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Abstract 

Calcium carbonate nano and micro particles have a large number of industrial applications 

due to their beneficial properties such as high porosity, high surface area to volume ratio, 

non-toxicity and biocompatibility towards bodily fluids. Consequently, there has been a 

significant research to deliver easy ways of synthesising nano and micro sized calcium 

carbonate particles at specific sizes, polymorphs and morphologies. A majority of its 

synthesis approaches are based on either the biomimetic or the CO2 bubbling methods. This 

review paper describes these methods, and the effects of experimental parameters such as 

additive types and concentration, pH, temperature, [Ca2+]:[CO3
2-] ratio, solvent ratio, mixing 

mode and agitation time on the properties of the particles produced. The current and potential 

uses of calcium carbonate particles in areas such as material filling, biomedical, 

environmental and the food industry have also been discussed. 
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1. Introduction 

The design of functional nano and micro sized materials receives a significant attention due 

to their applications in the industrial and biotechnological field. The nano- or micro- sized 

particles not only offer significantly enhanced surface area and volume for better mass and 

energy transfer but also provide opportunity for material confinement, which can then 

facilitate chemical reactions in a controlled manner. The materials can be tailored so as to 

accommodate or react with specific substances and for targeted delivery via electrostatic, pH 

or temperature dependent interactions. Moreover, the material can be dispersed in small 

quantities into other materials’ matrices so as to improve their chemical or physical 

characteristics.  

    Calcium carbonate (CaCO3) is an extremely important material, both in the fundamental 

research and industry. It has been used as a filler material for paints, pigments, coatings, 

paper and plastics and can be moulded by organisms into complex and beautiful shapes as in 

bones, teeth and shells. CaCO3 can exist in mainly four polymorphs: calcite, vaterite, 

aragonite and amorphous calcium carbonate (ACC), out of which calcite is the most 

thermodynamically stable phase. The ACC phase is unstable and relatively short-lived and 

acts as a seed for crystal growth of the other polymorphs. Calcite, vaterite and aragonite have 

typical morphologies (shapes) which are rhombohedral, spherical and needle-like 

respectively. Figure 1 shows the typical morphologies of the different CaCO3 polymorphs. 
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Figure 1: Typical morphologies of the different CaCO3 polymorphs: a) rhombohedral calcite, b) spherical vaterite, c) rod-
like aragonite and d) ACC seeds. a) and b) reprinted with permission from ref. 1, c) reprinted with permission from ref. 2 and 
d) reprinted with permission from ref. 3.  

    The worldwide availability of CaCO3 (as limestone), compatibility and non-toxicity 

towards the human body makes the synthesis of this material an interesting and attractive 

topic for scientists and researchers to delve into. Therefore, countless research have been 

undertaken so as to stabilise specific CaCO3 polymorphs at different sizes and with exotic 

morphologies, as shown in Figure 2. Two main synthesis methods exist for such purpose: 

biomimetic method and CO2 bubbling method. The former method attempts to imitate 

nature’s ability to synthesise various shapes and sizes by the use of soluble organics and 

physiological parameters. CO2 bubbling into slaked lime is the current industrial synthesis 

method. The CaCO3 particles synthesised as such have various beneficial properties and 

therefore can have numerous additional uses compared to its current use as a filler material, 

for example, catalysis, drug delivery vehicles, templates for other functional materials and 

biosensors. Such characteristics are very much sought after for employment in the 
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biomedical, environmental and industrial field. Figure 3 depicts the different properties of 

CaCO3 particles along with the corresponding applications. 

 

Figure 2: Different shapes that can be exhibited by CaCO3: a) monodispersed spheres, b) sphere with intercrossing pancakes, 
c) spheres with central cavity, d) pyramid like superstructure, e) laminated cubed shape, f) layered porous hierarchical 
structures, g) peanut like, h) ) twin breaded structures and i) layered irregular spheres. a) reprinted with permission from ref. 
4, b) reprinted with permission from ref. 5, c), f), h) and i) reprinted with permission from ref. 6, d) reprinted with permission 
from ref. 7, e) reprinted with permission from ref. 8 and g) reprinted with permission from ref. 9. 
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Figure 3: Properties and applications of CaCO3 particles 

    This review will highlight the main synthesis methods for CaCO3 micro and nano particles. 

We will examine the effects of various types of additives such as surfactants, polymers and 

macromolecules, as well as physical and chemical parameters (e.g. temperature, solvent ratio 

and pH) on the CaCO3 sizes, polymorphs and morphologies that have been achieved. We will 

then look at the current and potential uses of such materials in the materials, chemical 

industry, biomedical, food industries and environmental.  

2. Calcium carbonate synthesis methods 

This section will describe the main synthesis methods of CaCO3 particles: biomimetic 

synthesis and CO2 bubbling method. Biomimetic method attempts to imitate nature’s ability 

to control the size, shape and phase of CaCO3 using organic compounds which act as 

templates or growth modifiers as well as other physiological parameters. The latter being the 

main method for industrial scale production. The description of biomimetic synthesis will be 

divided into two approaches: (1) the precipitation method; and (2) the reverse emulsion 

method. Moreover the precipitation method will be further subdivided into the spontaneous 

precipitation reaction and the slow carbonation reaction. The effects of different experimental 

parameters on the size, polymorphs and morphology of the obtained particles will be 

Page 5 of 46 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



6 
 

described. The main CaCO3 synthesis methods are shown in Figure 4. Some other synthesis 

methods, that are less commonly used, will be also briefly mentioned in this section. 

 

Figure 4: Main CaCO3 synthesis method: a) spontaneous precipitation method, b) slow carbonation method, c) reverse 
(W/O) emulsion method and d) CO2 bubbling method. Biomimetic method is represented by a), b) and c). 

2.1 Biomimetic synthesis of calcium carbonate 

Biomimetic synthesis is an attempt to mimic the elegant ability of nature to synthesise 

complex and remarkable solid forms out of dissolved materials under mild conditions such as 

near neutral pH and low temperatures. Some examples are shells in marine animals, as 

illustrated in Figure 5, who use the transient ACC phase to build their mature crystalline 

mineral phase 10-12. Nature uses biomolecules and ions to produce nuclei and then direct and 

build the nuclei into various shapes. As a result, researchers have used this idea to 

manufacture various types of particle morphologies, polymorphs and sizes via the use of 

additives. Biomimetic synthesis is easy to implement, requires low quantity of additive (ppm 

or g L-1) which does not alter the chemical properties of the CaCO3 and displays a vast array 

of results due to the sheer number of organic additives that exist. CaCO3, which has three 

crystalline phases (vaterite, aragonite, and calcite) and an unstable amorphous phase, is one 

of the most studied systems for its important role in understanding the natural mechanism of 

biomineralisation and designing new composite materials. It is well-accepted that the ACC is 

a transient precursor phase of biogenic crystalline ones in biomineralisation; some acid-rich 
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glycoproteins can stabilise ACC efficiently and regulate its transformation into crystalline 

forms. 

 

Figure 5: Examples of CaCO3 occurring in nature: mollusc shells 13. 

    The functions of the additives are to interact with the Ca2+ ions and provide active sites for 

nucleation of CaCO3 which then agglomerate into nano or micro particles. At the same time, 

the additives bond to preferential surfaces of the crystals to prevent further growth in specific 

planes. This enables the stabilisation of the metastable phases, vaterite, aragonite, and ACC 

crystallites as well as the stabilisation of different kinds of morphologies such as spheres, 

hollow spheres, dumbbells, peanut-like, flower-like, pine-cones, pancakes, spindles etc. 

    Various types of additives such as surfactants, polyelectrolytes, double hydrophilic block 

copolymers (DHBC), triblock copolymer, polysaccharides such as soluble starch and protein 

based additives such as amino acids, bovine serum albumin (BSA), dopamine and amino 

carboxyl chelating agent have been used as biomimetic agent to achieve different particle 

morphologies, polymorphs and sizes.  

   The main synthesis methods as well as the effect that the controllable experimental 

parameters have on the characteristics of the final product will be discussed in this section. 

2.1.1 Precipitation method 

Biomimetic precipitation reaction methods include the spontaneous precipitation reaction and 

the slow carbonation reaction. Spontaneous precipitation reaction is the main and easiest way 
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to prepare CaCO3 particles as it basically involves the mixing of CO3
2- and Ca2+ solutions 

containing the additives. There are, however some nuances regarding the experimental 

procedure and controllable parameters as will be explained next. In slow carbonation reaction 

CO3
2- ions are produced from the dissolution of CO2 gas that is formed via the slow 

hydrolysis of an additive such as dimethyl carbonate (DMC) or ammonium carbonate 

((NH4)2CO3) in alkaline condition. The typically long reaction times involved in slow 

carbonation reaction can sometimes achieve some striking hierarchical structures. 

2.1.1.1 Effect of additive type and concentration 
The effects of the different types of additives on the morphology, polymorph and size of 

CaCO3 particles are summarised in Table 1 and Table 2 for spontaneous precipitation and 

carbonation precipitation respectively, which are discussed thereafter. 
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Table 1: Effects of additives on morphology, polymorph and size of CaCO3 particles via spontaneous precipitation at [Ca2+]:[CO3
2-] ratio = 1:1 and near room temperature 

C – Calcite, L – Length, V – Vaterite, W – Width, NA – Not Applicable, NR – Not reported, * - Assumed room temperature used in the experiments 

Experimental Conditions Results 

Ref. Additive(s) Additive(s) Type Additive(s) Concentration(s) 
Reaction 
Time (h) pH 

Temp 
(°C) Morphology Polymorph Size (µm) 

14 None N/A N/A 0.0083 NR 25* Spheres C 4-6 
15

 DTAB Surfactant 12.5-20 mmol L-1  48 11 25 Multi petal flowers C 0.6-0.8 

8
 DDAB, [C12mim]Br Surfactants 

5 mmol L-1 DDAB + 7.5-20 
mmol L-1 [C12mim]Br 48 NR 25 Flower shaped NR 

0.3 (Petal 
length) 

16
 SDS Surfactant 5 mM 10 7 26 Spheres C 3-4 

17, 18 PSS Polyelectrolyte 4 g L-1  NR NR 25* Spheres NR 4-6 
19

 PSSS Polymer 1 g L-1  12 10 25* Spheres 94%C, 6%V 8 
20

 PS-b-PAA Polymer 1.28 M  0.5 NR 30 Spheres C 2 

21
 PAMPSAA Polymer 0.05 wt% 0.5 9 25* Spheres 

37.3%C, 
62.7%V 8-10 

22
 PAA Polymer 1 g L-1 24 9 25 

Plate like 
aggregates C 4-8 

23
 PAAL Block Copolymer 0.4 g L-1  48 10 25* Spheres C, V 5 

24
 PEG-b-PMAA DHBC 0.2 g L-1 24 10 22 Peanut like C 6.4L, 2.1W 

25
 PS-b-PAA-b-PEG Triblock Copolymer 0.5 g L-1 24 10 25* Hollow Spheres C 0.03 

26
 

(EO)20-(PO)72-(EO)20 Amphiphilic Triblock Copolymer 1 g L-1  
24 11 25 

Spheres 
58%C, 
42%V 1.6 

HPCHS Chitosan 1 g L-1  Rhombohedral C 4.7 
27

 NR Soluble starch 1x10-3 wt%  24 NR 30 Hollow Spheres V 0.5 

28
 4-BAPTA Amino carboxyl chelating agent 1 mM 72 9 25* 

Spheres + 
Rhombodedrals >80% V 3 

29
 DNA Amino Acid 1 g L-1 24 

10.
5 25* Spheres C 14 

30
 BSA Amino Acid Langmuir monolayer (thin film) 2 NR 25 Kayak like C 20L, 5W 

31
 PVP, SDBS Polymer, Surfactant 100 g L-1 PVP 10 NR 26 Rhombohedral C 5-6 

5x10-2 M SDBS Spheres V 2-4 
100 g L-1 PVP + 5x10-2 M 
SDBS Schistose C, V 3-5 
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32
 PSMA, CTAB Polymer, Surfactant 0.5 g L-1 PSMA + 1 mM CTAB 24 10 25* Hollow Spheres 96%C, 4%V 2-3 

33
 PVP, SDS Polymer, Surfactant 10 g L-1 PVP + 10 mM SDS 1 NR 20 Hollow Spheres C 2-3 

34
 PEG, SDS Polymer, Surfactant 1 g L-1 PEG + 3.5 mM SDS 24 NR 25* Hollow Spheres C,V 3-6 

35
 PEO-b-PMAA, SDS, 

CTAB 
DHBC, Surfactants 1 g L-1 DHBC + 1-2 mM SDS 24 10 22 Hollow Spheres C 3.4 

2 g L-1 DHBC + 1 mM CTAB Pine Cone C 3L, 1.2D 
36

 Pluronic F127, SDS Triblock Copolymer, Surfactant 2 g L-1 F127 + 20 mM SDS 1 NR 30 Hollow Spheres C 3-4 
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Table 2: Effects of additives on morphology, polymorph and size of CaCO3 particles via carbonation precipitation 

ACC – Amorphous calcium carbonate, C – Calcite, V – Vaterite, NR – Not reported, * - Assumed room temperature or pH used in the experiments 

Experimental Conditions Results 

Ref Additive Additive Type Additive Conc 
Ca conc 
(mM) CO2 source 

Temp 
(°C) pH 

Reaction 
time (h) Morphology Polymorph Size (µm) 

37
 AE 3007 Surfactant NR 10 DMC 15 11* Few hours Spherical NR 0.759 

20 0.595 

30 0.475 
5

 p-aminobenzene 
sulfonic acid + L-Lys 

Surfactants 0.1 g L-1:0.5 g L-1 10  (NH4)2CO3 25* 4 48 Thick pancake C 40-75 

0.1 g L-1:0.5 g L-1 8 Thin pancake C + V ca. 30-60 

0.1 g L-1:0.5 g L-1 9 

Spheres of 
intercrossing 
hexagonal shapes V 18 

0.1 g L-1:10 g L-1 7.5 

Spheres of 
intercrossing 
pancake shapes V 60 

0.1 g L-1:10 g L-1 30  8 Lens V ca.8 
38

 PAA Polymer  20 ppm 20  (NH4)2CO3 23 9.3 4 Spherical ACC 1 

10 Hollow spheres V 1 
7

 PSMA Amphiphilic 
polymer 

0.1 g L-1 1.25 (NH4)2CO3 22 NR 
168 

Pyramid C 
ca. 15  

39
 PSS Polyelectrolyte NR 10  DMC 20 12 1.5 Spherical ACC 0.08 

40
 Egg-white Protein 0.015 g ml-1 300  (NH4)2CO3 28 NR 3-<6 Platelet like V ca. 1-2 

6-36 Wool sphere-like V ca. 40-90 

41
 Phytic acid 

Saturated cyclic 
acid 1 g L-1 10  (NH4)2CO3 25* 3 120 Hollow spheres ACC 1-2.8 

42
 DMC Carbonate ester 20 mM DMC 20  DMC 20 11* 0.33 Spherical ACC 0.79 

60 mM DMC Spherical  ACC 0.43 
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No additives 

Highly porous, homogeneous spherical microparticles of calcite could be produced without 

additives (instead of typical rhombohedral crystals) from supersaturated (relative to CaCO3) 

solution and very rapid mixing 14, 43. The intense agitation of 0.33 M Na2CO3 and 0.33 M 

CaCl2 solutions for 30 s resulted in microspheres with an average diameter ranging from 4 to 

6 µm 14. The diameter of the particles could increase to 15-20 µm with increasing reaction 

time 43. The morphology and porosity of the microspheres produced through rapid mixing 

without additives are shown in Figure 6. 

a b

 

Figure 6: a) SEM of microspheres synthesised without additives, b) SEM of one microsphere showing the porous nature of 
the particle. Reprinted with permission from ref. 43. 

Surfactants 

As shown in Table 1, Wei et al. 16 compared the influence of three anionic surfactants 

(sodium dodecylsulfate (SDS), sodium dodecylbenzene sulfonate (SDBS) and sodium 

dodecylsulfonate (DDS)) having the same hydrophobic alkyl chains but different head groups 

on the crystallisation habit of CaCO3. They found that DDS did not greatly affect CaCO3 

morphology with increasing DDS concentration. However, 5 mM SDS could result in 

monodispersed hollow spheres of calcite of 3-4 µm in size while 5 mM SDBS synthesise 

monodispersed vaterite spheres within size range of 1-3 µm. SDS and SDBS, being at 

concentrations larger than the critical micelle concentration (CMC) values, formed micelles 

that were covered by CaCO3 nuclei via electrostatic interaction and this eventually led to 

formation of spherical particles. The formation of hollow spheres was attributed to the 

“bubble effect” of SDS in solutions. The favouring of one phase over another was attributed 

to the surfactant orientation and strength of electrostatic attraction between surfactant and 
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CaCO3 nuclei. The effects of cationic surfactants 1-dodecyl-3-methylimidazolium bromide 

([C12mim]Br) and didodecyldimethylammonium bromide (DDAB), either individually or 

mixed together, were also investigated 8, 44. With [C12mim]Br, laminated cube shaped 

structures and string-like structures, all consisting of calcite, appeared at 15-30 and 60 mmol 

L-1 respectively. With DDAB, the crystalline form converted from laminated cube shaped 

calcite to spherical vaterite as the surfactant concentration increased from 2.5 to 10 mmol L-1. 

Mixing those surfactants gave rise to micelles with different induced directions and 

intensities due to the different head groups. This micellar structure resulted in the formation 

of flower shaped crystals with 300 nm long petals and made of calcite, at concentrations of 5 

mmol L-1 [C12mim]Br and 7.5-20 mmol L-1 DDAB. Calcite flower shapes diameter in the 

range 600-800 nm was also obtained with 12.5-20 mmol L-1 cationic surfactant 

dodecyltrimethylammonium bromide (DTAB) 15. In that case, the flower shape was attributed 

to the assembling of rod-like basic units. Chen and Nan 45 investigated the effect of mixed 

cationic/anionic surfactants cetyltrimethylammonium bromide (CTAB)/SDS on CaCO3 

produced from the reaction of calcium acetate solution with urea at 90 ºC in an autoclave. At 

a ratio of 0 (pure SDS), flower shaped vaterite, formed by aggregation of hexagon-like basic 

units was obtained and at ratio of 0.5, pyramid and sphere shaped structures (also consisting 

of vaterite) were produced. Aragonite started forming as the ratio further increased. A 

mixture of aragonite and vaterite was obtained at ratio of 1, while pure aragonite was 

obtained at a ratio of 5. The crystals formed at higher ratios consisted of cluster shapes 

aggregated by rods. The effect of surfactant mixing at different ratios was also investigated 5. 

The authors found that when p-aminobenzene sulfonic acid and L-lysine were mixed at a 

ratio of 0.1 g L-1:0.5 g L-1 and at a pH of 8, thin pancake morphology of calcite and vaterite 

mixture was formed and had relatively large size ca. 30-60 µm. With a much higher 

concentration of L-lysine (0.1 g L-1:10 g L-1 ratio) but slightly reduced pH of 7.5, spheres 

with intercrossing pancakes shapes of vaterite and size of ca. 60 µm were formed. Therefore, 

changing the ratio of mixed surfactants as additive can have profound effects on the shape, 

phase and size of the particles produced. 

Synthetic polymers 

Synthetic polymers, at the right concentration, generally induce the formation of 

monodispersed vaterite spheres as seen from Table 1, although calcite spheres have been 

obtained in other cases 20, 44. Other shapes such as peanut-like calcite and nano-sized hollow 

calcite spheres could also be synthesized with double hydrophilic block copolymer 
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poly(ethylene glycol)-block-poly(methacrylic acid) (PEG-b-PMAA) 24 and triblock 

copolymer poly(styrene-block-acrylic acid-block-ethylene glycol) (PS-b-PAA-b-PEG) 25 

respectively. The amount of crystals formed is in the micromolar range although higher 

concentration of 0.25 M has been successfully synthesised 46. It can be seen from Table 1 that 

the sizes of the spheres are in the micron range for additive concentration most usually in the 

range 1-4 g L-1. The spheres are generally porous with rough surface since they are 

aggregates of nanoscale crystallites formed in the polymer matrix. The final surface 

morphology and polymorph of the particles depends on the type of polymer employed. 19 

Poly(sodium-4-styrenesulfonate) (PSSS) having molecular weight 1,000,000 was 

demonstrated to yield monodispersed microsized spheres with surface consisting of many 

nanocrystals while with PSSS having lower molecular weight of 70,000, microspheres with 

zigzag surfaces were obtained. Elsewhere 47, it was shown that a triblock copolymer with the 

longer block length was able to stabilise vaterite crystals unlike its shorter length counterpart, 

which favoured calcite. This shows that due to the different lengths, the spatial structure of 

the polymer in the solution was an important factor in determining the polymorphic and 

morphological characteristics of the particles. Unusual morphologies taken by calcite such as 

pyramid like superstructures were synthesised 7 by slow carbonation reaction for a period of 7 

days in the presence of poly(styrene-alt-maleic acid) (PSMA) amphiphilic polymer as 

additive. The morphology resulted from self-similar growth of triangular capped units 

aggregated by nanocrystals subunits resulting from selective adsorption of polymer molecules 

on the crystals surfaces. Regarding smaller sized particles, nanosized CaCO3 spheres were 

successfully synthesised 1 using poly(styrenesulfonate) (PSS) and reactants Ca2+:CO3
2- molar 

ratio of 5:1. They found that as the concentration of PSS increased, the particles became 

smaller and more uniform in size distribution. At PSS concentration of 50 g L-1, vaterite 

particles in the size range 400-500 nm were produced.  

Biomolecules 

Biomolecules such as cellulose, polysaccharide and soluble starch favour the formation of 

porous vaterite at low additive concentrations 27, 48, 49 as well as increase the crystals specific 

surface area 48. The concentration of metastable vaterite was optimised by carefully 

controlling the concentrations of methyl cellulose (MC), hydroxyethyl cellulose (HEC) FD-

10000 and HEC FD-30000 respectively 49. At 0.05% MC, a mixture of spherical vaterite (4-6 

µm diameter) and rhombohedral calcite were formed. The fraction of vaterite in the mixture 

was 42.5%. Increasing the molecular weight of the cellulose increased the fraction of vaterite. 
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At ca. 0.05% concentration of HEC FD-10000, 67.3% vaterite was obtained while 80.6% 

vaterite fraction was obtained with 0.1% concentration of HEC FD-30000. Wei et al. 27 used 

a one pot approach to achieve monodispersed hollow vaterite spheres with diameter of 500 

nm by using very dilute solutions of CO3
2- and Ca2+ (2 mM) with soluble starch as additive at 

30 ºC. However as the concentration of CO3
2- and Ca2+ increased to 5 mM and 12.5 mM, the 

morphology and polymorph changed to calcite cubic aggregates and solid vaterite spheres 

respectively. 

Amino acids 

Amino acid or amino acid derivatives have been used to synthesise some other exotic 

particles. Dopamine at 2 g L-1 was found to stabilise highly porous vaterite microspheres 

following spontaneous precipitation reaction 50. The spherical vaterite particles were formed 

within two minutes of reaction and could be preserved for over two months in aqueous 

solution. Unique spherical superstructure made of calcite that had the surface composed of 

many triangular shaped prisms and perpendicular to the surface of the spheres were 

synthesised with 1g L-1 deoxyribonucleic acid (DNA) 29. These particles had relatively 

uniform diameter of 14 µm. Jujube-nucleus-like and kayak like particles of calcite were 

synthesised via templating with BSA monolayers after 1 h and 2 h reaction, respectively 30. 

Polymer/surfactant mixtures 

Some researchers have used the complex micellar templates resulting from 

polymer/surfactant mixtures to produce other types of morphologies, mainly hollow spheres 
32-36, 51, 52. Fine tuning of the polymer/surfactant concentrations was required to achieve the 

hollow structure. Yan et al. 36 synthesised hollow spheres of aggregated nanoflakes with 

diameter 3-4 µm and shell thickness of 400 nm from 2 g L-1 of triblock copolymer Pluronic 

F127 and 20 mM SDS (Figure 7a). Increasing the concentration of either the polymer (>4 g 

L-1) or the surfactant (60 mM) led to an increase in the compactness of the spheres, hence 

producing solid spheres. Some other types of particles synthesised via polymer/surfactant 

mixtures include: uniform vaterite convex discs (Figure 7b) and hollow discs (Figure 7c) with 

a mixed poly(ethylene oxide)-block-poly(methacrylic acid) (PEO-b-PMAA)/SDS system 

after 1 day and 7 days of reaction respectively 35, uniform pine cone calcite shapes (Figure 

7d) with a mixed PEO-b-PMAA/CTAB system 35 and mixed calcite and vaterite schistose 

structures with a mixed polyvinylpyrrolidone (PVP)/SDBS system 31. 
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a b

c d

 

Figure 7: a) hollow spheres with 2 gL-1 of triblock copolymer Pluronic F127 and 20 mM SDS, b) convex discs with mixed 
PEO-b-PMAA/SDS after 1 day, c) hollow discs with mixed PEO-b-PMAA/SDS after 7 days and d) uniform pine cone 
shapes with mixed PEO-b-PMAA/CTAB system. a) reprinted with permission from ref. 36, b), c) and d) reprinted with 
permission from ref. 35. 

Other additives 

Unstable ACC can be stabilised with Mg as inhibitor even though the ACC was kept stable in 

solution for only two days 53. However, phytic acid proved to be a much better stabiliser for 

ACC 41. The morphology and polymorph of the hollow ACC microspheres formed were 

effectively kept unchanged even when the products were kept in mother solution for 3 

months or in solid state for 1 year. 

2.1.1.2 Effect of pH 
As can be seen from Table 3, the solution pH can have drastic effects on the morphology, and 

size of CaCO3 particles formed, but less so on the polymorphism. Controlled crystal growth 

depends on the degree of interaction between the carboxylic acid groups in the additives and 

the Ca2+ ions in solution. Hence the more the carboxylic groups get ionised, the more sites are 

available for binding with the Ca2+ ions which therefore inhibits crystal growth in all 

directions. Solution pH influences both the degree of protonation of the carboxylic acid 

groups and the CaCO3 supersaturation in the solution. The degree of ionization of the 

carboxylic groups increases with increasing pH 28 but so does the solution supersaturation, 

due to the hydrocarbonate/carbonate buffer 24. As a result, a compromise in the pH needs to 

be found so as to optimise the protonation of the carboxylic groups while at the same time 

reducing the nucleation rate of the crystals due to high solution supersaturation. From Table 

3, the best pH range for controlled crystal growth is generally around 9-11. At high solution 
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pH the high solution supersaturation overwhelms the degree of ionization of the carboxylic 

acid groups, which leads to uncontrolled crystal growth and the occurrence of larger sized, 

irregular shaped particles. Low nucleation rate can also in some cases suppress changes of 

metastable phases into stable ones, such as vaterite into stable calcite 26, 28, 54, 55 at low 

temperature or aragonite into vaterite at high temperature 56. 

Table 3: Effect of pH on morphology, polymorph and size of CaCO3 particles 

C – Calcite, L – Length, V – Vaterite, W – Width, NA – Not applicable, NR – Not reported, * - Assumed room temperature 
used in the experiments 

Ref Additive(s) Temp. (°C) pH Morphology Polymorph Size (µm) 
26

 P123 [(EO)20-(PO)72-
(EO)20] 

25 10 Spherical C, V ca. 1-3 

11 Spherical 58%C, 42%V 1.6 

12 Rhombohedral C ca. 2-5 

HPCHS 10 Rhombohedral C ca. 1-5 

11 Rhombohedral C 4.7 

12 Rhombohedral C ca. 1-6 
23

 PAAL 25* 9 Spherical C, V 5-8 

10 Spherical C, V 5 

11 Spherical + Rhombohedral C, V ca. 2-4 

12 Irregular aggregates C ca. 5-8 
19

 PSSS + CTAB 25 9 Spherical NR 10-15 

10 Spherical 94%C, 6%V 8 

11 Spherical + Irregular aggregates NR ca. 2-4 

12 Irregular aggregates NR ca. 3-6 
15

 DTAB 25 11 Multi petal flowers C 0.6-0.8 

13 Multi antenna + Wire like C 2L, 0.13W (Antenna) 
44

 PAA 80 9 Cubic C 3 

10 Cubic C ca. 5-8 

12 Irregular aggregates C ca. 3-9 
28

 4-BAPTA 25 7.5 Cubic C 4.5 

8 
Spherical (60%) + Irregular 
aggregates (40%) 40%C, 60%V 4.2 

9 Spherical + Rhombodedrals >80% V 3 

11 Rhombohedral C 3 
22

 PAA 25 9 Plate like aggregates C 4-8 

10 Spherical + Irregular aggregates C ca. 2-8 

11 Spherical + Irregular aggregates C ca. 3-10 

12 Irregular aggregates C NA 
24

 PEG-b-PMAA 22 9 Rod like C 15L, 2W 

9.5 Dumbbell like C 5.6L, 1.6W 

10 Peanut like C 6.4L, 2.1W 

  
10.5-
11 Ellipsoidal + Irregular aggregates C 2.5 (Ellipsoidal) 
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Still, some researchers have found some useful crystal morphologies at high pH, due to the 

type of additive used. Li et al. 15 developed high surface area multi-antenna shaped and wire-

like structures at pH=13 using DTAB as additive. This morphology was due to the OH- ions 

compressing the electrical double-layer around the surfactant ions and inducing the formation 

of multi-antenna shaped crystals. Mao and Huang 54 developed spindled spherical and peanut 

aggregates at pH=11.5 using malic acid while peanut, dumbbell and mushroom like shapes 

were produced at pH=12.6 using polycarboxylate ether copolymers with varying chain 

lengths 55. 

    Some reactions at low pH have been investigated via the carbonation pathway (see Table 

2). Thick pancakes of calcite and having relatively large size of ca. 40-75 µm were formed at 

pH=4 using surfactants p-aminobenzene sulfonic acid and L-Lysine at ratio of 0.1 g L-1:0.5 g 

L-1 5. Elsewhere, a pH of 3 using phytic acid as additive and a long reaction time of 120 h 

gave rise to hollow spheres of ACC with size range 1-2.8 µm 41. 

2.1.1.3 Effect of temperature 
Reaction temperature affects the morphology, polymorph and size of CaCO3 particles. High 

temperature is indeed the main factor contributing to the formation of aragonite having 

typical elongated needle/rod-like shape as shown in Table 4. Higher temperature increases 

the energy of the reactive environment which favours the formation of high surface energy 

aragonite crystals from the phase transformation of calcite and vaterite.  

Table 4: Effect of temperature on morphology, polymorph and size of CaCO3 particles 

A – Aragonite, C – Calcite, L – Length, V – Vaterite, W – Width, NA – Not applicable, * - Molar percent reported, ** - 
Volume percent reported 

Ref Additive Temp. (°C) Morphology Polymorph Size (µm) 
57

 None 30 Mushroom like lamellar aggregates 1.6%C, 98.4%V* 20-35 

50 Lamellar  10.8%A, 89.2%V* 10-20 

60 Lamellar aggregates 25.4%A, 74.6%V* ca. 15-40 

80 Rod like  A (15-40)L, (1-5)W 
15

 DTAB 25 Multi petal flowers C 0.6-0.8 

60 Coral 47.8%A, 52.2%C 3D 

80 Dendrite 93.2%A, 6.8%C - 
27

 Soluble starch 15 Hollow Spheres V 0.3 

30 Hollow Spheres V 0.5 

50 Hollow Spheres V 2 

70 Hollow Spheres V 2.5 
58

 PAA 25 Rhombohedral + Raspberry 49.5%C, 50.5%V** 10-15 

50 Dendrite + Flower like 10.8%A, 10.2%C, 79%V** 5-10 
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80 Needle like 89%A, 8.7%C and 1.5%V** 4 
59

 SDC 30 Wafer V 1-2 

50 Spherical-flower V 1-2 

120 Spindle A 10-15 
60

 PAM 25 Stacked rhombohedra C ca. 2-3 

80 Aggregated plates + Rods C - 

PAA 25 Spherical C, V ca. 2-3 

80 Irregular aggregates C, V - 

 

    Crystal growth in the presence of additives generally increases at elevated temperatures 

such that, in cases where aragonite is not formed, aggregation of particles occurs 33, 60. 

Nevertheless, some researchers 27 used soluble starch to synthesise monodisperse hollow 

vaterite spheres with increasing size from 300 nm, 500 nm, 2 µm to 2.5 µm at 15, 30, 50 and 

70 °C respectively. This was due to the dissolution of crystals from the core and 

recrystallisation at the surface, even at high temperatures, which was facilitated by the low 

reactant concentration used (2 mM of Ca2+ and CO3
2-). That study showed that CaCO3 

concentration had also strong influence in the shape of crystals at different temperatures. 

With 5 mM Ca2+ and CO3
2-, the morphology changed from cubic aggregates to dendrite-like 

and finally flower shaped crystals as temperature increased while at concentration of 12.5 

mM, solid spheres (increasing in diameter as temperature increased) and spindle-like shapes 

were obtained with increasing temperature (Figure 8). 

 

Figure 8: Effect of temperature with starch as additive and at different concentrations of CaCO3. Reprinted with permission 
from ref. 27. 
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    Temperature changes within room temperature range (< 30 °C) mainly affect the size of 

the particles. Spontaneous precipitation using soluble starch produced hollow spheres of 

vaterite with size 0.3 µm and 0.5 µm at 15 °C and 30 °C respectively (see Table 4). The 

increase in particle size with elevated temperature was observed at all the Ca2+ and CO3
2- 

concentration investigated (2, 5 and 12.5 mM respectively) 27. However, the opposite trend 

was observed with carbonation precipitation reaction involving polymer surfactant AE 3007 
37. In the latter case, the size of the spheres formed decreased with increase in temperature 

from 15 °C to 30 °C (see Table 2). 

    When no additives are used, rhombohedral calcite crystals become smaller at elevated 

temperatures 22, 44 due to the increased solubility of calcite crystals. 

2.1.1.4 Effect of [Ca2+]:[CO3
2-] ratio 

The [Ca2+]:[CO3
2-] ratio is an important factor to consider when synthesising CaCO3 

particles. Calcium rich solutions are in the pH range 7-8 while carbonate rich solutions are in 

the range 9.5-10.5 1. Higher solution pH results in a higher supersaturated mixture and hence 

higher nucleation rate of crystals. On the other hand, high calcium content provides a greater 

number of positively charged sites for electrostatic attraction of negatively charged groups of 

the organic additives on the crystal surface, which suppresses uncontrolled growth. This 

explains the higher particle size obtained by some researchers at low [Ca2+]:[CO3
2-] ratios 1, 

26, 61, 62. The reduced interaction of the additives with the crystal surface at low [Ca2+]:[CO3
2-] 

ratios also seems to favour the formation of calcite over vaterite 1, 61 at ambient reaction 

temperatures or vaterite over aragonite at higher reaction temperatures 57. 

2.1.1.5 Effect of solvent ratio 
The addition of an organic solvent to water affects the electrical conductivity hence 

ionization of the additive in the solvent mixture 61. Tang et al. 61 showed that with PSSS as 

additive, the absence of ethanol gave rise to spherical particles with rough surface; 25% 

ethanol produced spherical vaterite particles with smooth surface and with further increase in 

ethanol content, flower like and irregular rhombohedral calcite aggregates were produced. 

Ethanol could therefore strongly affect morphology and polymorph of the CaCO3 products. 

Formation of aggregates such as vaterite flower shapes (from aggregated plate shapes) and 

vaterite fluffy aggregates, with increasing alcohol content, has also been reported elsewhere 
63.  
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    Highly monodisperse vaterite microspheres with narrow size distributions could be 

produced via the synergistic effect of an artificial peptide-type block copolymer, 

poly(ethylene glycol)-block-poly(L-glutamic acid) (PEG(110)-b-pGlu(6)), and a mixture of 

solvents N,N-dimethylformamide (DMF) and nonionic water (NIW) at an appropriate ratio 4. 

Vaterite spheres with diameter in the range 5.7-6.1 µm were formed at a DMF:NIW v/v ratio 

of 1:1.4 and vaterite (with trace calcite) spheres with diameter in the range 5.3-6 µm were 

formed at a ratio of 1:1. 

    Nonetheless the use of several organic solvents mixed with water in the ratio of solvent to 

water of 1:4 was found to give different morphologies and polymorphs 64, such as dendrites, 

flower-like and wheatgrass-like, all of aragonite phase, with glycol, glycerine and glycol 

methyl ether respectively. Guo et al. 6 used DMF/cyclohexanol mixture at different ratios (R) 

and a polypeptide block copolymer (PEG-b-pAsp) to synthesise multiple layered porous 

hierarchical structures of vaterite when the R=0.2, layered irregular spherical CaCO3 of 

vaterite and calcite mixture when R=1, semi spherical particles with centred cavity made of 

calcite and trace aragonite when R=5 and a twinned bread morphology of ACC was obtained 

at R=10. Other research has shown that the spontaneous precipitation of CaCO3 using 

calcium nitrate and sodium bicarbonate solutions, in the presence of 10% v/v ethanol, 

propanol or diethylene glycol favoured formation of the vaterite phase 65. 

2.1.1.6 Effect of mixing mode 
Wang et al. 1 showed that particle size, shape and distribution depended on the mixing mode 

of the reaction. Indeed, the particles tend to be smaller and narrowly distributed when the 

CO3
2- solution was added to the Ca2+ solution. However, the opposite procedure created 

larger particles that were non-uniform in size. This was due to the high initial pH of the 

carbonate solution at the initial introduction of Ca2+. The high supersaturation generates 

many nuclei that can grow into relatively larger particles by attracting more free Ca2+ ions 

and consequently, the uniformity of the particles is partially lost. 

2.1.1.7 Effect of reaction time 
Temporal studies indicate that there are changes in the morphology, polymorph and size of 

the crystals during the growth process making the reaction time an important parameter to set 

in the synthesis of CaCO3 particles. By monitoring the reaction of calcium acetate with urea 

at 90ºC, Chen and Nan 45 recorded that the concentration of flower and hexagonal shaped 

vaterite decreased while that of rod and cluster shaped aragonite increased up to 100% after 
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48 hours. An increase in particle size is also normally observed with increasing reaction time 
19, 30, 62. 

    Temporal studies are required to determine the best reaction time to synthesise and 

stabilise optimum shape and size of particles. It was established 19 that during precipitation 

reaction with 1 gL-1 PSSS additive and pH of 10, loose aggregates of ACC nanoparticles of 

size 20-40 nm formed after 30 minutes, which further aggregated after 90 minutes. After 120 

minutes, spherical particles of size 2-5 µm were formed and at 180 minutes, the number of 

particles increased sharply to monodispersed particles of average size 8 µm. After 12 h aging, 

no further change in morphology was observed. Elsewhere, the carbonation precipitation 

reaction using a small amount (20 ppm) of polyacrylic acid (PAA) polymer produced 

spherical ACC of size 1 µm after 4 h, which transformed to hollow vaterite spheres of the 

same size after 10 h 38. 

    Unstable nanoparticles of ACC form immediately after precipitation. With increase in 

reaction time (a few hours, as per Table 1), the ACC nanoparticles agglomerate and 

crystallise into more stable calcite or vaterite phase (or aragonite at high temperatures). 

Hence to stabilise ACC particles, a short reaction time and an appropriate inhibitor such as 

Mg are required 66 although high Mg content (24 mol%) has been found to stabilise ACC for 

up to 14 h 67. 

2.1.2 Reverse emulsion  

Reverse or  water in oil (W/O) or bicontinuous microemulsion is thermodynamic dispersions 

of water and oil channels stabilised by interfacial layers of surfactants with or without co-

surfactants, and consisting of bi-continuous microstructures which can be used as 

“microreactors” and templates for preparing nanomaterials 68. The reactants are enclosed 

inside surfactant micelles that are segregated by the oil phase. When the microemulsions 

containing CO3
2- and Ca2+ ions are mixed, micelles possessing sufficient energy collide and 

this leads to the mixing of the reactants contained within. This controlled type of precipitation 

reaction is successful at preparing nano to micro sized particles of varying shapes and 

morphologies and possessing narrow particle size distributions. Furthermore, the controlled 

type of precipitation allows for the use of higher reactants concentrations. Reactants 

concentrations in the range 0.01-0.185 M have been reported 68-71.  
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    The main parameters affecting the morphology, polymorph and size of the particles are the 

water:surfactant molar ratio (ω), water:oil molar ratio (S), Ca2+:CO3
2- molar ratio (R), pH, 

reaction temperature and use of additives. 

    Micelle stability and droplet size in the emulsion depends on the value of ω. The higher the 

value of ω, the smaller the surfactant concentration and therefore the amount of stable 

micelles in the emulsion is reduced. Kang et al. 72 showed that the maximum ω value 

depended on the surfactant used. The maximum value of ω for SDS was 600 while much 

more sodium bis(2-ethylhexyl) sulfosuccinate (AOT) was required for stable micelles 

formation (maximum ω=30). Tai and Chen 71 reported that, when using sodium triphosphate 

as additive and AOT as surfactant, the ω value had a greater influence than the S value on the 

particle size and shape of CaCO3. For example, at all of the S values investigated (1.26, 2.0 

and 3.16 respectively), submicron (100-500 nm) sized particles with spherical shape were 

produced when ω=12.3. Submicron and micron sized discs or irregular shapes were formed 

when ω=14.0 and 16.0. The size and occurrence of irregular shapes increased further as ω 

increased due to low surfactant concentration. 

    The R value had different effects on particle parameters, depending upon the conditions 

used. Different R values affected the morphology and size of the particles 68, 71 and additional 

use of additives affected the polymorph of the crystals 70. Chen and Tai 70 reported doughnut 

shaped particles of size 1-3 microns at R=1 and 4 and hexagonal plates of diameter 1 micron 

when R=0.5, all of aragonite phase, when no additives were used and at reaction temperature 

of 25 ºC ( the formation of the aragonite at ambient temperature was attributed to the 

surfactant (AOT) used, this has also been reported elsewhere 73). However, with additives, 

ethylenediamine (EDA) and diethylenetriamine (DETA) at R=1 favoured the formation of 

calcite crystals. Since the addition of additives increased the pH of the solution, it was 

concluded that additive or pH and a value of R=1 favoured the formation of calcite. 

    Similar to solution precipitation systems, high reaction temperature affected the polymorph 

of the crystals towards the formation of metastable polymorphs aragonite and vaterite 70, 

however the degree of particle agglomeration increases 70, 74. 

    A variant of the W/O emulsion method is known as the W/O/W emulsion method, 

whereby a W/O emulsion containing one reactant is further emulsified in water containing 

the other reactant. A carrier in the organic phase is responsible for controlled transportation 

of Ca2+ from the external water phase to the internal water phase, to react with CO3
2-. Nano-
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sized particles can be synthesised by this method 74, 75 by controlling the water droplet size 

while the morphology and structure of the particles may be related to the operating 

concentration levels, the composition of the aqueous phases and the nature of surfactant used 

for stabilising the emulsions 75. 

    In summary, biomimetic synthesis is a facile one pot process that enables the synthesis of 

nano and micro sized dispersed CaCO3 particles with various morphologies and specific 

polymorphs via the use of different additives and changes in experimental parameters. This 

allows the particles to have a wide range of applications. 

2.2 CO2 bubbling method 

CO2 bubbling method is the most used industrial process for the production of CaCO3 

particles. It involves the use of limestone (CaCO3 rocks), an abundant natural resource to 

produce slaked lime (Ca(OH)2). Finally CO2 is bubbled through the Ca(OH)2 to produce 

CaCO3 particles. CO2 bubbling is very efficient at producing nano-sized particles 76-85, which 

are the most sought after size in the industry. However, the polymorphisms that can mainly 

be achieved are cubic or rhombohedral (atypical of calcite phase) 77-79, 82, 84-87, even in the 

presence of additives 77-79, 87 or elevated pressures and moderate temperature CO2 86, 87. Also 

particle agglomeration is rather common 78-81, 84, 86.  

    Yet, shapes such as spindle 76, 83, needle-like, oval and spheres 81 could be obtained with an 

appropriate organic additive. Chuajiw et al. 81 showed that with diamines of the formula 

H2N(CH2)nNH2, only vaterite was formed when n=8, aragonite with a small amount of calcite 

was formed when n=4 and n=6 and vaterite, aragonite and a small amount of calcite was 

detected when n=2. When amino acids with formula H2N(CH2)n-1COOH were used, the main 

constituent was vaterite while aragonite was detected for precipitated samples with 4-

aminobutyric acid (H2N(CH2)3COOH) and 6-aminohexanoic acid (H2N(CH2)5COOH). 

Finally with amines, butyamine (H2N(CH2)3CH3) was responsible for the generation of a 

mixture of aragonite, vaterite and calcite. These results suggest the obvious influence of the 

type of organic additive and their molecular chain lengths. 

    The effect of operational parameters was studied using a rotary packed bed (RPB) 84. The 

particle size decreased from 66 nm to 45 nm with increase of rotational speed from 500 to 

1200 rpm due to large gas-liquid interfacial area which enhanced gas-liquid mass transfer and 

rapid formation of supersaturated solution of CaCO3 which are favourable for generation of 
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smaller CaCO3 particles. Increasing the liquid or gas volumetric flow rate also reduced the 

average particle size because of enhanced gas-liquid mass transfer. Conversely, increasing 

the initial Ca2+ concentration from 0.1 to 0.6 M increased the average particle size from 47 

nm to 72 nm, mainly due to an increase in the batch processing time. 

    Nevertheless, CO2 bubbling method is simple, cost effective and uses abundant natural 

resources. The particle size can be easily controlled by adjusting the operational parameters 

and the particles are nano-sized and can easily be made hydrophilic in situ, by using suitable 

additives such as 76-78, 80, 83, 88. Nanometre sizes and dispersibility are very important 

characteristics required in the paper, paints, coatings and plastics industries. 

    To summarise the two main synthesis methods, a comparison of the types of particles 

obtained, experimental procedure and particles’ applications for biomimetic and CO2 

bubbling method is presented in Table 5. 

Table 5: Comparison between biomimetic and CO2 bubbling methods 

 Biomimetic method CO2 bubbling method 
Polymorph Either of the polymorphs ACC, calcite, 

vaterite and aragonite, or a mixture can be 
stabilised. 

Calcite is the main synthesised polymorph. 

Morphology Various morphologies can be synthesised. 
 

Mainly cubic or rhombohedral morphology 
can be synthesised. 

Size • Nano to micro sized particles. 
• Monodispersed particles with 

low particle size distribution can 
be obtained. 

• Mostly nano sized particles. 
• Particles aggregation is common 

unless additives are used. 

Procedure • Easy, one pot procedure. 
• Many experimental parameters 

(such as pH, temperature, 
Ca2+:CO3

2- ratio, solvent ratio, 
additive concentration, additive 
type, etc.) can be varied to obtain 
desired polymorph, morphology 
and size of particles. 

• Reverse emulsion method can 
allow controlled reaction and 
higher reactants concentrations 
due to separation of reactants. 

• Uses readily available limestone 
to produce Ca(OH)2, making it 
the current industrial production 
method. 

• Synthesis has to be at high pH 
(due to basic nature of Ca(OH)2). 

• Synthesis temperature has to be 
relatively low for high solubility 
of CO2 gas. 

Applications Can have wide range of application 
including as drug delivery vehicles, bone 
grafting, protein immobilisation, catalysis, 
biosensors, CO2 capture and release and 
water treatment. 

Mainly used as a filler for paper, paints, 
coatings and polymers. 

 

2.3 Other synthesis methods 

Other methods for synthesising CaCO3 particles include microwave assisted method, 

ultrasound assisted method, alternating current method, atomized microemulsion method and 

spray drying method. 
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    A better alternative to thermal heating could be the use of either microwave or ultrasound 

assisted technique. Increasing the heating time using microwaves and cellulose as template 

gave calcite cubes 0.82 µm size after 10 minutes, calcite and vaterite spheres of 1 µm after 20 

minutes and calcite and vaterite spheres of 1.24 µm after 30 minutes 89. On the other hand, 

different shapes were also observed with varying Ca2+ and CO3
2- concentrations using citric 

acid as additive 90. At 0.01 M ellipsoidal shape was observed, which changed to peanut-like 

at >0.02 M and a mixture of both shapes at 0.05 M. The polymorph was all calcite and the 

size of the particles decreased from 3 to 0.3 µm with increase in concentration from 0.01 to 

0.06 M. The effect of solvent mixtures (ethylene glycol (EG) and water) without any 

additives was also investigated for microwave heating 91. At low power of 300 W, a ratio of 

EG:H2O of 1:9 gave a mixture of calcite and vaterite; a ratio of 1:1 produced almost pure 

vaterite with ellipse shapes and <4 µm size; a ratio of 9:1 produced porous vaterite spheres 

with diameter 1-2 µm and having good dispersibility. Increasing the power to 800 W resulted 

in aragonite nanorods (70-80 nm diameter and 2-3 µm length). Different shapes, phases and 

particle sizes could also be achieved by varying the intensity and frequency of ultrasound 

irradiation during CaCO3 synthesis 92, 93. For instance, aragonite with uniform rod or spindle-

like structures was obtained at 50%-70% acoustic amplitude while flower-like vaterite, 3 µm 

in diameter were synthesised at 75% power 93.  

    The application of an alternating current  through two cells containing Ca2+ and CO3
2- and 

separated by a polytetrafluoroethylene (PTFE) membrane results in different supersaturation 

around the membrane, enabling crystals to be formed 94. This method has been used to 

generate mixtures of micron sized spheroidal vaterite and rhombohedral calcite without the 

use of additives 94, 95. 

    Atomisation by spray drying can produce porous spherical and non-spherical particles of 

<5 µm but a high variation in size is observed 96. Conversely, the atomized microemulsion 

polymerisation process could synthesise nanometre sized particles (<100 nm) with CaCO3 

core/polymer shell structure 97, 98. 

3. Applications of calcium carbonate nano/micro particles 

CaCO3 particles has number of applications in various of sectors such as filler materials; for 

reinforcement and improvement of physical and chemical properties of plastics, paper, paints 

and coatings, biomedical; for drug/gene delivery, bone regeneration, environmental; for the 
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design of biosensors and water treatment technology, chemical and food industries. This 

section will describe selected applications in these areas. 

3.1 Filler material 

CaCO3 as a filler material can impart extremely useful properties to products such as 

coatings, paints and pigments, paper, lubricants and plastics. 

    Calcium carbonate, post-treated with a suitable binder such as stearic acid, can provide 

superhydrophobic properties when dispersed as filler in coatings (Figure 9 shows the process 

of producing a superhydrophobic surface). Hydrophobicity of CaCO3 particles has also been 

achieved in situ during carbonation process using a suitable binder 78, 80. High contact angles 
99, 100 of water droplets (greater than 150°) on the coated surface as well as sliding angles 

lower than 10° 100, 101 have been reported, which enables the water droplets to easily roll 

down the surface and at the same time perform  self-cleaning action. Moreover, nano- CaCO3 

modified by heptadecafluorodecyl trymethoxisilane and an ordinary polyacrylate as the 

binder was found to have antifreeze properties coupled with its superhydrophobicity 99. The 

frost formed on the coated superhydrophobic surface was greatly retarded compared with that 

on bare copper surface and the surface kept its super hydrophobicity even after freezing-

thawing treatment for 10 times.  

  

Figure 9: Surface modified CaCO3 particles used as filler in coatings to produce superhydrophobic surfaces 

    The high dispersibility of nano PCC improved the rheology of liquid coating PVC plastisol 

(a coating that is used in car underbody paint) 102 and could increase the adhesion and 

hardness properties of a polyester/epoxy powder coating while also reducing the amount of 

energy consumption during the curing process of the blend 103. 

    CaCO3 is used as a filler material in paper so as to improve ink retention, brightness and 

water resistance. The high porosity and surface area of the CaCO3 particles enhance the 
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absorption of oils in inks and prevents print rub from occurring 104. Besides, optimum light 

scattering for maximum brightness of paper was achieved with a blend of PCC and Al-Mg-

silicate compound 105. Furthermore, water resistance is greatly enhanced with the presence of 

surface modified CaCO3 106. 

    Dispersion of CaCO3 in poly-alpha-olefin (PAO), a lubricant, improved its properties such 

as friction reduction, high load carrying capacity and anti-wear 107. This was attributed to a 

chemical reaction of the CaCO3 nanoparticles during friction to form calcium oxide (CaO) 

and other organic compounds. 

    The addition of CaCO3 particles improved the mechanical and rheological properties of a 

variety of plastics such as poly(L-lactic acid) (PLLA) 108, polyvinylchloride (PVC) 109, 110, 

polypropylene (PP) 111, PMMA 112, acrylonitrile-butadiene-styrene (ABS) 113, high density 

polyethylene (HDPE) 114. Nano-sized particles were generally found to perform better than 

micro-sized ones due to better dispersion inside the polymer matrix, by increasing the 

dimensional stability of the material. Also, a wide band gap of 6 0.35 eV and low dielectric 

constant of 8.19 makes nano sized CaCO3 a suitable filler for outdoor insulators 115. 

3.2 Biomedical 

The compatibility and non-toxicity of CaCO3 towards the body makes it an attractive drug 

delivery vehicle resulting in numerous researches being carried out at this effect. Hollow or 

porous spherical particles are preferred for such applications. 

    Biomacromolecules and drugs have been successfully loaded inside CaCO3 particles for 

sustained release in bodily fluids. Fujiwara et al. 116 used a W/O/W system with 

biomacromolecules BSA and DNA dissolved in the aqueous CO3
2- phase to synthesise 

CaCO3 loaded hollow spheres. A low reaction time of 10 minutes was used so as to 

encapsulate the biomacromolecules inside vaterite shells. The macromolecules could be 

released in solution following dissolution or fracture of the microparticles. The drug 

Betamethasone phosphate (BP) was loaded on CaCO3 during precipitation reaction 117 and 

resulted in better sustained release in plasma when compared with BP solution. The loading 

of anticancer drug Doxorubicin Hydrochloride (Dox.HCl) was achieved post precipitation by 

using CaCO3/carboxymethyl chitosan hybrid micro and nanospheres 118. The drug loading 

was realised by the capillary force due to the nanoporous structure of the particles as well as 

the electrostatic attraction between the negatively charged CMC and positively charged 
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Dox·HCl. The hybrid particles had high encapsulation capacity and drug release could be 

effectively sustained. Lysozyme was similarly loaded onto hybrid 

CaCO3/carboxymethylcellulose microspheres 119. The porous microspheres had a high 

adsorption capacity of 450 mg g-1. On the other hand, moderation of the high initial release of 

the drug Ibuprofen could be achieved by surrounding CaCO3 loaded microparticles with 

polyelectrolyte multilayer films 18. 

    Hollow nano-sized spheres synthesised by precipitation with soluble starch was loaded 

with the anticancer drug Dox and tested for release capacity 27. Release was undetectable a 

physiological conditions (pH between 7 and 7.5) for over 48 h and gradually increased 

around pH 5 and 6, suggesting a good response to the pH values in extracellular sites in 

tumour tissues and lysosomes in cancer cells, respectively. Hollow spheres have also been 

reported to be successful at retaining the anti-inflammatory drug naproxen for a period of 27 

h, with sustained release 25. 

    The targeted release of peptides to tumour tissues could be achieved by treating peptide 

loaded nano CaCO3 with anisamide, a targeting ligand for the sigma receptor which is 

expressed on lung cells 120. The nanoparticles could mediate the specific delivery of peptides 

to tumour tissues in vivo, provoking high tumour growth retardation effect with minimal 

uptake by external organs and no toxic effects. The lipid-CaCO3 calcium core complex was 

easily dissociated in a low buffer, releasing the peptide in a pH dependent manner. At pH=5.8 

(representative of the endosormal environment), the peptide was released in significantly 

greater amounts while at a pH=7.4 (representative of the bloodstream environment), 

negligible core dissociation was detected. 

    CaCO3 particles have also been used as templates for the synthesis of polymeric shells (via 

layer by layer method) that can encapsulate drugs. The drug containing CaCO3 templates can 

be easily dissolved at mild conditions such as pH of 2-3 or complexing agents, which do not 

denature the loaded drug or form toxic complexes with the polymer shells. As a result, the 

capsules could be designed to: provide sustained release of drugs such as daunorubicin 

(DNR) and Dox 121, be pH responsive 122, 123, provide multi-compartments for the sequential 

release of different enzymes at defined positions 124 and electrostatically attract 

biomacromolecules such as proteins 125. Figure 10 shows an example of the process of drug 

loading and unloading on a polymer microcapsule. The CaCO3 loaded with a negatively 

charged polymer gets dissolved in ethylenediaminetetraacetic acid (EDTA) complexing 

Page 29 of 46 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



30 
 

agent. The negatively charged polymer remains encapsulated within the mixed polymer shell 

and electrostatically attracts the positively charged drug during loading. Unloading of the 

drug proceeds via diffusion mechanism or different environment pH.  

  

Figure 10: Steps in the synthesis, loading and unloading of drugs into microcapsules: a) Synthesised CaCO3 core loaded with 
negatively charged polymer and mixed polymer shell microparticle, b) Dissolution of CaCO3, c) Drug loading via 
electrostatic attraction and d) Drug unloading via diffusion or environment pH. 

    Alternatively, microcapsules were used to immobilise proteins such as lactabulmin and 

horseradish peroxidase 126. These types of micro-reactors can allow small solutes to penetrate 

the shell wall, while the macromolecules stay in the interior. 

    Other potential biomedical uses of CaCO3 particles include: aragonite-based material with 

integrated gentamicin for bone substitution and prevention or treatment of osteomyelitis 127, 

CaCO3 based toothpastes for right amount of abrasiveness to either enamel or dentine 128 and 

transdermal delivery of insulin into the blood 129. The stabilisation of the amorphous phase of 

CaCO3 is an active research field as it presents an attractive prospect for bone regeneration 

and healing due to its ability to adapt to any desired shape before it crystallises 130-132. 

Furthermore, the relatively high solubility of ACC may be advantageous in the 

pharmaceutical industry as a drug carrier 133. 
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    Additionally, some synthesised CaCO3 composites had attractive features that allowed 

easy detection by surface-enhanced Raman scattering (SERS), which is a non-invasive 

technique for real time monitoring of extracellular matrix development and cell integration in 

scaffolds for tissue engineering 134, development of degradable guided bone regeneration 

(GBR) membranes 135 and magnetic properties for targeted delivery of drugs 136. 

3.3 Food industry 

Various uses have been designed for CaCO3 particles in regards to the food industry, such as 

biosensors, enzyme supports and catalysis. 

    CaCO3 nanoparticles have been used as enzyme immobilisation matrix for the construction 

of xanthine biosensors 137. Xanthine is a good indicator for estimating fish freshness. The 

biosensor provided rapid response, high sensitivity, good stability and was successful at 

avoiding interference of coexisting substances. 

    CaCO3 proved to be the best support out of all the tested materials for the immobilisation 

of lipase 138. The immobilised enzyme was used for the production of monoacylglycerol 

(MAG), a commonly used surfactant in the food industry, from solid phase glycerolysis of 

fats and oils. CaCO3 could also be used for the fabrication of calcium alginate beads 139, 140, 

used for the immobilisation of cells such as bacteria, yeast and fungi in the fermentation 

process. 

    Micro-sized CaCO3 showed very good advantages when used as a catalyst for the 

alcoholysis of fats and oils 141. The solid catalyst: could be used at high temperatures 

(>200°C); was not inhibited by the products; resulted in low reaction time and provided 

essentially complete conversion; did not decrease in activity after weeks of utilisation; had 

robust structure suitable for use in packed-bed reactors and; could be easily removed from 

products via screening. 

3.4 Environmental 

The high porosity and surface area and low mass transport barrier of CaCO3 particles make 

them an attractive prospect for the design of simple, reliable and cost-effective biosensors and 

other environmental applications. 

    The immobilisation of enzymes polyphenol oxidase (PPO) and glucose oxidase have been 

reported for the detection of phenols 142 and glucose respectively 143. The PPO/nano- CaCO3 
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electrode had broad determination range (6×10-9 – 2×10-5 M), short response time (<12 s), 

large current density, high sensitivity (474 mA M-1), subnanomolar detection limit (0.44 nM 

at a signal to noise ratio of 3) and good stability (70% remained after 56 days). The glucose 

biosensor had similar advantages and was minimally influenced by other compounds at their 

normal levels, such as ascorbic acid, glutathione, L-cysteine and p-acetaminophenol. 

However uric acid had a big influence (39%) on the glucose response. The detection 

mechanism of a biosensor is summarised in Figure 11. 

  

Figure 11: Mechanism of detection of toxic substrate. The substrate molecule penetrates CaCO3 pores and reaches the 
immobilised enzyme. The enzyme oxidises the substrate by removing electrons, which flow through the electrode and get 
detected as an electric signal 

    PAA labelled with aminofluorescin (PAAAF) was co-precipitated with CaCO3, followed by 

layer by layer encapsulation with polyelectrolyte 144. The polyelectrolyte capsules (with or 

without CaCO3 core) could be used as a pH indicator, even when salt was present in solution. 

    High removal capacities of 515, 1028, 259, 321 and 537 mg g-1 of the heavy metals Cd2+, 

Pb2+, Cr3+, Fe3+ and Ni2+ respectively, could be achieved from aqueous solutions using 

precipitated ACC nanoparticles. 83% of trace contaminant, such as radioactive Eu3+ could 

also be achieved. Removal of the metals was via precipitation mechanism, which 

unfortunately made the ACC non-renewable and necessitated further treatment for the sludge. 

    CaCO3 can be thermally treated to generate CaO, which can be used for CO2 capture at 

moderate carbonation temperature (~650 °C) and release at high calcination temperature 

(~950 °C) 145-147. Furthermore, additives such as metakaolin 148, and MgO 149 can be 

introduced to the CaO so as to improve the regenerability of the CaO by reducing its degree 

of sintering due to repeated carbonation/calcination cycles. 
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    The photocatalytic splitting of water to liberate oxygen was successfully performed by 

microwave-based synthesised multi-structured CaCO3/magnetite composite crystals 150. The 

magnetic property further allowed for the separation and reuse of the particles. 

 

    In summary, CaCO3 can be used as a filler and impart amazing physical properties such as 

mechanical strength and superhydrophobicity to the material. Being inert, micro or nano 

sized and porous, it has the ability to be loaded with various compounds and hence act as 

tremendous vehicles for drugs, proteins and enzymes. Still on the biomedical field, the 

malleability of ACC makes it an attractive prospect for bone regeneration and healing. 

CaCO3 can also sustain high temperatures for catalytic reactions. These properties allow a 

multitude of applications for CaCO3 within a broad range of industries. 

4. Conclusions 

In this review paper, we have summarised the synthesis approach and potential applications 

of calcium carbonate particles. The high porosity, surface area to volume ratio, non-toxicity 

and biocompatibility towards bodily fluids together with the ability of surface modification 

mean that micro to nano sized CaCO3 particles have a great potential to be used in the field of 

medicine, catalysis, environment, food processing and material reinforcement as well as 

improvement of their physical or chemical properties. Current production of nano to micro 

CaCO3 particles by the CO2 bubbling method does not have much control over the particle 

size distribution, shape or phase of the product. However, the biomimetic method offers a 

facile one pot procedure whereby various sizes (nanometre to micrometre, with narrow 

particle size distributions), polymorphs and morphologies (spheres, hollow spheres, rods, 

flowers like, pyramid like) of CaCO3 particles have been successfully synthesised and 

stabilised via the use of additives and adjustments of experimental conditions such as pH and 

temperature. While the synthesis of basic shapes such as solid and hollow spheres have been 

established and have been the most tested in applications such as drug storage and delivery, 

other exotic shapes that have been produced can have potential uses. Some examples are 

bone grafting, alteration of polymer matrices for the production of “smart” materials, the 

synthesis of yolk shell particles such as CaO@Carbon or CaO@Silica for applications such 

as CO2 capture and catalysis and the assembling of colloids into photonic crystals. 
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    As a result, the synthesis of CaCO3 micro and nano particles is a field that continues to 

grow in the aim to provide simple and efficient methods for the controlled production of 

different sizes, polymorphs and morphologies at the industrial scale. 
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Abbreviations 

ABS – Acrylonitrile-butadiene-styrene 

AOT – Sodium bis(2-ethylhexyl) sulfosuccinate 

BP – Betamethasone phosphate 

BSA – Bovine serum albumin 

4-BAPTA – 1,2-bis(4-aminophenoxy) ethane-N,N,N’,N’-tertraacetic acid 

 [C12mim]Br – 1-dodecyl-3-methylimidazolium bromide 

CTAB – Cetyltrimethylammonium bromide 

DDAB – Didodecyldimethylammonium bromide 

DDS – Sodium dodecylsulfonate 

DETA – Diethylenetriamine 

DMC – Dimethyl carbonate 

DMF – N,N-dimethylformamide 

DNA – Deoxyribonucleic acid 

DNR - Daunorubicin 

Dox·HCl – Doxorubicin hydrochloride 

DTAB – Dodecyltrimethylammonium bromide 

EDA – Ethylenediamine 

EDTA – Ethylenediaminetetraacetic acid 

EG – Ethylene glycol 

HDPE – High density polyethylene 

HEC – Hydroxyethyl cellulose 
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HPCHS – O-(hydroxy isopropyl) chitosan 

L-Lys – L-lysine 

MAG - Monoacylglycerol 

MC – Methyl cellulose 

(NH4)2CO3 – Ammonium carbonate 

NIW – Nonionic water 

p-aminobenzene sulfonic acid 

P123 [(EO)20-(PO)72-(EO)20]– Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene 

oxide) 

PAA – Polyacrylic acid 

PAAL – Poly(acrylic acid)-block-(acrylic hydroxyl lactide) 

PAM - Polyacrylamide 

PAMPSAA – Poly(2-acrylamido-2-methylpropanesulfonic acid-co-acrylic acid) 

PAO – Poly-alpha-olefin 

PCC – Precipitated calcium carbonate 

PEG – Poly(ethylene glycol) 

PEG-b-pAsp – Poly(ethylene glycol)-block-poly(aspartic acid) 

PEG(110)-b-pGlu(6) – Poly(ethylene glycol)-block-poly(L-glutamic acid) 

PEG-b-PMAA – Poly(ethylene glycol)-block-poly(methacrylic acid) 

PEO-b-PMAA – Poly(ethylene oxide)-block-poly(methacrylic acid) 

PLLA – Poly(L-lactic acid) 

PMMA – Poly(methyl methacrylate) 

PP - Polypropylene 
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PPO – Polyphenol oxidase 

PSMA – Poly(styrene-alt-maleic acid) 

PS-b-PAA – Poly(styrene)-block-poly(acrylic acid) 

PS-b-PAA-b-PEG – Poly(styrene-block-acrylic acid-block-ethylene glycol) 

PSS – Poly(styrenesulfonate) 

PSSS – Poly(sodium-4-styrenesulfonate) 

PTFE – Polytetrafluoroethylene 

PVC - Polyvinylchloride 

PVP - Polyvinylpyrrolidone 

SDBS – Sodium dodecylbenzene sulfonate 

SDC – Sodium deoxycholate 

SDS – Sodium dodecylsulfate 
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Appendix: Properties of some additives in CaCO3 synthesis 

Additive Molecular Formula Relative Molecular 
Mass  Charge 

DTAB C15H34BrN 308.3 + 
DDAB C38H80BrN 631 + 
[C12mim]Br C14H27BrN2 303.3 + 
SDS C12H25NaO4S 288.4 - 
PSSS [-CH2CH(C6H4SO3Na)-]n 70,000 - 
PAA (C3H4O2)n 300,000 Neutral 
PVP (C6H9NO)n 30,000 Neutral  
SDBS C18H29NaO3S  348.5 - 
PSMA C16H14Na2O8 120,000 - 
CTAB C19H42BrN 364.4 + 
PEG (C2H4O)nH2O 10,000 Neutral 
L-Lys C6H14N2O2 146.2 Neutral 
Phytic acid C6H18O24P6 660 - 
DMC C3H6O3 90.1 Neutral 
SDC C24H39NaO4 414.6 + 
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