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Abstract 
The effect of steam and sulfur dioxide on CO2 capture during calcium looping was 
studied in a novel lab-scale twin fluidized bed device. Tests were carried out under 
typical calcium looping operating conditions with or without the presence of H2O 
and/or SO2 during the carbonation stage. Carbonation was carried out at 650°C in 
presence of 15% CO2, 10% steam (when present) and by investigating two SO2 
levels, representative of either raw (1500ppm) or pre-desulfurised (75ppm) typical 
flue gas derived from coal combustion. The sorbent used was a reactive German 
limestone. Its performance was evaluated in terms of CO2 capture capacity and 
sulfur uptake. Results demonstrated the beneficial effect of H2O and the 
detrimental effect of SO2 on the CO2 capture capacity. When both species were 
simultaneously present in the gas, steam was still able to enhance the CO2 capture 
capacity even outweighing the negative effect of SO2 at low SO2 concentrations. A 
clear relationship between the degree of Ca carbonation and sulfation was 
observed. Microstructural porosimetric characterizations aided in explaining the 
observed trends. 
 
Introduction 
Calcium Looping (Ca-L) is one of the most interesting technologies for the post-
combustion capture of CO2 produced by fossil fuels in power plants. This process 
is based on the reversible carbonation of Ca-based sorbents, such as those derived 
from natural limestone [1-3]. In particular Ca-L consists of a chemical looping 
process, which entails the utilization of two reactors (a carbonator and a calciner) 
in a dual interconnected fluidized bed configuration. In the carbonator, the flue gas 
coming from the power plant is depleted of CO2 due to the reaction with CaO. This 
reaction takes place at a temperature of about 600–650°C and yields calcium 
carbonate. Eventually the CaCO3 coming from the carbonator is processed in 
another reactor (the calciner) where calcination occurs at a temperature of 900–
950°C, producing CaO and an almost pure stream of CO2 ready for transportation, 
and storage or utilization.  
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The main limit of the Ca-L technology is represented by the occurrence of high 
temperature sintering of the sorbent (especially during the calcination stage) with a 
consequent decay of the CO2 capture capacity over iterated cycles. Sorbent 
deactivation, together with the inevitable sorbent loss by attrition in the fluidized 
bed system [1,4], implies the necessity of a make-up stream of fresh sorbent to 
compensate that leaving the plant in the purge and fly ash streams. Another 
important issue consists in the possible presence of SO2 in the flue gas which has a 
negative effect on the performance, since it reacts irreversibly with CaO according 
to the sulfation reaction, thus decreasing the amount of available sorbent for CO2 
capture [5,6]. 
The presence of steam in the flue gas, hence in the carbonation stage, has been 
acknowledged to improve the performance of the sorbent in terms of its CO2 
capture capacity. Studies show that most likely steam is able to increase the 
diffusion of CO2 through the sorbent pores [7-9]. These aspects concerning the 
effect of SO2 and H2O have important consequences on the design of the Ca-L 
system, and so deserve further consideration [10]. 
The aim of this study was to scrutinize the effect of steam in presence of SO2 and 
their mutual interaction in Ca-L tests carried out in a novel lab-scale twin fluidized 
bed reactor. Two different SO2 levels were investigated: a low one, to simulate a 
typical concentration of a previously desulfurized flue gas; a high one, to verify 
possible simultaneous flue gas decarbonation and desulfurization in the same 
device. The effect of steam and SO2 was evaluated in terms of CO2 capture 
capacity of the sorbent material. Finally, a characterization of the microstructure of 
the exhaust sorbent was carried out to assess the relationship between operating 
conditions and structural changes of sorbent particles. 
 
Experimental 
The experimental campaign was carried out in a lab-scale electrically-heated 
apparatus, purposely designed for chemical looping tests. The apparatus, named 
Twin Beds, consists of two identical bubbling fluidized beds employed as calciner 
and carbonator, respectively. A detailed description of the Twin Beds system can 
be found elsewhere [11]. The material used for the present tests is a German 
limestone named EnBW, substantially pure in CaCO3 and characterized by good 
properties in terms of sintering resistance [1]. The tests simulated the Ca-L process 
for ten complete cycles of calcination/carbonation, plus an 11th calcination stage. 
For all tests, the calcination conditions were set up at temperature of 940°C with 
fluidization velocity of 0.5m/s and CO2 concentration of 70% by volume (balance 
air) to represent oxy-combustion conditions inside the calciner. In the carbonation 
stage, the temperature was 650°C, the fluidization velocity 0.5m/s and the CO2 
concentration was set up to the value of 15% by volume in order to represent a 
typical combustion flue gas. In order to evaluate the effect of the presence of SO2 
and steam during the carbonation stage, six different carbonation conditions were 
investigated. A base case, called DRY, was used as benchmark where only CO2 
and air were present (no steam, no SO2). In STECAR (STEam CARbonation) tests 
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the effect of steam was studied adding a steam concentration of 10% (by volume), 
a typical value in flue gas. DSP (Dry Sulfur Poor) and DSR (Dry Sulfur Rich) tests 
were characterized by the presence of SO2 (without steam) at two different 
concentration levels: 75ppm for DSP (a typical concentration of a desulfurized flue 
gas), 1500ppm for DSR (to simulate a Ca-L process with in situ simultaneous 
desulfurization). The two other conditions investigated the combined effect of 
steam and SO2: SCSP (Steam Carbonation Sulfur Poor) and SCSR (Steam 
Carbonation Sulfur Rich). In both tests the steam concentration was 10% by 
volume, while the SO2 concentration was 75ppm for SCSP and 1500ppm for 
SCSR. Each test was repeated three times to reduce the experimental error. A 
summary of the operating conditions is reported in Table 1. 
 

Table 1. Operating conditions of the Ca-L tests. 
 Calcination Carbonation 

Temperature, °C 940 650 

Test duration, min 20 15 

Fluidization 
velocity, m/s 

0.5 0.5 

Gas composition 
(balance air) 

 DRY STECAR DSP DSR SCSP SCSR 

CO2, %vol 70 15 
H2O, %vol 0 0 10 0 0 10 10 
SO2, ppm 0 0 0 75 1500 75 1500 

 
During the carbonation stage the CO2 concentration was measured by a NDIR 
analyzer, sampling the outlet gas from the carbonator, and the amount of captured 
CO2 in each cycle was calculated by time-integration of the outlet CO2 profile. The 
CO2 capture capacity (ξ) was assessed as the grams of captured CO2 per gram of 
initial sorbent. A chemical titration technique, based on the use of phenolphthalein, 
hydrogen chloride and sodium hydroxide, allowed to determine, on a sorbent 
sample retrieved from the system at the end of the eleventh calcination (DSP, DSR, 
SCSP and SCSR cases), the relative amounts of CaO, CaCO3 and CaSO4. This, in 
turn, made possible the evaluation of 𝜒 ̅, the degree of calcium conversion to 
calcium sulfate defined as the ratio between the moles of CaSO4 and the total 
moles of Ca in the sample (CaO+CaCO3+CaSO4). Finally, selected samples of 
exhaust sorbent were characterized by means of N2 porosimetry carried out in a 
Quantachrome Autosorb instrument for the analysis of micro- and meso-porosity 
(the pore size range 0.6–17nm was investigated). 
 
Results and Discussion 
In Figure 1 the experimental value of ξ is reported as a function of the number of 
carbonation cycles for the six investigated operating conditions (see Table 1). As 
expected, for all the tests ξ decreased along the ten cycles approaching a fairly 
constant value after approximately the seventh cycle. For the base case DRY, ξ 
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resulted 0.20g/g for the first cycle (expressed as average value) and, due to 
sintering, decayed down to 0.052g/g in the tenth cycle, thus highlighting an overall 
loss of sorbent capture capacity of about 75%. The addition of steam in the 
carbonation stage (STECAR) improved ξ with respect to the base case, in 
particular after the 2nd cycle. The asymptotic value of ξ for STECAR was 0.06 g/g, 
an increase of about 15% over the DRY condition. 
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Figure 1. CO2 capture capacity as a function of the number of cycles under 

different operating conditions. 
 
As expected, the presence of SO2 during carbonation (DSP, DSR) produced a 
stronger decline of ξ because of the simultaneous sulfation reaction which 
irreversibly subtracted free CaO forming calcium sulfate. In detail, under DSP 
conditions ([SO2]=75ppm) ξ passed from an initial value of 0.18g/g down to a final 
value of 0.033g/g representing here a 36% decrease with respect to the DRY case 
(the overall loss of capture capacity was about 82%). The results clearly showed 
that this detrimental effect increased with the SO2 concentration. In fact, when the 
SO2 concentration was 1500ppm (DSR), ξ fell down reaching an asymptotic value 
of about 0.007g/g, corresponding to an 86% decrease with respect to the base case. 
The overall loss of capture capacity under DSR conditions was 95%. It is 
interesting to note that the negative effect of SO2 was counterbalanced by the 
addition of steam. As a matter of fact, at low SO2 concentration (SCSP) the ξ 
values were similar to those for STECAR. The beneficial effect of steam appeared 
to outweigh the detrimental effect of SO2 in this condition. Also, at higher SO2 
concentration (SCSR) it is possible to observe an improvement of ξ with respect to 
the corresponding case without steam (DSR). In particular, the asymptotic ξ value 
stabilized to 0.025g/g revealing an increase of about 250% over the DSR 
conditions. Altogether, conditions with steam (STECAR), also allowing for a 
reduced sulfur amount (SCSP), improved the performance with respect to the base 
(DRY) case. When either sulfur in a reduced amount without steam (DSP), or 
sulfur in a high amount with steam (SCSR), or sulfur in a high amount without 
steam (DSR) was present in the carbonation atmosphere, the sorbent performance 
progressively worsened. The following final values of the degree of calcium 
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sulfation 𝜒 ̅ were obtained: 3.4% (SCSP), 7.4% (DSP), 18.2% (SCSR) and 27.7% 
(DSR). Higher degrees of calcium sulfation corresponded to lower CO2 capture 
capacities. Namely, 𝜒 ̅ was higher when the SO2 concentration was increased, and 
in absence of water vapor at fixed [SO2], the vapor orienteering the reactivity of 
CaO toward CO2. These values quantify the irreversible loss of CaO (sulfated) with 
respect to CO2 capture, and are useful to correctly design the make-up flow rate of 
fresh sorbent needed to compensate for loss of reactivity by sintering, loss of 
reactivity by concurrent sulfation, and loss of material by elutriation. 
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Figure 2. Cumulative pore undersize distribution for the sorbent after the 11th 

calcination. 
 
Figure 2 reports the porosity of selected exhaust materials, in terms of cumulative 
specific pore volume as a function of the pore diameter. The same ranking 
(STECAR>DRY>SCSR>DSR) as the one observed for the CO2 capture capacity 
can be recognized in terms of the overall value of micro+mesoporosity. Data 
confirm (STECAR vs. DRY) that steam can accelerate sintering of the material 
only at higher temperatures than those of interest here, so showing only the positive 
effect on ξ likely related to an improvement of CO2 diffusion into the sorbent pore 
structure. The introduction of a high SO2 concentration (without steam) during the 
carbonation stage (DSR) determines a significant reduction of the total porosity 
which involves the whole pore population. This effect should be related to pores 
clogging after Ca sulfation (cf. Figure 4). The addition of steam in presence of a 
high SO2 concentration has the important role to partially preserve the porosity of 
the sorbent (SCSR vs. DSR) by improving the diffusion of SO2 (i.e. by limiting 
pores clogging and allowing for a better utilization of the pore surface). 
Competitive uptake of acidic gases is favorable to SO2. Steam exerts a beneficial 
effect on CO2 uptake, that can be large to the point of compensating the detrimental 
effect of SO2 when the concentration of the latter is small. This may be the case of 
flue gases that are desulfurized prior to Ca looping.  
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