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ABSTRACT – Carbonation of lime binders has been studied using a carbonation set-up 
combined with in-situ XRD analysis in order to follow the real-time modification in portlandite 
and calcite phases while measuring the reaction kinetics. Accelerated carbonation was carried 
out in a 100% CO2 atmosphere at ~95% RH using lime pastes at different water contents. XRD 
results indicated that carbonation reaction initiated immediately with the uptake of CO2 by the 
water film and the precipitation of calcite crystals on the sample surface. At the initial stage, the 
reaction was limited by this water film on the sample surface, hindering the CO2 diffusion 
through the sample thickness. Upon drying, carbonation was accelerated through this diffusion 
process and resulted in a complete precipitation of calcite crystals on the sample surface while 
the reaction continued along the sample thickness at a reduced rate. Continuous measurement 
of RH during carbonation evidenced the acceleration of the reaction with the production of 
water. Higher reaction rates were recorded for the samples with a higher content of water due 
to an increase in the amount of dissolved CO2. Despite high CO2 concentration, 2.0-4.5% 
calcium hydroxide remained uncarbonated due to the heat generated during accelerated 
carbonation and precipitated calcite crystals hindering the diffusion of CO2.  

 
 
INTRODUCTION 
Calcium hydroxide as a binder in lime mortars hardens as a result of carbonation 
reaction which is responsible for the mechanical strength development of the mortar 
as well as that of masonry. This reaction takes place between gaseous CO2 in air 
(~0.03% in volume) and calcium hydroxide both of which are dissolved in water 
within the capillary pores of the mortar. As a result, Ca2+ and CO3

2– ions are 
released into the pore water where they combine to form calcium carbonate crystals 
as calcite, needle-like aragonite and spherical vaterite depending on the reaction 
conditions. Calcite is the most stable phase at ambient temperature and atmospheric 
pressure. Aragonite and vaterite as well as amorphous calcium carbonate are the 
metastable phases that may play a role as precursors in calcite precipitation. 
Carbonation in lime mortars is controlled by the diffusion of CO2 through the open 
pores and the limited dissolution of this gas and calcium hydroxide in the pore water. 
As the water is initially present in the fresh mortar paste and is self supplied during 
the reaction, the degree of saturation of the pores greatly influences the rate of CO2 
diffusion. Carbonation does not proceed at low water content while excess water 
hinders the diffusion of CO2. Therefore, there is a strong interdependence between 
the water content in the mortar (~ moisture) and progress of the carbonation reaction 
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(Van Balen and Van Gemert 1994).  
Precipitation of calcite crystals modifies the microstructure and pore structure of the 
mortar, which influences the progress of the reaction and its kinetics. As the reaction 
proceeds from the surface inwards, calcite crystals precipitating at the outer part 
decrease the porosity which will limit the diffusion of the CO2 inwards. To what 
degree this diffusion and dissolution controlled process influences the reaction 
kinetics and modification in mineral phases is the main focus of this study.  
X-ray diffraction (XRD) analysis is a very useful technique to identify portlandite 
(calcium hydroxide) and calcite phases and, therefore, to follow up carbonation 
reaction in lime mortars (Cazalla et al., 2000; Sanchez-Moral et al., 2004; Cultrone 
et al., 2005). In-situ XRD analysis allows the analysis of wet samples at controlled 
RH and temperature while the reaction proceeds. Continuous measurement of XRD 
patterns during carbonation gives the real-time modification of the mineral phases, 
i.e. decrease in the portlandite phase and increase in the calcite phase. This 
promising technique has been used in this study in combination with a carbonation 
set-up in order to follow the real-time modification of the portlandite and calcite while 
measuring the reaction kinetics during accelerated carbonation of lime hydrate and 
lime putty samples. 
 
EXPERIMENTAL SET-UP MEASURING CARBONATION KINETICS  
Carbonation set-up was designed and developed in previous researches to measure 
carbonation reaction kinetics between lime and gaseous CO2 as a function of 
decrease in the gas concentration in time (Van Balen 2005, Cizer et al, 2006). This 
set-up is a closed system with a volume of approximately 1.7 litre, containing lime 
paste inside a sample holder and CO2 at a certain concentration and RH. While the 
CO2 is circulated through the set-up, decrease in the CO2 concentration due to 
carbonation is measured using a gas analyzer. Data related to the CO2 
concentration is used for the calculation of the net CO2 uptake by lime and 
carbonation reaction kinetics.  
 
Carbonation set-up combined with in-situ XRD 
For the particular study here, carbonation set-up has been combined with an in-situ 
XRD analysis to follow the real-time modification in portlandite and calcite during 
carbonation while measuring the CO2 uptake by lime (Figure 1). In-situ XRD 
carbonation reaction was carried out using an HTK chamber integrated with a Philips 
Analytical X-ray diffractometer with CuKα radiation. This HTK chamber is an air tight 
volume that enables in-situ reactions in XRD at a controlled temperature and RH. 
The chamber acted as the sample holder where the lime paste was located on a 
platinum strip during carbonation experiment. This strip was situated inside the 
chamber in a way that the X-rays released from the source could reach the sample 
surface and then could be reflected towards the detector. With the help of 
thermocouples connected to the strip, the temperature was set to 20ºC.  
Carbonation reaction was carried out in a 100%-volume CO2 atmosphere and at 
~95% RH for 24 hours. RH and temperature were recorded continuously during the 
reaction. While the decrease in the CO2 concentration due to carbonation was 
measured by a gas analyzer, sequential XRD measurements were carried out every 
1500 seconds with º2θ configuration between 17º and 41º at 0.016º2θ/s step size 
and 1.25s/step. Measurements were limited with 17º-41º angle range to diminish the 
scan time as much as possible while ensuring the measurement of three main peaks 
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of portlandite (34.09, 18.09 and 28.66 º2θ) and four main peaks of calcite (29.40, 
39.40, 35.97 and 23.02 º2θ).  
 

 
Figure 1. Scheme of the carbonation set-up combined with in-situ XRD: (1) Standard CO2 as 
sample gas and almost pure N2 as purging gas; (2) Flow meter; (3) Humidifying the CO2 by 
bubbling through water; (4) Buffer gas volume, 1 litre; (5) Hygrodat device to measure T and 
RH; (6) HTK chamber connected to XRD, 0.78 litre; (7) Membrane filter; (8) Condensate 
monitor; (9) IR gas analyzer; (10) Diaphragm pump; (11) Valve; (12) Computer. 

Material properties of lime binders 
Two types of commercial lime hydrate, i.e. dry powder (BT and ECL) and two types 
of lime putty, i.e. lime suspension in water (GR and LP) were used for carbonation 
reaction. BT lime hydrate differs from the ECL lime hydrate with its relatively higher 
specific surface area despite its coarser lime particles as defined by its PSD using 
light scattering technique with a Malvern Mastersizer using ethanol (Table 1). This 
can be explained with the agglomeration of submicron-sized portlandite particles into 
porous agglomerates that were 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). LP is a 15-month-aged lime putty containing approximately 
60% water by mass and has relatively higher specific surface area than the GR lime 
putty. 
 

Table 1. Properties of the lime hydrate and lime putty binders. 
 Lime hydrate Lime putty 
 BT ECL GR LP 
*Ca(OH)2  (%) 89.9 91.7 89.6 92.5 
*CaCO3 (%) 5.0 2.7 6.4 3.9 
BET surface area (m2/g) 36.2 15.8 11.6 24.8 
Mean value of PSD (µm) 6.2 5.8 27.9 18.3 

* defined by thermal analysis 
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Sample preparation 
Prior to carbonation, lime hydrate (BT and ECL) samples were mixed with water in 
37% and 45% by mass to obtain lime paste. Lime putty samples (GR and LP) were 
directly used as they already contained certain amounts of water. The lime paste 
weighing approximately 0.80g (for 37% water content) and 0.92g (for 45% water 
content) was smeared thinly (≤ 2mm) and flat over the platinum strip in order to 
minimize the diffusion resistance for CO2 through the sample thickness, and to 
ensure the progress of the carbonation reaction from the exposed surface towards 
the bottom of the sample evenly.  
 
Characterisation  
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. 
During in-situ XRD measurements, only the polymorph of calcium carbonate 
precipitated on the sample surface could be identified. Therefore, carbonated 
samples were also analyzed by XRD after they were ground. Morphology of the 
calcium carbonate crystals precipitated on the sample surface was characterized 
using a Philips XL 30S FEG Scanning Electron Microscope (SEM) after coating the 
samples with gold. The degree of carbonation was determined by thermal analysis 
using the weight loss related to calcium hydroxide. This analysis was carried out 
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.  
 
RESULTS AND DISCUSSION 
Experimental data from carbonation set-up 
Experimental data recorded continuously during carbonation measurements 
revealed changes in the CO2 concentration (%) and RH (%) as a function of time (s). 
Data related to the decrease in the CO2 concentration provided an estimation on the 
progress of the reaction. The CO2 concentration started to decrease gradually after 
the sample holder containing lime paste was connected to the set-up (t0). After a 
certain time, this decrease was pronounced more, indicating the acceleration of the 
CO2 uptake by lime and, therefore, carbonation reaction at the moment t1. The end 
of the reaction was estimated at the moment (t3) when the decrease in the 
concentration became constant. CO2 uptake by lime here refers to the adsorption of 
the CO2 by the capillary water where it dissolves and reacts with calcium hydroxide. 
Background loss in the set-up, which was not related to the carbonation reaction, 
was taken into consideration while calculating CO2 uptake by lime and the first 
derivative of this uptake to define the reaction kinetics, i.e. net CO2 uptake rate 
(Figure 2). The latter eased the interpretation of the data related to the moment of 
the maximum CO2 (t2) and the moment of the start (t1) and end (t3) of the 
acceleration of the CO2 uptake. Although the measurements related to the CO2 
concentration were the arithmetic values collected every 200 seconds, data range 
was still too much. Therefore, a 10-minute average of the uptake rate was calculated 
to decrease the intensity of the data range and to make the kinetics model more 
definite. 
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Figure 2. Experimental data was used for the calculation of the net CO2 uptake by lime due to 
carbonation (left) and net CO2 uptake rate (right).  

In-situ XRD carbonation combined with experimental set-up 
Sequential in-situ XRD measurements of BT lime paste with 37% water were given 
in Figure 3. Gradual modification was recorded in the mineral phases of portlandite 
and calcite as the carbonation proceeded. This resulted in a decrease in the 
intensity of the portlandite peaks and increase in the intensity of the calcite peaks.  
When the XRD patterns were compared with the data related the CO2 uptake and its 
rate, it was observed that the start of the accelerated reaction (t1) corresponded well 
with the time when the intensity of the portlandite peak started to decrease. At the 
moment when the maximum CO2 uptake rate was recorded (t2), the intensity of the 
portlandite peak became even less and the intensity of the calcite peaks increased 
considerably. However, in-situ XRD measurements were limited with the surface 
carbonation while the reaction proceeded through the sample thickness where the 
diffusion of the CO2 and its reaction with the calcium hydroxide took place. 
Therefore, data related to the CO2 uptake rate and change in the RH was evaluated 
together with the XRD patterns. 
When lime paste was introduced to the set-up at the moment t0, RH increased 
approximately to 92% due to the presence of water in the sample (Figure 2). This 
was followed by a drying phase where the RH decreased gradually to a certain value 
ranging between 75% and 85%. During this phase, no considerable change was 
recorded in the reaction rate until the moment t1 when the reaction rate and RH 
increased rapidly, the latter giving evidence to the production of water during 
carbonation. This corresponds well with the XRD data. The reaction initiated 
immediately with the precipitation of calcite crystals on the sample surface since the 
first XRD pattern measured within 1500 seconds revealed the main peak of the 
calcite at a low intensity. The second XRD pattern measured between 1500 and 
3000 seconds revealed a decrease in the intensity of the second main peak of 
portlandite at 18.1º2θ and an increase in the intensity of the main peak of calcite at 
29.4º2θ, revealing the progress of the carbonation reaction. This pattern remained 
almost the same until around 10500 seconds corresponding well with t1. This shows 
that there is a dormant period at the beginning of the carbonation, where the 
reaction was limited by the water film at the sample surface, inhibiting the diffusion of 
CO2. During this dormant period, drying occurred and enabled the pore structure to 
diffuse the CO2 through the open pores inside the sample thickness. This eventually 
led to the acceleration of the reaction at the moment t1 (10500 s) when a sharp 
decrease in the intensity of the portlandite peaks and an increase in the intensity of 
the calcite peaks were observed in the XRD patterns. This is due to the fact that the 
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diffusion coefficient increases gradually upon further drying due to the decrease in 
the capillary water content (Van Balen et al., 1997). This is also verified in Figure 4 
with the square root of time, which correlates with the progress of carbonation 
according to the Fick’s first law. The values are more definite between t1-t3 than 
between t0-t1, showing that carbonation during t0-t1 was surface controlled by the 
water film inhibiting the diffusion of CO2 while the reaction during t1-t3 is controlled by 
the CO2 diffusion through the sample thickness. All portlandite available on the 
sample surface was converted to calcite between 10500-15000 seconds, 
corresponding to the period t1-t2. In the meantime, carbonation proceeded in the 
sample thickness with a reduced reaction rate until t3 (Figure 2). This moment 
indicating the end of the reaction can not be observed in the XRD patterns as these 
patterns only characterize the mineral composition of the exposed surface. 
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Figure 3. Sequential in-situ XRD patterns of BT lime paste with 37% water during carbonation. 
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The results of XRD analyses of the powdered carbonated samples revealed the 
presence of only calcite polymorph (Figure 5). Metastable crystalline phases of 
calcium carbonate such as aragonite, vaterite and amorphous calcium carbonate 
were not identified. 
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Figure 5. XRD patterns of the powdered carbonated samples revealed only calcite polymorph. 

Experimental carbonation data revealed higher reaction rates for the samples with a 
higher content of water. This has been verified with the XRD patterns and semi-
quantitative analysis of the calcite content in the carbonated samples using Rietveld 
method (Figure 6). Carbonation proceeded faster for the samples with high contents 
of water due to an increased amount of dissolved CO2 in water. Nevertheless, 
thermal analysis results revealed that 2.0-4.5% calcium hydroxide remained 
uncarbonated even though the sample mass and thickness were optimized to avoid 
diffusion resistance for the CO2 as much as possible. This is due to the fact that 
when high CO2 concentration is used, heat generated during the rapid reaction leads 
to the evaporation of water required for the dissolution of CO2 (Moorehead 1986). 
Micrometer-sized rhombohedral calcite crystals, precipitated at the sample surface, 
also play a role in that, creating an impermeable layer hindering the diffusion of the 
CO2 along the sample thickness where calcium hydroxide crystals were still present 
(Figure 7). 
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Figure 7. SEM images of the carbonated surface of the lime samples, showing precipitation of 
micrometer-sized rhombohedral calcite crystals. 

CONCLUSIONS 
Measuring carbonation reaction of lime binders in combination with an in-situ XRD 
analysis enabled us to study the reaction kinetics and real-time modification of 
portlandite to calcite simultaneously during accelerated carbonation. The reaction 
initiated immediately with the precipitation of calcite crystals on the sample surface 
while it was limited by the water film hindering the CO2 diffusion through the sample 
thickness. Upon partial drying, carbonation was accelerated and resulted in a 
complete precipitation of calcite crystals on the sample surface. In the mean time, 
the reaction continued in the sample thickness at a reduced rate. Continuous 
measurement of RH during carbonation evidenced the acceleration of the reaction 
with the production of water. Higher reaction rates were recorded for the samples 
with a higher content of water due to an increase in the amount of dissolved CO2 in 
water. However, 2.0-4.5% calcium hydroxide remained uncarbonated due to the 
heat generated during accelerated carbonation. Micrometer-sized rhombohedral 
calcite crystals precipitated on the sample surface also played a role in the 
incomplete carbonation by creating an impermeable layer hindering the diffusion of 
the CO2 towards the sample thickness. 
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