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The influence of agitation on the polymorphs and morphologies of calcium carbonate 

(CaCO3) during the decomposition of calcium bicarbonate (Ca(HCO3)2) solution was 

semi-quantitatively investigated in the present work. X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) were employed to characterize the polymorphs 

and morphologies of CaCO3 in the presence and at the absence of polyethylene glycol 

(PEG). At the absence of PEG, the amount of calcite increases with the strengthening 

of agitation, while vaterite decreases and even completely disappears. We believe that 

agitation contributes to the crystallization of thermodynamically stable phase and 

limits to crystallization of thermodynamically least stable. This belief was verified by 

the XRD results under the same agitation conditions in the presence of PEG. The 

influence of agitation on the polymorphs of CaCO3 was discussed from the view of 

the arrangement of Ca2+ ions under static and stirring conditions. 
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1. Introduction 

Calcite, aragonite and vaterite are three polymorphs of CaCO3. From the 

viewpoint of thermodynamics, calcite is the most stable phase and vaterite is the least. 

Calcite and aragonite are both common in biological and geological samples, but 

vaterite is only detected as a minor component of a few biomineralised structures, and 

does not exist in geological samples.1–3
 Nevertheless, vaterite has been intensively 

investigated due to its biological activities in the last few decades.4–15
   

Generally, the typical morphologies of calcite, aragonite and vaterite are 

rhombohedric/cubic, needle-like and spherical, respectively. Therefore, the crystalline 

structure is the determinant factor of the morphologies of single CaCO3 particles. As 

for the factor affecting the polymorphs of CaCO3, first of all, reaction system is 

primary. The method to prepare calcite is easy and universal due to its the highest 

stability, such as carbonation from Ca(OH)2 slurry16–19
 or CaCl2 solution,5,20

 the 

reaction between soluble calcium salt and carbonate,21–22
 thermal decomposition of 

Ca(HCO3)2,
23–24

 mechano-chemical preparation from CaCl2 and Na2CO3 powders,25
 

microemulsion synthesis,26–27
 etc. However, the route to synthesis vaterite is more 

difficult and special.4–15
 Early study4

 proposes two typical methods for the preparation 

vaterite crystal, i.e., aqueous and nonaqueous cabonation process. However, later 

research has indicated that vaterite can be obtained at room temperature when CO2 

gas is introduced into CaCl2 solution in the presence of ammonia.5–7
  

Except for reaction system, some reaction parameters can also affect the 

polymorphs of CaCO3, such as reaction temperature, reaction time, concentration of 
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reactants, the addition of additives, etc. In fact, these parameters are usually used to 

control the formation of vaterite phase due to its thermodynamic instability. With the 

assistance of surfactants11–13
 especially block copolymers,2,14–15

 vaterite phase or its 

superstructures can be obtained. Reaction temperature9,11
 can also promote the 

formation of vaterite phase. Vaterite phase and its superstructures are easy to form 

inside or at the surface of ethanol/water solution.8,12
 In addition, mineralisation for a 

long time2,8,13–15
 is also a common method to obtain vaterite phase or its 

superstructures.  

In fact, reaction parameters mentioned above can not only affect the polymorphs 

of CaCO3, but also influence the morphologies of the same crystalline phase. Besides 

rod-like,10–11,28–29
 belt-shaped crystals,11

 spindle,16,30
 chain-like,19

 hollow sphere31
 or 

solid sphere11,22
 aggregated by large amount of single calcite particles under some 

particular conditions, the most prevailing morphology of calcite particles is 

rhombohedric or cubic. While except for the typical spherical morphology, single 

vaterite crystals are more inclined to aggregate into ellipse,10
 plate,11

 faveolate,9 

cake,10
 flower,11–12

 lens,15
 ring,15

 chain,21
 slice9

 and tube11
 under different conditions, 

especially the volume ratio of organic solvent to water,12
 the amount of 

surfactants,11–12,15,21
 temperature9–10

 and reaction time.15  

There are many investigations on the effect of agitation on the preparation of 

metals,32
 alloys,33

 organic materials34
 and inorganic nonmetals.20,35–37

 All these 

research indicates that agitation has obvious influence on the morphologies of 

particles32–33,35
 especially that of aggregates.35–36

 However, the polymorphs of these 
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materials are not affected by agitation conditions.32,35–37 Although research on the 

effect of agitation on the morphologies and polymorphs of CaCO3 are insufficient, 

similarly results are obtained.20,38
 During the carbonation of CaCl2 solution, Han et al. 

have found that the fine vaterite particles are formed and aggregated into dense 

particles at low stirring rate, while the aggregated vaterite particles at high stirring rate 

look loosely.20
 Periago et al. have revealed that mechanical stirring can accelerate the 

carbonation process of Ca(OH)2 slurry and slightly influence both the morphology 

and the particle size of CaCO3 particles, but cannot change the polymorphs of 

CaCO3.
38
  

In our previous research,23
 a few leaf-like CaCO3 superstructures have been 

observed under moderate agitation. We believe that static condition favors the 

formation of complex superstructures, while agitation can deform the superstructures 

and contribute to simple structures. In this prospective, our original purpose was to 

investigate the effect of the agitation on the morphology of CaCO3 particles, however, 

the results that the agitation conditions change the polymorphs of CaCO3 are far 

beyond our expectation. 

2. Experimental section 

0.6 g of Ca(OH)2 (Sinopharm Ltd., Shanghai, China, >99%) was added in 1000 

mL of deionized water and stirred for 30 min, followed by excessive CO2 gas was 

then blown into suspension for 1 h to ensure the complete reaction between Ca(OH)2 

and CO2, and the un-dissolved large CaCO3 particles were filtered by filter paper to 

obtain saturated Ca(HCO3)2 aqueous solutions. Finally, the aqueous solution was kept 
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in water bath at the temperature of 80 °C for 1 h under static, moderate agitation and 

intense agitation, and the corresponding sample number was marked as C-S, C-MA 

and C-IA, respectively (Note: the stirring rates of moderate and intense agitation are 

provided in Supplementary Information.). The final suspension was centrifuged at 

8000 rpm for 10 min, the supernatant solution was discharged and sedimented 

particles were dried in the oven at 110 °C for 4 h. The same issue was investigated 

when PEG-6000 was introduced in the system. To perform it, 0.0149 g of PEG-6000 

(Its weight ratio to CaCO3 is about 2.0%, Sinopharm Ltd., Shanghai, China, >99%) 

was added in saturated Ca(HCO3)2 aqueous solution before water bath. To ensure the 

dissolution of PEG-6000, the system was stirred for 30 min. Then the solution was 

placed in water bath under the same agitation conditions as that of without PEG-6000 

and the corresponding sample number was marked as CP-S, CP-MA and CP-IA, 

respectively.  

The polymorphs of CaCO3 were characterised by X-ray diffraction (XRD) 

(Rigaku, D/MAX-RB, Japan), and the semi-quantitative phase compositions were 

calculated according to the intensities of the (110) crystallographic plane for 

vaterite (I110V), of the (221) plane for aragonite (I221A) and of the (104) plane for 

calcite (I104C) by formula (1) and (2)
39
:  
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The morphologies were observed on scanning electron microscope (SEM) ( JEOL 

JSM-6390, Japan). 

Page 5 of 22 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



6 
 

3. Results and discussion 

To investigate the influence of agitation on the morphologies of CaCO3 particles, 

the particles are observed on SEM and the images under different agitation conditions 

are shown in Fig. 1. Rhombohedral crystals, single lamellar crystals (Fig. 1a), 

lamellar crystals and their assemblages, rod-like crystals and their assemblages (Fig. 

1b), impeller-like assemblages from lamellar crystals (Fig. 1c) are found in sample 

C-S. Sample C-MA includes most simple rhombohedral crystals and a very small 

amount of simple needle-like crystals and lamellar assemblages (Fig. 1d). In sample 

C-IA, besides a very small amount of simple needle-like crystals, most particles are 

simple rhombohedral crystals (Fig. 1e).  

Although rhombohedra or cubic, needle-like or rod-like, and spherical shapes are 

the typical morphologies of calcite, aragonite, and vaterite, respectively, calcite 

particles with the shape of belt,11
 chain,19

 rod,10–11,28–29
 spindle,16,30

 solid sphere11,22
 or 

hollow sphere,31
 vaterite particles of slice,9 faveolate,9 cake,10

 ellipse,10
 tube,11

 plate,11
 

flower,11–12
 ring,15

 lens15
 or chain21

 and aragonite grains of rod or needle40
 have been 

obtained under different conditions. Accordingly, rhombohedral crystals are calcite, 

single lamellar crystals and their complexes belong to vaterite and rod or needle 

crystals and their assemblages are aragonite in the present work.  

It is easy to understand that agitation can probably affect the morphologies of the 

particles especially their assemblages, however, agitation seems to obviously 

influence the polymorphs of CaCO3 crystals. To further investigate the impact of 

agitation on the crystal type of CaCO3, XRD of samples was carried out and the 
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results are illustrated in Fig. 2. The semi-quantitative phase compositions calculated 

based on Kontoyannis and Vagenas39
 are listed in Table 1.  

From Table 1 it can be found that the amount of calcite increases from about 24 to 

94 wt% as the strengthening of agitation, while the amount of aragonite decreases 

from about 28 to 6 wt%, and vaterite decreases from 48% to 11% and even 

completely disappears. Therefore, we come to the conclusion that agitation 

contributes to the crystallization of calcite and limits to the crystallization of vaterite. 

From Fig. 2a, the exceptionally high intense at diffraction angle of about 21 and 

42.8°, it can be found the preferred orientation growth of vaterite crystals occurs 

on the crystallographic plane (004) and (008). The similar orientation growth has 

been observed by Gao et al.
2 

To investigate the reproducibility of this work, all above samples were 

re-prepared under the same conditions. The XRD patterns of the corresponding 

samples were shown in Supplementary Information and the semi-quantitative 

phase compositions were also listed in Table 1, which indicates that this work has 

good reproducibility. 

The continuous decrease in vaterite crystals as the strengthening of agitation are 

considered to be resulted from the least stable crystal structure of vaterite. As 

indicated in Fig. 3, Ca2+ cations and CO3
2– anions arrangement layer by layer and the 

distances between Ca2+ ions in the (0001) faces of calcite and vaterite are 4.96 and 4.2 

Å, respectively.41
 Therefore, calcite is thermodynamically more stable than vaterite 

because of the coulomb repulsion between Ca2+ cations. Without agitation in reaction 
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system, the arrangement of Ca2+ ions is affected only by temperature, which is in 

favor of the crystallization of thermodynamically least stable vaterite phase.23
 

However, the formation of vaterite is probably limited by agitation because Ca
2+
 

ions array in a more stable mode under disturbance. As indicated in Fig. 4a, two 

Ca2+ ions inside the blue parallelogram move out of this crystal face. To maximally 

reduce the coulomb repulsion, one Ca2+ ion moves up (0001) face for one third of 

interplanar crystal spacing and the other moves down (0001) face for the same 

distance, as shown in Fig. 4b. The as-moved arrangement of Ca2+ ions is very similar 

with calcite, as indicated in Fig. 3a.  

Our previous research has indicated that the addition of PEG-6000 promotes the 

crystallization of aragonite.23
 According to our suggestion above, we deduce that the 

amount of thermodynamically least stable vaterite will also decrease and more stable 

aragonite (or/and calcite) will increase as the strengthening of agitation when 

PEG-6000 is introduced in this reaction system due to the similar thermodynamically 

stability between calcite and aragonite.  

To verify this deduction, 2 wt% of PEG-6000 was dissolved in Ca(HCO3)2 

aqueous solution, then the system was also heated in water bath under the same 

temperature and agitation conditions, and the polymorphs and morphologies of the 

corresponding samples were characterized by XRD and SEM. Diffraction patterns and 

the phase composition calculated by formula (1) and (2) are illustrated in Fig. 5, and 

SEM images are shown in Fig. 6.  

From Fig. 5 it can be found that vaterite decreases from about 16 to 12 wt% and 
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even completely disappears as the strengthening of agitation, and the total amount of 

thermodynamically more stable phase, calcite and aragonite, increases from about 

84% to 100%. The results well demonstrate our deduction that agitation is 

disadvantageous for the formation of thermodynamically least stable vaterite phase. 

Rhombohedral crystals, rod-like crystals assemblages, flower-like assemblages 

from lamellar crystals (Fig. 6a), flower-like lamellar crystals assemblages with 

lamellar crystals on its surface (Fig. 6b) are found in sample CP-S. CP-MA consists of 

most single rod-like or needle-like crystals, a very small amount of rhombohedral 

crystals and leaf-like assemblages (Fig. 6c). While in sample CP-IA, besides a small 

amount of simple rhombohedral crystals, most particles are simple rod-like crystals 

(Fig. 6d). The SEM images are well in accordance with XRD results. 

Although some complex assemblages can form when no agitation is applied in 

both systems, i.e. with and without PEG, the appearance of these assemblages, 

especially the assemblage of vaterite phase, is completely different, as illustrated in 

Fig. 1 and Fig. 6b. In addition, this preparation method for CaCO3 powder is a 

relatively new route and there is lack of understanding on the detailed reaction 

mechanism, nucleation, crystallization, growth of calcite, aragonite and vaterite, the 

effect of surfactant on the polymorphs and morphologies of CaCO3, and so on. The 

investigation on these issues is being carried out in our group. 

4. Conclusions 

In summary, the effect of agitation on the polymorphs and morphologies of 

CaCO3 during the decomposition of Ca(HCO3)2 solution in the presence and at the 
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absence of PEG was semi-quantitatively investigated in the present work. Agitation 

can not only affect the morphologies of CaCO3 particles, but also determine their 

polymorphs. Whether in the presence or at the absence of PEG, agitation limits the 

crystallization of thermodynamically least stable vaterite and favors the crystallization 

of stable calcite. Ca2+ ions are inclined to array into more stable crystal lattice under 

the disturbance of agitation. 
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Figure captions 

 

Fig. 1 SEM images of CaCO3 (a)–(c) 80°C, 60 mins, static; (d) 80°C, 60 mins, 

moderate agitation; (d) 80°C, 60 mins, intense agitation 
 

Fig. 2 XRD patterns of CaCO3 (a) 80°C, 60 mins, static; (b) 80°C, 60 mins, moderate 
agitation; (c) 80°C, 60 mins, intense agitation 
 
Fig. 3 Atomic structure of (a) calcite and (b) vaterite 
 
Fig. 4 (a) The stacking of Ca2+ ions in vaterite and the motion direction in the (0001) 
faces under agitation and (b) The stacking of Ca2+ ions in the (0001) faces after 

motion (Red ball and red parallelogram (         ): Ca2+ and corresponding crystal 
face moving up for one third of interplanar crystal spacing; Green ball and green 
parallelogram (          ): Ca2+ and corresponding crystal face moving down for 
one third of interplanar crystal spacing; Blue ball and blue parallelogram (          ): 
Ca2+ and corresponding crystal face without any motion.) 

 

Fig. 5 XRD patterns of CaCO3 (a) 80°C, 60 min, 2wt% PEG-6000, static; (b) 80°C, 
60 min, 2wt% PEG-6000, moderate agitation; (c) 80°C, 60 min, 2wt% PEG-6000, 
intense agitation 
 

Fig. 6 SEM images of CaCO3 (a)–(b) 80°C, 60 min, 2wt% PEG-6000, static; (c) 80°C, 

60 min, 2wt% PEG-6000, moderate agitation; (d) 80°C, 60 min, 2wt% PEG-6000, 
intense agitation 
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Fig. 2 XRD patterns of CaCO3 (a) 80°C, 60 mins, static; (b) 80°C, 60 mins, moderate 

agitation; (c) 80°C, 60 mins, intense agitation 
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Fig. 3 Atomic structure of (a) calcite and (b) vaterite 
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Fig. 4 (a) The stacking of Ca
2+
 ions in vaterite and the motion direction in the (0001) 

faces under agitation and (b) The stacking of Ca
2+
 ions in the (0001) faces after 

motion (Red ball and red parallelogram (         ): Ca
2+
 and corresponding crystal 

face moving up for one third of interplanar crystal spacing; Green ball and green 

parallelogram (         ): Ca
2+
 and corresponding crystal face moving down for 

one third of interplanar crystal spacing; Blue ball and blue parallelogram (         ): 

Ca
2+
 and corresponding crystal face without any motion.) 
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Fig. 5 XRD patterns of CaCO3 (a) 80°C, 60 min, 2wt% PEG-6000, static; (b) 80°C, 

60 min, 2wt% PEG-6000, moderate agitation; (c) 80°C, 60 min, 2wt% PEG-6000, 

intense agitation 
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Fig. 6 SEM images of CaCO3 (a)–(b) 80°C, 60 min, 2wt% PEG-6000, static; (c) 80°C, 60 min, 

2wt% PEG-6000, moderate agitation; (d) 80°C, 60 min, 2wt% PEG-6000, intense agitation 
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Table 1 The semi-quantitative phase compositions of CaCO3 prepared twice under different conditions 

Reaction system and 

stirring rate/rpm 

Phase composition Reaction system and 

stirring rate/rpm 

Phase composition 

C/% A/% V/% C/% A/% V/% 

saturated 

Ca(HCO3)2 

solution 

0 
1
st
 time 24 28 48 

saturated 

Ca(HCO3)2 

solution + 

PEG-6000 

 

0 
1
st
 time 78 6 16 

2
nd
 time 24 34 42 2

nd
 time 73 8 19 

100 
1
st
 time 85 4 11 

100 
1
st
 time 9 79 12 

2
nd
 time 84 4 12 2

nd
 time 8 75 17 

500 
1
st
 time 94 6 0 

500 
1
st
 time 35 65 0 

2
nd
 time 93 7 0 2

nd
 time 35 65 0 
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The stacking mode of Ca
2+
 ions in the (0001) faces in (a) is thermodynamically least 

stable due to the short distance between Ca
2+
 ions. Free of external disturbance, Ca

2+
 

ions preferentially stack in this order. While agitation is exerted in reaction system, 

external disturbance destabilizes the stacking of Ca
2+
 ions. To maximumly reduce the 

coulomb repulsion, one Ca
2+
 ion moves up (0001) face for one third of interplanar 

crystal spacing and the other moves down (0001) face for the same distance, which 

corresponds to the structure of calcite. 
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