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The paper presents the results of an investigation into CO2 adsorption by 

a fluidized bed of pellets of 13X zeolite. The experiments compare the 
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the same apparatus at ambient temperature and pressure. The effect of CO2 

concentration in the inlet air stream, superficial gas velocity and 

particle size of the fluidized sorbent is analysed with reference to gas 

streams in which the fraction of carbon anhydride is that typical of a 

flue gas. and the effectiveness of CO2 adsorption is assessed in terms of 

moles of CO2 adsorbed per unit mass of sorbent, breakthrough time and 

fraction of bed utilized at the breakpoint. 

The results obtained demonstrate that confined fluidization improves the 
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1. Introduction 

Today the primary energy supply is represented for more than 80% by combustion of fossil fuels 

and this significantly contributes to the emissions of CO2 into the atmosphere with evident changes 

in the climate [1]. Several strategies for containing CO2 emissions have been proposed such as 

reducing energy consumption, increasing the efficiency of energy conversion, switching to the use 

of renewable energy sources. While waiting for these structural objectives to be globally accepted, 

the techniques of carbon capture and storage (CCS) offer a valid tool in the short to medium term. 

The major approaches followed to achieve CCS are essentially three: post-combustion capture, 

pre-combustion capture and oxyfuel combustion [2-4]. Among these, post-combustion capture 

offers a solution to increase sustainability of fossil fuel combustion processes in existing facilities. 

The main challenge in the field of CCS is the development of an innovative, efficient and cost-

effective CO2 capture technique. Several separation technologies such as physical or chemical 

absorption, adsorption, cryogenic and membrane separations can be employed for the separation 

of CO2 contained in the flue gas, but chemical absorption by an aqueous solution of alkanolamines 

(MEA) is surely the most commercially mature. Anyway high costs are associated to this operation 

because of corrosion, sorbent degradation and expensive solvent regeneration.  Moreover, release 

of amine and water into air causes production of toxic compounds in the atmosphere [5,6]. For 

these reasons adsorption on solid sorbents could be a promising alternative technology whose 

success may depend not only on the development of highly specific materials tailored at the 

molecular scale [7-11] but also on the improvement of the  gas-solid contact efficiency [12-19].  

Highly specific sorbents should exhibit high CO2 adsorption capacity and selectivity, fast 

adsorption/desorption kinetics, mild conditions for regeneration, good stability during repeated 

adsorption–desorption cycles as well as tolerance of the presence of moisture and other impurities 

in the feed and adequate mechanical particle strength [8].  

Various materials, such as zeolites, metal organic frameworks (MOFs), activated carbon and 

amine-modified silica show high capacity of adsorption of CO2. In particular, great interest is 

aroused by ultra-fine materials as their surface can easily be tailored and/or functionalized with 

different ligands, thus inducing significant changes in their physical and chemical properties [2]. 



However, the overall capacity of capturing CO2 of these fine materials (i.e. powders belonging to 

group C of Geldart’s classification [3, 20] strongly depends on the technology adopted for the 

adsorption process. 

Common adsorption operations are generally carried out in packed bed units, a choice dictated by 

the necessity of avoiding the by-pass effect in gas-solid contact typical of the bubbling regime of 

fluidized beds. As, however, fine particles would cause high pressure drop and excessive pumping 

costs, packed beds make often use of high-porosity pelletized solids and work on a 

semi-continuous basis. Exploiting advantages of fluidization technology such as high mass transfer 

rates and low pressure drop without suffering too low adsorption efficiencies requires the 

adsorption process to be run in the regime of particulate fluidization, i.e. in the absence of bubbly 

flow. It has already been shown that one of the ways of achieving this objective is provided by 

“sound-assisted fluidization”, whose essential feature is that of superimposing an acoustic field to a 

fluidized bed of fine powders thus impeding the formation of channels as well as that of particle 

aggregates hardly permeable to the gas phase. As reported in recent works [21-23], by improving 

the quality of fluidization and the effectiveness of gas–solid contact such a technique makes it 

possible to enhance CO2 adsorption on beds of fine particles. 

As an alternative, adsorption can be carried out in systems often referred to as “packed-fluidized 

beds” or “confined fluidized beds” [17-19], i.e. beds of particles fluidized in the voids of a packing of 

coarser solids, usually spherical. This technique has been raising an increasing interest as its fluid-

solid contact mode is particularly suitable for operations in which maximization of the conversion of 

a gaseous reactant is crucial. Such a goal can be reached thanks to the ability of these fluidized 

systems to prevent the formation of bubbles, a route through which part of the gas flow rate by-

passes the contact with the solid phase, whether it is another reactant or a catalyst. Some 

pelletized zeolites commercially available as spheres of relative large size with respect to the 

originary powder are sorbents suitable for being used in a confined system like that used in this 

investigation. 

The interstitice network provided by the packed solid constitutes the confining environment in 

which the sorbent, much finer than it, can first achieve the suspended state and then 



homogeneously expand without the formation of bubbles. This fluidization technique is likely to 

provide a very efficient fluid-solid contact, suitable for high conversion of gaseous reactants, nearly 

complete adsorption of specific components of the fluidizing stream, filtration of dust-laden gases 

and heat recovery from them [17-19, 24-35]. 

Consistently with that, this paper aims to illustrate how the adsorption performance of a 

commercial Zeolite 13X improves when the operation is conducted in a confined fluidized bed 

Effectiveness of CO2 adsorption has been assessed in terms of moles of CO2 adsorbed per unit 

mass of adsorbent solid, breakthrough time and fraction of bed utilized at the breakpoint and a 

comparison is made with the results obtainable in a packed-bed and in a conventional 

fluidized-bed unit.  

 

2. Materials and methods 

 

2.1 Experimental Apparatus 

 

Tests of CO2 adsorption were carried out in a laboratory-scale fluidized bed apparatus, here 

schematized in Fig. 1, made of a Plexiglas column with an internal diameter of 50 mm and 700 mm 

high, equipped with a porous gas distributor at its bottom. The fine particle bed was fluidized by air, 

whose flow rates were regulated by a set of two mass flow controllers covering the range 0÷6000 

Nl/h. The CO2 concentration in the gas feed stream was adjusted by adding CO2 from a cylinder to 

the air supplied by a compressor. A system for humidity abatement, made of a column filled with 

zeolites and activated carbon, was located before the CO2 mixing point. The total pressure drop 

across the solid bed was measured by a U-tube water manometer. 

The contact modes investigated ranged from the fixed to the bubbling regime in conventional 

fluidization and to the regime of homogeneous expansion in confined fluidization. During the CO2 

adsorption process the increase of bed temperature was monitored by a thermocouple vertically 

immersed in it. As concerns this effect, the amount of energy involved in physical adsorption of 



CO2 is about 10 kcal/mol. The CO2 concentration in the gas stream entering or leaving the 

adsorption unit was measured by a gas analyzer (Madur GA-21 plus) and acquired on a PC. 

 

2.2 Adsorbent 

 

The use of zeolites as physical adsorbents for CO2 capture have already been reported [11]. The 

adsorption efficiency of zeolites is heavily affected by their size, charge density, chemical 

composition and by the nature of cations in their porous structures [5]. Highly crystalline zeolites 

with large surface area and three-dimensional pore structure are obtained by altering their Si/Al 

ratio. The exchange with alkali and alkaline-earth cations in the structure of zeolites enhances CO2 

adsorption. On the other hand, the CO2 adsorption capacity of zeolites greatly declines in the 

presence of moisture in the gas because of their highly hydrophilic character, so that a high 

regeneration temperature (often above 300°C) is needed. A commercial zeolite, 13X-APG 

MOLSIV™ provided by UOP LLC, has been used as adsorbent material. Si/Al is 1,7 and Na/Al is 

one, as obtained by EDAX analysis. Two samples, 400-500 and 710-800 m, were prepared by 

sieving and their particles size distributions were characterized by a laser diffractometer 

(Mastersizer 2000 by Malvern Instruments), as shown in Fig. 2. Characteristic diameters from 

these distributions are reported in Tab. 1.  

Samples morphology was characterized by SEM analysis using a FEI Inspect F50 instrument.  

Particles of 13X zeolite (Fig. 3a), as obtained by granulation of its powder with a binder, have 

quasi-spherical morphology with size ranging between 400 to 2000 m. SEM micrographs 3b, 3c 

and 3d show the powder crystals with their cubic habit and size between 1 and 3 m. Particle 

density is 1440 kg/m3. 

Specific area was determined according to the BET method, using N2 adsorption at 77 K 

performed with a Micromeritics ASAP 2020 analyzer. Pore size distribution and volume were 

evaluated using a DFT equilibrium model. Samples were degassed at  350°C until 30 µm Hg was 

reached. Both samples, with different particle size, have a BET surface area of 650 m2/g, pore 

volume of 0.24 cm3/g and pore size of 4.7 Å. These values are in agreement with those reported in 



the literature and not influenced by the sample size [36]. The nature and the amount of the species 

adsorbed were determined by TG analysis carried out on a Netzsch STA 409 instrument. As 

shown in Tab. 2, all samples have weight loss centered at about 200 °C, due to water desorption. 

Analogously, desorption of CO2 from 13X zeolite samples previously used for adsorption occurs at 

70 °C and is signalled by a similar weight loss. 

  

2.3 Fluid-dynamic characterization 

 

The two zeolite samples were subjected to characterization of their regime of fluidization according 

to both in the conventional and the confined bed technique. These tests were performed at 

ambient temperature and pressure using dehumidified air as fluidizing gas. Two values of the bed 

aspect ratio H/D were adopted, 1.7 and 3.5, to obtain the minimum fluidization velocity of the 

conventional bed and of the confined fluidized bed. The pressure drop and bed expansion curves 

were obtained by measuring pressure and bed height in experiments performed both at increasing 

and decreasing superficial gas velocity that gave the same results [17-19]. The minimum 

fluidization parameters, as determined from figures 5 and 6, are collected in Tab. 3. 

In comparison with the conventional system, the confined bed undergoes suspension at a lower 

superficial gas velocity but the corresponding value of the interstitial velocity is higher because bed 

voidage is much lower, nearly half the value measured in the conventional fluidized bed (e.g. 0.19 

instead of 0.41 for the sample 400-500 m). Moreover, when the solid is fluidized according to the 

conventional technique, beyond the incipient fluidization threshold it immediately enters the 

bubbling regime. As regards the confined fluidized bed, instead, suspension coincides with the 

beginning of its homogeneous expansion, a regime that has been modeled by means a modified 

form of the Richardson-Zaki’s equation [17-19]. This confirms the ability of the novel gas-solid 

contact mode to enhance the fluidization quality. It has been shown, to this regard, that the 

amplitude of the interval of the regime of homogeneous expansion can be controlled by regulating 

the ratio between height of the particle bed subjected to fluidization and height of the packed bed in 



which it is confined, a circumstance that qualifies confined fluidization as a noticeably attractive 

processing technique. 

 

2.4 Adsorption tests 

 

The conditions for all adsorption experiments were ambient temperature and pressure. Prior of 

each test, the sorbent solid has been heated up to 300 °C to remove any trace of moisture and of 

CO2 adsorbed. In a typical experiment based on conventional fluidization, the sorbent is loaded 

onto the column, then it is fluidized and defluidized in order to obtain repeatably the bed height of 

8.0 cm. The adsorption process is preceded by a conditioning period of about 10 min, during which 

air is let flow through the particle bed in order to stabilize the regime for the gas-solid exchange at 

one of the values of superficial gas velocity indicated in Tab. 4. 

Such velocity values were selected to allow a comparison of adsorption data relevant to pair of 

experiments performed on either fluidized-bed system (conventional or confined) crossed by a gas 

stream having the same flow rate and CO2 concentration and with beds of the same mass and 

particle size. For either sample of zeolite at the lower velocity the conventional bed finds itself in 

the fixed state, whereas at the higher u it is crossed by bubbles; the packed-fluidized bed, instead, 

is always in the regime of fluidization and homogeneous expansion in the voids of the packing of 

coarse spheres. 

In a typical experiment of confined fluidization, the coarse spheres are first poured onto the column 

to form a packing with a height of 38 cm; subsequently, 100 g of the finer solid are loaded and after 

a complete fluidization–defluidization cycle their height is recorded. Then, air is fed to the column 

for about 10 min, to stabilize the regime at one of the the selected values of superficial gas velocity 

reported in Tab. 4. In any adsorption test a gas mixture of air and carbon anhydride with a fixed 

volume percentage of CO2 is fed to the column. CO2 concentration in the effluent gas is 

continuously monitored at the exit of the column until the gas composition reaches 95% of the inlet 

value, i.e. until sorbent saturation is reached. CO2 concentration data are plotted in function of time 

(breakthrough curve) since the instant at which the gas mixture begins to flow from the fluidized 



bed to the analyzer. For each solid sample used in adsorption experiments both in the 

conventional and in the confined fluidization apparatus, the effect of fluidization velocity and CO2 

partial pressure on adsorption efficiency was investigated. 

The breakthrough curves (figure 7-10) have been worked out to evaluate:  

(i) the breakthrough time tb [s], or breakpoint. It is the time it takes for CO2 to reach 5% of 

the inlet concentration at the outlet of the adsorption column. In a continuous process it 

also represents the time at which the the gas feed must be switched to the stand-by 

column in order to regenerate the saturated sorbent of the first one. 

(ii) the fraction of bed W utilized at the breakpoint, namely the ratio between the amount of 

CO2 adsorbed up to the the breakpoint and that adsorbed at saturation. This parameter 

is strictly related to the performance of the adsorber: given the contact time, a higher W 

means that a lower amount of sorbent is required. On the other hand, given the mass of 

solid in the column, a higher W means that sorbent saturation occurs after a longer 

time.  

(iii) the mass of CO2 adsorbed per unit mass of adsorbent, mads (reported in this paper in 

gCO2/kg13X), calculated by integration of the breakthrough curves;  

(iv) the maximum temperature, Tmax, reached during the adsorption test (as measured by 

the thermocouple immersed in the bed). 

Table 5 reports all these parameters at the various operating conditions selected for the adsorption 

experiments of this work. 

The solid-gas fluidization regime adopted for the process influences the contact time tc but not the 

quantity of CO2 adsorbed until the sorbent is saturated; this depends on the inlet concentration of 

CO2 in the gas. In the case of confined fluidization, homogeneous expansion of the solid occurs so 

that with the increase of the bed voidage also the contact time between gas and sorbent increases.  

As CO2 adsorption is an exothermic process, any increase of temperature is unfavorable for the 

adsorption capacity of the solid bed. That is the reason for monitoring  the bed temperature during 

the adsorption process, so as to become aware of the variation of the adsorption capacity. 



3. Results 

 

Figures 6a and 7a compare typical breakthrough curves, i.e. the trend of C/C0 vs time, obtained by 

experiments of conventional and confined fluidization. Each pair of experiments employed the 

same sorbent (zeolite 13X, 400-500 m) and was run at the same superficial gas velocity (u=5.5 

cm/s) and inlet concentration of CO2 (5% or 10%, respectively). At the velocity value chosen for the 

experiments the conventional bed is still in its fixed state, while the confined bed finds itself over its 

incipient fluidization threshold, so that its state is that of a homogeneously expanded particle 

system. The related trends of the bed temperature are also reported in Figs 6b and 7b. 

The analysis of the two pairs of curves suggests that the confined fluidization of the sorbent greatly 

enhances the breakthrough time, in a way that in confined bed tests tb is almost two times the 

value measured in the conventional process; for either system, however, higher inlet CO2 

concentration reduces the characteristic time parameters (breakthough and saturation time) to a 

lower value. It is also observed that adoption of the confined fluidization technique causes an 

increase of bed temperature more moderate than in the conventional fixed bed. 

Breakthrough curves  reported in Figs 8a and 9a as well as the corresponding bed temperature 

trends of Figs 8b and 9b are relevant to adsorption tests carried out with the coarser cut of sorbent 

(zeolite 13X, 710-800 m) at u=28.5 cm/s and with an inlet concentration of CO2 equal to 5% and 

10%, respectively. With this solid material the new value of gas velocity determines two different 

fluidization regimes: free bubbling in the conventional fluidized system and homogeneous 

expansion in the confined fluidized bed. 

Also when the comparison is made with a freely bubbling fluidized bed, the result is the same: with 

respect to what observed on employing the conventional fluidization technique, adsorption on the 

confined fluidized bed of sorbent is characterized by an increased breakthrough time and a limited 

increase of the bed temperature. The fact that the same findings are obtained with both samples of 

zeolitic sorbent evidences that the confined-fluidized mode improves the efficiency of gas-solid 

contact with respect to both the fixed-bed adsoption and the ordinary fluidized-bed technique. 



Table 5 reports the experimental results of all the adsorption tests performed in the present 

investigation. In particular, the analysis of the effects of each experimental variable on the 

characteristic parameters of the process carried out in a confined fluidized bed is likely to provide 

useful suggestions for improving the overall adsorption effectiveness.   

Altogether, data of Tab. 5 show how in a confined fluidized bed the contact time tc nearly increases 

on average by 50% with respect to that measured in the conventional system, either when gas 

velocity is such that adsorption is carried out on a fixed bed and when the gas-solid contact regime 

is that of a fluidized system crossed by bubbles; at the same time the increment of the 

breakthrough time tb is roughly equal to 70%. The fraction of bed W utilized at the breakpoint in the 

confined fluidized, i.e. the ratio between the amount of CO2 adsorbed up to the breakpoint and that 

adsorbed at saturation, is always higher by nearly 30% than that measured in the conventional 

bed. The mass of CO2 adsorbed per unit mass of adsorbent, mads, calculated by integration of the 

breakthrough curves, depends on the inlet CO2 concentration and varies with the average size of 

the sorbent: irrespective of the contact regime, with the zeolite 400-500 m an average value of 

mads=73 gCO2/kg13X is found when the inlet concentration of CO2 is 5%, whereas a value of 88 

gCO2/kg13X is calculated when CO2 concentration is 10%. With the sorbent 710-800 m, the 

corresponding values of mads are equal to 84 and 107 gCO2/kg13X, respectively. Thus, W is found 

to be more sensitive to the variation of CO2 inlet concentration of the gas stream than to the 

variation of the particle size of the sorbent. In terms of mads, the cut 710-800 m exhibits the best 

performance. 

In order to identify the effects of the operating conditions on the performance of the confined 

fluidized bed, Fig.10 compares the breakthrough curves (Fig.10a) and the temperature trends 

(Fig.10b) relevant to the adsorption tests conducted on the confined fluidized system at the two 

values of CO2 inlet concentration and a superficial gas velocity of 7.9 cm/s. Of the two curves, that 

relevant to  a CO2 concentration of 10% exhibits a steeper increase of the ratio C/C0, followed by a 

slower approach to sorbent saturation. That makes the area under the curve wider, so that mads 

results larger while a lower value of W is obtained. Similarly, in Fig. 10b the trend of temperature 



relevant to 10% CO2 inlet concentration has a faster increase, with a maximum value of 37°C 

followed by a decrease to about 30°C. 

A comparison of adsorption tests conducted at the same value of CO2 inlet concentration (10%) 

and type of fluidization regime (homogeneously expanded bed) but with the two different cuts of 

the sorbent (400-500 and 710-800 µm) is shown in Fig. 11: on average, the ratio CO2 adsorbed 

mass/sorbent mass, namely mads, is higher for the bigger cut of zeolitic particles than for the 

smaller (Fig.11a). As regards the temperature trends (Fig.11b), the maximum values of T reached 

with either sorbent are altogether comparable. 

 

4. Discussion  

 

In the confining environment provided by the interstitial voids of a packed bed of coarse spheres 

homogeneous fluidization and expansion of the bed of zeolite 13X determines an improvement of 

the contact time in comparison with the case of the conventional fluidization regime (i.e. that of a 

freely bubbling bed). To this regard, a variation of the time of breakthrough is observed which 

determines a larger fraction of the bed to be utilized at the breakpoint. On the other hand, the 

contact time decreases with the degree of bed expansion. The analysis of temperature trends 

indicates that the increase of gas velocity allows a better temperature control during the adsorption 

process: the decrease of Tmax at higher gas velocity is likely to be due to a more effective 

mechanism of thermal exchange between the solid phase, whose temperature tends to be raised 

by the heat released by the process of adsorption, and the effluent gas. As these thermal effects 

are detrimental to adsorption efficiency, gas velocity can be regulated in order to achieve a 

condition of good thermal control of the confined fluidized bed. 

In the experiments of the present study the two cuts of solid sorbent were confined in a packing of 

spheres of different diameter, a circumstance that causes bed expansion to occur in a network of 

interstitial channels characterized by a different hydraulic diameter, namely 5.76 mm for the 

packing of spheres with a diameter of 11 mm (used with the 710-800 µm sorbent) and 3.71 mm for 

the spheres of 8 mm (used with 400-500 µm particles). Notwithstanding this difference, a similar 



conditions of expansion of the two beds is observed, since the percolation ratio dVF/dh is of the 

same order of magnitude. The slight difference found in the values of mads measured with the 710-

800 µm sorbent can perhaps be explained with the better quality of expansion shown by bigger 

particles, associated to the higher value of the percolation ratio in the confined environment. 

 

5. Conclusions 

 

In the present work the efficiency of the capture of CO2 by a confined fluidized bed of pellets of 

zeolite 13X has been investigated. Adsorption tests have been performed both in a conventional 

and a confined fluidized apparatus and the effect of the size of sorbent particles, of the CO2 inlet 

concentration and of the superficial gas velocity has been analysed. 

The experimental results show that confined fluidization positively affects the efficiency of the 

adsorption process as it determines a remarkable increase of the breakthrough time as well as of 

the fraction of bed utilized up to the breakpoint and of the adsorbed mass of CO2. 

As regards the influence of the CO2 inlet concentration, the CO2 capture capacity of the 13X zeolite 

increases with it coherently with the fact that the partial pressure of the species subjected to 

adsorption is the driving force of the process. 

The tests performed in the confined fluidized bed at a fixed CO2 inlet concentration and at varying 

fluidization velocity show the dependence of the breakthrough time on the gas-solid contact time, 

which is inversely proportional to the fluidization velocity. In the confined fluidized bed the increase 

of temperature associated to the exothermic nature of the process is small and can be controlled 

by regulating the superficial gas velocity, a favorable circumstance for the optimization of the 

performance of an apparatus based on this novel contact mode. 

  



NOMENCLATURE 

C CO2 concentration in the effluent gas, % vol 

C0 CO2 concentration in the inlet gas, % vol 

dh hydraulic diameter of the voids , mm  

dP diameter of the packed solid, mm   

dSF Sauter mean diameter of sorbent, m   

dVF volume mean diameter of sorbent, m  

mads mass of CO2 adsorbed per unit mass of sorbent, gCO2/kg13X, 

u superficial gas velocity, cm/s 

umf minimum fluidization velocity of the conventional bed, cm/s  

umfc minimum fluidization velocity of the confined bed, cm/s 

W fraction of bed utilized at breakpoint, % 

t time, s 

tb breakthrough time, s 

tc contact time, s 

T temperature in the middle of the confined fluidized bed, °C 

Tmax maximum temperature in the middle of the confined fluidized bed, °C 

 

Greek symbols 

P  pressure drop in the conventional system, Pa
 

Pconf pressure drop in the confined system, Pa 

  voidage in the packed-fluidized bed, - 

mf  voidage at incipient fluidization in the conventional bed, - 

P  voidage of the packed bed, - 

  



REFERENCES 

[1] M.Z. Jacobson, Review of solutions to global warming, air pollution, and energy security, 

Energy and Environmental Science 2 (2009) 148–73. 

[2] H. Yang, Z. Xu, M. Fan, R. Gupta, R.B. Slimane, A.E. Bland, I. Wright, Progress in carbon 

dioxide separation and capture: a review, Journal of Environmental Sciences 20 (2008) 14–27.   

[3] M. Kanniche, R. Gros-Bonnivard, P. Jaud, J. Valle-Marcos, J.M. Amann, C. Bouallou, 

Pre-combustion, post-combustion and oxy-combustion in thermal power plant for CO2 capture, 

Applied Thermal Engineering 30 (2010) 53–62.   

[4] A.S. Bhown, B.C. Freeman, Analysis and status of post-combustion carbon dioxide capture 

technologies, Environmental Science and Technology 45 (2011) 8624–32. 

[5] M. Wang, A. Lawal, P. Stephenson, J. Sidders, C. Ramshaw, Post-combustion CO2 capture 

with chemical absorption: a state-of-the-art review, Chemical Engineering Research and Design 

89 (2011) 1609–24.    

[6] P. Jackson, A. Bet, M.I. Attalla, CO2 capture in aqueous ammonia solutions: a computational 

chemistry perspective, Physical Chemistry Chemical Physics 14 (2012) 16301–11. 

[7] G. Zhao, B. Aziz, N. Hedin, Carbon dioxide adsorption on mesoporous silica surfaces 

containing amine-like motifs, Applied Energy 87 (2010) 2907–13.    

[8] D.M. D’Alessandro, B. Smit, J.R. Long, Carbon dioxide capture: prospects for new materials, 

Angewandte Chemie - International Edition 49 (2010) 6058–82.    

[9] T.C. Drage, C.E. Snape, L.A. Stevens, J. Wood, J. Wang, A.I. Cooper, R. Dawson, X. Guo, C. 

Satterley, R. Irons, Materials challenges for the development of solid sorbents for 

post-combustion carbon capture, Journal of Materials Chemistry 22 (2012) 2815–23.    

[10] R. Dawson, D.J. Adams, A.I. Cooper, Chemical tuning of CO2 sorption in robust nanoporous 

organic polymers, Chemical Science 2 (2011) 1173–7. 

[11] M. Younas, M. Sohail, L. K. Leong, M. JK Bashir, S. Sumathi, Feasibility of CO2 adsorption by 

solid adsorbents: a review on low-temperature systems, Int. J. Environ. Sci. Technol. 13 

(2016) 1839–1860. 



[12] R. Chirone, L. Massimilla, S. Russo, Bubble-free fluidization of a cohesive powder in an 

acoustic field, Chemical Engineering Science 48 (1993) 41–52.   

[13] M. Kashyap, D. Gidaspow, M. Driscoll, Effect of electric field on the hydrodynamics of fluidized 

nanoparticles, Powder Technology 183 (2008) 441–53.   

[14] P. Zang, J. Yang, Behaviour of mixture of nano-particles in magnetically assisted fluidized bed, 

Chemical Engineering Process 47 (2008) 101–108.  

[15] P. Ammendola, R. Chirone, F. Raganati, Effect of mixture composition, nanoparticle density 

and sound intensity on mixing quality of nanopowders, Chemical Engineering Process 50 

(2011) 885–891.  

[16] D. Barletta, M. Poletto, Aggregation phenomena in fluidization of cohesive powders assisted 

by mechanical vibrations, Powder Technology 225 (2012) 93–100. 

[17] R. Girimonte, V. Vivacqua, The expansion process of particle beds fluidized in the voids of a 

packing of coarse spheres, Powder Technology 213 (2011) 63–69. 

[18] R. Girimonte, V. Vivacqua, Design criteria for homogeneous fluidization of Geldart’s class B 

solids upward through a packed bed, Powder Technology 249 (2013) 316–322. 

[19] R. Girimonte, V. Vivacqua, B. Formisani, Extension of the model of binary fluidization to beds 

confined in a packing of coarse spheres, Powder Technology 297 (2016) 275-282. 

[20] D. Geldart, Types of gas fluidization, Powder Technology 7 (1973) 285–292. 

[21] F. Raganati , P. Ammendola, R. Chirone, CO2 capture performances of fine solid sorbents in a 

sound-assisted fluidized bed, Powder Technology 268 (2014) 347–356.   

[22] F. Raganati, P. Ammendola, R. Chirone, CO2 adsorption on fine activated carbon in a sound 

assisted fluidized bed: effect of sound intensity and frequency, CO2 partial pressure and 

fluidization velocity, Applied Energy 113 (2014) 1269–1282.   

[23] F. Raganati, V. Gargiulo, P.Ammendola, M. Alfe, R. Chirone, CO2 capture performance of 

HKUST-1 in a sound assisted fluidized bed, Chemical Engineering Journal 239 (2014) 75–86. 

[24] G. Donsì, G. Ferrari, B. Formisani, Expansion behavior of confined fluidized beds of fine 

particles, Canadian Journal of Chemical Engineering 67 (1989) 185–190. 



 [25] A.G.J. van der Ham, W. Prins, W.P.M. van Swaaij, A small-scale regularly packed circulating 

fluidized bed Part I: Hydrodynamics, Powder Technology 79 (1994) 17–28. 

[26] A.G.J. van der Ham, W. Prins, W.P.M. van Swaaij, A small-scale regularly packed circulating 

fluidized bed Part II: Mass transfer, Powder Technology 79 (1994) 29–41.  

[27] P. Glasserman, D. Videla, U. Bohm, Liquid fluidization of particle in packed beds, Powder 

Technology 79 (1994) 237–245. 

[28] X. Song, Z. Wang, Y. Jin, Z. Tanaka, Gas-solid circulating fluidization in a packed bed, Powder 

Technology 83 (1995) 127–131. 

[29] A. Delebarre, B. Bitaud, M.C. Regnier, Gas-solid suspension flowing through a granular bed, 

Powder Technology 91 (1997) 229–236. 

[30] Y. Ding, Z. Wang, D. Wen, M. Ghadiri, X. Fan, D. Parker, Solids behaviour in a gas solid 

two-phase mixture flowing through a packed particle bed, Chemical Engineering Science 60 

(2005) 5231-5239. 

 [31] D. Mandal, D. Sathiyamoorthy, M. Vinjamur,  Heat transfer characteristics of lithium-titanate 

particles in gas-solid packed fluidized bed, Fusion Science Technology 62 (2012) 150-156. 

[32] D. Mandal, D. Sathiyamoorthy, M. Vinjamur, Experimental measurement of effective thermal 

conductivity of packed lithium-titanate pebble bed, Fusion Engineering and Design 87 (2012) 

67-76. 

[33] D. Mandal,  V.K. Sharma,  H.J. Pant ,  D. Sathiyamoorthy, M. Vinjamur,  Quality of fluidization 

in gas-solid fluidized and packed fluidized bed - an experimental study using gamma-ray 

transmission technique, Powder Technology 226 (2012) 91-98. 

[34] D. Mandal, D. Sathiyamoorthy, M. Vinjamur, Hydrodynamics of beds of small particles in the 

voids of coarse particles, Powder Technology 235 (2013) 256-262. 

[35] D. Mandal, D. Sathiyamoorthy, M. Vinjamur, Experimental investigation of heat transfer in 

gas–solid packed  fluidized bed, Powder Technology 246 (2013) 252–268. 

[36] C. Chen, D. Park, W. Ahn, CO2 capture using zeolite 13X prepared from bentonite, Applied 

Surface Science 292 (2014), 63-67. 



Figure1
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917294&guid=d8ea94a7-2f86-4892-9195-8e113ed09677&scheme=1


Figure2
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917295&guid=d864722a-117a-4680-9e46-74af91711521&scheme=1


Figure3
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917296&guid=a6bc29a2-de7f-4e87-ac8c-d9612b7974c4&scheme=1


Figure4
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917297&guid=8a691035-b25f-4b0c-9fc2-bed02485fbe8&scheme=1


Figure5
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917299&guid=59a6f8a7-ff43-4370-beed-4c413ab4f099&scheme=1


Figure6
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917300&guid=6c77cd0c-1e65-4d4d-a725-c75eb83f6010&scheme=1


Figure7
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917301&guid=a49e713b-761b-4f1c-a02d-e8949313970c&scheme=1


Figure8
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917302&guid=714e1f3a-5570-4fb9-83d0-4f142cadeabe&scheme=1


Figure9
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917303&guid=638c4711-429e-40ee-ad71-47d21a6d7ccd&scheme=1


Figure10
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917304&guid=46fabc52-f07d-4624-a7ab-fb711195ca1e&scheme=1


Figure11
Click here to download high resolution image

http://ees.elsevier.com/powtec/download.aspx?id=917305&guid=fe778bbe-5e10-4c08-a6a8-cd8b5c977af8&scheme=1


Tab.1 - Size distribution data. 

Sieve size [µm] Volume 
diameter, dVF 

[µm] 

Sauter 
diameter, dSF 

[µm] 

d(10) [µm] d(50) [µm] d(90) [µm] 

400-500 471 448 343 460 616 

710-800 701 558 426 675 1036 

 

Table1



Tab.2 - Thermogravimetric data. 

Sample Weight loss %  

As made 21,5 (at 200°C) 

Treated at 300°C/8 hour 4 (at 200°C) 

After CO2 adsorption 3 (at 70°C); 4 (at 200°C) 

 

Table2



Tab.3 - Fluid-dynamic data. 

 conventional bed confined bed 

Sieve 
size 
[µm] 

umf  
[cm/s]   

mf  
[-] 

Packing 
diameter 
dP [mm] 

Packed 
bed 

voidage  

P [-] 

Hydraulic 
diameter, 
dh [mm] 

Percolation 
ratio, 
dVF/dh 

[-] 

umfc  
[cm/s] 

 

  
[-] 

400-500 7.20 0.41 8 0.41 3.71 0.13 5.00 0.19 

710-800 25.70 0.39 11 0.44 5.76 0.12 12.60 0.20 

 

Table3



Tab.4 - Superficial gas velocities during the absorption tests. 

Sorbent 
sieve size 

[µm] 

u  
[cm/s] 

Regime in the 
conventional 

system 

Regime in the 
confined system 

400-500 
5.5 
7.9 

Fixed bed 
Bubbling bed 

Expanded bed 

710-800 
13.9 
28.5 

Fixed bed 
Bubbling bed 

Expanded bed 

 

Table4



Tab. 5 - Process parameters and results of the adsorption experiments. 

Sorbent 

size 

CO2 

fraction 

[%] 

Gas 

velocity 

[cm/s] 

Regime tc [s] 
tb  

[s] 

W 

[%] 

mads  

[gCO2/kg13X] 

Tmax 

[°C] 

400-500 m 

5 

5.5 
Fixed bed 0.69 136 74 75 49 

Expanded bed 0.95 234 84 74 33 

7.9 
Bubbling bed 0.52 86 50 71 44 

Expanded bed 0.78 129 64 71 34 

10 

5.5 
Fixed bed 0.65 93 79 91 44 

Expanded bed 0.95 156 89 89 33 

7.9 
Bubbling bed 0.54 39 40 87 50 

Expanded bed 0.78 66 55 84 37 

710-800 m 

5 

13.9 
Fixed bed 0.28 56 58 91 65 

Expanded bed 0.43 91 80 81 38 

28.5 
Bubbling bed 0.16 15 37 83 49 

Expanded bed 0.40 46 68 79 33 

10 

13.9 
Fixed bed 0.27 38 86 109 54 

Expanded bed 0.44 69 90 105 41 

28.5 
Bubbling bed 0.19 14 46 110 53 

Expanded bed 0.30 29 71 104 39 

 

 

Table5
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