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Abstract 
In the Calcium Looping (CaL) process for CO2 capture, a relevant role is played by 

the possible presence, in the flue gas to be treated in the carbonator, of SO2 and/or 

H2O. Moreover, as CaL is commonly proposed in a Dual Interconnected Fluidised 
Bed (DIFB) configuration, Ca-based sorbent particles can undergo various attrition 

phenomena. Impact fragmentation has been relatively less investigated, in 

particular with reference to operating conditions entailing the presence of SO2 

and/or H2O. In this work, we have submitted a reference high-calcium limestone to 
CaL tests in a lab-scale DIFB apparatus in presence of sulphur dioxide and/or 

steam: in particular, calcination was carried out at 940°C in an atmosphere 

containing 70% CO2; carbonation was carried out at 650°C, in an atmosphere 
containing 15% CO2. To evaluate the effect of SO2 and/or H2O, six carbonation 

atmospheres were simulated (steam was fed at 10% inlet concentration; sulphur 

dioxide was fed at either 75 ppm or 1500 ppm). After ten cycles, the particles were 
sent to an ex-situ impact test apparatus. The apparatus was operated at room 

temperature at various impact velocities (six values between 10 and 45 m/s), and 

the impacted fragments were sieve-analysed to discuss their fragmentation modes. 

 

Introduction 

Calcium Looping (CaL) is a post-combustion process aimed at CO2 capture from 

flue gases followed by its release in a concentrated stream to be further utilised or 
geologically stored [1,2]. The process relies on the reversible carbonation of Ca-

based sorbents (e.g., cheap natural limestone). CaL is carried out by means of two 

reactors, in a Dual Interconnected Fluidised Bed (DIFB) configuration. The 

possible presence of SO2 in the combustion flue gas, to be treated in the carbonator, 
has a negative effect on the sorbent performance [3–5]: at the operating conditions 

of the carbonator (600–650°C), SO2 irreversibly reacts with CaO according to the 

sulphation reaction, so subtracting calcium oxide otherwise available for carbon 
dioxide capture (in this respect, CO2 and SO2 do compete for the same active CaO). 

In addition, the progress of the sulphation reaction determines the build-up of a 
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CaSO4-based shell that surrounds the particle structure, where calcium oxide is 

mostly concentrated in the core. This compact shell adds to the CaCO3-based one 

(as product of carbonation) in jeopardising the diffusion of carbon dioxide in the 
sorbent pore network. The flue gas entering the carbonator also contains steam, as 

result of the combustion process. Steam has been found to improve the CO2 capture 

capacity of the sorbent, possibly due to the ameliorated diffusion of carbon dioxide 
through the sorbent pores [4–7].  

When sorbent particles are processed in fluidised bed environment, they undergo 

attrition phenomena which can cause loss of reactive material (as elutriated fines). 
Besides attrition by surface wear, fragmentation by impact damage – 

comparatively less scrutinised – is relevant as it is related to high velocity 

collisions between fluidised particles and targets (bed internals, or other bed solids, 

can act as target) [8–11]. These collisions can be experienced by the particles in the 
jetting region of the FB reactor, as well as in the exit region of the riser and the 

cyclone, for circulating FB systems. Depending on the extent and pattern of impact 

fragmentation, coarse (non-elutriable) and fine (elutriable) fragments can be 
generated. As discussed in earlier works, e.g. [10], the phenomenology of particle 

breakage upon impact can correspond to three main patterns, differently reflected 

by the Probability Density Function (PDF) of particle size for the impacted 
samples: (a) particle chipping, with generation of a limited number of fragments of 

a size much finer than the parent particle size; (b) particle splitting, with the 

breakage of the parent particle into a relatively small number of fragments having 

size comparable to that of the parent particle; (c) particle disintegration, with loss 
of particle connectivity and generation of a large number of fine fragments.  

While the effect of the presence of SO2/H2O in the carbonator atmosphere on the 

CO2 capture capacity has been investigated by this and other research groups, the 
specific influence of SO2/H2O on the impact fragmentation tendency of the sorbent 

has been so far mostly neglected. Accordingly, in this research work we have 

submitted a reference high-Ca limestone to CaL tests in a lab-scale DIFB apparatus 

in presence of SO2 and/or H2O and, after ten cycles, the particles have been sent to 
an ex-situ impact test apparatus, operated at room temperature at various impact 

velocities, to discuss their fragmentation modes and referring to outcomes arising 

from the exercise of the CaL DIFB system under various operating conditions. 
 

Experimental 

In the present work, we used a high-calcium (nearly 100% CaCO3) German 
limestone, a commercial material termed “EnBW”. The experimental apparatus 

was a lab-scale DIFB system, purposely designed for looping tests [12]. A CaL 

“test” consisted of ten complete cycles of calcination/carbonation, plus an eleventh 

calcination stage carried out to retrieve the “exhausted” sorbent in its calcined 
form. The initial amount of limestone was 20 g (0.4–0.6 mm size range). Inert 

silica sand (0.9–1 mm) was used in both reactors as fluidisation/thermal ballast 

material. Calcination was carried out at 940°C, fluidisation velocity=0.5 m/s, in an 
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atmosphere containing 70% CO2 (balance air), to simulate oxy-combustion 

conditions. Each calcination stage lasted 20 min. Carbonation was carried out at 

650°C, fluidisation velocity same as above, in an atmosphere containing 15% CO2, 
to simulate a typical composition in a combustion flue gas. Each carbonation stage 

lasted 15 min. In order to evaluate the effect of SO2 and H2O, six compositions of 

the gaseous atmosphere in the carbonator were simulated: (1) DRY, a base-case 
with no H2O, no SO2; (2) STECAR, a “steam carbonation” case where 10% H2O 

was added (a typical value in flue gas), no SO2; (3) DSP, a “dry sulphur poor” case 

where 75 ppm SO2 was added (a typical value in a pre-desulphurised flue gas), no 
H2O; (4) DSR, a “dry sulphur rich” case where 1500 ppm SO2 was added (a typical 

value in a non-desulphurised flue gas), no H2O; (5) SCSP, a case combining 

STECAR with DSP, so we have the presence of 10% H2O and 75 ppm SO2; (6) 

SCSR, a case combining STECAR with DSR, so we have the presence of 10% 
H2O and 1500 ppm SO2. In this way, the influence of steam and of the two 

concentration levels of SO2 was investigated, both alone and in co-presence. 

The on-line analysis of the gas composition at the carbonator exit allowed to 

calculate the value of , the CO2 capture capacity expressed as the mass of CO2 

captured in a stage per initial mass of sorbent. The sorbent particles retrieved from 
the bed at the end of each test (separated from the sand using a 0.71 mm-sieve) 

were further submitted to an analytical chemical technique to evaluate , the 

degree of Ca conversion to CaSO4 (i.e. the ratio between the moles of CaSO4 and 

the total moles of Ca in the exhausted sample).  
Impact testing of pre-processed sorbent samples was carried out in an apparatus 

[10] based on the concept of entraining particles in a gas (air) stream at controlled 

velocity and impacting them against a target. After feeding, the particles were 

accelerated by the air flow and the particle velocity v was controlled by regulating 
the air flow. The particles impacted on a rigid target plate placed in a collection 

chamber. The target was made of stainless steel and was inclined by 30°. Impact 

fragmentation tests were carried out at room temperature.  
Samples (1.0 g), pre-processed in the DIFB apparatus, re-sieved in the size range 

0.4–0.6 mm, were used for fragmentation tests in the impact testing apparatus. The 

tests were carried out in air with the following values of v: 10, 17, 24, 31, 38 and 

45 m/s. After each impact test, the sample was retrieved from the collection 
chamber and sieve-analysed. It was then possible to get, for each impacted sample 

at each impact velocity, the PDF, i.e. the ratio, for a given size interval, between 

the mass fraction x(di) of particles having mean diameter di and the width (in size) 
of the interval itself. Finally, we define “fragments” as the impacted particles finer 

than 400 μm (the lower limit of the feed size range). The cumulative fraction of 

fragments f is, therefore, the cumulative value for x(di) with di400 μm. This means 

that, for each sample and for each impact velocity, it was possible to obtain a value 

for f, that was plotted against v on a log-log chart, to better highlight the 

establishment of a power-law (f  vk) relationship between the fraction of 
fragments and the impact velocity. 
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Figure 1. Probability density functions of fragments particle size for pre-processed 

CaL sorbent samples impacted at six velocities. DRY and STECAR cases. 

 

Results and Discussion 

Figure 1 shows, as an example, the PDF of particle sizes for DRY and STECAR 

cases, the other four being qualitatively similar. The related f versus v trends are 
presented in Figure 2, for the six samples each tested at the six values of impact 

velocity. For DRY, f substantially increases with v, showing a slope change at a 

critical velocity v* of about 24 m/s. For v<v*, f is about 5–7%, to increase 
thereafter up to 18% at v=45 m/s. The PDF curves suggest a prevailing chipping 

fragmentation mode, possibly joint to splitting phenomena, in particular for v>v*. 

In fact, for low impact velocities (=low impact energy), the propagation of 

fractures due to the impact event is mostly confined at the particles’ surface, so 
producing fine chips. When the energy associated to the impact event increases, the 

fractures can propagate throughout the particle structure, so giving rise to the 

splitting of the parent particles into fragments of comparable size. This behaviour 
is typical of semi-brittle materials, as it might be the case for a sorbent sample pre-

processed (and, then, thermally sintered) for many cycles during CaL operation. 

When the sorbent was submitted to looping in presence of steam (STECAR), 
similar considerations apply. The critical velocity here is closer to 17 m/s, and f 

increases from 3–4% (v<v*) up to 10% at 45 m/s. 
 

 
Figure 2. Fraction of fragments versus impact velocity for pre-processed CaL 

sorbent samples impacted at six velocities. 
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Table 1. Properties of impacted samples.  
 

 DRY STECAR DSP DSR SCSP SCSR 

f, – 0.094 0.066 0.094 0.073 0.104 0.036 

, g/g 0.052 

(11.8%) 

0.060 

(13.6%) 

0.033 

(7.5%) 

0.007 

(1.6%) 

0.062 

(14.1%) 

0.025 

(5.7%) 

, % – – 7.4% 27.7% 3.4% 18.2% 

 

For the sample treated under a low SO2 concentration (DSP), f increased from 6–

7% up to 15%. When raising the sulphur concentration (DSR), f ranged from 5% to 

11%. In co-presence of H2O and (low-level) SO2, the sample (SCSP) was 
characterised by v*=17 m/s and f increasing from 6% to 15%. At higher-level SO2 

in presence of H2O (SCSR, v*=38 m/s), f increased from 2% to 7% with v. 

Table 1 lists, for each sample: (i) the average value of f for the six impact 

velocities; (ii) the asymptotic value of the specific CO2 capture capacity  as 

obtained at the tenth CaL cycle, together with the same value expressed as 

carbonation conversion %; (iii) the value of , the degree of Ca conversion to 
CaSO4, for the material retrieved from the DIFB system after the CaL tests. 

With respect to the DRY benchmark, STECAR is more resistant to impact 

fragmentation. The effect of the presence of steam upon CaL carbonation allows a 
better CO2 capture capacity. It has to be recalled that the calcination process does 

not go to 100% completion, therefore some un-calcined CaCO3 might have 

remained in the particle at the end of the test, and this is more extensive for more 

CO2-reactive sorbents, as it is STECAR when compared with DRY. Moreover, 
steam may promote the occurrence of cramming phenomena that make the particle 

structure harder. When moving to a higher SO2 concentration (SCSR) the 

carbonation degree decreases to =5.7%. This is related to extensive Ca 

sulphation (>18%), that negatively affects CO2 uptake by the sorbent. On the other 

hand, the irreversible build-up of a hard CaSO4-rich shell gives rise to a material 
(SCSR) which exhibits the highest resistance to impact fragmentation, the average 

value for f being 3.6%. Exposure to SO2 in the absence of steam, at either low 

(DSP) or high (DSR) concentration levels, gives rise to the following departures 
from the properties of the DRY sample: (a) the degree of carbonation progressively 

decreases; (b) the degree of Ca sulphation is, obviously, higher when the SO2 

concentration is higher. The positive role of sulphation in strengthening the particle 
structure is here much more limited, as the absence of steam (that promotes both 

carbonation and cramming phenomena) increases the propensity to fragmentation, 

hence partially counterbalancing the effect of exposure to SO2.  

 

Conclusions 

Results of the impact fragmentation tests show that the fraction of generated 

fragments f generally increases with the impact velocity v, in the 2–18% range. For 
all the samples, the PDF curves suggest a prevailing chipping fragmentation mode, 
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possibly joint to splitting phenomena in particular for larger velocities. 

Relationships among the degree of calcium carbonation and of calcium sulphation, 

and the impact fragmentation tendency, have been discussed. In a nutshell, when 
the sorbent particles are obtained from CaL tests carried out in presence of H2O 

and absence of SO2, the material comes out to be more reactive to CO2, and it 

results more resistant to impact fragmentation. In presence of H2O and of a high 
concentration of SO2, the formation of an extensive hard CaSO4-based shell makes 

the sorbent particles even more resistant to fragmentation events. 
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