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ABSTRACT – The morphology of calcium carbonate crystals has been studied at 20ºC during 
accelerated carbonation using 20% and 100 % volume CO2 concentrations at ~95% R.H. for 
lime pastes. Accelerated carbonation resulted in precipitation of calcite crystals with a habit and 
morphology similar on the sample surface but different along the sample thickness, depending 
on the lime type and CO2 concentration. Micrometer-sized rhombohedral calcite crystals 
precipitated on the sample surface in 100% CO2 atmosphere while the crystals were sub-
micrometer-sized rhombohedral in the 20% CO2 atmosphere. Through the sample thickness, 
the carbonated profile was composed of scalenohedral calcite crystals with cracked/corroded 
surfaces that were disintegrated into nanometer-sized rhombohedra. It has been found that 
scalenohedral calcite undergoes a significant modification to rhombohedral when exposed to 
high CO2 concentrations. This can be explained with a dissolution-reprecipitation process 
under excess CO3

2- ions, leading to re-precipitation of nanometer-sized rhombohedral calcite 
crystals. Despite high CO2 concentrations, carbonation was not complete due to the heat 
released during carbonation and precipitated calcite crystals hindering the diffusion of CO2. 

 
 
INTRODUCTION  
Calcium hydroxide as a binder in lime based mortars has been extensively and 
successfully used since ancient times (Elert et al., 2001). This binder hardens as a 
result of carbonation reaction which modifies the microstructure and pore structure 
of the mortar, and improves its mechanical properties and durability. Carbonation in 
lime mortars occurs when CO2 in air diffuses through the open pores of the mortar, 
dissolves within the capillary pore water and reacts with dissolved calcium 
hydroxide. This results in the precipitation of calcium carbonate crystals, production 
of water and release of heat. This overall process is as follows (Moorehead1986): 

74kJ/molO(aq)H(s)CaCO(g)CO(s)Ca(OH) 2322 ++→+  
This reaction proceeds in a series of steps. At first, dissolution of calcium hydroxide 
initiates on the crystal surface and Ca2+ ions are released to the capillary pore water. 
Meanwhile, CO2 diffuses trough the open pores of the mortar. This is accompanied 
by its adsorption and dissolution in the alkaline solution where the CO2 hydrates to 
form carbonic acid (H2CO3) which is further converted to bicarbonate (HCO3

–) ions 
and carbonate (CO3

2–) ions. Eventually, the reaction between the Ca2+ and CO3
2– 

ions results in the precipitation of calcium carbonate crystals through nucleation and 
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subsequent crystal growth. 
Calcium carbonate crystallizes principally as three polymorphs: calcite, needle-like 
aragonite and spherical vaterite depending on the reaction conditions. Calcite is the 
most stable phase at ambient temperature and atmospheric pressure with the typical 
habits of rhombohedron { }4110 , scalenohedron { }4321  and prismatic habits. 
Aragonite, vaterite and amorphous calcium carbonate are the metastable phases 
which may transform into calcite as the carbonation proceeds.  
Polymorph, morphology and size of precipitated calcium carbonate are influenced by 
a number of parameters such as temperature, pH, degree of supersaturation, ion 
concentration and presence of additives (Gomez-Moralez et al., 1996; Jung et al., 
2000; Garcia-Carmona et al., 2003; Domingo et al., 2006; Montes-Hernandez et al., 
2007). In particular, Ca2+ and CO3

2– ion concentration in the solution has been found 
to influence the habit and morphology of the precipitated calcite crystals significantly. 
Stoichiometric conditions with [Ca2+]/[CO3

2–]≈1 favour the growth of the 
rhombohedral { }4110  form (Jung et al., 2000). Under non-stoichiometric conditions 
with a high concentration of Ca2+ ions in the solution ([Ca2+]/[CO3

2–]≥1.2),  the growth 
of the scalenohedral { }4321  form is favoured (Jung et al., 2000; Garcia-Carmona et 
al., 2003). On the other hand, excess CO3

2– ions in the solution favour the growth of 
the rhombohedral form (Jung et al., 2000; Domingo et al., 2006). These parameters 
were studied in a great deal of researches on the carbonation of calcium hydroxide 
solutions using compressed, gaseous or supercritical CO2 with the aim of controlling 
the polymorph, morphology and size of the calcium carbonate crystals for industrial 
purposes by adjusting the degree of supersaturation and ion concentrations. 
Nevertheless, little research has been dedicated to the morphological analysis of the 
calcium carbonate crystals precipitated during the carbonation of lime binders in 
mortars where the reaction is principally CO2 diffusion controlled by the pore 
structure and the capillary pore water, while the reactants dissolution is controlled by 
the capillary pore water (Rodriguez-Navarro et al., 2002 ; Sanchez-Moral et al., 
2004; Cultrone et al., 2005; De Silva et al., 2006). Carbonation in lime mortars is a 
self-limiting process depending on the availability of water initially present in the 
fresh mortar and self-supplied during the reaction, which evaporates by the heat 
released. On the one hand, the water is required for the dissolution of calcium 
hydroxide and CO2; on the other hand it hinders the diffusion of CO2 through the 
pore structure. Therefore, the concentration of the Ca2+ and CO3

2– ions in the pore 
water is strongly influenced by the water content in the pores and, therefore, by the 
dissolution rate of both calcium hydroxide and CO2 as well as by mass transfer of 
the ions into the alkaline solution. This is, however, limited by the low solubility of 
calcium hydroxide and CO2 in water. Therefore, carbonation of lime mortars in 
masonry proceeds slowly, which may take several years. Using high concentrations 
of CO2 during carbonation of lime mortars is considered in most researches to 
increase the dissolution rate of the CO2 and, therefore, to accelerate the reaction. 
The influence of high CO2 concentration on the polymorph, morphology and size of 
calcium carbonate crystals precipitated during carbonation of lime binders is the 
main focus of this study. Degree of carbonation and crystal morphology of calcite 
precipitating on the sample surface as well as along the sample thickness have been 
studied using different types of lime binders at high CO2 concentrations. 
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RESEARCH PROGRAMME  
Materials 
Two types of commercial lime hydrate, i.e. dry powder (BT and ECL) and one type of 
lime putty, i.e. lime suspension in water (GR) were used for carbonation reaction. BT 
lime hydrate differs from the ECL lime hydrate with its relatively higher specific 
surface area, although it has coarser lime particles as defined by its PSD determined 
by light scattering technique with a Malvern Mastersizer using ethanol (Table 1). 
This might be due to the agglomeration of submicron-sized portlandite particles into 
porous agglomerates which are measured as single particles in the PSD analysis. 
GR is a lime putty aged for more than 5 years. It is composed of approximately 50% 
water by mass. It has the coarsest portlandite particles and the lowest specific 
surface area (Table 1). 
 

Table 1. Properties of the lime hydrate and lime putty binders. 
 BT ECL GR 
*Ca(OH)2  (%) 89.9 91.7 89.6 
*CaCO3 (%) 5.0 2.7 6.4 
BET surface area (m2/g) 36.2 15.8 11.6 
Mean value of PSD (µm) 6.2 5.8 27.9 

* defined by thermal analysis 
 
Sample preparation and carbonation process 
Prior to carbonation, lime hydrate samples were mixed with water in 45% by mass 
ratio to obtain lime pastes. GR lime putty sample was used directly as it already 
contained certain amounts of water. Lime paste weighing approximately 0.9 g was 
smeared thinly (≤2mm) over a sample holder in order to minimize diffusion 
resistance for CO2 through the sample thickness. 
Carbonation was carried out at 20ºC and at ~95% RH within a closed loop where 
gaseous CO2 at 20 and 100% volume concentrations was introduced. The samples 
were carbonated for 24 hours. Afterwards, carbonated samples were vacuum dried 
at 0.025 mbar pressure for 2 hours and were stored in hermetically sealed cups in a 
CO2-free atmosphere for their analyses. 
 
Characterisation of the precipitated calcium carbonate 
Precipitated calcium carbonate was analyzed by powder x-ray diffraction (XRD) 
using a Philips Analytical X-ray diffractometer with CuKα radiation and º2θ 
configuration between 10º and 70º at 0.02º2θ/s step size and 1.25s/step. Degree of 
carbonation was determined by thermal analysis using a Netzsch STA 409 PC DSC-
TGA system in static nitrogen atmosphere at a temperature range between 20-
1000°C and at a controlled heating rate of 10°C/min. The morphology of the 
precipitated calcium carbonate crystals was characterized using a Philips XL 30S 
FEG Scanning Electron Microscope (SEM) after coating the samples with gold. 
 
RESULTS AND DISCUSSION 
Carbonation under accelerated conditions resulted in high degrees of carbonation 
but still incomplete since thermal analysis revealed the presence of calcium 
hydroxide in carbonated samples (Table 2). This is due to the fact that when a high 
CO2 concentration is used, heat generated during the rapid reaction leads to the 
evaporation of water (Moorehead 1986). However, the degree of carbonation 
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increased with increasing CO2 concentration from 20% to 100%. This indicates an 
increase in the amount of dissolved CO2 and therefore the amount of CO3

2– ions that 
react with Ca2+ ions. 
  
Table 2. Calcium hydroxide content (%) in carbonated ECL, BT and GR lime samples using 20 
and 100% CO2 concentrations, as determined by thermal analysis. 

 20% [CO2]  100% [CO2]  
ECL 4.8 2.9 
BT 4.2 3.3 
GR 22.4 4.5 

 
XRD analysis of precipitated calcium carbonate revealed only the presence of calcite 
polymorph (Figure 1). Metastable crystalline phases of calcium carbonate such as 
aragonite, vaterite and amorphous calcium carbonate were not identified. 
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Figure 1. XRD patterns of the powdered carbonated samples revealed only calcite polymorph. 

Calcite crystals precipitated on the surface of all lime samples showed the 
rhombohedral habit irrespective of CO2 concentration. Surprisingly, calcite crystal 
habit, morphology and size varied throughout the sample depth depending on the 
lime type and CO2 concentration. The surface of GR and BT lime carbonated in 
100% CO2 atmosphere was composed of micrometer-sized rhombohedral calcite 
crystals with sharp edges (Figure 2-2). These crystals formed a layer at the surface 
within a depth of around 1µm (Figure 2-a and 2-a). Beneath this layer, a zone 
composed of sub-micrometer-sized rhombohedral calcite crystals was observed 
along the depth of around 20µm for the GR sample (Figure 2-a), and along the 
depth of around 8µm for the BT sample (Figure 3-a). At the end of these depths, a 
transition zone from sub-micrometer-sized rhombohedra to sub-micrometer-sized 
scalenohedra was established (Figure 2-a and 2-a). Further down through the 
sample depth where CO2 diffused, the calcite crystal was scalenohedral with a 
cracked/corroded surface that appears to be an indication of a dissolution process 
(Figure 2-b, 1-c, 2-b and 2-c).  
Similar to the calcite crystals precipitated on the surface of GR and BT, the surface 
of ECL carbonated in 100% CO2 atmosphere was composed of micrometer-sized 
rhombohedral calcite crystals within a depth of around 1µm (Figure 4). This was 
followed by sub-micrometer-sized rhombohedral calcite crystals through the sample 
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thickness (Figure 4-a). Scalenohedral calcite crystals with a cracked/corroded 
surface were only observed at the bottom part where unreacted calcium hydroxide 
crystals were embedded in-between these calcite crystals (Figure 4-c,d). This is in 
agreement with thermal analysis results revealing that the carbonation reaction is 
not complete despite 100% CO2 concentration (Table 2).  
In the case of carbonation in the 20% CO2 atmosphere, calcite crystals precipitating 
on the sample surface was sub-micrometer-sized rhombohedra (<1 mµ), being 
therefore smaller than the crystals carbonated in the 100% CO2 atmosphere (Figure 
5-a). In the depth profile, different calcite crystal habits and morphologies were 
observed again. From beneath the sample surface through the sample thickness, 
the carbonated profile was composed of scalenohedral form with cracked/corroded 
surfaces that were disintegrated into nanometer-sized rhombohedra (Figure 5-b). 
This surface feature is very similar to the one observed for the samples carbonated 
in the 100% CO2 atmosphere. Further down to the bottom of the samples, calcite 
crystals were scalenohedra with a cracked/corroded surface (Figure 5-c).  
These SEM observations revealed that calcite growth of the scalenohedral { }4321  
form was favoured at the initial phase of carbonation, indicating non-stoichiometric 
conditions with Ca2+ ions concentration higher than that of the CO3

2– ion (Jung et al., 
2000; Garcia-Carmona et al., 2003a). This was followed by a transformation to 
rhombohedral form upon exposure to high CO2 concentration, leading to an increase 
in the CO3

2– ion concentration in the pore water. This can be observed in Figure 2 
and 3 where the sub-micrometer-sized scalenohedra calcite crystals precipitating 
along the sample thickness show corroded surfaces that are disintegrated into 
nanometer-sized rhombohedra. This surface feature is an indication of an initial 
stage of transformation via a dissolution-reprecipitation process. This is already 
observed around 1µm beneath the surface of the samples carbonated in the 20% 
CO2 atmosphere, giving evidence to the transformation from scalenohedral 
morphology to rhombohedral morphology (Figure 5). 
In order to check this hypothesis, scalenohedral calcite crystals were exposed to 
100% CO2 atmosphere at 95% RH for 24 hours. The SEM images of these crystals 
after exposure showed that the scalenohedral morphology was not maintained since 
the crystal surface was corroded and disintegrated into nanometer-sized 
rhombohedra and crystal growth of sub-micrometric rhombohedra was favoured 
(Figure 6). This confirms that scalenohedral calcite undergoes a significant 
modification to rhombohedral when exposed to high CO2 concentrations. This can 
be ascribed to a dissolution-reprecipitation process. Excess CO2 dissolved in the 
pore water decreases the pH of the solution in contact with scalenohedral calcite 
crystals, leading to their dissolution. This dissolution due to acidification leads to the 
corrosion of the surface of scalenohedral crystals shown in Figure 2-b and 3-b. This 
is followed by supersaturation with respect to calcite under conditions favouring 
excess CO3

2- ions. Thus, re-precipitation of nanometer-sized rhomboedral calcite 
occurred probably at a very high supersaturation which favoured a high nucleation 
density resulting in morphological features observed in Figure 6. In addition, further 
absorption of the excess CO3

2- ions on the sub-micrometer-sized rhombohedral 
faces, observed along the sample thickness, enhanced their face growth to 
micrometer size observed on the sample surface that was directly exposed to high 
CO2 atmosphere (Figure 4).  
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Figure 2. Variation in the calcite crystal morphology along the sample of the GR carbonated in 
100% CO2 atmosphere: rhombohedral calcite at the surface (a-left), a transition zone from 
scalenohedra to rhombohedra (a-right), scalenohedral calcite with cracked/corroded surface at 
~200µm depth (b) and at the bottom of the sample (c). 
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Figure 3. Variation in the calcite crystal morphology along the sample of the BT carbonated in 
100% CO2 atmosphere: rhombohedral calcite at the (near)surface (a), scalenohedral calcite 
with cracked/corroded surface at ~300µm depth (b) and at the bottom of the sample (c). 
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Figure 4. Variation in the calcite crystal morphology along the sample of the ECL carbonated in 
100% CO2 atmosphere: rhombohedral calcite at the surface (a), sub-micrometer-sized 
rhombohedra at ~300µm depth (b), scalenohedral calcite with cracked/corroded surface at the 
bottom of the sample where calcium hydroxide crystals were detected (c). 
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Figure 5. Variation in the calcite crystal morphology along the sample thickness of the ECL 
carbonated in 20% CO2 atmosphere: sub-micrometer-sized rhombohedral calcite at the surface 
(a), scalenohedral form with cracked/corroded surfaces that were disintegrated into nanometer-
sized rhombohedra at ~200µm depth (b), scalenohedral calcite with cracked/corroded surface 
at the bottom of the sample (c). 

  
Figure 6. Scalenohedral calcite crystals showed corroded/disintegrated surface features (left) 
resulted in a modification to rhombohedra (right) after exposure to the 100% CO2 atmosphere. 
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CONCLUSIONS 
Accelerated carbonation of lime binders resulted in precipitation of calcite crystals 
with a habit and morphology similar on the sample surface but different through the 
sample thickness, depending on the lime type and CO2 concentration. Micrometer-
sized rhombohedral calcite crystals precipitated on the sample surface in 100% CO2 
atmosphere. In 20% CO2 atmosphere, calcite crystals precipitating at the sample 
surface was sub-micrometer-sized rhombohedral. Through the sample thickness, 
the carbonated profile showed scalenohedral calcite crystal habit with 
cracked/corroded surfaces that were disintegrated into nanometer-sized 
rhombohedra. This indicated a dissolution-reprecipitation process due to excess 
CO3

2- ions, which eventually favoured a high nucleation density resulting in a 
morphological modification from scalenohedron into rhombohedron. 
Carbonation at a high CO2 concentration is often used in the research field of lime 
mortars to accelerate the reaction. As shown in this study, exposure of lime binders 
in such a high concentration leads to a modification in the habit, morphology and 
size of the calcite crystals. This will probably lead to differences in the microstructure 
and porosity as well as in the mechanical properties of the lime mortars when 
compared with such properties of the mortars carbonated in air. This should be 
considered in the evaluation of the mortar properties obtained in accelerated tests. 
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