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This report details the work done within the period between April 15th and October 25th, 2019. The 

main objectives of presented work are the optimization of the operation condition of the fluidized bed 

reactor for Ca-looping CO2 capture as well as the assessment of different sorbents performance and 

resistance to fragmentation and attrition. 

Main tasks: 

- Prepare a user guideline for the fluidized bed reactor and a diagram representing the unit. 

- Determine the fluidization region for the sorbents. From which the operational flowrate for 

the fluidization process will be selected. 

- Carry out Ca-looping carbonation-calcination cycles on several natural materials and waste 

marbles to evaluate the performance in terms of CO2 capture and resistance to attrition and 

fragmentation. 

Work developed: 

A user guideline was developed in the meantime of the optimization process. In which details on 

reactor setting up are listed beside information required to run a test using the LABVIEW software (FB 

reactor). Also, a diagram showing the main parts of the fluidized bed reactor unit including all the 

added parts developed to match the Ca-looping CO2 capture experiment requirement. 

Fluidized bed 

reactor and software guidelines.docx
 

Optimization of the operational conditions for the fluidized bed reactor went through several 

steps that included: 

1- Understanding the operational range of the pressure drop during experiment in order to 

have an idea about the change in pressure drop according to temperature and the setting 

of the unit itself. 

A group of tests were conducted at temperatures of 700°C, 800°C and 900°C using different 

flowrates that ranged between 0.5 – 3L/min at 0.5L/min increment without using a sample. 

This gave an idea about the ranges of pressure drop changes observed for these flows. Next 

the effect of sample weight on pressure drop was investigated using a range of weights (i.e. 

3g, 6g, and 12g). considering the working range of the pressure drop sensor, eventually a 

sample weight of 4g was selected, considering the amounts of sorbent available.  

As this far, the plateau indicating the fluidizing zone (Fig. 1-a) was not observed and in 

response the step used as increment in flow was reduced to a value that allowed the detection 

of this zone (Fig. 1-b).   

  



 
Fig. 1: a. pressure drop over fixed and fluidized bed1      b. fluidization zone for WMPvv 4g at 700°C 

 

2- The selection of the flowrate 

Initially the step-change in flowrate used to determine the fluidization zone was 0.5L/min. But 

this rate was big enough not to allow the detection of the phase change between the fixed 

and fluidized zones. This value was reduced to a rate of 0.318L/min which corresponds to a 

flow velocity of 0.05m/s (as pressure drop across fixed and fluidized beds is plotted against 

flow velocity) @600°C, which was the temperature for flowrate test. This temperature was 

chosen as it would give the minimum calcination effect exerted to the calcium carbonate 

sample being under investigation. These tests gave an idea about the fluidization point, which 

was in the flowrate range of 0.6L/min and 1.3L/min. This range was observed as different 

particle size samples were used during this investigation, namely, 250-355μm and 355-500μm. 

To determine the fluidizing point with more accuracy the step-change of the flowrate was 

further reduced to 0.15L/min. this reduction further emphasized that the fluidizing point fell 

between 0.9 - 1.1L/min. Eventually, the flowrate selected for the conduction of the Calcium 

Looping CO2 capture experiments was 2.4L/min. Where this flowrate would ensure the 

fluidization of the entire bed of particles. Also, the entrainment of the particles was taking 

into consideration for the selection process. 

3- Particles entrainment 

The presence of dust sensitive parts in the system like the pressure drop sensor and the CO2 

detector required to install a dust removal part to the reactor. This dust is originated from the 

gas flow that entrain some particle from the sample and even smaller particles which is 

generated from the fragmentation of the sample particles due to interaction during the 

fluidization process. 

Initially a glass wool filter was used to prevent particles from leaving the reactor into the 

system, but with further test being carried out it was found that the accumulation of particles 

in the filter affects the pressure drop. This step was followed by introduction of a cyclone the 

would reduce the mass of particles that goes to the glass wool filter. But still the accumulated 

particles inside the filter presented a problem when it comes to the pressure drop increase. 

Alternatively, the glass wool filter was removed from the system and it was substituted with 

a cold-water bath to protect the pressure drop sensor and the CO2 detector from the dust 

accumulation. This was successful, and it has no effect on the pressure drop increase along 

the experiments. 

 

1Coulson and Richardson’s Chemical Engineering, J. F. Richardson & J. H. Harker, volume 2, Fifth edition 



The optimization process was concluded by defining the flowrate required for an efficient fluidization 

process and controlling the transport of sample particles through the system by protecting the 

vulnerable parts. Fig. 2 represent the diagram of the final set-up of the fluidized bed reactor system. 

 

Fig. 2: Fluidized bed reactor Diagram 

Ca-Looping CO2 capture carbonation-calcination experiments on natural sorbents: 

 Materials, methods, and characterization:   

CO2 capture carbonation calcination experiments was conducted on four natural sorbents; 

two waste marble powders from Vila Vicosa and Estremoz and two Limestones from West Bank and 

Alhandra. These experiments investigated three main aspects: the behaviour of sorbent nature, the 

effect of particle size, and the effect of the calcination temperature on the CaO conversion and sorbent 

reactivity. 

 A sample mass of 4g was used for experiments. The sample was dried in an oven during the 

night before the test at 100 °C to eliminate the presence of moisture. Test started with the activation 

of the sorbent using different temperatures (between 820°C and 930°C), which were also the 

calcination temperatures and a CO2 concentration of 80%. Carbonation was carried out at a 

temperature of 700°C and a CO2 concentration of 25% balanced in air. Concluded from previous tests 

carried out on fixed bed unit in which a temperature of 930°C was used as calcination temperature 

when using a CO2 concentration as high as 80%, this temperature was initially used. The calcination 

reaction was timed at 15 minutes, which was considered as a suitable time interval at which the 

calcination process was believed to be completed according to previous tests. Normally, 20 cycles of 

calcination and carbonation were the extent of the process, but the rapid loss of reactivity observed 

had led to several changes to the process. These alterations can be briefly stated in: 

i. Calcination time was reduced from 15 minutes to 5 minutes. As it was observed from 

the peaks of CO2 released that calcination happens so quickly and further time in 

calcination process increases the sintering of the sorbent and thus reducing reactivity. 

ii. The number of cycles was reduced to 15 cycles instead of 20 cycles. This is due to 

fact that a plateau of CaO conversion was reached in early cycles due to rapid loss of 

reactivity. 



A small change to the method of conducting the calcination-carbonation cycle was made, in 

which that instead of closing the CO2 flow when shifting from calcination to carbonation process, the 

CO2 would be set to the carbonation concentration; i.e. 25%. Following the stabilization of the CO2 

concentration line the temperature would be reduced to the match the required carbonation reaction 

temperature. 

Each sorbent was tested using 2 samples, the first one underwent a 15 calcination-

carbonation cycles, and the second one underwent 1 calcination-carbonation cycle which was used to 

see the effect of pre-calcination (activation reaction) on the sorbent’s reactivity. In both cases the end-

product was Calcium Carbonate, as this would give the benefit of determining the unreacted CaO by 

using the XRD method property of determining the sample phases. Later, this is compared to sorbent’s 

reactivity calculated by quantifying the CO2 absorbed/released. 

Test results: 

Fig. 3 shows the CaO conversion of 4 sorbent samples, in which the granulometry of 250-

355μm was used. WMP from Vila Vicosa showed the best conversion during the first five cycles, but 

along the cycles and towards the end, limestone from Alhandra had the best performance. Both WMPs 

had the lowest final CaO conversion value. Limestone from West Bank had a bad initial CaO 

conversion, but it exhibited a lower decline in that value, with final value that outperformed those of 

WMPs. 

 

Fig. 3: CaO conversion of different sorbents (using granulometry of 250-355μm) 

 Since WMP Vila Vicosa sorbent exhibited the best performance among the other sorbents 

been under investigation, it was chosen for the experiments conducted on different granulometries. 

These granulometries tested were 200-250μm, 250-355 μm, 355-500 μm. Fig. 4 illustrates the 

performance of each granulometry in terms of CaO conversion. The two higher granulometries 

showed almost similar performance since the beginning and along the cycles. Although 200-250 μm 

had much lower conversion during first cycles, but later it performed quite the same to the other 

granulometries. As it appears that the effect of the granulometry is seen during early cycles and it 

diminishes when progressing along cycles, as the loss of reactivity caused by sintering is more evident. 
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Fig. 4: CaO conversion for different granulometries of WMP vv 

 When it comes to the third investigation aspect; calcination temperature. Limestone from 

alhandra was used during these tests. The effect of five temperature points: 820, 850, 870, 900, and 

930°C on CaO conversion is demonstrated in Fig. 5. 

 

Fig. 5: CaO conversion of Alhandra limestone under different temperatures 

 It can be observed from Fig. 5 that the higher the calcination temperature of sorbent, the 

earlier and severe the loss in reactivity and this is caused by the extensive sintering effect. But in the 

cases of temperature 850°C and higher shown above, and after the repeated exposure to the elevated 

temperatures during the calcination and carbonation cycles, these sorbents reach to what may look 
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like the same conversion. In case of a calcination temperature of 820°C, the performance was better, 

but the accumulated sintering effect along the cycle increased the deactivation in the later cycles. 

Comparing performance of sorbents tested under different calcination atmospheres gives an 

indication to the adverse effect of CO2 presence during calcination, that favours the sintering of the 

sorbent and leading to increased deactivation. 

The XRD characterization method gave the explanation to two important comparison measures. The 

first (Fig. 6a) is the growth in crystallite size of the sorbent’s samples between the 1st and the 15th 

cycle. The initial growth in crystallite size after 1 cycle was almost similar in case of limestone Alhandra 

and WMP Vila Vicosa, as well as the crystallite size after 15 cycles. Limestone of West Bank and WMP 

Estremoz had a higher crystallite size in comparison to the other two, which indicates that they had 

higher particles agglomeration, and this was reflected in their lower CaO conversion demonstrated in 

Fig. 3. The second measure (Fig. 6b) is the percentage of unreacted CaO. It was based on the phase 

analysis within each sample. The higher increase in unreacted CaO for limestone Alhandra and WMP 

Vila Vicosa is equivalent to their decrease in conversion rate (Fig. 3). While in case of West Bank 

limestone and Estremoz WMP the relatively low CaO conversion (Fig. 3) agrees with the higher 

unreacted CaO in the first cycle. The small increase in unreacted CaO for these two sorbents is on 

accordance with the small deactivation of the sorbent reactivity. 

   

Fig. 6: a. crystallite size (nm) of natural sorbents                   b. Unreacted CaO of natural sorbents 

 The N2 sorption characterization was carried out but it wasn’t possible to obtain results due 

to the equipment measuring limitations. It was believed that the specific surface area of the sorbents 

dropped below 1 m2/g after the tests, where these values is below the functioning interval of the N2 

sorption technique. 

Future Work: 

Based on the results obtained and consequently elaborated within this report, some main aspects can 

be addressed for further investigation in upcoming research activities. This suggestion is not limited 

only to results obtained but also represent some observation which were noted down while analysing 

and interpreting experimentally acquired data. Following statements would summarize these aspects: 

• Calcination time: during calcination process and under real-time tracking of the reaction 

process. It was noted that the speed of CO2 release was affected by the calcination 

temperature (as stated by Garcia-Labiano et al, 2002). The time was initially fixed for all 
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experiments on 5 minutes (reduced from 15 minutes after an observation on early stage 

experiments) as sorbents fully regenerated before reaching the set temperature; 930°C, also 

based on the consensus that longer calcination time at higher temperatures would contribute 

to sintering of the sorbent. But at lower temperatures, such as 850°C and 820°C, the 5 

minutes time appear to be insufficient for completely regenerating the sorbent. Hence, it’s 

advised to study different calcination times at several calcination temperatures to see the 

effect of this time on sorbent’s deactivation and completion of calcination process. 

• Steam Addition: it was reported in literature and further on found in some previous research 

on the fixed bed unit that steam presence improves the process heat transfer and reduce 

diffusion limitation within the sorbent. Improvement on CaO conversion were observed and 

thus carrying out experiments that include the presence of steam is recommended. 

Additionally, the set-up of the fluidized bed reactor had been prepared to allow the addition 

of steam. 

• Carbonation temperature: another aspect to be considered in further investigations is the 

study of the effect of carbonation temperature. In literature temperature range between 

650°C and 700°C is usually used for carbonation process. In performed experiments of this 

work, 700°C was the only temperature to be used. This temperature along with the 

concentration of 25% of CO2 used for carbonation reaction are close to the equilibrium line 

of CaO and CaCO3, which can imply that the sorbent can simultaneously adsorb and desorb 

CO2. Lowering process temperature to 650°C or even 600°C would not only eliminate this 

possibility, but also it would reduce required carbonation time. another thing is that the study 

of different carbonation temperatures can give an idea about contribution of this reaction to 

the sintering and deactivation of the sorbent. Since 700°C for carbonation may be considered 

as high temperature knowing that the Tammann temperature (also referred to as the 

sintering temperature) of CaCO3 is 524°C. 

• CaO extrudates: utilization of waste materials such as Coal fly ash (CFA) and spent fluid 

catalytic cracking catalyst (SFCC) is considered as an improvement to the structure of the CaO-

based sorbents that would reduce their sintering. But this is faced by the difficulty of 

introduction of CFA and SFCC to the fluidized bed reactor due to their small grain sizes 

(around 100µm for SFCC and 20µm for CFA). Thus, preparing extrudates would allow this 

utilization. 

References: 

Several articles have been gathered along time of this research work. Some of them gave an 

understanding of the some of the data collected and helped in results analysis, and some others can 

be used for future work. A list of these references is shown below: 

[1] F. Garcã, A. Abad, L. F. De Diego, P. Gayã, and J. Adã, “Calcination of calcium-based sorbents 
at pressure in a broad range of CO2 concentrations,” Chem. Eng. Sci., vol. 57, pp. 2381–2393, 
2002. 

[2] A. Coppola, F. Montagnaro, P. Salatino, and F. Scala, “Attrition of limestone during fluidized 
bed calcium looping cycles for CO 2 capture,” Combust. Sci. Technol., vol. 184, no. 7–8, pp. 
929–941, 2012. 

[3] J. M. Valverde, F. Raganati, M. A. S. Quintanilla, J. M. Ebri, P. Ammendola, and R. Chirone, 
“CO2 Capture by CaO in a Sound Assisted Fluidized Bed at Ca-Looping Conditions,” 2013. 

[4] Antonio Coppola, “REACTIVATING THE CO2 CAPTURE CAPACITY OF EXHAUSTED Ca-BASED 
SORBENT PARTICLES FOR FLUIDIZED BED CALCIUM LOOPING APPLICATION (DOUBLE 
LOOPING) Antonio,” Chem. Eng. Res. Des., p. 9, 2013. 



[5] A. Coppola, F. Montagnaro, P. Salatino, and F. Scala, “Fluidized bed calcium looping: The 
effect of SO 2 on sorbent attrition and CO 2 capture capacity,” Chem. Eng. J., vol. 207–208, 
pp. 445–449, 2012. 

[6] W. Peng, Z. Xu, and H. Zhao, “Batch fluidized bed test of SATS-derived CaO/TiO2-Al2O3 
sorbent for calcium looping,” Fuel, vol. 170, pp. 226–234, 2016. 

[7] A. Coppola, F. Montagnaro, P. Salatino, and F. Scala, “PERFORMANCE COMPARISON 
BETWEEN DOLOMITE AND LIMESTONE IN FLUIDIZED BED Ca-LOOPING CYCLES FOR CO 2 
CAPTURE,” 2013. 

[8] A. MacKenzie, D. L. Granatstein, E. J. Anthony, and J. C. Abanades, “Economics of CO2 capture 
using the calcium cycle with a pressurized fluidized bed combustor,” Energy and Fuels, vol. 
21, no. 2, pp. 920–926, 2007. 

[9] D. P. Hanak, E. J. Anthony, and V. Manovic, “A review of developments in pilot-plant testing 
and modelling of calcium looping process for CO<inf>2</inf> capture from power generation 
systems,” Energy Environ. Sci., vol. 8, no. 8, pp. 2199–2249, 2015. 

[10] G. Duelli, A. Charitos, M. Elena, E. Stavroulakis, H. Dieter, and G. Scheffknecht, “Investigations 
at a 10 kW th calcium looping dual fluidized bed facility : Limestone calcination and CO 2 
capture under high CO 2 and water vapor atmosphere,” Int. J. Greenh. Gas Control, vol. 33, 
pp. 103–112, 2015. 

[11] O. Milovanov, R. Isemin, S. Kuzmin, A. Mikhalev, V. Konyakhin, and D. Klimov, “Method for 
determination of minimum fluidization velocity of polydisperse mixtures in running unit with 
fluidized bed .,” vol. 9, no. Figure 1, pp. 31–37, 2015. 

[12] I. A. Abba, “a Generalized Fluidized Bed Reactor,” Evaluation, 2001. 

[13] Y. Suleiman et al., “Design and Fabrication of Fluidized-Bed Reactor,” Int. J. Eng. Comput. Sci., 
vol. 2, no. 5, pp. 2319–7242, 2013. 

[14] R. Sarker, M. Rahman, N. Love, and A. Choudhuri, “Effect of Bed Height, Bed Diameter and 
Particle Shape on Minimum Fluidization in a Gas-Solid Fluidized Bed,” no. June 2015, 2014. 

[15] J. Chandimal Bandara, M. Sørflaten Eikeland, and B. M. E. Moldestad, “Analyzing the effects 
of particle density, size, size distribution and shape for minimum fluidization velocity with 
Eulerian-Lagrangian CFD simulation,” Proc. 58th Conf. Simul. Model. (SIMS 58) Reykjavik, 
Iceland, Sept. 25th – 27th, 2017, vol. 138, pp. 60–65, 2017. 

[16] J. Pata and M. Hartman, “Minimum Fluidization Velocities of Lime and Limestone Particles,” 
Ind. Eng. Chem. Process Des. Dev., vol. 17, no. 3, pp. 231–236, 1978. 

[17] C. K. Jayarathna, B. M. Halvorsen, and L. Tokheim, “Experimental and theoretical study of 
minimum fluidization velocity and void fraction of a limestone based CO 2 sorbent,” Energy 
Procedia, vol. 63, no. 1876, pp. 1432–1445, 2014. 

[18] “CHEMICAL ENGINEERING VOLUME 2 FIFTH EDITION Particle Technology and Separation 
Processes.” 

[19] A. Coppola, F. Scala, P. Salatino, and F. Montagnaro, “Fluidized bed calcium looping cycles for 
CO2 capture under oxy-firing calcination conditions: Part 1. Assessment of six limestones,” 
Chem. Eng. J., vol. 231, pp. 537–543, 2013. 

[20] B. González et al., “Sorbent attrition in a carbonation / calcination pilot plant for capturing CO 
2 from flue gases Sorbent attrition in a carbonation / calcination pilot plant for capturing CO 2 
from flue gases.” 



[21] A. Coppola, F. Scala, P. Salatino, and F. Montagnaro, “Fluidized bed calcium looping cycles for 
CO2 capture under oxy-firing calcination conditions: Part 1. Assessment of six limestones,” 
Chem. Eng. J., vol. 231, pp. 537–543, 2013. 

[22] A. Delebarre, “Revisiting the Wen and Yu equations for minimum fluidization velocity 
prediction,” Chem. Eng. Res. Des., vol. 82, no. 5, pp. 587–590, 2004. 

[23] C. Salvador, D. Lu, E. J. Anthony, and J. C. Abanades, “Enhancement of CaO for CO2capture in 
an FBC environment,” Chem. Eng. J., vol. 96, no. 1–3, pp. 187–195, 2003. 

[24] H. Dieter, A. R. Bidwe, G. Varela-Duelli, A. Charitos, C. Hawthorne, and G. Scheffknecht, 
“Development of the calcium looping CO2 capture technology from lab to pilot scale at IFK, 
University of Stuttgart,” Fuel, vol. 127, pp. 23–37, 2014. 

 

 

 

 

 


