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Abstract: In the salt lake industry, large amounts of steamed ammonia liquid waste are discharged as
byproducts. The conversion of the residues into high value-added vaterite-phase calcium carbonate
products for industrial applications is highly desirable. In this research, the feasibility of preparing
vaterite-phase CaCO3 in different CaCl2-CO2-MOH-H2O systems using steamed ammonia liquid
waste was studied in the absence of additives. The effects of initial CaCl2 concentration, stirring
speed and CO2 flow rate on the composition of the CaCO3 crystal phase were investigated. The
contents of vaterite were researched by the use of steamed ammonia liquid waste as a calcium source
and pure calcium chloride as a contrast. The influence of the concentration of CNH3·H2O/CCa2+ on
the carbonation ratio and crystal phase composition was studied. The reaction conditions on the
content, particle size and morphology of vaterite influence were discussed. It was observed that
single vaterite-phase CaCO3 was favored in the CaCl2-CO2-NH4OH-H2O system. Additionally, the
impurity ions in steamed ammonia liquid waste play a key role in the nucleation and crystallization
of vaterite, which could affect the formation of single-phase vaterite. The obtained results provided a
novel method for the preparation of single vaterite particles with the utilization of CO2 and offered a
selective method for the extensive utilization of steamed ammonia liquid waste.

Keywords: calcium carbonate; vaterite; CO2; steamed ammonia liquid waste

1. Introduction

Steamed ammonia liquid waste is a byproduct produced in the process of preparing
magnesium hydroxide from waste bischofite in salt lakes [1]. After using limestone to
produce ammonia gas, the suspended solids are sedimented. The overflow, containing
CaCl2, is discharged due to ineffective methods; now, millions of tons of steamed ammonia
liquid waste are produced yearly. A large amount of the industrial waste discharged cannot
be recycled reasonably, and most of it is landfilled, causing a waste of calcium resources
and serious environmental pollution. Consequently, designing a specific scientific approach
to carrying out the recovery and utilization of CaCl2 in steamed ammonia liquid waste is
scientifically relevant.

Massive CO2 emissions are generated by the continuous development of the world’s
industry [2]; the increasing global CO2 concentration has caused great harm to the world’s
climate security [3,4]. According to the policy plan of the People’s Republic of China, the
carbon peak should be achieved by 2030, and efforts should be made to achieve carbon
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neutrality by 2060 [5]. The International Panel on Climate Change (IPCC) also proposed
that to stabilize the concentration of CO2 in the atmosphere, global greenhouse gas (GHG)
emissions must be reduced by as much as 80% by 2050 [6]. For this reason, the scientific
community is researching key steps to reducing CO2 emission and developing systems for
capturing, storing and utilizing CO2 [7–11]. It is well known that indirect carbonation is
a typical carbon capture, utilization and storage technology. However, it is very difficult
to achieve the large-scale application of this technology because of high cost, high energy
consumption and some other issues [12].

Calcium carbonate (CaCO3) is a substance widely distributed in the Earth’s litho-
sphere and biosphere and has many advantages, so it is generally used as a stuffing and
reinforcing agent for coating paper, ink, textile, rubber and plastics [13–16], and it has the
same nutritive applications in toothpaste, food, medicine and feed [17]. There have been
some studies on the production of CaCO3 products from industrial byproducts, such as
oyster shells [18], gypsum [19–21], carbide slag [22,23] and industrial alkali [24–27]. Using
CO2 as a carbon source for the preparation of CaCO3 products is a hot topic in the scientific
community [28,29]. The production of valuable products in the process of eliminating CO2
can significantly improve the economic competitiveness of technology. Using waste as
calcium and CO2 as a carbon source, preparing CaCO3 products via carbonization is also a
hot topic in the scientific community [30,31]. CaCO3 has three different anhydrous poly-
morphs: calcite, aragonite and vaterite [32]. Vaterite is the most metastable phase of CaCO3
and can easily transform into calcite or aragonite under ambient environmental conditions.
However, it has a higher specific surface area, higher solubility, higher dispersibility and
smaller specific gravity compared to calcite and aragonite, so it is anticipated to be used
for various intentions [33–37]. Due to its poor thermal stability and difficulty in obtaining
an extremely special and excellent property, the preparation of vaterite is also a hot topic
at present [38,39]. At the same time, using waste as a calcium source and CO2 as a carbon
source, prepared CaCO3 products are usually calcitic or partially contain calcite and cannot
be used to obtain vaterite CaCO3. There are few studies on synthesizing metastable vaterite,
which usually requires auxiliary processes, such as ultrasound. Hence, exploratory re-
search on the preparation of vaterite products using the mineralization method on steamed
ammonia waste liquid would be a pioneering achievement. In this paper, we fabricated
single-vaterite CaCO3 using steamed ammonia waste liquid as the calcium source via a
carbonation route, and the synthesis parameters influencing the vaterite phase, particle
size and shape without additives were researched. According to our best knowledge, no
one has ever carried out a comprehensive research project on the topic of the production
of metastable vaterite through the process of carbonization utilizing distilled industrial
ammonia waste liquid in the absence of additives and auxiliary procedures.

In the present work, the feasibility of preparing vaterite CaCO3 crystals in different
systems using steamed ammonia liquid waste via a carbonation route was studied first.
On the basis of proving that the system of CaCl2-CO2-NH4OH-H2O of steamed ammonia
liquid waste is conducive to the formation of vaterite, pure calcium chloride and steamed
ammonia liquid waste were analyzed as calcium sources, and the effect of the concentration
of CaCl2 solution (using different calcium sources), stirring speed, and CO2 flow rate on the
shape, size and content of vaterite in CaCO3 particles was researched without any additives
at atmospheric temperature. The effect of preparation conditions on the percentage of
vaterite content of the particles derived was enforced using reaction surface methodology.
The particle size, microstructure and morphology of the synthesized vaterite CaCO3 were
characterized using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy,
scanning electron microscopy (SEM) and laser particle size analysis (LPSA) techniques.
In this study, single crystal-phase vaterite particles were prepared via the carbonation
route using industrial byproducts as a calcium source. This research can help in achieving
energy saving, emission reduction and the solidification of CO2, and developing a more
feasible method for realizing the preparation of vaterite particles, promoting the process of
industrial vaterite production, and expanding the application scope of vaterite.
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2. Material and Methods
2.1. Raw Material

The steamed ammonia liquid waste was collected from Qinghai West Magnesium
Industry Co., Ltd. in Qinghai, China. Three filtrations were performed to remove solid
impurities, and the filtrate as a calcium source (CaCl2 solution) was reserved. The purity of
compressed carbon dioxide (CO2, 99.99%) was provided by Xi’an Beifu Gas Equipment Co.,
Ltd., Xi’an, China. The calcium chloride (CaCl2), ammonium hydroxide (NH4OH), sodium
hydroxide (NaOH) and potassium hydroxide (KOH) was obtained from Sichuan Xilong
Science Co., Ltd., Chengdu, China. Tianjing Damao Chemical Reagent Factory, Tianjing,
China and used without further distillation.

2.2. Synthesis of Calcium Carbonate

The synthesis of calcium carbonate occurred at atmospheric temperature and without
pressure in a 250 mL three flask with a gas pass into the pipe, a pH electrode and a
mechanical stirrer. At the beginning of the reaction, a certain volume of 180 mL solution
containing a certain concentration of CaCl2 and NH4OH/NaOH/KOH mixing solution
was injected into a 250 mL three flask ahead of time with constant mechanical stirring.
Then, when pH monitoring equipment was placed, the gas valve was opened and 99.99%
CO2 was injected into the mixing solution. The CO2 flow rate and stirrer speed were
controlled to set experimental conditions. The precipitation of CaCO3 was finished when
the reaction system reached a pH value of 7 or the reaction time was reached 60 min. All
the experiments in the article ended the reaction according to this condition. When the
reaction was over, all produced CaCO3 precipitates were filtered, washed with distilled
water several times and dried at 105 ◦C for 6 h for subsequent detection and analysis.

2.3. Characterization

X-ray powder diffraction (XRD). The obtained particle crystalline phases were charac-
terized using X-ray diffraction (XRD, PANalytical Empyrean, Malvern Panalytical, Malvern,
GB). During the analysis, a Cu Kα source was used in the 2θ range of 20◦ to 60◦, and a
step size of 0.02◦ and a dwell time of 0.05 s were used. According to the obtained peak
intensity of XRD, the content of the vaterite crystal phase of the obtained CaCO3 product is
calculated using Equation (1) as follows [40]:

fV = 7.691I110V/(7.691I110V + I104C) (1)

The IC and IV are the intensity of calcite and vaterite, respectively. The three suffixes
are the Miller indices of each phase, and fV is the content of vaterite in the precipitate.

Fourier Transform Infrared spectroscopy (FTIR). Fourier transmission infrared spec-
troscopy (FTIR, Nicolet 6700) was performed on uniaxially pressed powder particles
blended with KBr. FTIR analysis was performed in the 4000–400 cm−1 range with a
resolution of 4 cm−1 and 32 repetitions of spectral scans per pattern.

Scanning Electron Spectroscopy (SEM). The particle shape and size were analyzed
using scanning electron microscopy (SEM, ZEISS Sigma, Cambridge, UK, 300). The pow-
der samples for SEM were shown and observed at a working distance of 3.5 mm and a
stimulation voltage of 0.7 kV.

Dynamic light scattering (DLS). Using the dynamic light scattering method, the ob-
tained CaCO3 particle, D50 size and particle size distribution were researched by Laser
particle size analysis (OMCC, SCF-106A).

2.4. Experimental Scheme

To identify the influence of chosen variables on the percentage content of vaterite in
the obtained sedimentary CaCO3 particles, the response surface methodology (RSM) as a
research method technology was implemented. A three-level three-factor Box–Behnken
was constructed using Minitab 19 statistical software (Minitab Inc., State College, PA, USA).
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For the separate variables, initial CaCl2 concentration (A), gas flow rate (B) and stirring
speed (C) were chosen. Each parameter was tested on three levels: low (−1), high (+1)
and midpoint (0). Table 1 summarizes the level values for the different variables. Table 2
showed the Box–Behnken matrix of reaction conditions.

Table 1. Range and levels of parameters in Box–Behnken experimental design.

Factors Parameters
Coded Levels

−1 0 +1

A Initial CaCl2 concentration (mol·L−1) 0.3 0.6 0.9
B Gas flow rate (mL·min−1) 300 600 900
C Stirring speed (rpm) 300 600 900

Table 2. Box–Behnken matrix.

Experiment
Number A B C Initial CaCl2

Concentration (mol·L−1)
Gas Flow Rate

(mL·min−1)
Stirring

Speed (rpm)

1 −1 −1 0 0.3 300 600
2 +1 −1 0 0.9 300 600
3 −1 +1 0 0.3 900 600
4 +1 +1 0 0.6 600 600
5 −1 0 −1 0.3 600 300
6 +1 0 −1 0.9 600 300
7 −1 0 +1 0.3 600 900
8 +1 0 +1 0.9 600 900
9 0 −1 −1 0.6 300 300

10 0 +1 −1 0.6 900 300
11 0 −1 +1 0.6 300 900
12 0 +1 +1 0.6 900 900
13 0 0 0 0.6 600 600
14 0 0 0 0.6 600 600
15 0 0 0 0.6 600 600

3. Results and Discussion
3.1. Reaction Systems on the Carbonation Ratio and Crystal Phase Composition

Figure 1 shows XRD patterns of CaCO3 formed at the various CaCl2-CO2-MOH-H2O
reaction systems by the 0.30–0.90 mol/L range of initial CaCl2 concentration. Figure 1
shows the strongest (hkl) peak detected is characterized at 2θ values 23.1◦, 29.4◦, 36.0◦,
39.4◦, 43.2◦, 47.5◦ and 48.5◦ corresponding to (012), (104), (110), (113), (202), (018), (116),
(122), (214) and (300), and several calcite crystal faces. The X-ray diffraction pattern with
peaks at 2θ values of 24.9◦, 27.1◦, 32.8◦, 43.8◦, 50.1◦ and 55.6◦ corresponds to the (100),
(101), (102), (110), (104) and (202) indexes, showing that the composition of the CaCO3
microspheres is in the vaterite phase. The X-ray diffraction pattern with peaks at 2θ values
of 28.3◦ corresponds to the (103) indexes, showing that the composition of the products
contains fairchildite.

As shown in Figure 1a, a mixed phase of calcite and vaterite was produced in the initial
CaCl2 concentration range of 0.30–0.90 mol/L, with vaterite as the main component in
the CaCl2-CO2-NH3·H2O-H2O reaction system. The XRD pattern in Figure 1b shows that
the calcite was obtained in the 0.30 and 0.60 mol/L initial CaCl2 concentration. Figure 1b
shows the mixture of two crystalline phases of calcite and a small amount of vaterite were
obtained in the CaCl2-CO2-NaOH-H2O system. It can be found in Figure 1c that calcite and
a small amount of fairchildite were obtained in the CaCl2-CO2-KOH-H2O reaction systems.
According to the analysis in Figure 1, it can be seen that a mixture of mainly vaterite and a
small amount of calcite can be obtained in the CaCl2-CO2-NH3·H2O-H2O system, while a
small amount of vaterite and mainly calcite was obtained in the CaCl2-CO2-NaOH-H2O
system. However, a single calcite crystal was obtained in the CaCl2-CO2-KOH-H2O system.
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Figure 1. XRD patterns of CaCO3 formed at various reaction systems. (a) NH3·H2O; (b) NaOH;
(c) KOH (CMOH:CCa2+ = 2:1, T = 25 ◦C, VCO2 = 300 mL/min, Stirring speed = 900 rpm/min; V vaterite;
C: calcite; K: fairchildite).

Table 3 shows the carbonation ratio in different CaCl2-CO2-OH-H2O reaction sys-
tems with initial CaCl2 concentrations of 0.30–0.90 mol/L. The carbonation ratio of Ca2+

increased with the increase in the initial CaCl2 concentration. When the initial calcium
concentration of reaction system is 0.90 mol/L, then the obtained calcium carbonate yield
is 79.94% in the ammonia system, while in the sodium hydroxide and potassium hydroxide
system, it is 99.25% and 95.60%, respectively.

Table 3. Effect of initial MOH concentration and reaction systems on the carbonation ratio
(CMOH:CCa2+ = 2:1, T = 25 ◦C, VCO2 = 300 mL/min, r = 900 rpm).

Reaction
System

Carbonation
Ratio (%)

Initial Ca2+ Concentration
(mol/L) 0.30 0.60 0.90

NH3·H2O 70.48 71.80 79.94
NaOH 82.98 92.85 99.25
KOH 91.02 95.14 95.60

The combined analysis of Figure 1 and Table 3 shows that the CaCl2-CO2-NH3·H2O-
H2O reaction system is conducive to formation vaterite, but the carbonation ratio is low
compared the CaCl2-CO2-NaOH-H2O and CaCl2-CO2-KOH-H2O reaction systems.

3.2. Effect of Reaction Parameter on Crystal Phase Use Different Calcium Sources
3.2.1. Effect of Initial CaCl2 Concentration on Crystal Phase

Figures 2a and 3a shows the characteristic X-ray diffraction peaks of CaCO3 particles
obtained at steamed ammonia liquid waste and the analysis of pure calcium chloride
with different initial CaCl2 concentrations. Figure 2a shows that use steamed ammonia
liquid waste is a source of calcium, and the XRD results confirm that the obtained CaCO3
particles are a mixture of vaterite and calcite polymorphs caused by the initial CaCl2
concentration from 0.15 to 0.60 mol/L, but the calcite peak disappears when the original
CaCl2 concentration increases to 0.75 mol/L and 0.90 mol/L. Figure 2b shows that when the
initial CaCl2 concentration increased from 0.15 mol/L to 0.90 mol/L, the content of vaterite
increased from 85.16% to 99.36%. It can be concluded from Figure 2 that a single-phase
vaterite CaCO3 particle was obtained when the initial CaCl2 is increased to 0.90 mol/L. As
can be seen from Figure 3a, a mixture of calcite and vaterite CaCO3 was obtained when
the initial CaCl2 concentration was from 0.15 mol/L to 0.90 mol/L by using analyzed
pure calcium chloride as the calcium source. Figure 3b shows that the content of vaterite
increased from 80.28% to 96.51% with the increase in initial CaCl2 from 0.15 mol/L to



Sustainability 2023, 15, 13275 6 of 18

0.90 mol/L. As can be seen in Figure 3, a vaterite CaCO3 content of 96.51% was obtained
when the initial CaCl2 concentration was 0.90 mol/L.
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Figures 2a and 3a XRD can show that the high content vaterite particles were obtained
in the higher initial CaCl2 solution concentration for all conditions. This result also indicates
that a higher initial CaCl2 concentration is beneficial to the formation and stable existence
of vaterite, which is consistent with the research results of Mohammad Hossein Azarian
et al. [41]. Based on Ostwald’s step rule [42], the difference in the interfacial energy between
polymorphs dominates, and the metastable state tends to deposit at high supersaturation.
Therefore, vaterite particles with a single crystal phase are formed under the high initial
CaCl2 concentration condition. According to the analysis in Figures 2 and 3, the high
vaterite CaCO3 was obtained by use steamed ammonia liquid waste as the calcium source as
opposed to the analyzed pure calcium chloride. It can be concluded that steamed ammonia
liquid waste is more conducive to the formation of vaterite products than analyzed pure
calcium chloride.

Figure 4 shows the SEM pictures of the synthesized samples using various initial CaCl2
concentrations. It can be seen in Figure 4a,d that when the original CaCl2 concentration
is 0.15 mol/L, the obtained CaCO3 exhibits spherical vaterite particles and cubic calcite
aggregates; these results agree with the XRD pattern (Figure 4a). The enlarged SEM images
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of Figure 4d reveals that the spherical vaterite was covered with cubic calcite shapes due
to the coacervation of small particles. Figure 4b,e shows the prepared CaCO3 particles
presenting an unparalleled morphology of rhombohedral calcite and spherical vaterite
chimera. As shown in Figure 4b,e (indicated by the red circle), there are some abnormal
gaps similar to the nanoparticles of vaterite on the surface of the cubic calcite. As illustrated
in Figure 4c, the number of spherical particle crystal aggregates became small with the
increasing initial CaCl2 concentration. It can be seen in Figure 4g,h,j,k that the obtained
product contains only cubic calcite particles. Still, the degree of obtained particle reunion
is similar to that seen in Figure 4c,f, and this result is consistent with the particle size test.
In the sample morphology in Figure 4i,l, the cubic calcite particles disappeared and only
spherical vaterite particles were present when the original CaCl2 concentration increased
to 0.90 mol/L.
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3.2.2. Effect of Stirring Speed and CO2 Flow Rate on Crystal Phase Use Different
Calcium Sources

The above results indicate that only vaterite particles were obtained in the high CaCl2
concentration so that the initial reaction concentration of CaCl2 all set were 0.30 mol/L in
order to research stirring speed and CO2 flow rate on crystal phase of particles. The effect
of stirring speed and CO2 flow rate on the phase composition of used steamed ammonia
liquid waste as the calcium source was characterized via XRD, as shown in Figure 5. A
mixture of vaterite and calcite was obtained with varying stirring speeds and CO2 flow
rate when using steamed ammonia liquid waste, as is shown in Figure 5. Figure 5a shows
that the vaterite peak (110), (112), and (114) becomes stronger with the increasing CO2 flow
rate and that the calcite (104) peak decreases with the increasing CO2 flow rate at 300 rpm
stirring speed. Figure 5b shows that the intensity of the (110), (112) and (114) peaks for
vaterite slightly decreases with the increasing CO2 flow rate. Figure 5c shows that the
intensity of the (110), (112) and (114) peaks of vaterite and the intensity peak of the (104)
peak for calcite are almost unchanged. It can be seen in Figure 5 that the peak intensity of
calcite (104) crystal decreases and that the peak intensity of vaterite increases slightly with
the increase in stirring speed at the same CO2 flow rate.
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Figure 5. XRD patterns of CaCO3 crystal obtained with diverse stirring speed and CO2 flow rate
when using steamed ammonia liquid waste as the calcium source. Stirring speed: (a) 300 rpm;
(b) 900 rpm/min and (c) 900 rpm/min. (Initial CaCl2 concentration = 0.30 mol/L; C: calcite,
V: vaterite).

Table 4 shows that the content of vaterite increases from 79.03% to 91.94% with the
increase in CO2 flow rate under a stirring speed of 300 rpm. With a stirring speed of
600 rpm, the content of aragonite decreases from 97.15% to 92.15% with the increase in
CO2 flow rate. Under the reaction condition of 900 rpm, the content of vaterite decreases
from 98.18% to 97.70% with the increase in CO2 flow rate. It can also be seen in Table 4
that the content of vaterite increases continuously under the same CO2 flow rate with the
increase in stirring speed. It can be seen from the comprehensive analysis in Table 4 and
Figure 6 that the stirring speed and CO2 flow rate have a great synergistic effect on the
content of vaterite.

Table 4. Content of vaterite obtained with different stirring speed and CO2 flow rate using steamed
ammonia liquid waste as the calcium source.

Stirring
Speed (r/min) Content (%)

CO2 Flow Rate
(mL/min)

300 600 900

300 79.03 82.97 91.94
600 97.15 97.19 92.15
900 98.18 98.69 97.70
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Figure 6. Three-dimensional response surface content of vaterite obtained under different stirring
speed and CO2 flow rate using steamed ammonia liquid waste as the calcium source.

The effect of stirring speed and CO2 flow rate on the phase composition, using the anal-
ysis of the pure calcium chloride, was characterized via XRD and are shown in Figure 7a,b.
A mixture of vaterite and calcite was obtained with diverse stirring speed and CO2 flow
rate using the analysis of the pure calcium chloride, as shown in Figure 7. Figure 7a in-
dicates that the vaterite peak (110), (112) and (114) becomes stronger with the increasing
stirring speed and that the calcite (104) content decreases with the increasing stirring speed.
Figure 7b indicates that the vaterite peak (110), (112) and (114) becomes weaker with CO2
flow rate and that the calcite (104) peak increases sharply with CO2 flow rate. As can be seen
from Figure 7c, the content of vaterite increases from 90.21% to 94.54% when the stirring
speed increases from 200 rpm to 1200 rpm. And the content of vaterite decreased from
87.05% to 42.73% with the increase in CO2 flow rate from 500 mL/min to 1500 mL/min.
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calcite, V: vaterite).
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According to Figures 5–7 and the comprehensive analysis, the content of vaterite
increases with the increase in stirring speed when pure calcium chloride and steamed
ammonia liquid waste are used as the calcium sources, respectively. The content of vaterite
decreases with the increase in the CO2 flow rate, as can be seen in Figure 5c and Table 2.
It shows that the reaction conditions have the same effect on the content of vaterite when
pure calcium chloride and steamed ammonia liquid waste are used as calcium sources,
respectively. However, the content of vaterite caused by using steamed ammonia liquid
waste as the calcium source is significantly higher than by using pure calcium chloride
as the calcium source under the same conditions. It can be concluded that the special
properties of the steamed ammonia liquid waste are conducive to the formation of vaterite.

3.3. Optimization of Preparation Single Vaterite by Using Steamed Ammonia Liquid Waste

In order to achieve the purpose of the preparation of single-phase vaterite CaCO3 by
the carbonization of steamed ammonia liquid waste, and based on the above finding that
high concentration was conducive to the formation of vaterite, the initial concentration of
steamed ammonia liquid waste was set at 0.60 mol/L, and the effects of stirring speed and
CO2 flow rate on the preparation of single-phase vaterite and its morphology and particle
size were systematically studied.

3.3.1. Effect of NH3·H2O Concentration on Carbonation Ratio and Crystal Phase

Figure 8a shows the carbonation ratio at an initial Ca2+ concentration of 0.60 mol/L
under different NH3·H2O concentrations. The carbonation ratio of Ca2+ increased as the
NH3·H2O concentration increased. A carbonation ratio of 96.03% was achieved under
1.8 mol/L NH3·H2O. And the carbonation ratio increased marginally as the NH3·H2O con-
centration increased from 1.2 mol/L to 1.8 mol/L. AS the ammonium concentration further
increased to 2.1 mol/L and 2.4 mol/L, the carbonization rate of calcium ion did not increase,
but rather slightly decreased. In the ammonia system, the carbonization rate of calcium ions
did not reach 100%, which is consistent with other studies [43]. Due to the volatilization
of NH3·H2O and the CO2 absorption ratio of NH3·H2O being less than 100%, excessive
NH3·H2O was needed in the actual experiment. With the increase in NH3·H2O concentra-
tion, the alkalinity of the solution increased, the CO2 absorption efficiency increased, and
the concentration of CO2−

3 in the solution increased, thus promoting the reaction of CO2−
3

with Ca2+ to generate CaCO3. Figure 8b shows the XRD patterns of CaCO3 at an initial
Ca2+ concentration of 0.60 mol/L under different NH3·H2O concentrations. It can be seen
from Figure 8 that the particles obtained under each CNH3·H2O/CCa2+ ratio is a mixture of
calcite and vaterite, but the products are mainly composed of vaterite and only contain a
very small amount of calcite.
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3.3.2. Effect of Stirring Speed and CO2 Flow Rate on Vaterite Formation

(1) Crystal Structure

The XRD patterns and FTIR spectra of the CaCO3 particles were prepared at 200, 400,
600, 800, 1000 and 1200 rpm by mechanical stirring, as illustrated in Figure 9. The XRD
patterns in Figure 9a indicate that the constituent of CaCO3 is a single phase of vaterite
produced by mechanical stirring at stirring speeds of 200, 400, 600 and 800 rpm. It can be
seen from Figure 9a that a weaker peak of calcite (104) exists at the mechanical stirring
speed of 1000 and 1200 rpm, which indicates that the calcite and CaCO3 is inevitably
contained when prepared under high-speed stirring conditions. Figure 8b shows that the
phase of the product was dependent on the various mechanical stirring speeds based on
the FTIR spectrum, while the FTIR further confirms the XRD results. The absorption bands
of CaCO3 can be divided into four units in the infrared wavelength range in relation to
the C–O bond vibrations at 1087 cm−1, 744 cm−1, and 711 cm−1. The vibrational bands at
745 cm−1 and 1087 cm−1 can be due to the ν4 and ν2, ν1 patterns of CO2−

3 in vaterite. The
characteristic peaks at 875 cm−1 and 711 cm−1 are appointed to the flexing oscillation of
the C–O combination of the calcite polymorph. From the FTIR issues in Figure 9b, it can
be inferred that the procured product is a pure vaterite phase prepared at 200–800 rpm by
mechanical stirring. When the mechanical stirring speed reaches 1000 and 1200 rpm, which
is the fingerprint υ4 morphing band of CO2−

3 in calcite mode, issues arise in the emergence
of a new assimilation weak peak located at 711 cm−1, indicating that the sample contains a
little calcite phase CaCO3. Together with Figure 9, XRD pattern and FTIR spectrum, it can
be concluded that the obtained particles are single vaterite CaCO3 caused by an mechanical
stirring speed in the range of 200–800 rpm. Figure 9 shows that the products obtained at
different stirring speeds are almost a single vaterite calcium carbonate phase.
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Figure 9. (a) XRD patterns and (b) FTIR spectra of CaCO3 crystal prepared with different mechanical
stirring speeds. (Initial CaCl2 concentration = 0.60 mol/L; CO2 flow rate: 300 mL/min; C: calcite;
V: vaterite).

Figure 10 displays the XRD patterns and FTIR spectra of the crystalline polymorphs
of CaCO3 particles obtained at various CO2 flow rates. As shown in Figure 10a, the
predominant crystalline phase is vaterite and contains weak calcite (104), which were
obtained under a CO2 flow rate of 200 mL/min. However, the obtained particles only
contain the vaterite phase when the CO2 flow rate ranged from 400 to 1200 mL/min. The
FTIR spectra of the CaCO3 crystals procured in the range of 200–1200 mL/min are shown
in Figure 10b, further indicating that the sample is a single vaterite phase CaCO3 via the
FTIR two characteristic peaks of vaterite centered at 744 cm−1 and 871 cm−1. Figure 10 and
the XRD and FTIR results indicate that the single vaterite was obtained when the CO2 flow
rate increased from 200 to 400 mL/min and remained about the same when the CO2 flow
rate increased to 1200 mL/min.
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Figure 10. (a) XRD patterns and (b) FTIR spectra of CaCO3 crystal obtained with different CO2 flow
rates. (Initial CaCl2 concentration = 0.60 mol/L; stirring speed = 900 rpm; C: calcite; V: vaterite).

(2) Particle size

Figure 11a indicates the influence of stirring speed on the particle size distribution
of the vaterite synthesized by a mechanical stirring method. Based on the LPSA images
in Figure 11a it can be found that the stirring speed had a great influence on the particle
size and distribution of the prepared vaterite. Figure 11a shows that the vaterite particle
size D50 decreased from 11.10 to 8.89 µm as the stirring speed was increased from 200 to
600 rpm. When the stirring speeds were further increased to 1000 and 1200 rpm, the D50
particle size of samples increased to 10.92 and 10.94 µm, respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 13 of 20 
 

FTIR two characteristic peaks of vaterite centered at 744 cm−1 and 871 cm−1. Figure 10 and 
the XRD and FTIR results indicate that the single vaterite was obtained when the CO2 
flow rate increased from 200 to 400 mL/min and remained about the same when the CO2 
flow rate increased to 1200 mL/min. 

 
Figure 10. (a) XRD patterns and (b) FTIR spectra of CaCO3 crystal obtained with different CO2 
flow rates. (Initial CaCl2 concentration = 0.60 mol/L; stirring speed = 900 rpm; C: calcite; V: va-
terite). 

(2) Particle size 
Figure 11a indicates the influence of stirring speed on the particle size distribution 

of the vaterite synthesized by a mechanical stirring method. Based on the LPSA images 
in Figure 11a it can be found that the stirring speed had a great influence on the particle 
size and distribution of the prepared vaterite. Figure 11a shows that the vaterite particle 
size D50 decreased from 11.10 to 8.89 µm as the stirring speed was increased from 200 to 
600 rpm. When the stirring speeds were further increased to 1000 and 1200 rpm, the D50 
particle size of samples increased to 10.92 and 10.94 µm, respectively. 

Figure 11b shows the LPSA particle size of the examples prepared at different CO2 
flow rates. Figure 11b shows that the synthetic vaterite particle size D50 decreased from 
13.08 to 7.66 µm as the CO2 flow rate increased from 200 to 800 mL/min. However, the 
particle size of the vaterite products increased sharply with the further increase in CO2 
flow rate. The D50 particle size of samples increased by 11.24 µm when the CO2 flow rate 
was further increased to 1200 mL/min. 

Figure 11. The particle D50 size diameter: (a) stirring speed; (b) CO2 flow rate. (Initial CaCl2 con-
centration = 0.60 mol/L; stirring speed = 900 rpm; CO2 flow rate: 300 mL/min). 

(3) Particle morphology 

200 400 600 800 1000 1200
8

10

12

14

D 50
 si

ze
 (μ

m
)

Stirring speed (rpm·min-1)

a

200 400 600 800 1000 1200
6

8

10

12

14

D 50
 si

ze
 (μ

m
)

Gas flow rate (ml·min-1)

b

Figure 11. The particle D50 size diameter: (a) stirring speed; (b) CO2 flow rate. (Initial CaCl2
concentration = 0.60 mol/L; stirring speed = 900 rpm; CO2 flow rate: 300 mL/min).

Figure 11b shows the LPSA particle size of the examples prepared at different CO2
flow rates. Figure 11b shows that the synthetic vaterite particle size D50 decreased from
13.08 to 7.66 µm as the CO2 flow rate increased from 200 to 800 mL/min. However, the
particle size of the vaterite products increased sharply with the further increase in CO2
flow rate. The D50 particle size of samples increased by 11.24 µm when the CO2 flow rate
was further increased to 1200 mL/min.

(3) Particle morphology

As shown in Figure 12, SEM indicated a visible exchange in the morphology and
polymorphism of the CaCO3 crystals with the 200, 600 and 1200 rpm stirring speed.
Figure 12 indicates that the abnormal nanoscale spherical vaterite begins to aggregate,
and large spherical aggregates were obtained with stirring speeds of 200, 600 and 1200 rpm.
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Figure 12b,c shows that when the stirring speed was increased to 600 rpm, the sample
contained almost completely spherical particle agglomerates. Still, the particles exhibited
a considerably smaller particle size and a lower degree of agglomeration than the other
samples (Figure 12a,d). Figure 12c,f shows that the vaterite samples’ morphology was
similar to that prepared at the same stirring speed of 600 rpm. By combining SEM and XRD,
a feasible interpretation is that the stirring speed can change the phase formation and grain
aggregation of vaterite particles. By combining SEM and LPSA, it can be found that the
obtained vaterite particle size decreases continuously with the increase in stirring speed.
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Figure 12. Morphologies of vaterite CaCO3 crystal obtained with different stirring speeds.
((a,d): 200 rpm; (b,e): 600 rpm; (c,f): 1200 rpm; initial CaCl2 concentration = 0.60 mol/L; CO2 flow
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SEM characterized the shapes of the as-prepared examples with mechanical stirring
modes at different CO2 flow rates. The corresponding results are presented in Figure 13.
It can be observed from Figure 13 that at the CO2 flow rate of 200, 600 and 1200 mL/min,
all the samples are aggregate spherical vaterite CaCO3 and that the morphology of va-
terite particles shows no significant changes with the increase in CO2 flow rate. From
Figure 13a,b,d,e, can be seen that the amount of vaterite and degree of aggregation de-
creased, leading to the particle size of vaterite products decreasing when the CO2 flow
rate increased from 200 to 600 mL/min. Pure spherical vaterite was obtained with a CO2
flow rate in the tested concentration range. These results suggest that it is beneficial to
obtain single-phase spherical vaterite products using steamed ammonia liquid waste as
raw material at different CO2 flow rates.

To further prove that steamed ammonia liquid waste liquid is extremely beneficial to
obtaining single-phase vaterite, the Box–Behnken experimental design was used to design
the experimental scheme. The influences of three technological parameters, including
initial CaCl2 concentration, stirring speed, and CO2 flow rate on the content of vaterite,
were studied. The results are shown in Table 5.
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Table 5. The percentage vaterite content obtained under different preparation conditions.

Samples 1 2 3 4 5 6 7 8

Content (%) 99.13 99.46 99.38 99.03 99.01 99.05 99.47 99.41

Samples 9 10 11 12 13 14 15

Content (%) 98.98 99.47 99.44 98.87 99.20 99.38 99.51

It can be seen from the Box–Behnken results in Table 5 that the obtained samples of
CaCO3 had a percentage vaterite content that was approaching 100%, and single-phase
vaterite products could be obtained within the selected range of conditions. These results
indicate that using steamed ammonia liquid waste and CO2 as sources were good for
forming single-phase vaterite particles by an indirect carbonation route.

3.4. Possible Mechanism of Steamed Ammonia Liquid Waste in the Formation of Vaterite

Our previous work [44] attributed the formation of metastable vaterite to the unique
synthesis system that included steamed ammonia liquid waste. However, our previous
research also indicated that single vaterite required strict reaction conditions by using
steamed ammonia liquid waste and (NH4)CO3 [45]. However, it is not necessary to strictly
control the technological parameters of the reaction process using steamed ammonia liquid
waste via a carbonation route and prepared single-vaterite CaCO3, which shows that
this method is beneficial to the formation of single-phase spherical vaterite particles. In
conclusion, combining steamed ammonia liquid waste and CO2 as sources was crucial in
forming single vaterite-phase CaCO3.

Through the previous studies, it can be shown that the steamed ammonia liquid waste
is conducive to the formation of vaterite, and that the mechanism of the steamed ammonia
liquid waste properties in the crystallization behavior of vaterite and phase stability is
analyzed. It is speculated that the analysis may be related to the special properties of the
steamed ammonia liquid waste itself. According to the source of the steamed ammonia
liquid waste, the possible impurity ions in the steamed ammonia liquid waste are tested.
Table 6 lists the impurity ions in the steamed ammonia liquid waste.
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Table 6. Content of main impurity ions in steamed ammonia liquid waste experimental reagent.

Ions K+ Na+ Mg2+ S2− Ammonia Nitrogen

Concentration (mol/L) 0.014 0.054 0.0058 0.0028 0.036

Through systematic analysis and relevant detection, it was determined that there were
no other impurity ions except the related ions listed. Due to the high initial pH of the
steamed ammonia liquid waste (11.17), in order to accurately understand the role of the
special properties of the steamed ammonia liquid waste in the formation of vaterite, the
pH of pure CaCl2 solution analyzed at different concentrations was tested, and the results
are shown in Figure 13.

Table 6 shows that the impurity ions in the steamed ammonia liquid waste are strong
alkaline cations, namely Mg2+, K+, Na+ and NH+

4 , and that the initial pH of the steamed
ammonia liquid waste is as high as 10.53. Figure 14 shows that solid CaCl2 particles are
completely insoluble when 2.10 mol/L was added and that the pH of the solution does not
exceed 11. It can be concluded that the presence of these ions leads to an initial pH of the
steamed ammonia liquid waste as high as 10.53, and the presence of these ions can promote
the saturation solubility of CaCl2. It has been reported that Mg2+, K+ and Na+ can change
the nucleation and crystallization process of CaCO3 [46,47]. Some studies have shown that
when the initial CaCl2 solution is more alkaline, the vaterite phase transition to calcite can
be prevented in the reaction system, thus realizing the synthesis of vaterite products [48].
Some studies have also shown that the presence of NH+

4 ions can provide a certain role in
the stable existence of vaterite-phase CaCO3 [49]. Combined with the above analysis results
and related studies, it can be concluded that the special properties of steamed ammonia
liquid waste have the following two roles in formation of vaterite: (1) First, the existence
of Mg2+, K+ and Na+ can change the formation of calcium carbonate so that vaterite is
obtained. Second, the strong alkalinity of the initial steamed ammonia liquid waste and the
presence of NH+

4 can prevent the phase transition from vaterite to calcite.
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4. Conclusions

The aim of the study was achieving the production of vaterite by using the high-value
utilization of steamed ammonia liquid waste and CO2. Different factors influencing the
formation of vaterite were investigated, and the following conclusions could be drawn:
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(1) The research indicated that the CaCl2-CO2-NH3·H2O-H2O reaction system is con-
ducive to the formation of vaterite, but the CaCl2-CO2-NaOH-H2O and CaCl2-CO2-
KOH-H2O systems are not conducive to the formation of vaterite when using steamed
ammonia liquid waste as the calcium source.

(2) The content of vaterite by using steamed ammonia liquid waste as the calcium source
was significantly higher than that obtained by using pure calcium chloride as the
calcium source.

(3) A vaterite CaCO3 content of 96.51% was obtained when the initial concentration of
CaCl2 was 0.90 mol/L, and the content of vaterite increased with the increase in
stirring speed.

(4) The particles obtained at each CNH3·H2O/CCa2+ ratio is a mixture of calcite and vaterite,
but the products are mainly composed of vaterite and only contain a very small
amount of calcite. The obtained samples of CaCO3 that have a percentage vaterite
content approaching 100% as well as single-phase vaterite products can be obtained
within the selected range of conditions.

(5) The research indicated that the steamed ammonia liquid waste was more conducive
to the formation of vaterite products than the analyzed pure calcium chloride.

This paper provided a novel integration approach of single-phase vaterite CaCO3 us-
ing steamed ammonia liquid waste through an indirect carbonation method. This research
can achieved a method of energy saving and emission reduction, and the solidification of
CO2. Moreover, this work can help develop a more feasible method to realize the prepara-
tion of vaterite particles, promote the process of vaterite industrial production and expand
the application scope of vaterite.
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