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Abstract
Mineral carbonation of �ue gas desulfurization gypsum (FGDG) can not only sequester CO2 to mitigate
the greenhouse effect, but also produce CaCO3 to generate economic bene�t. A mixture of calcite and
vaterite CaCO3 was produced by FGDG carbonation in our previous study. Nevertheless, the production of
uniform crystalline CaCO3, especially for vaterite, still maintains a big challenge via carbonation of FGDG.
Herein, nearly pure vaterite was synthesized via FGDG carbonation in the presence of glycine was
reported �rstly. The results show that the content of vaterite increased from 60% to 97% with increasing
glycine concentration and then kept a constant value, indicating that glycine can promote the formation
of vaterite and inhibit the growth of calcite. Additionally, the investigation of vaterite growth mechanism
in the presence of glycine demonstrated that the formation of intermediate, glycinate calcium, played an
important role to stimulate the growth of vaterite. This study provides a new insight to produce a high-
valued vaterite CaCO3 during the direct mineral carbonation of FGDG.

1. Introduction
Flue gas desulfurization gypsum (FGDG) is a kind of industrial waste discharged from limestone-gypsum
wet desulphurization process, which has leaded to serious environmental problems duo to lack of
effective and environmentally friendly disposal methods. For instance, a series of problems including
occupying land, polluting water, particle pollution and ecological destruction have been caused due to the
ineffective treatment of FGDG (Alvarez-Ayuso et al. 2008; Zhao et al. 2018). However, huge amount of
FGDG has been generated worldwide, especially in China (80 Mt, 2017) and USA (30 Mt, 2015) (Walia &
Dick 2018; Wang et al. 2021; Tan et al. 2018). Furthermore, the annual production of FGDG was
estimated to undergo an increasing tendency in the coming future. Although numerous stacking FGDG
causes many environmental or ecological issues, FGDG is a kind of useful resource actually because it
contains rich calcium and sulfur element. Consequently, the utilization and management of hazardous
FGDG are indispensable way to reduce the pollution and realize the high-e�ciency and clean production
process.

Recently, mineral carbonation of FGDG to sequester CO2 has received attentions expensively. This
technology is a “win-win” strategy because it can not only achieve CO2 reduction, but also realize the
resource utilization of FGDG to produce toxic-free CaCO3 and achieve the goal of treating waste with
wastes. Synthesis of CaCO3 by FGDG carbonation presents a high yield and conversion e�ciency (Lee et
al. 2012). CaCO3 is important �llers or additives in paper, plastic, food, cosmetics, medical materials and
composite functional materials because of its unique characteristics of nontoxicity and harmlessness,
biocompatibility, easy fabrication and controllable structure (Konopacka-Łyskawa et al. 2017; Mori et al.
2009; Wang et al. 2018). Therefore, the hazardous FGDG was transformed into eco-friendly CaCO3 is an
alternative strategy to deal with million tons of discarded FGDG thereby reducing its pollution to the
natural environment and improve its high value-added.
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Generally, CaCO3 has three anhydrous polymorphs (calcite, aragonite and vaterite), among which calcite
shows the highest stability, while aragonite and vaterite are metastable and thermodynamically unstable
phases respectively (Zhou et al. 2010). Among of them, vaterite-type CaCO3 particles show special
properties, such as high speci�c surface area, high solubility, smaller gravity, hierarchical structures and
biocompatibility (Beuvier et al. 2011; Tolba et al. 2016; Xu et al. 2014). Thus, vaterite has been extensively
applied in many �elds (such as coating and ink etc.). Moreover, vaterite is not only a potential material for
industries applications, but also the essential component of organism (Konopacka-Łyskawa 2019;
Lowenstam & Abbott 1975; Wightman et al. 2018). Consequently, production of vaterite via FGDG
carbonation will enhance the competitive of the products and open another gate of clean utilization of
FGDG.

Over the past decades, many works have been focused on using FGDG to produce high-valued CaCO3 by
carbonation method. The high-purity CaCO3 (calcite) particles were synthesized by using the solution
which was extracted from the induction period of CaCO3 during the process of FGDG carbonation (Song
et al. 2012). However, the yield of pure calcite is relatively low (about 5% of FGDG) because of the short
induction period of CaCO3 crystallization. To improve the production of pure CaCO3 (calcite), polyacrylic
acid (PAA) was used to prolong the induction time of CaCO3 crystallization during FGDG carbonation and
the yield of calcite was improved to 60% (Song et al. 2016). Moreover, our previous work found that the
content of vaterite increased from 60–80% in CaSO4-NH3-CO2-H2O supernatant system due to the
ultrasonic induction (Cheng et al. 2016). Nevertheless, the yield of CaCO3 is relatively low and further
improvement on the production of CaCO3 should be considered. In other work, a mixture of vaterite and
calcite was also observed in FGDG suspension carbonation system below 60°C of reaction temperature
(Lee et al. 2015). Meanwhile, our previous work shown that a mixture of calcite (40%) and vaterite (60%)
was produced via carbonation of FGDG (Wang et al. 2019). Additionally, the study of the formation
mechanism of polymorph of CaCO3 (a mixture of calcite and vaterite) found that impurity of dolomite

from the FGDG induce to form calcite due to the dolomite lead to a high local ratio of Ca2+/CO3
2− which

favors to form calcite. In summary, although high yield of CaCO3 was obtained through carbonation of
FGDG, the carbonation products were still a mixture of vaterite and calcite. Therefore, synthesis of
uniform vaterite still face a big challenge via direct aqueous carbonation of FGDG.

Vaterite production has been received more and more attention because of its special properties and
intensively application. Generally, the organic/inorganic additives (Kirboga & Öner 2017; Lorenzo et al.
2017), templates (Choi & Kuroda 2012) and ultrasound (Juhasz-Bortuzzo et al. 2017; Svenskaya et al.
2016) were used to control the formation of vaterite. Among of them, amino acids as the common
additives were used to induce the formation of vaterite. The monodisperse spherical vaterite (CaCO3) was
synthesized using glycine (Gly) in a calcium hydroxide (Ca(OH)2)-carbon dioxide (CO2) reaction system at
room temperature and atmospheric pressure (Lai et al. 2015). It was illustrated that the complex effects
between Gly and Ca2+ played a key role in the formation process of monodisperse spherical vaterite. Luo
et al. (Luo et al. 2015) investigated the role of aspartic acid (Asp) on synthesis of spherical vaterite in the
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Ca(OH)2-CO2 reaction system. Vaterite is induced through the intermediate chelated by Asp and Ca(OH)2,
and then Asp is adsorbed on the surface of vaterite by chelation, preventing the metastable vaterite from
transforming to calcite via a dissolution-recrystallization process (Luo et al. 2015). Jiang and co-workers
reported that the chiral acidic amino acids induce chiral hierarchical structure in vaterite by using aspartic
acid and glutamic acid (Jiang et al. 2017). In other work, the crystallization of vaterite was proceeded via
a pseudomorphic transformation of ACC nanospheres at high poly(aspartic acid) concentrations (Zou et
al. 2017). Also, it was reported that L-Tyrosine (L-Tyr), DL-Aspartic Acid (DLAsp) and L-Lysine induced the
formation of vaterite (Xie et al. 2005). Shivkumara et al. (Shivkumara et al. 2006) synthesized of vaterite
CaCO3 by direct precipitation using glycine and L-alanine as directing agents. It was found that glycine or
any amino acid having isoelectric point around pH=6 can be used for precipitation of vaterite CaCO3.
Tong et al. (Tong et al. 2004) fabricated the vaterite by using L-aspartic acid (L-Asp). It was indicated that
vaterite can be formed in the presence of L-Asp and it is able to maintain its stability compared with the
crystals formed in the absence of L-Asp. Kai et al. (Kai et al. 2002) indicated that noncharged and polar
amino acids and those of the acidic ones in CaCO3 precipitates tended to stabilize the vaterite phase, and
the vaterite content in CaCO3 precipitates is correlated to the concentration of amino acids in the
precipitates. Gan et al. (Gan et al. 2017) investigated the effect of glycine on the growth of CaCO3 in
alkaline silica gel. It was shown that spherical vaterite particles formed in alkaline silica gel
concomitantly together with dumbbell shaped calcite particles when the initial concentration of glycine
was high enough (10 mg/mL, 20 mg/mL).

Hence, the aim of this work is to synthesize vaterite via direct aqueous carbonation of FGDG. Herein, the
glycine was chosen as the additives to investigate the effect of glycine on the polymorph CaCO3 during
the FGDG carbonation. Nearly pure vaterite was produced at the optimal conditions. The formation
mechanism of vaterite via FGDG carbonation in the presence of glycine was also explored. The research
�nding might �nd a new approach to manage the FGDG and enhance its added high-value.

2. Experimental

2.1. Materials
The �ue gas desulfurization gypsum (FGDG) was obtained from Taiyuan Iron Steel (group) Co., LTD.
(Shanxi, China) and was screened to 200 meshes for use. Ammonia solution (NH4OH, 25 wt%, density:
0.9 g/mL) was purchased from Tianjin Damao Chemical Reagent Factory. The purity of CO2 is 99.99%.
Deionization (DI) water was provided by our lab. All the experiments were conducted at room temperature
(25°C) and atmospheric pressure.

2.2. Synthesis procedure of vaterite in the presence of
glycine
In general experiments, glycine (5, 10, 15, 20, 40 wt%, mass ratio of glycine to FGDG) was dispersed in the
FGDG suspension containing ammonia which was prepared according to our previous work (Wang et al.
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2019). Then the suspension was stirred using magnetic stirring at a constant speed of 450 rpm. After
stirring for 10 mins, CO2 gas (200 mL/min) was bubbled into the bottom of the reactor (glass reactor,
diameter: 50 mm, height: 1300 mm) under magnetic stirring (450 rpm) for 1 h. The obtained samples
were isolated by �lter and washed with DI water at least three times, and dried at 60°C for 24 h before
characterization. Meanwhile, the precipitated particles were collected during CO2 bubbling to analyze the
behavior of precipitation reaction.

2.3 Carbonation products of glycinate calcium
In order to prove glycinate calcium (Ca(NH2CH2COO)2) plays a critical role in vaterite growth,
Ca(NH2CH2COO)2, ammonia and CO2 were used as reactants to conduct the carbonation. Analytical pure
Ca(NH2CH2COO)2 (2 g), ammonia solution (11 mL) were added to 91 mL DI water to prepare the
Ca(NH2CH2COO)2 suspension. After stirring of 10 min, CO2 (200 mL/min) was injected into above
suspension to react. After 30 min of reaction, the product was washed with DI water for three times,
�ltered and dried at 60°C for 24 h before characterization.

2.4. Characterization
The phase composition of the samples was analyzed by XRD (Bruker D2 Advance with a Cu Kα source at
30 kV and 10 mA) with the scanning scope (2θ) from 5° ~ 80° under the speed of 0.02° s−1. Jade 5.0 was
used to identify the minerals components of the samples. The content of each CaCO3 polymorph was
calculated from their characteristic XRD peak intensities by using the following equations [23].

Herein, XC: molar fractions of calcite and XV: molar fractions of vaterite. IC104: intensities of the peaks of

104 plane of calcite and IV110: intensities of the peaks of 110 plane of vaterite.

Fourier transform infrared spectra (FTIR) measurements were performed on a Perkin-Elmer 1730 FTIR
Spectrometer having a resolution of 2 cm−1 to characterize the structure of samples. Pressed pellets of
sample diluted with potassium bromide (2 mg in 300 mg) were prepared and were used for analysis. The
morphology of precipitated CaCO3 samples was observed by SEM (JSM-IT500HR, Japan) under the
accelerating voltage of 3 kV. Before the test, a thin layer of gold was coated onto the samples to enhance
the conductivity via an ion sputtering apparatus (JEOL-JFC-1600). Furthermore, the element composition
of the sample was detected by energy dispersive X-ray (EDS). The simultaneous thermal analysis of
thermogravimetry and differential scanning calorimetry (TG-DSC) were conducted on the NETZSCH
STA449-F5 with a heat rate of 10°C/min in air atmosphere from 50 to 1100°C. Electrospray ionization
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mass spectrometry (ESI-MS) was used to obtain the molecular weight of the intermediate with a Thermo
Scienti�c Q Exactive (Thermal Fisher Scienti�c, America).

3. Results And Discussion

3.1. Effect of glycine concentration on CaCO3 polymorphs
In this work, the in�uence of glycine concentration on CaCO3 precipitation via carbonation of FGDG was
investigated. The XRD patterns of the carbonation products obtained with different glycine concentration
are shown in Fig. 1a. It was found that a mixture a calcite and vaterite are obtained in the presence of
glycine. However, the diffraction peak intensity of vaterite gradually increased and calcite diffraction peak
intensity decreased. In order to quantitatively assess the effect of glycine on the polymorph of CaCO3, the
content of vaterite and calcite in samples was calculated according to Eqs. 2 and 3 (Fig. 1b). As shown in
Fig. 1b, the content of vaterite was about 60% in the absence of glycine, while the content of vaterite
gradually increased from 60–97% with increasing the glycine concentration up to 20 wt% and then kept a
constant value with adding more glycine. Correspondingly, the content of calcite decreases �rst and then
reach a platform with ~3% calcite.

Further, all carbonation products obtained at different concentration of glycine were analyzed by SEM
(Fig. S1). The as-prepared samples obtained in the absence of glycine shown sphere-like and
rhombohedral particles structure (Fig. S1a), which are similar with our previous result (Wang et al. 2019).
However, the sphere-like vaterite gradually increased with increasement of glycine concentration, and
�nally vaterite was dominated phase (Fig. S1b-f). The SEM images furtherly revealed that these
microspheres were composed of the aggregation of numerous primary nanoparticles (Fig. S1e-f). Many
vaterite microspheres were observed to be interconnected with each other demonstrating there were a
tendency of conglutination or clustering between vaterite particles. Besides, the carbonation products
were analyzed by FTIR. With the increase of the concentration of glycine, the characteristic peak of calcite
at 712 cm−1 gradually weakened, and the characteristic peak of vaterite (745 cm−1) gradually increased
(Fig. S2). The above results con�rm that the content of vaterite in carbonation products increase with
glycine concentration showing that glycine indeed promote the formation of vaterite and inhibit the
growth of calcite.

Based on the above result, nearly pure vaterite CaCO3 was generated with 20 wt% glycine, which was
analyzed further by TG-DSC. Fig. S3 shows the TG-DSC curve of carbonation product at the glycine
concentration of 20 wt%. TG curve has three temperature ranges of weight loss at 50–200°C, 200–600°C
and 600–850°C were ascribed to water evaporation, glycine decomposition and CaCO3 decomposition
respectively. For DSC curve, the endothermic peaks near 100°C and 782°C are due to water evaporation
and CaCO3 decomposition. The exothermic peak near 498°C is due to the phase transformation of
vaterite to calcite under high temperature. The TG results further showed that there was a small amount
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of glycine in CaCO3 products, which could stabilize the metastable vaterite and prevent it from
transforming into calcite (Lai et al. 2015; Luo et al. 2015).

3.2. Mechanism of glycine on precipitated CaCO3
polymorph
To understand the in�uence of glycine on CaCO3 polymorphs, the precipitation process of CaCO3 was
analyzed without glycine. The FGDG carbonation reaction was divided into four main stages: gaseous,
liquid, and solid phases were involved, leading to a number of chemical reactions (Lu et al. 2016; Song et
al. 2012): (1) absorption of gas CO2 in the ammonia solution, (2) formation of ammonium (bi)carbonate,
(3) chemical reaction between ammonium (bi)carbonate and gypsum, and (4) precipitation of CaCO3.
The relevant reactions are shown as follow:
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As shown in Fig. 1b, a mixture of vaterite (60%) and calcite (40%) was obtained via FGDG carbonation
without glycine. However, nearly pure vaterite was generated at 20 wt% glycine (Fig. b). Hence, the
assumption that a series of complex reactions might be occurred after adding the glycine was proposed.
Firstly, glycine will react with NH4OH to form ammonium glycinate (NH2CH2COONH4) according to the
theory of acid-base reaction (Eq. 14). Then, the resulting NH2CH2COONH4 further combined with FGDG
(CaSO4·2H2O) to form Ca(NH2CH2COO)2 and ammonium sulfate ((NH4)2SO4) based on the double
decomposition reaction due to the low solubility of Ca(NH2CH2COO)2 (Eq. 15). At the same time,
Ca(NH2CH2COO)2 is a kind of complex which was partial ionized based on the reaction of Eq. 16.
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In order to prove this assumption that the Ca(NH2CH2COO)2 was formed, the �ltrate from separating
FGDG suspension containing ammonia with 20 wt% glycine was obtained to analyze by ESI-MS (Fig. 2a).
It can be seen clearly from Fig. 2a, the mass to charge ratio of 189.01 is Ca(NH2CH2COO)2, indicating that
Ca(NH2CH2COO)2 as an intermediate was indeed generated. Furthermore, we assumed the intermediate
of Ca(NH2CH2COO)2 plays critical role in promoting vaterite growth. When CO2 was injected into the

system, the carbonate (CO3
2−) reacts with Ca(NH2CH2COO)2 to form vaterite. On the other hand, the

CO3
2− react with the dissociative Ca2+ to form the calcite. Similar results have been reported that the

vaterite was induced through the intermediate chelated by aspartic acid and Ca(OH)2 (Luo et al. 2015).
Our previous work indicated that the impurity of dolomite in the FGDG selectively produce the calcite due
to the hydrophilicity and negative surface charge of dolomite (Wang et al. 2019). When the glycine was
added into the system, the resulting of NH2CH2COONH4 might preferentially react with Ca2+ dissolved

from the FGDG to reduce the adsorption of Ca2+ on the dolomite surface. Consequently, the vaterite
content enhanced in the presence of glycine. Additionally, the capability of combining Ca2+ might
increase with the concentration of glycine. Therefore, the vaterite content also increased with increasing
of glycine concentration (Fig. 1b).

In order to prove Ca(NH2CH2COO)2 can promote vaterite growth, the carbonation products of
Ca(NH2CH2COO)2 carbonation were analyzed further (Fig. 2b-c). The results showed that the dominated
vaterite and small amount calcite were obtained via carbonation of Ca(NH2CH2COO)2. Because of the

dissolution equilibrium of Ca(NH2CH2COO)2, the solution includes the dissociative Ca2+ during the
carbonation. The formation of vaterite was ascribed to the Ca(NH2CH2COO)2, which provided a local

lower Ca2+/CO3
2− ratio to form vaterite (Abebe et al. 2015; Chang et al. 2016; Svenskaya et al. 2018).

Meanwhile, the reason of formation of calcite might be attributed to the dissociative Ca2+. The above
results indicated that Ca(NH2CH2COO)2 played an important role in the formation of vaterite.
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Glycine indeed promoted the growth of vaterite in the carbonation of FGDG. To further investigate the
formation mechanism of vaterite in the presence of glycine, the �ltrate obtained by solid-liquid separation
of FGDG suspension containing ammonia with glycine (20 wt%) was used to react with CO2 (200
mL/min). Meanwhile, the pH change of the whole process and the precipitation process were monitored.
Fig. 3a depicts the pH of �ltrate with CO2 bubbling time. The initial pH was about 10.5, it then quickly
dropped to around 8.5, and �nally kept a constant value of 7.5. The XRD patterns of the reaction products
between the �ltrate and CO2 at different reaction times is shown in Fig. 3b. Only calcite CaCO3 was found
in the product for reaction of 3 min. However, vaterite was found after 6 min of reaction, calcite was
dominated phase. As the reaction going, the diffraction peak intensity of vaterite gradually increased,
while the diffraction peak intensity of calcite gradually decreased. Finally, the product was dominated by
vaterite after 24 min reaction.

The morphology of the reaction products from the reaction of �ltrate with CO2 at different times was
further analyzed (Fig. 3c-h). The results showed that the reaction products were mainly calcite particles
accumulated by cubic or hexahedral particles at 3 min (Fig. 3c). Spherical vaterite particles were observed
for reaction of 6 min, however, the most of particles were still cubic calcite (Fig. 3d). As the reaction goes
on, spherical vaterite particles gradually increased and dominated in products (Fig. 3e-h).

The emergence of CaCO3 polymorphs could be ascribed to the energy barrier to nucleation, which could
be explained by Ostwald’s step rule (Lakshminarayanan et al. 2003; Rodriguez-Blanco et al. 2011). The
metastable vaterite was generally formed �rst and then transformed into the thermodynamically most
stable calcite. But glycine plays a role like some organic additives could protect the crystal surface of the
vaterite by interfacial adsorption and stabilize the unstable phase (Abebe et al. 2015; Fu et al. 2013;
Nagaraja et al. 2014). According to TG analysis, there was a weight loss of 2.25 wt % at 200−600°C due
to the decomposition of glycine (Fig. 3), further revealing that the resulting CaCO3 contained a few of
glycine. These results indicated that the existence of glycine had a stabilizing effect on the metastable
vaterite and suppressed its transition to the calcite.

Based on the above results, the formation mechanism of spherical vaterite in the presence of glycine was
proposed. Fig. 4 is the schematic diagram of formation mechanism of vaterite with glycine via FGDG
carbonation. Initially, Ca(NH2CH2COO)2 was generated during carbonation (Fig. 2a). Hence, when CO2

was injected into reaction system, CO3
2− gradually generated at pH=10.5. The CO3

2− increased and

combined with Ca2+ that bound to H2NCH2COO− to form vaterite CaCO3, which was due to the local

higher ratio of CO3
2−/Ca2+ (Dang et al. 2017; Svenskaya et al. 2017). Meanwhile, a little of calcite was

also generated during the carbonation. Before injecting CO2, the dissociative Ca2+ was generated through
ionizing Ca(NH2CH2COO)2 based on Eq. 16 and dissolving from FGDG. Once CO2 was �owed into

reaction system, CO3
2− was more likely to generate calcite CaCO3 with dissociative Ca2+ due to its low

supersaturation and local higher ratio of Ca2+/CO3
2− (Chang et al. 2016; Wang et al. 2019).
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4. Conclusions
In conclusion, nearly pure vaterite via direct aqueous mineral carbonation of FGDG in the presence of
glycine was synthesized. Moreover, formation mechanism of vaterite was also investigated. The vaterite
content increased with glycine concentration and then kept a constant value. The highest content of
vaterite was about 97% under the optimal conditions. Glycine can promote the formation of vaterite and
inhibit the growth of calcite. The study of formation mechanism of vaterite shows that intermediate of
Ca(NH2CH2COO)2 and adsorption of glycine on the surface of vaterite are the key factors in the growth of

vaterite. The small amount of calcite was ascribed to the free Ca2+ bound with CO3
2−. This founding may

open new insight to realize the clean, high-e�ciency production of vaterite via FGDG carbonation.
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Figure 1

(a) XRD pattern of CaCO3 and (b) the content of vaterite and calcite in the samples obtained at different
concentration of glycine. Note a mixture a calcite and vaterite are obtained in the presence of glycine, but
the content of vaterite increased with glycine concentration �rst and then kept a constant value.

Figure 2

(a) Electrospray ionization mass spectrometry of �ltrate, (b) X-ray Diffraction pattern and (c) Scanning
electron microscope image of samples obtained from the reaction of calcium glycinate and CO2 with
ammonia. Note the intermediate Ca(NH2CH2COO)2 was formed during carbonation. Ca(NH2CH2COO)2
played an important role in the formation of vaterite.

Figure 3

Change in (a) pH with reaction time, (b) X-ray diffraction patterns, and (c-h) Scanning electron
microscope images of products obtained from reaction of �ltrate with CO2 at different time of 3, 6, 9,12,
15, and 24 min, respectively. Note the pH value quickly dropped �rst, and then kept a constant value of
7.5. Vaterite gradually formed and dominated in products from reaction of �ltrate with CO2 at different
time.

Figure 4

Schematic diagram of induction mechanism of glycine for promoting formation of vaterite by CO2
mineralization of FGDG. Note the calcite was formed through CO32- combined with dissociative Ca2+,
while vaterite was generated by CO32− combined with Ca2+ that bound to H2NCH2COO− to form vaterite
CaCO3.
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