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Abstract 

Hypothesis The reaction of Ca(OH)2 with CO2 to form CaCO3 (carbonation process) is of high 

interest for construction materials, environmental applications and art preservation. Here, the 

"Boundary Nucleation and Growth" model (BNGM) was adopted for the first time to consider the 

effect of the surface area of Ca(OH)2 nanoparticles on the carbonation kinetics.  

Experiments The carbonation of commercial and laboratory-prepared particles’ dispersions was 

monitored by Fourier Transform Infrared Spectroscopy, and the BNGM was used to analyze the 

data. The contributions of nucleation and growth of CaCO3 were evaluated separately. 

Findings During carbonation the boundary regions of the Ca(OH)2 particles are densely populated 

with CaCO3 nuclei, and transform early with subsequent thickening of slab-like regions centered on 

the original boundaries. A BNGM limiting case equation was thus used to fit the kinetics, where the 

transformation rate decreases exponentially with time. The carbonation rate constants, activation 

energies, and linear growth rate were calculated. Particles with larger size and lower surface area 

show a decrease of the rate at which the non-nucleated grains between the boundaries transform, 

and an increase of the ending time of Ca(OH)2 transformation. The effect of temperature on the 

carbonation kinetics and on the CaCO3 polymorphs formation was evaluated. 

 

Keywords 

Calcium hydroxide, calcium carbonate, nanoparticles, carbonation, kinetics, boundary nucleation 

and growth 

 

Introduction 

Nanostructured calcium hydroxide is a material of high interest, and has proven a competitive 

alternative to bulk hydroxides and other traditional compounds. Recent applications comprise the 

use of Ca(OH)2 nanoparticles as flame-retardants for polymeric materials [1], antibacterial agents 

for medical purposes [2], and neutralizing agents for the deacidification of cellulose-based artworks 

[3–8].  

Besides the direct use of calcium hydroxide nanoparticles, several fundamental applications involve 

the conversion of Ca(OH)2 into calcium carbonate (CaCO3) by reaction with atmospheric CO2 in 

the presence of water, the so-called carbonation process. Examples include a secondary process in 

the hardening of Portland cement [9,10], the strengthening of construction materials [11–18], and 

environmental applications (carbon capture/storage, scrubber systems, geological disposal of waste) 

[19–23].  

mailto:baglioni@csgi.unifi.it
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In particular, we pioneered the use of dispersions of Ca(OH)2 nanoparticles in short-chain alcohols 

for the consolidation of carbonate-based immovable and movable works of art, which altogether 

represent the majority of the monumental and architectural patrimony of mankind [12,24,25]. 

The use of Ca(OH)2 nanoparticles allows homogenous distribution of the particles inside matrices, 

good penetration in the porous material in need of consolidation, and faster conversion than micron-

sized particles into crystalline calcium carbonate that produces mechanical strengthening [26,27]. 

These systems have been successfully employed to consolidate mortars, murals and stone, replacing 

traditional and detrimental adhesives such as synthetic polymers, which are known to alter the 

artifacts’ surface [28–31] and must be removed with advanced cleaning tools (e.g. microemulsions 

and gels) [32–35] prior to the application of the particles. 

Different synthetic processes have been developed over the last decades to tailor the Ca(OH)2 

particles’ shape and size, crystallinity, and adsorbed additives [13,14,26,27,36–46], and an inclusive 

review of synthetic pathways has been recently provided by Navarro et al. [40]. However, while 

both the carbonation of bulk Ca(OH)2 and the carbonation in solution have been addressed in the 

literature [47–51], our knowledge of the carbonation mechanism of nano-sized Ca(OH)2 particles in 

air is still poor. The process is affected by several factors, including the particles’ size, surface area, 

and impurities, as well as environmental parameters such as temperature, relative humidity (RH), 

and CO2 concentration [52–54]. Different models have been proposed in the past years to fit the 

experimental data describing the transformation of calcium hydroxide into CaCO3 phases. Some 

authors used deceleratory models with no induction time [50,51,54,55], while we found that a 

sigmoidal-type Avrami-Erofeev kinetic model provided a good fitting of the carbonation kinetics 

when the formation of the sole calcite phase (a better consolidant than metastable phases) is 

monitored [16]. Recently, Rodriguez-Navarro et al. highlighted that different results can be 

obtained by overlooking the role of precursor phases (e.g. amorphous calcium carbonate and 

vaterite) [52]; these authors monitored the formation of both amorphous and crystalline CaCO3 

phases through thermal analysis, and fitted the results to the solid-state deceleratory kinetic models 

summarized in a review by Khawam and Flanagan [56]. Among the different deceleratory models, 

the best fitting was obtained using a first order model [52]. 

In the present contribution, we investigated the carbonation kinetics of four different formulations 

of Ca(OH)2 nanoparticles’ dispersions, applying for the first time the mathematical “Boundary 

Nucleation and Growth” model (BNGM), originally developed by Cahn [57], and later used by 

Thomas to describe the hydration of tricalcium silicate (C3S) grains [58]. The carbonation of 

Ca(OH)2 nanoparticles is a water-mediated process that takes place at the solid-liquid interface 

[40,59–61]; therefore, the BNGM was here evaluated considering that the process is expected to 

preferentially occur via nucleation at the grain boundaries, followed by growth along the particles 

surface, and then outward into the pore space between the particles, until the products regions 

coalesce. Namely, this geometrical model takes into account the effect of the surface area of the 

particles on the carbonation kinetics. 

After selecting the BNGM based on the aforementioned rationale, we followed a rigorous approach 

by evaluating separately the contributions of the nucleation and growth of CaCO3 during the 

carbonation process. Thus, we evaluated the possible application of limiting cases of the model, 

where one of the two contributions (i.e. either boundary nucleation or growth) prevails over the 

other. 

Fourier Transform Infrared Spectroscopy (FTIR) was selected to investigate the carbonation 

process, as it feasibly allows monitoring over time the transformation of calcium hydroxide into 

both amorphous and crystalline calcium carbonate phases [62,63]. In this contribution, the main 

focus was the quantitative description of the calcium hydroxide reaction kinetics, using a 

mathematical model able to describe processes at the interface of the reacting grains. To this 

purpose, the consumption of calcium hydroxide over time was monitored by FTIR, fitting the 

experimental data to the BNGM, and matching the obtained results with the characteristics of the 

hydroxide nanoparticles (size, surface area, dispersing solvent). The hydroxide consumption was 
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followed under strictly controlled environmental conditions (T, RH, CO2 concentration), evaluating 

the effect of temperature on the process.  

Finally, as a side topic to the actual kinetic study, we carried out a semi-quantitative evaluation of 

the formed stable (calcite) and metastable (vaterite, aragonite) crystalline CaCO3 phases for the 

different systems. Rather than a morphological and structural study of the CaCO3 polymorphs, our 

aim was to verify if the size and surface area of the Ca(OH)2 nanoparticles affect the speed of 

formation of vaterite and calcite. FTIR was used to evaluate the presence of CaCO3 phases, as this 

technique was previously reported in the literature to quantitatively analyze calcium carbonate 

polymorphs [63].  

We prepared two of the systems investigated in this study following two different synthetic routes 

for the preparation of Ca(OH)2 nanoparticles’ dispersions, i.e. the treatment of slaked lime and a 

solvothermal process. Namely, slaked lime can be treated through a top-down process, and the 

obtained particles are stably dispersed in short-chain alcohols [13,24]. In solvothermal processes, 

the alcohol (ethanol or propanol) oxidizes metallic calcium to the corresponding alkoxide, and the 

subsequent addition of water induces the formation of calcium hydroxide via a hydrolysis reaction 

[64,65]. As a reference, a commercial formulation (CaLoSiL®) was also investigated; the 

dispersions (either in ethanol or 2-propanol) are prepared via an alkoxide route [11,40]. 

The four systems exhibit different characteristics, such as the used liquid medium (ethanol, 2-

propanol), and the specific surface area of the particles. The kinetic behavior of the four systems 

was thus compared, calculating the rate constants, the activation energies, and the linear growth rate 

of the carbonation process. 

 

 

 

Materials and Methods 

 

Chemicals  

KBr (FTIR grade, Merck), NaCl (Technical grade, Sigma-Aldrich) were used as received. Ethanol 

absolute (99.8%, Fluka), 2-propanol (99.5%, Sigma-Aldrich), slaked lime (Ca(OH)2, technical 

grade, Banca della Calce) and metal granular calcium (99%, Aldrich) were used for the syntheses of 

nanoparticles. Water was purified by a Millipore Milli-Q UV system (resistivity >18 MΩ cm).  

 

Dispersions of nanoparticles  

 

A dispersion (5 g/L) of Ca(OH)2 nanoparticles was prepared by treatment (grinding and sonication) 

of slaked lime [13,24], and labeled as LIP (Laboratory-prepared formulation, particles dispersed in 

2-propanol). An IKA Ultraturrax dispersing system and a Branson Ultrasonics Sonifier S-450 were 

used. Following a solvothermal route reported elsewhere [64,65], we prepared a concentrated (35 

g/L) dispersion in ethanol, which was then diluted to 5 g/L, and labeled as LE. The synthesis was 

performed in a high-pressure reactor (Parr-instruments).   

The commercial products CaLoSiL®E5 and CaLoSiL®IP5 are Ca(OH)2 nanoparticles alcohol 

dispersions (5 g/L) commercialized by IBZ-Salzchemie GmbH & Co. KG (Germany). The systems 

have been labeled as CE and CIP (particles commercially produced, dispersed respectively in 

ethanol (CE) and 2-propanol (CIP)). In Table 1, the name, composition, and some physico-chemical 

parameters of the nanoparticles dispersions, are reported.  

 

Table 1 – Name, composition, size, specific surface area and total area of the grain boundaries per 

unit volume (  
 ) of the Ca(OH)2 nanoparticles dispersions selected for the carbonation kinetics.  
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The particles’ size for the commercial systems (CE, CIP) are extracted from their Technical Leaflet 

[66]. The particles’ size distribution of the LE and LIP systems was measured through Dynamic 

Light Scattering (DLS) measurements, which were performed with a 90Plus Particle Size Analyzer 

(Brookhaven Instrument Corporation). The light scattered from the sample was collected at 90˚ with 

the incident 659 nm laser light radiation. At least three measurements for each sample were 

recorded, at 25˚C. Particle size distributions were obtained from the fitting of the measured 

autocorrelation functions using the CONTIN method [67]. Each sample was diluted to 1 g/L before 

the measurement.  

The specific surface area of nanoparticles (see Table 1) was determined by Brunauer-Emmett-Teller 

(BET) measurements (at least two measurements for each sample). N2 sorption isotherms were 

obtained using a Coulter SA 3100 Surface area analyzer. This gives access to the value of the 

surface area with an error of about 5%.  

 

 

Carbonation of nanoparticles and FTIR analysis 

 

The carbonation of Ca(OH)2 nanoparticles occurred under controlled environmental conditions, in a 

home-made sealed climatic chamber. Temperature and RH were continuously monitored using a 

data logger (Easylog EL-USB-2-LCD, 1 reading every 5 minutes). RH was kept stable at 75 (± 2) 

% placing NaCl saturated solutions inside the chamber. The carbonation took place at temperature 

values set at 14, 22 and 30 (± 1.5) °C. Similar temperature and RH values have been used in 

previous aging protocols where the nucleation of calcium carbonate from Ca(OH)2 particles was 

studied [52,68,69]. These values were selected since they are representative of standard conditions 

typically found in case studies where the particles’ dispersions are applied (e.g. consolidation of 

stone and mortars). Environmental CO2 concentration in the chamber was 450 ppm (monitored with 

an AirControl 3000 CO2, Dostmann Electronics), consistent with previous studies on the 

carbonation of Ca(OH)2 [59,70]. A fan was used to prevent carbon dioxide deposition on the bottom 

of the climatic chamber. 

SYSTEM 

NAME 
SOLVENT PREPARATION 

PART. 

SIZE (nm) 
SPEC. SURF. 

AREA (m
2
∙g

−1
) 

  
  

(μm
−1

) 

CE 
ethanol 

 

 

Solvothermal 

process from Ca 

50-250 38 76 

LE 
ethanol 

 
100-200 36 72 

CIP 
2-propanol 

 
50-250 38 76 

LIP 
2-propanol 

 

Top-down process 

from slaked lime 

300-500 

(with few 

micron-

sized 

aggregates) 

20 40 



  

 5 

For the FTIR study of the carbonation process, thin films of calcium hydroxide were cast on KBr 

pellets. Each pellet was prepared using 200 mg of KBr. KBr was dried overnight in an oven under 

vacuum at 110˚C, prior to pellet preparation. For each measurement, before deposition of Ca(OH)2, 

the pellet was placed on a holder, and used to acquire a background FTIR spectrum. Then, 40 μL of 

nanoparticles’ dispersion was deposited over the pellet, still placed on the holder, and dried under 

N2 flow to ensure complete solvent evaporation without triggering the carbonation reaction. A 

spectrum was acquired on the pellet, and the holder was then placed into a climatic chamber. At 

chosen time, the pellet was extracted from the chamber and another spectrum was acquired. As the 

extraction of the pellet and its short permanence in laboratory conditions (23°C, 50% RH) alter the 

carbonation process, each pellet was discarded after the measurement, i.e. different pellets were 

used for different carbonation times. At least three pellets were prepared and measured for each 

carbonation time. The FTIR spectra were acquired using a BIO-RAD FTS-40 spectrometer, in 

transmission mode, between 4000 and 400 cm
-1

, acquiring 64 scans for each spectrum, and using a 

delay time of 30 s between placing the KBr pellet in the sample holder and acquiring the spectrum. 

The Win-Ir software was used to calculate the area of the absorption peak of Ca(OH)2 centered at 

3650 cm
-1

 (OH stretching [71]), using a linear baseline. The evolution over time of this peak, during 

the carbonation process, was calculated as follows: 

 

  
                

      
 

 

where Areat0 is the area of the peak at t = 0, and Areatx is the area of the peak at generic time t = x, 

measured for the same KBr pellet and on the same spot. Thus,  is defined as the carbonation 

degree, increasing from 0 to 1 upon completion of the carbonation process. 

 

 

Generalized Boundary Nucleation and Growth Model (BNGM) 

 

Because the carbonation of Ca(OH)2 nanoparticles is a process occurring at the interface of the 

particles, it can not be assumed that the nucleation of calcium carbonate takes place at randomly 

distributed locations within the untransformed Ca(OH)2 volume. Instead, the carbonation products 

form first on the surface of the particles (grain boundary nucleation), and then grow along the 

particles’ surface, eventually covering them. Product regions from adjacent particles eventually 

coalesce.  

The kinetics of nucleation and growth under the conditions of grain boundary nucleation were 

derived mathematically by Cahn [57], discussed and implemented by Christian [72], and later used 

by Thomas to describe the hydration of tricalcium silicate (C3S) grains [58]. These works can be 

referred to for the detailed geometrical derivation of the BNG kinetic model. 

Essentially, the derivation of the model’s equations starts by considering an untransformed volume 

containing single planar boundary, and assuming that nucleation of the transformed phase occurs 

only at spatially random locations on this boundary. Then, the intersection of a single growing 

spherical region of nucleated product with a plane parallel to the boundary (at a perpendicular 

distance y) is considered. The volume fraction of transformed phase originating from nuclei on the 

single grain boundary is thus found by integrating the area fraction of intersection over all values of 

the perpendicular distance y between the plane and the boundary. 

According to the generalized BNGM, the volume fraction of transformed phase originating from 

nuclei on the same grain boundary, X, can be expressed as follows [58]:  

 

             
                 

  

 
                         Eq. 1 
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where   
  is the total area of the grain boundaries (randomly distributed in the original 

untransformed volume) per unit volume, G is the linear growth rate, t is the time since the start of 

the transformation; y is the perpendicular distance of a plane parallel to the boundary from the 

transforming boundary (i.e., Gt), Y
e
 is the extended area fraction of the intersection between the 

plane at distance y from the boundary and all regions nucleated on the grain boundary. Y
e
 can be 

mathematically described as: 

 

    
   

 
       

   

     
   

                                   if                                                           Eq. 2 

 

                                            if                            

 

where IB is the nucleation rate per unit area of untransformed boundary.  

The volume of the transformed phase, X, depends thus on G, IB, and   
 ; however, these parameters 

are covariant, such that Eq. 1 has only two degrees of freedom. For this reason, Thomas proposed to 

describe the kinetics in terms of two independent rate constants, named kB and kG, which are defined 

respectively as the rate at which the nucleated boundary area transforms, and the rate at which the 

non-nucleated grains between the boundaries transform (i.e. the rate at which the porosities are 

filled with reaction products) [58,73]. The linear growth rate, G, and the nucleation rate IB, are 

obtained from the rate constants kB and kG, by the following relationships: 

 

        
                                 Eq. 3 

 

     
 G                      Eq. 4 

 

To achieve a numerically solvable equation, a change of variable from y = Gt to z = y/G is 

performed [58]: 

 

    
 

 

  
 

  
     

   

  
 

   

  
                                       if                                                        Eq. 5 

 

and hence: 
 

                             
 

 
                                Eq. 6 

 

Eq. 6 can now be computed numerically, and the parameters kB and kG can be directly accessed by 

the fitting procedure implemented in the analysis software. Monitoring the disappearance of 

calcium hydroxide gives direct access to the progress of the carbonation. The reaction degree   

versus time can be directly fitted using the generalized BNGM by explicitly introducing   into Eq. 

6: 

 

                                      
 

 
                       Eq. 7 

 

where    is the fraction of converted calcium hydroxide at time t, and    and    are the fractions at 

initial and final time, respectively. Fitting the time evolution of α using Eq. 7 and Eq. 5 returns the 

two independent parameters kB and kG. The values of the linear growth rate, G, and of the nucleation 

rate, IB, can be then calculated through Eq. 3, using kB, kG, and   
 . The values of   

  for the 

systems CE, LE, CIP, and LIP, are reported in Table 1.   
  was obtained dividing the surface area 

of the dry Ca(OH)2 powder (see Table 1) by the volume occupied by the carbonation products after 

complete carbonation (per gram of reacting hydroxide, 0.5 cm
3
/g). Such a volume was calculated 

from the stoichiometry of the reaction (see Eq. 8), using the density of the stable CaCO3 polymorph, 
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calcite, i.e. 2.71 g/cm
3
 (which is close to the average of the densities of the three crystalline 

polymorphs). The BNGM equations have been solved in Igor Pro, version 6.2. 

 

 

Results and Discussion 

 

Kinetic study 

The carbonation of Ca(OH)2 in humid conditions can be outlined in two main steps: the dissolution 

of the reactants, and the reaction of the ions in the presence of water. Namely, CO2 diffuses at the 

gas/water interface and dissolves in water, forming carbonic acid (H2CO3), which dissociates into 

carbonate ions (CO3
2-

) and bicarbonate ions (HCO3
-
); Ca(OH)2 dissolves and dissociates into 

calcium ions (Ca
2+

) and hydroxyl ions (OH
−
); the calcium ions and carbonate ions react leading to 

the precipitation of solid calcium carbonate (CaCO3) [40,59–61]. The overall process is usually 

schematized as follows [Eq. 8]: 

 

                                             Eq. 8 
 

According to Rodriguez-Navarro et al., the process follows the Ostwald’s step rule, where 

amorphous calcium carbonate (ACC) is firstly formed, followed by metastable phases, before 

calcite forms (vaterite  aragonite  calcite) [52]. The formation of ACC pseudomorphs after 

Ca(OH)2 involves multilayer adsorption of water onto the hydroxide crystals, followed by a 

dissolution-precipitation mechanism [52,53]. Both capillary condensation into the mesoporous 

structure, formed upon drying of the Ca(OH)2 nanoparticles’ dispersions, and the release of water 

during carbonation, favor the formation of ACC in the aqueous solution film (where high 

supersaturation is reached during the early stages) [51,52]. In addition, these authors observed ACC 

nanoparticles with no spatial connection with the ACC pseudomorphs; thus, they suggested that the 

particles might form through homogeneous nucleation in the aqueous solution film [52]. 

In order to select a kinetic model to describe the transformation of calcium hydroxide into 

carbonate, we considered that the formation of ACC in the aqueous film reasonably occurs along 

the surface of the Ca(OH)2 nanoparticles (at the solid-liquid interface); the products eventually 

cover the surface and fill the mesoporous structure formed by the particles’ aggregation after 

alcohol evaporation. Overall, the process can be considered analogous to a phase transformation in 

a polycrystalline solid where nucleation occurs preferentially at the grain (particle) boundaries. 

Therefore, the generalized BNGM [57,72] was adopted to describe the kinetics process. Previously, 

Thomas successfully applied this model to the hydration kinetics of tricalcium silicate (C3S), i.e. 

another process that involves dissolution-precipitation and the formation of products on the surface 

of the C3S particles via boundary nucleation and growth [58,74,75]. Following this rationale, in the 

present study we adopted a rigorous approach where we first verified the applicability of the 

generalized BNGM to describe the carbonation of the Ca(OH)2 nanoparticles’ dispersions. This 

enabled the evaluation of the single processes  relevance (nucleation, growth) on the overall 

kinetics; thus, we were eventually able to provide the best fit of the curves taking advantage of a 

“limiting case” of the BNG model. 

Figure 1 shows the time evolution of the carbonation degree (as obtained by FTIR) for the CE 

system at 22˚C. The remaining carbonation curves for all the systems (CE, LE, CIP, LIP) at the 

three considered temperatures (14, 22, and 30˚C) are shown in the SI (Figures S1-S4). 

In Figure 1A, the carbonation curve was fitted to the generalized BNGM. The fitting directly yields 

the two rate constants kB and kG, i.e. the rate at which the nucleated boundary area transforms, and 

the rate at which the porosities are filled with carbonation products [58,73]. Table 2 summarizes the 

values of kB and kG for CE, LE, CIP and LIP, at the three temperatures. 
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Table 2 – Rate constants (kB and kG) of the four systems at the three temperatures, directly obtained 

by fitting the experimental data to the generalized BNGM. 

*These values could be obtained only by constraining the kB value to the minimum necessary to 

make the fitting converge. 

 

 

 
 

Figure 1 – Fitting of the carbonation curve of the CE system at 22°C, using (A) the generalized 

BNGM and (B) the limiting case BNGM. The insets highlight the different shape of the curves at 

the beginning of the kinetics (first 3 hours).  

 

It is worth noting that in many cases the fitting does not converge unless the kB value is constrained 

(values highlighted with a “*” in Table 2). In such cases we chose to constrain the kB value to the 

minimum necessary to make the fitting converge, and the obtained values can be considered as the 

lowest possible estimations of kB. Nevertheless, kB is always higher than kG, indicating that 

nucleation proceeds at a faster pace with respect to growth. 

The linear growth rate, G, and the nucleation rate, IB, can be calculated from kB and kG, using Eq. 3 

and 4. The obtained IB/G ratios are significantly large for all the considered systems and 

temperatures (e.g. ratios ranging from 10
4
 to 10

7
 µm

-1
h

-2
). According to Thomas, this indicates that 

the boundary regions are densely populated with nuclei and transform completely early in the 

process [58]. This means that the transformation does not depend on the nucleation rate, and occurs 

SYSTEM 

NAME 

14ºC 22ºC 30ºC 

kB (h
-1

) kG (h
-1

) kB (h
-1

) kG (h
-1

) kB (h
-1

) kG (h
-1

) 

CE 0.66 ± 0.07 0.27 ± 0.03 1.58* ± 0.14 0.73 ± 0.11 2.75 ± 0.45 0.74 ± 0.07 

LE 0.96* ± 0.19  0.28 ± 0.03 1.40* ± 0.16 0.50 ± 0.04 1.46 ± 0.13 0.60 ± 0.07 

CIP 0.90* ± 0.16 0.22 ± 0.03 1.66 ± 0.55 0.32 ± 0.03 2.10* ± 0.20 0.84 ± 0.09 

LIP 0.74* ± 0.26 0.12 ± 0.01 1.05 ± 0.48 0.13 ± 0.01 1.55 ± 0.26 0.35 ± 0.03 
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mostly by subsequent thickening of slab-like regions of transformed product centered on the 

original boundaries [58]. Under these conditions, a limiting case equation (Eq. 9) is used to describe 

the process kinetics, where the transformation rate decreases exponentially with time [57]: 

 

                                            Eq. 9 

 

Therefore, we proceeded to fit the carbonation curves with Eq. 9. Figure 1 shows the comparison 

between the generalized BNGM and the BNGM limiting case applied to the CE system at 22°C. 

Indeed, the use of the BNGM limiting case allows for a good fitting of the data without using 

narrow constraints, differently from the application of the generalized model. As clearly shown in 

Figure 1B, the fitting curve is exponential (independent on kB), rather than sigmoidal (Figure 1A). 

The demonstration provided here, i.e. that the kinetics is independent on the nucleation rate, 

corroborates and integrates the findings of other authors that employed either first order [52] or 

pseudo-second order [50,51] deceleratory models to describe the carbonation kinetics of Ca(OH)2 

particles of different size (nano an sub-micro), in different environmental conditions. It must be 

noticed that none of these previous models addressed specifically the role of boundary nucleation 

and growth; namely, no values for the growth constant rate were provided in those works. 

Fitting the curves under the BNGM limiting case directly yields the kG values, which are reported in 

Table 3. The table also includes the G values (calculated from Eq. 4), and the ending time (tf) of the 

Ca(OH)2 transformation, i.e. when the absorption peak of Ca(OH)2 centered at 3650 cm
-1

 (OH 

stretching) is no longer observable in the FTIR spectra of the nanoparticles’ films.  

 

Table 3 – Parameters extracted from the limiting case BNGM fitting of the CE, LE, CIP, and LIP 

systems at the three considered temperatures (ending time (tf) of the Ca(OH)2 transformation, rate 

constant (kG [h
-1

]), and calculated linear growth rate (G [nm∙h
-1

])), and from the Arrhenius plots for 

the four systems (activation energy, Ea [kJ∙mol
-1

], and R
2
). 

 

 

As expected, for each system the conversion of Ca(OH)2 nanoparticles into CaCO3 is faster (i.e. 

higher kG values) at higher temperatures. A representative example is shown in Figure 2, where the 

fitted carbonation curves of LIP display a higher slope passing from 14 to 22 and 30˚C (Figure 2A-

C). Fitted carbonation curves, using the BNGM limiting case, of the CE, LE and CIP systems are 

reported in Figure S5-S7. Besides, increasing the temperature, the curves reach the asymptotic 

plateau at earlier time. At all temperatures, LIP exhibits kG values lower than the other systems, and 

roughly double tf values (see Table 3 and Figure 3). This was explained considering that the 

 

SYSTEM 

NAME 

14ºC 22ºC 30ºC 
 

Ea 

 

R
2
  

tf kG G tf  kG G tf kG G 

CE 5 
0.23 ± 

0.01 

3.03 ± 

0.28 
4 

0.53 ± 

0.04 

6.97 ± 

0.88 
3 

0.67 ± 

0.03 

8.82 ± 

0.84 
50.4 0.90 

LE 5 
0.25 ± 

0.01 

3.47 ± 

0.31 
3 

0.43 ± 

0.02 

5.97 ± 

0.58 
3 

0.50 ± 

0.03 

6.94 ± 

0.76 
31.4 0.91 

CIP 5 
0.19 ± 

0.01 

2.50 ± 

0.26 
4 

0.32 ± 

0.02 

4.21 ± 

0.47 
2.5 

0.71 ± 

0.03 

9.34 ± 

0.86 
59.6 0.98 

LIP 9 
0.12 ± 

0.01 

3.00 ± 

0.40 
8 

0.14 ± 

0.01 

3.50 ± 

0.43 
6 

0.32 ± 

0.01 

8.00 ± 

0.65 
43.9 0.86 
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Ca(OH)2 nanoparticles in LIP have larger dimensions (a bimodal distribution, with primary 

particles of 300-500 nm and larger aggregates of about 1 µm) and lower surface area than the other 

systems, as reported in Table 1; this results in a lower amount of boundaries available for the 

nucleation of CaCO3, hence in a reduced reactivity during the carbonation process. At each 

temperature, the CE, LE and CIP systems exhibit roughly the same tf values, and the values of kG of 

these systems are more similar to each other than to the kG value of LIP. This highlights that the 

kinetic behavior is influenced by the preparation method of the particles’ dispersions, as it 

determines the particles’ size and surface area, which are comparable for the systems CE, LE and 

CIP (see Table 1).  
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Figure 2 – Fitting of the carbonation curves of LIP at (A) 14°C, (B) 22°C, (C) 30°C, using the 

limiting case BNGM.  

 

 

 
 

Figure 3 – Fitting of the carbonation curves at 22°C for (A) CE, (B) LE, (C) CIP, (D) LIP, using the 

limiting case BNGM.  

 

The linear growth rate (G) has comparable values for the four systems at 14˚C (G ~3 nm∙h
-1

) and 

30˚C (G ~8 nm∙h
-1

), while at 22˚C the systems in ethanol have a G value that is 1.5-2 times higher 

than systems in 2-propanol (G ~6-7 nm∙h
-1

 for CE, LE; G ~4 nm∙h
-1

 for CIP, LIP). The differences 

in G, observable at the intermediate temperature (22˚C), could be due to the role of the solvent in 

the formation of aggregates in the Ca(OH)2 films. In fact, after the deposition of the nanoparticles’ 

dispersions on the KBr pellets, alcohol evaporation leads to the formation of layers of stacked and 

aggregated particles. 2-propanol has a lower dielectric constant than ethanol, which results in lower 

Debye lengths and reduced screening between the particles in dispersion. This trend might translate 

into differential aggregation of the particles during alcohol evaporation and in the dry films, with 

more pronounced aggregation (and lower G values) in the case of particles in 2-propanol. We thus 

hypothesized that the aggregation state of the particles has a different influence on the surface area 
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of the dry Ca(OH)2 films (which is similar for CE, LE, and CIP), and on kG (which varies among 

the systems), i.e. the two factors that determine G. Instead, at 14˚C and 30˚C, the transformation of 

calcium hydroxide is respectively too slow or too fast in all systems to observe a significant 

difference in the linear growth rate of the transformation products; in other terms, in these 

conditions the influence of T on G is more significant than that of the solvent.  

The activation energy of the Ca(OH)2 transformation was calculated from Arrhenius plots (ln kG 

versus 1/T) for the four systems, reported in Figure 4. Good R
2
 values (0.86-0.98, see Table 3) were 

obtained from the linear fitting of the experimental data, indicating that the plots are linear across 

the considered temperature range. The slope of the linear fittings gives constant activation energies 

(Ea), which are reported in Table 3. Namely, it was found that the LE system exhibits the lowest 

dependence of kG from temperature (Ea = 31.4 kJ∙mol
-1

), LIP has Ea = 43.9 kJ∙mol
-1

, and the two 

CaLoSiL® products show different activation energies (Ea = 50.4 kJ∙mol
-1

 for CE, and 59.6 kJ∙mol
-1

 

for CIP), possibly due to the different solvents used. To the best of our knowledge, this is the first 

time that activation energy values are provided for the carbonation of Ca(OH)2 nanoparticles around 

room temperature and environmental CO2 concentration. 

Elsewhere, activation energy values of 6-12 kJ∙mol
-1

 have been reported for the dry solid-gas 

carbonation of micrometric aggregates of Ca(OH)2 nano-platelets or micron-sized particles at high 

temperature (> 250˚C) under non-isothermal conditions [76,77], while values ranging from 20 to 

200 kJ∙mol
-1

 have been reported for the isothermal carbonation of CaO above 400˚C [78–82]. The 

fact that we found comparable activation energies for the room temperature (14-30˚C) carbonation 

of the Ca(OH)2 nanoparticles’ films, is explained considering that in our case the process takes 

place at high RH (75%), rather than in dry conditions. Vance et al. had previously reported an 

activation energy of 7.5 kJ∙mol
-1

for the carbonation of portlandite particles around room 

temperature, using liquid and supercritical CO2 [83]. 
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Figure 4 – Arrhenius plot (lnkG versus 1/T) of the four systems: (A) CE system, (B) LE system, (C) 

CIP system, (D) LIP system. 

Carbonate Polymorphs 

As a side topic to the actual kinetic study, we evaluated semi-quantitatively the formation of the 

CaCO3 phases from the carbonation of the Ca(OH)2 nanoparticles. While previous studies by 

Rodriguez-Navarro et al. and Cizer et al.[47,52,84] have detailed the morphology and structure of 

the CaCO3 polymorphs formed by carbonation, our aim in this contribution was to verify if the size 

and surface area of the Ca(OH)2 nanoparticles affect the speed of formation of vaterite and calcite. 

FTIR was employed to evaluate the presence of CaCO3 phases, as this technique, differently from 

X-Rays, enables monitoring both amorphous and crystalline phases over time. FTIR was previously 

reported in the literature to quantitatively analyze calcium carbonate polymorphs [63]. 

Here, the time-evolution of the following absorption bands was monitored: calcite in-plane bending 

(ν4) at 713 cm
-1

, vaterite in-plane bending (ν4) at 745 cm
-1

, and aragonite out-of-plane bending (ν2) 

at 854 cm
-1

 [62,63]. Besides, we monitored the presence of the broad band of ACC centered at 865 

cm
-1

 (out-of-plane bending, ν2), and its evolution and shift into a narrower band centered at 876 cm
-

1
 (vaterite and calcite out-of-plane bending, ν2) [62]. 
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According to the literature, the carbonation of Ca(OH)2 nanoparticles in humid air at room 

temperature involves the initial formation of ACC and its transformation into metastable vaterite 

(and minor amounts of aragonite), via a dissolution–precipitation process, followed by crystal 

growth [52,53,85–87]. As reported by Rodriguez-Navarro et al., building units of vaterite 

presumably form via heterogeneous nucleation onto ACC, and then aggregate by mesoscale 

assembly into nearly iso-oriented structures resembling mesocrystals. Aragonite spindle-like 

structures likely form after heterogeneous nucleation onto ACC; then aragonite dissolves and 

transforms either into calcite or into large prisms (by Ostwald ripening), and its presence is overall 

scarce. The stable phase, calcite, can directly nucleate and grow after dissolution of 

ACC/vaterite/aragonite, or nucleate on vaterite/aragonite and grow via non-classical particle-

mediated aggregation or a classical ion-mediated mechanism [52]. 

While ethanol seems to have no significant effect on ACC formation [52], the presence of organic 

molecules (e.g. alcohols, alkoxides) on the surface of the Ca(OH)2 particles (or grains) is known to 

favor the formation and kinetic stabilization of vaterite, delaying its transformation into calcite 

[68,84,88–90]. In few cases, the spectra of the CE, LE, CIP, and LIP systems recorded within the 

first hour of the carbonation process, exhibited very weak bands at 2960-2830 cm
-1

 (CH stretching), 

1075 and 1050 cm
-1

 (C-O stretching), ascribable both to residual alcohol (from the drying step) or 

to alkoxide [91]. The latter can be due to untransformed reaction products in the case of 

nanoparticles obtained by solvothermal reaction, or can be formed by reaction of Ca(OH)2 with 

short-chain alcohols during storage of the dispersions [68]. In any case, alkoxide is readily 

transformed into calcium hydroxide by hydrolysis in humid air. 

The aforementioned polymorph evolution (ACC  vaterite  calcite) was observed for all the 

systems at all temperatures (14˚C, 22˚C, 30˚C), in agreement with the trend reported in the literature 

[52,53,85–87]. Figure 5 shows a representative example (system CE at 14˚C) where the broad band 

centered at 865 cm
-1

 (ACC out-of-plane bending, ν2) becomes narrower and shifts over time to 876 

cm
-1

 (vaterite and calcite out-of-plane bending, ν2). 

 

Figure 5 – Time-evolution of the carbonate out-of-plane bending absorption peak (ν2) for the CE 

system at 14°C: the broad band centered at 865 cm
-1

 (ACC out-of-plane bending, ν2) becomes 

narrower and shifts to 876 cm
-1

 (vaterite and calcite out-of-plane bending, ν2). 

 

When temperature increases from 14 to 30˚C, the presence of ACC is observable up to 

progressively shorter times, i.e. up to 2h from the beginning of the Ca(OH)2 transformation at 14°C, 

and 0.5-2h at 22°C. At 30°C, ACC is detected in the LIP system in the first 20 minutes, while it is 

not detected in CE, LE and CIP, as it evolves quickly into crystalline phases. 
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Both the vaterite band at 745 cm
-1

 and the calcite band at 713 cm
-1

 appear only after disappearance 

of ACC, and both phases are detected at earlier times when temperature increases. Calcite appeared 

after vaterite only in three cases (LE system at 14˚C and 22˚C, LIP system at 14˚C). Consistently 

with the literature [52,92,93], traces of aragonite were detected in the four systems, always 

coexisting with vaterite.  

At later stages, calcite prevails on vaterite, and vaterite disappears at earlier times when temperature 

increases. Calcite is the sole or dominant polymorph in CE, LE and CIP after 14h at 14˚C, 7h at 

22˚C, and 4h at 30˚C. Figure 6 qualitatively shows the trends of the CE system at the three 

temperature values. For the LIP system, at 14˚C vaterite is present after 14h together with calcite. 

Calcite becomes the dominant phase after 14h at 22˚C, and after 7h at 30˚C. Figures S8-S10 show 

the complete set of FTIR spectra for the four systems. It is worth noting that the slower time 

evolution of CaCO3 polymorphs in LIP is consistent with the slower Ca(OH)2 transformation 

kinetics of this system as opposed to CE, LE, and CIP. 

In order to evaluate semi-quantitatively the aforementioned trends for the formation of the 

crystalline polymorphs, we measured the absorbance of the vaterite peak at 745 cm
-1

 (      ), and 

of the calcite peak at 713 cm
-1

 (      ). The concentration of each polymorph (     and      ) 

was then calculated using the following formula [63]: 

 

                
      

 

                  
      

 

where     
    and      

    are respectively the values of the absorption coefficients of vaterite and 

calcite, which were calculated by Vagenas et al. (    
    = 21.8 mm

2 
mg

-1
;      

    = 63.4 mm
2 

mg
-1

) 

[63]. The concentrations were then weighted by the initial amount of available calcium hydroxide 

for each considered sample (i.e. KBr pellet). The weighted concentration was labeled C*. Figure 7 

shows the evolution of vaterite and calcite for the CE system at all the considered temperatures. 

Such trends are representative of all the systems (see Figure S11-S13), even though the LIP system 

has a slower time evolution of the two phases, as mentioned above. The obtained results confirmed 

that in most cases calcite coexists with vaterite starting from the first stages of the formation of 

crystalline phases. Indeed, it has been shown that the formation of calcite takes place in solution 

through either direct (nucleation from solution) or indirect pathways (nucleation on vaterite and 

aragonite) [52]. 

Overall, the semi-quantitative evaluation showed that the polymorph evolution is slower for larger 

nanoparticles (with lower surface area), similarly to what observed for the conversion of Ca(OH)2 

into CaCO3. 
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Figure 6 – FTIR spectra, showing the 780-680 cm
-1

 region, of the CE system at 14 (A), 22 (B) and 

30°C (C), at different times through the carbonation process. The evolution of the in-plane bending 

absorption (ν4) of calcite (“C”, 713 cm
-1

) and vaterite (“V”, 745 cm
-1

) is highlighted 
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Figure 7 – Time-evolution of the vaterite and calcite weighted concentrations for the CE system at 

14°C (A), 22°C (B), and 30°C (C). The solid lines are simply guides to visualize the trend of the 

experimental data 
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Conclusions 

 

The carbonation kinetics of four different Ca(OH)2 nanoparticles dispersions in humid air was 

investigated using for the first time the Boundary Nucleation and Growth Model (BNGM). The 

choice of the BNGM over Avrami-type or deceleratory models previously reported in the literature 

[16,50,51,54,55] was due to the necessity of taking into account systematically the separate 

contribution of the nucleation and of the growth of calcium carbonate phases, and also to inspect the 

role of the surface area of the particles in the transformation of Ca(OH)2 into CaCO3.  

We found that in several cases fitting the time evolution of the Ca(OH)2 carbonation degree 

(obtained by FTIR) to the generalized BNGM was possible only using narrow constraints on the 

value of kB (related to the nucleation process). In any case, for all the systems at all the considered 

temperatures, the value of kB is larger than that of kG (the growth rate, at which the carbonation 

products fill the porosities). Moreover, in all cases the ratio between the nucleation rate per unit area 

of untransformed boundary, IB, and the linear growth rate, G, is very large. Such conditions indicate 

that the boundary regions are densely populated with nuclei and transform early in the process with 

subsequent thickening of slab-like regions centered on the original boundaries. A BNGM limiting 

case equation was thus used to fit the process kinetics, where the transformation rate depends only 

on the growth process, and decreases exponentially with time; the limiting case equation provides 

good fitting of the experimental data, with no need of constraints.  

Nanoparticles with larger dimensions and lower surface area exhibit lower kG and transform 

completely at later times. This can be ascribed to the lower amount of boundaries available for the 

nucleation of CaCO3. Nanoparticles prepared via alkoxide routes show similar kG values, 

consistently with the similar particles’ dimensions and surface area of these systems. 

Differences in the linear growth rate of the transformed products at 22˚C were ascribed to the effect 

of the solvent: 2-propanol favors the aggregation of particles in the dispersions and during the 

formation of films; aggregation might have a different effect on the surface area of the dry Ca(OH)2 

films than on kG, i.e. the two factors that determine G.  

Arrhenius plots showed that the LE system exhibits the lowest activation energy, i.e. the lowest 

dependence of the growth rate on temperature.  

The CaCO3 polymorph evolution in all systems follows the trend ACC  vaterite  calcite. The 

prolonged presence of vaterite was explained considering that alcohol molecules, adsorbed on the 

surface of Ca(OH)2 particles, retard the dissolution of vaterite and subsequent precipitation of 

calcite. Both phases are detected at earlier times when temperature increases. Later in the 

polymorph evolution, calcite prevails on vaterite, and vaterite disappears at earlier times when 

temperature increases. The polymorph evolution is slower for larger nanoparticles (with lower 

surface area) as observed for the conversion of Ca(OH)2 into CaCO3.  

In conclusion, the results obtained using the BNGM corroborate and integrate those provided by 

deceleratory models previously proposed in the literature, but the approach proposed here led to 

new and detailed insight on the carbonation kinetics, where general consensus has not yet been 

reached. Importantly, values for the growth constant rate, overlooked by previous works 

[50,51,54,55], were provided in this contribution for the first time. 

Future perspectives involve deepening the effects of the systems’ carbonation kinetics on their 

behavior as consolidants, e.g. when they are applied for the strengthening of carbonate-based 

artistic or architectural heritage (mortars, murals, limestone, etc.); for instance, slower conversion of 

vaterite to calcite is expected to lead to the formation of lager crystalline domains, resulting in more 

cohesive CaCO3 layers than the other systems. This would allow selecting the optimal system and 

climatic conditions for different art conservation cases, where either faster carbonation times or 

more cohesive carbonate crystalline networks could be desired. For instance, fast carbonation rates 

are desirable when the Ca(OH)2 nanoparticles are used to neutralize acids on cellulose-based 

artifacts [3–8], while highly cohesive crystalline carbonate layers  are necessary to strengthen 

painted surfaces in wall paintings and stone [12,24,25]. 
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