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Abstract 

This study reports on a preliminary investigation concerning the role of water 

vapour in calcium looping cycles, and is based on results of an experimental 

campaign performed in a lab-scale fluidized bed reactor under operating conditions 

that are representative of a realistic calcium looping process. Tests have been 

designed so as to characterize the effect of steam in either the calcination or the 

carbonation stages, or in both. A reference limestone has been used as sorbent. 

Uptake of CO2 by the Ca-based sorbent with and without exposure to steam during 

the calcination and carbonation stages has been correlated with results of 

porosimetric characterization of the samples. Results indicate that exposure to 

steam is beneficial as it improves in any case the ultimate CO2 uptake. Exposure to 

steam during the calcination stage favours the development of accessible porosity, 

inducing incremental CO2 uptake in the order of 10% with respect to a reference 

no-steam case. Exposure to steam during the carbonation stage is also favourable, 

due to the positive role of steam as a “catalyst” for CO2 diffusion through the 

sorbent CaCO3-based product layer. Synergistic effects were observed when steam 

was added during both the calcination and carbonation stages, resulting in a very 

pronounced increase of sorbent CO2 capture capacity as compared with the no-

steam case.  

 

1. Introduction 

Carbon dioxide capture and storage has recently received increasing attention as a 

mean to moderate environmental problems related to CO2 emissions into the 

atmosphere. In this scenario, the Calcium Looping (CaL) process carried out in 

dual interconnected fluidized bed systems is among the most promising techniques 

to treat CO2-containing combustion flue gases. CaL is based on alternated 

temperature-swing CO2 uptake, with absorption taking place in a carbonator 

operated at around 650–700°C, followed by release of concentrated CO2 in a 

calciner operated at around 900–950°C, according to the reversible reaction 
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CaO(s)+CO2(g)=CaCO3(s) [1,2]. A somehow less investigated aspect of CaL is 

represented by the possible effect of water vapour. Steam can be present in a CaL 

process in both the carbonator, where the flue gas coming from a combustion unit 

and contacting the sorbent may contain significant amounts of water vapour, and 

the calciner, which is typically operated as an oxyfuel combustor to drive the 

endothermal calcination reaction, hence with appreciable partial pressure of steam. 

Recent studies [3,4] highlighted that, during high-temperature calcination, steam 

may induce the enlargement of the limestone-based sorbent mean pore size, so that 

CO2 capture upon the subsequent carbonation stage may be favoured by enhanced 

particle accessibility. Moreover, tests carried out exposing a sorbent to steam 

during the carbonation stage indicated that steam can “catalyze” the heterogeneous 

CaO/CO2 reaction by enhancing gas product layer diffusion across the CaCO3-rich 

shell of the sorbent particles. This study aims at improving the current level of 

understanding of the influence of steam on the development of textural and 

microstructural properties of a limestone-based sorbent upon iterated 

carbonation/calcination cycles. To this end, an experimental campaign has been 

performed in a lab-scale fluidized bed reactor. The campaign consisted in a 

reference test without steam, whose results are compared with tests in which 

sorbents were exposed to steam in either the calcination or the carbonation stages, 

or in both. 

 

2. Experimental 

The reference limestone used in this study was a high-calcium (99.20%wt CaCO3) 

German limestone, sieved in the 0.4–0.6 mm particle size range. CaL tests were 

carried out in a stainless steel lab-scale fluidized bed reactor (40 mm-ID), operated 

at atmospheric pressure. The reactor was electrically heated and fluidized with gas 

of pre-set composition. The inert bed material consisted in 150 g silica sand, 0.9–1 

mm size range. The flue gas analysis was performed online. Each CaL experiment 

consisted in 4 complete calcination/carbonation cycles, plus a 5
th
 calcination stage. 

At the 1
st
 stage of a CaL experiment (namely, the 1

st
 calcination), 20 g of raw 

limestone were loaded batchwise into the reactor. The fluidized bed reactor served 

as both calciner and carbonator: at the end of each stage the bed material was 

retrieved from the reactor and the sorbent was separated from the sand, analyzed 

and fed back to the reactor for the subsequent stage after setting the corresponding 

reactor operating conditions. Effective separation of the sand/sorbent mixture could 

be accomplished by mechanical sieving at the end of each stage, thanks to the 

coarser size of sand particles together with their negligible attrition tendency. Table 

1 reports the adopted operating conditions, which were set as close as possible to 

realistic values. CaL experiments carried out without the presence of steam were 

referred to as “dry”. Details of the typical CaL experimental procedure are reported 

in Coppola et al. [2]. For each carbonation stage, the CO2 capture capacity ξ was 

calculated on the basis of the flue gas analysis, as the mass of CO2 cumulatively 

captured in the carbonation stage divided by the mass of sorbent initially fed to the 
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system. The effect of steam in CaL tests was investigated by adding it during 

calcination stages only (“ste_cal” tests, to indicate calcination runs carried out with 

steam), carbonation stages only (“ste_car”) or during both (“ste_cal_car”). Water 

vapour was generated by a Bronkhorst Controlled Evaporator and Mixer apparatus, 

yielding a superheated steam+air mixture at the temperature of 250°C. As reported 

in Table 1, with all the other conditions left unchanged with respect to dry tests, 

steam was added to the fluidizing gas replacing the same amount of air in the 

volumetric percentage of 10% during either calcination or carbonation or both 

stages, respectively. Furthermore, selected sorbent samples were characterized by 

means of N2 porosimetry carried out in a Quantachrome Autosorb instrument for 

the analysis of microporosity (pores <2 nm) and macroporosity (2–20 nm). 

 

Table 1. CaL tests operating conditions. 

 
 

3. Results on CO2 capture capacity and porosimetric characterization 

In Figure 1 the values of ξ against the # of carbonation stage for dry, ste_cal, 
ste_car and ste_cal_car tests are reported. The CO2 capture capacity decreased 

alongwith carbonation stages, due to particle sintering. Decreasing values in the 

0.166–0.054, 0.178–0.066, 0.193–0.094 and 0.191–0.078 g g
–1
 range were 

observed for dry, ste_cal, ste_car and ste_cal_car tests, respectively. Samples 

subjected to porosimetric analysis were those obtained at the end of each 

experiment, namely after the 5
th
 calcination. Table 2 reports their BET specific 

surface area, total specific pore volume, as well as the specific pore volume 

corresponding to the micropore and mesopore size ranges. Data clearly indicate 

that the four samples can be grouped into two pairs: A) samples for which steam 

was not present during the calcination stage (dry and ste_car experiments); B) 

samples exposed to steam during the calcination experiments (ste_cal and 

ste_cal_car experiments). Samples of the group A were characterized by the lowest 

values of microporosity (not larger than 1 mm
3
 g
–1
), total porosity (micro+meso) in 

the pore size range investigated (around 8 mm
3
 g
–1
) and BET specific surface area 

(<9 m
2
 g
–1
). Samples of the group B showed microporosity of about 5 mm

3
 g
–1
, 
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total porosity larger than 10 mm
3
 g
–1
 and BET specific surface area larger than 10 

m
2
 g
–1
. 

 

 
Figure 1. Sorbent CO2 capture capacity upon iterated cycles. 

 

Table 2. Sorbent samples retrieved after the 5
th
 calcination: BET specific surface 

area (SBET) and total specific pore volume (VTOT), with indication of micro and 

mesoporosity. 

 
 

4. Discussion on the role of water vapour 

Results highlight the positive role of steam in enhancing the limestone CO2 capture 

capacity during CaL. Considering the no-steam (dry) experiment as the reference 

case, the presence of water vapour in the calcination stages (ste_cal) determines 

larger values of ξ. This should be ascribed to the pronounced effect of steam on 
microstructure enhancement during calcination, which improves CO2 capture in the 

subsequent carbonation stages. This is evident from porosimetric data (transition 

from group A to group B), and highlights the positive role of microporosity in 

dictating sorbent accessibility and reactivity. On the other hand, the addition of 

steam during the carbonation stages does not result into increased porosity with 

respect to dry case, both dry and ste_car samples belonging to the low-porosity A-

group, with a moderate shift from micro to mesoporosity for the ste_car samples. 

This is apparently at odds with the finding that ste_car samples exhibit fairly large 

values of ξ over iterated cycles as compared with results obtained with dry 



 

XXXIX Meeting of the Italian Section of the Combustion Institute 

IV12.5 

samples. Actually, it is well established that steam, when present during the 

carbonation stage, exerts a pronounced catalytic role in enhancing CO2 diffusion 

and capture, regardless of the effects on the development of pore structure. When 

samples are exposed to steam in both stages (ste_cal_car) a “synergistic” effect is 

established, as a shift to more microporous B-type sample and enhanced product 

layer CO2 diffusion are observed. Accordingly, the values of ξ are in the average 
the largest among the four samples investigated. The ranking of samples according 

to their capture capacity is: ste_cal_car>ste_car>ste_cal>dry, as also indicated in a 

recent review paper [5]. 
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