotherm (ASAP2460) measurements; particles were degassed
overnight at 180 °C before the measurement. The pore size
distribution and the specific surface area were determined
using Barrett—Joyner—Halenda and BET methods, respec-
tively. The average CaCOj particle size and distribution were
measured using an LPSA (OMCC SCF-106A) by employing
the dynamic light scattering method. The impurity ion content
of the steamed ammonia liquid waste was measured using an
inductively coupled plasma atomic emission spectrometer (740
Oradial, IC74RA0097).
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