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a b s t r a c t

A polymeric template consisting of polystyrene microbeads was used to provide the macroporous

structure of synthesized CaO-based sorbents. It was found that the pore size distribution of prepared and

calcined sorbents drastically depends on the amount and particle size of the template used, as well as on

the sorbent preparation conditions. The macroporous structure formed after the template removal

significantly increases the rate of both recarbonation and decomposition reactions. The decomposition

rate of the sorbent produced from a 40% templated composite was an order of magnitude higher than the

rate of a reference sample produced in the absence of the template. In this way, the template approach

seems to be a perspective technique to prepare CaO-based sorbents with enhanced recarbonation/

decomposition performance.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Emission of large amounts of CO2 to the atmosphere, mostly as a

by-product of burning fossil fuels in man-made processes, signifi-

cantly contributes to the climate change [1,2]. The need to move

toward a sustainable energy future motivates the search for new

technologies to meet the ever-growing world energy demand. One

of the options for reducing greenhouse gas emissions is the CO2

capture and storage from large stationary sources [3e5] and during

biomass gasification [6,7] by means of solid sorbents. Some studies

on this topic suggest the use of calcium-based sorbents for the

effective capture of CO2 at high temperatures based on the

reversibility of the reaction [8e11]:

CaOþ CO24CaCO3:

CaO-based sorbents exhibit nearly stoichiometric sorption ca-

pacity for CO2 [12,13]. However, the major challenge is to overcome

the loss of sorption capacity during the recarbonation

edecomposition cyclic reaction because of the sorbent sintering

[14]. It is well known that textural properties of the sorbent dras-

tically affect its recarbonation/decomposition performance under

cyclic conditions of the CO2 capture and biomass gasification

[15,16]. To date, several methods have been applied to modify the

porous structure of Ca-based sorbents: direct thermal decomposi-

tion of natural limestones [17] or Ca-containing salts and hydrox-

ides [18], a wet chemistry route [19], a solegel technique [20],

hydrolysis of calcium alkoxide precursors, and flame pyrolysis [21].

In all these cases, the porosity and pore size distribution were

substantially regulated by the chemical nature of precursors and by

synthesis conditions.

On the other hand, textural properties of Ca-based sorbents can

be precisely determined via a template approach, in which poly-

meric microspheres are used as a template [22]. In general, this

technique consists of two steps. At the first step, a template, which

is formed from microspheres with the definite shape and size, is

mixed with the sorbent precursor. At the second step, the precursor

is converted to a desiredmaterial, while the template is removed by

either calcination or extraction [23]. Textural properties of the

remained solid replica, such as the macropore size and the specific
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pore volume, are determined by the portion and size of the tem-

plate. Thus, the template synthesis with nanocasting is a direct

technique for the design of materials with appropriate porosity and

pore size distribution.

In this work, we used a polystyrene (PS) template to create an

additional macroporosity and to design an appropriate pore size

distribution in CaO-based sorbents. The effect of the porous

structure on the CO2 sorption performance of the synthesized CaO

sorbents during repetitive recarbonation/decomposition cycles was

investigated.

2. Experimental

2.1. Sample preparation

The PS templates were synthesized using an emulsifier-free

emulsion polymerization technique as described in Ref. [24]. The

temperature of the emulsion polymerization was 90 �C. PS spheres

with the average sizes of 800 nm or 180 nm were packed by

centrifugation at the relative acceleration of 1500. Obtained PS

templates were washed with ethanol and dried in air.

CaO was prepared from a micron-sized CaCO3 powder (99%

pure, ‘‘ReaChim’’, Russia). The powderwas calcined at 900 �C for 3 h

in a muffle furnace in air. The product was ground in a mortar. The

sorbents were prepared by careful mixing of definite amounts of

the CaO powder and the PS spheres with water and ethanol under

vigorous stirring with the subsequent grinding in a mortar to

prepare a paste suitable for an extrusion molding (Table 1). The

required amount of water was determined experimentally using

the following criteria: the mixture should be ductile enough to

enable extrusion at moderate pressures and hard enough to pro-

vide a constant shape of the extrudates. The paste was extruded

using a plunger extruder equipped with a 3-mm extrusion die. The

extrudates were cut into equal parts, and the obtained pellets were

calcined at 900 �C for 3 h in a muffle furnace and then cooled down

to room temperature in air.

2.2. Measurements

The alternate recarbonation and decomposition reactions were

experimentally studied in a thermogravimetric analyzer Netzsch

STA 449 C. About 40 mg of the sample was put in a Pt crucible and

heated at the rate of 10 K/min. The recarbonation/decomposition of

the sorbents was performed both in a pressure swing adsorption

(PSA) mode and in a temperature swing adsorption (TSA) mode. In

the PSA mode, both recarbonation and decomposition of the

samples were carried out at the same temperature of 740 �C, and

the switch between the reactions was provided by switching from

the mixture of CO2 and argon to pure argon (maintaining the same

total flow rate). In the case of the TSAmode, the mixture of CO2 and

argon was constantly fed to the analyzer chamber, and the switch

between the recarbonation and decomposition was provided by

changing the sample temperature from 700 to 1100 �C in a saw-

tooth manner. In both modes, the experiments were carried out

at atmospheric pressure and a total flow rate of 120e150 cm3/min.

The flow rates were maintained with two mass flow controllers

(RRG-12 type, ‘‘ElTochPribor’’, Russia). Both controllers were pre-

liminary calibrated using a soap film meter, and their stability was

routinely checked. The error of setting CO2 concentration was less

than 5%. The dynamic sorption capacity (or total weight change in

one cycle) was determined as follows:

Weight change ¼
Mrec �Mreg

Mo
*100%; (1)

where Mrec is the sample weight at the end of the recarbonation

step, Mreg is the sample weight at the end of the preceding

decomposition step, and M0 is the weight of the calcined sample.

The sorbents were also characterized using mercury intrusion

porosimetry (Micromeritics Autopore VI 2500), low temperature

nitrogen adsorption (BET) (Nova 1200e Surface Area and Pore Size

Analyzer), scanning electron microscopy (Jeol JSM-6460 LV), and

powder X-ray diffraction (Thermo ARL X'TRA). The size of PS tem-

plate particles was determined by laser diffraction (Mastersizer

2000) and scanning electron microscopy.

3. Results and discussion

3.1. Template particle size determination

We assessed the size of template particles on the basis of the

data presented in Fig. 1. The size distribution of the PS particles for

both templates was uniform with maximums at 180 and 800 nm,

respectively.

3.2. Textural properties of the sorbents

The porous structure of the prepared sorbents was evaluated by

the mercury intrusion technique and by the low-temperature ni-

trogen adsorption (BET) method. Fig. 2 presents cumulative intru-

sion curves for two series of CaO sorbents obtained from the

templates with 180- and 800-nm microspheres. It should be noted

that the pore diameter determined from the applied pressure by

the Washburn equation refers to the size of the pore mouth. The

actual size of macropores is expected to be higher. As seen from

Fig. 2, the template approach resulted in a significant increase in

the specific pore volume of the CaO sorbent, which was in pro-

portion to the amount of the introduced template. Besides, Fig. 2

clearly demonstrates that the pore volume of the samples synthe-

sized with the addition of 180-nm spheres is higher than the pore

volume of the samples with the same amount of the template but

with the addition of 800-nm spheres.

Presumably, in the case of the 180-nm template, it was intro-

duced into the composite not in the form of separate spheres but in

the form of their aggregates. As a result, inner pores of the aggre-

gates, which were voids unfilled with calcium hydroxide during the

synthesis, could contribute to the additional pore volume of these

samples.

Fig. 3 shows that for the reference sample (i.e. for the sample

synthesized without the template), the maximum of mercury

intrusion corresponds to the pore sizes in the range of

100e300 nm. Besides, it is seen that the increase in the amount of

the added template leads to a significant shift of the maximum to

the higher pore sizes and in a considerable broadening of the dis-

tribution peak. These changes in the pore size distribution indicate

the sorbent sintering, which was probably a result of local over-

heating during the template burning.

The local overheating may also be responsible for the higher

crystallinity of the templated samples, which was observed by

means of the XRD analysis. Indeed, the width of corresponding

Table 1

Composition of the paste before extrusion.

Sample СаО, g PS template, g Water, ml Ethanol, ml

CaO-0% 40 0 45 0

CaO-20%PS800 nm 40 10.0 66 0

CaO-40%PS800 nm 20 13.4 37 0

CaO-20%PS180 nm 15 4.0 16 1

CaO-40%PS180 nm 15 10.6 35 4
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diffraction peaks indicates that for the templated samples, the

coherent scattering domain (CSD) size started from 170 nm and

typically was more than 200 nm, while for the reference sample,

the CSD size was about 150 nm (Table 2).

We also compared the data on the pore volume obtained by

mercury porosimetry with simple numerical estimates (Table 2).

The upper limit for the pore volume of the templated samples can

be estimated as the sum of the specific volume of PS and the pore

volume of the reference CaO sample:

Vpore max ¼

�

1
rPS
*wt%PS

�

100%
þ VMi; (2)

where rps ¼ 1.04 g/cm3 is the density of PS, and wt%ps is the weight

portion of PS. The estimates show that the addition of polystyrene

should increase the porosity, but the total pore volume would not

exceed 0.57 and 0.77 cm3/g for the samples with 20% and 40% of the

template, respectively. As seen from Table 2, the samples with the

800-nm template met these limits. In contrast, the samples with

Fig. 1. Laser diffraction data for the 180-nm PS template (a) and electron microscopy image of the 800-nm PS template.
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Fig. 2. Mercury intrusion curves for the sorbents prepared using PS templates with two characteristic sizes: 800 nm (a) and 180 nm (b). The data are presented for different portions

of the PS template that was introduced to the CaO-PS composite: 0% (black), 20% (red) and 40% (blue). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 3. dV/dr-r plots calculated using mercury intrusion curves for sorbents produced with 800-nm (a) and 180-nm (b) templates. The data are presented for the different portions

of the PS template, which were introduced to the CaO-PS composite: 0% (black), 20% (red), and 40% (blue). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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the 180-nm template exhibited the pore volumes that exceeded

their estimated limits. As it was supposed above, the extra pore

volume could appear because of the inner pores of the PS sphere

aggregates, which were inaccessible for calcium hydroxide during

the component mixing.

3.3. Sorption properties

Sorption properties of all synthesized samples were measured

at 740 �C in the PSA mode. The isothermal segment of the tem-

perature program was long enough to complete approximately six

2-h cycles. All investigated samples showed a significant CO2 up-

take (Fig. 4). At that, during the first recarbonation cycle, the

reference sample demonstrated the maximal weight change of

55 wt%, which corresponded to the 70%-conversion of calcium

oxide to carbonate. For the PS templated samples, the first-cycle

conversion varied from 28% to 64%. The lower recarbonation

extent demonstrated by the templated sorbents seems to be caused

by the increased size of CaO particles in these samples [25,26]

However, in the subsequent cycles, the higher recarbonation ex-

tents were observed namely for the templated samples.

To investigate the stability of the sorbents, their dynamic ca-

pacity was measured under conditions that are close to the real

conditions of the waste gas separation. The dynamic capacity was

measured in the TG experiments in the TSA mode. The rate of

heating/cooling was 20 K/min, and the partial pressure of CO2 was

80 kPa during of the whole experiment (Fig. 5).

As seen from Fig. 5, the sorption capacity of the templated

sample significantly exceeds the capacity of the reference sample

after several cycles. A similar dependence was also observed for

lower temperatures, and it most likely seems to be due to the dif-

ference in the morphology of the samples.

It is known from the literature that typical depths of the CaCO3

surface layer over the unreacted CaO core change from 50 to

220 nm [27e29] for the wide range of experimental conditions (the

sorption times 5e20 min, the temperatures 650e800 �C). There-

fore, one should expect that the pores with the diameter less than

220 nm may be completely filled with the carbonate product [25].

In our experiments, this effect led to the smoothing of the external

surface of the sorbents and to reducing their surface area after the

Table 2

Textural properties of the sorbents.

Sample Pore volume, cm3/g

(estimated)

Pore volume, cm3/g (mercury

porosimetry)

Porosity (mercury

porosimetry)

CSD size,

nm

Surface area, m2/g (mercury

porosimetry)

Surface area, m2/g

(BET)

CaO-0%PS 0.38 0.38 0.56 152 13 5

CaO-20%

PS800 nm

0.57 0.46 0.61 166 6 3

CaO-40%

PS800 nm

0.77 0.71 0.70 >200 3 4

CaO-20%

PS180 nm

0.57 0.62 0.67 >200 5 3

CaO-40%

PS180 nm

0.77 0.95 0.76 >200 3 1

Fig. 4. TG curves during the isothermal segment at 740 �C of the CaO sorbents produced from the composites with 800 nm (a) and 180 nm (b) PS spheres with different portion of

the PS template: 0% (black), 20% (red) and 40% (blue). Partial pressure of CO2 during the sorption step was 33 kPa, gas flow was 100 cm3/min, total pressure was 101 kPa. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. TG curves of the CaO sorbents prepared without a template (blue) and with the

800-nm PS template (the portion of the template was 40%) (green). The partial CO2

pressure during the experiment was 80 kPa, the gas flow was 100 cm3/min, and the

total pressure was 101 kPa. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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recarbonation step (Fig. 6). Indeed, the SEM images show that pores

of the reference sample are almost totally filled with the product,

while a part of large transport macropores remain free in the

templated sorbent after a series of the recarbonation/decomposi-

tion cycles (Fig. 6).

The apparent difference in the pore structure resulted in the

striking difference in the decomposition rates of the sorbents

(Fig. 7). While the decomposition of the reference sample and CaO-

20% PS800 nm did not complete in 60 min, the other samples

totally decomposed during the decomposition step. The average

decomposition rate for the reference sample was about 0.3 wt

%/min for the first 30 min, while the highly porous templated

samples showed an order of magnitude higher decomposition

rates. The highest rate of 3.0 wt%/min was observed for CaO-40%

180 nm.

It has been shown in Ref. [30] that at low CO2 pressures, the

decomposition rate quickly decreases with an increase in the par-

ticle size. This indicates that the reaction is limited by CO2 trans-

portation inside pores from the external particle surface. However,

an increase in the partial pressure of CO2 during decomposition

results in a very rapid decrease in the decomposition rate. At

relatively high partial pressures of CO2, i.e. at pressures close to the

equilibrium pressure over CaCO3, the rate becomes insensitive to

the particle size, indicating that decomposition becomes reaction-

rate-limited rather than diffusion-limited [30]. Taking into ac-

count that the pellets used in our experiments and the pellets used

in Ref. [30] were of a similar size, we may assume that the internal

pellet porosity accelerates the decomposition. It seems that higher

porosity provides better drainage of carbon dioxide from the core to

the external surface of a pellet, more effectively decreases the

partial pressure of CO2 on the CaO/CaCO3 surface and thereby in-

creases the decomposition rate.

In a porous solid with interconnected pathways, a gas molecule

may collide with another molecule or with pore walls. When the

gas pressure is high, moleculeemolecule collisions dominate,

which situation is referred to as the Fickian regime. At the small

pore size, collisions between molecules and pore walls dominate,

which is called the Knudsen diffusion regime. When both mecha-

nisms are of importance, the combined diffusion coefficient D may

be written as a combination of the Fick (DFick) and Knudsen (DKnud)

diffusion coefficients [31]:

Fig. 6. SEM images of the fresh sorbents (left) and sorbents after several cycles and after 1-h recarbonation at 740 �C (right) with different portion of the 800-nm PS template: 0%

(top panels), 20% (middle panels) and 40% (bottom panels). The partial pressure of CO2 during the sorption step was 33 kPa, the gas flow was 100 cm3/min, and the total pressure

was 101 kPa.
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1

D
¼

1

DKnud
þ

1

DFick
¼ 3$

�

1

dporeu1
þ

1

lu12

�

; (3)

where u1 is the mean velocity of CO2 molecules, u12 is the mean

velocity of CO2 molecules relative to the inert gas, dpore is a typical

pore diameter, and l is the mean free path. It follows from Eq. (2)

that in solids with small pores, the Knudsen diffusion is limiting.

Fig. 6 shows that after the recarbonation step, the templated

samples have much larger pores than the reference sample does.

These pores facilitate the CO2 transport out of the grain during the

subsequent decomposition step.

The high pore volume may also contribute to the higher

decomposition rate. The sample porosity f and tortuosity t of the

pores affect the effective diffusion coefficient Deff according to the

formula [31]:

Deff ¼ D
f

t
(4)

After decomposition, the templated samples have the pore vol-

ume that is up to 2.5 times higher than that of the reference sorbent

(Table 2). The ratio of the pore volumes in the recarbonated samples

is even more in favor of the templated samples. According to the

skeleton model [25], the total volume of the sorbent grain does not

change after the skeleton formation. Using this assumption, one can

estimate the pore volume Vpore,rec after the recarbonation step from

the pore volume Vpore,CaO of the decomposed sorbent:

Vpore;CaO þ
1

rCaO
¼ Vpore;rec þ

CPB$xr þ ð1� xrÞ

rCaO

Vpore;rec ¼ Vpore;CaO �
ðCPB � 1Þ$xr

rCaO

(5)

where rCaO ¼ 3:35 g
cm3 is the CaO bulk density, CPB ¼ 2:2 is the Pil-

lingeBedworth ratio (molar volume ratio) for CaCO3 and CaO, and

xr is the recarbonation extent. Both templated and reference sor-

bents demonstrate similar recarbonation extents of about 60%.

Estimation by formula (5) yields Vpore,rec of 0.17 cm3/g and 0.74 cm3/

g for the reference sample and for CaO-40%PS180 nm, respectively.

Thus, after the recarbonation step, the pore volume ratio for these

samples jumps to 4.5, which explains almost half of the observed

decomposition rate effect.

4. Conclusions

It has been shown that the template approach can be used as a

direct and apparent method for the formation of a porous structure

of CaO-based sorbents. The porosity that appeared in the sorbent

after the template burning is not equal to the initial volume of the

template and depends on the size and the amount of the template.

The recarbonation-decomposition properties of the synthesized

sorbents clearly demonstrate that the more developed porous

structure provides high rates of the carbon dioxide release, which is

crucial for practical applications. It has been also shown that the

dynamic sorption of the sorbents prepared with the template is

higher than the capacity of the sorbents prepared in the absence of

the template. Therefore, we suppose that the template synthesis

technique will be a perspective way to enhance the sorption ca-

pacity of CaO-based sorbents.
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Fig. 7. Decomposition rates of different sorbents during the 4th cycle. The samples

were produced from the composites with 800 nm (solid symbols) and 180 nm (open

symbols) PS spheres with different portions of the PS template: 0% (black), 20% (red),

and 40% (blue). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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ABSTRACT 

The evolution of sorptive and textural properties of CaO-based sorbents during repetitive 

sorption/regeneration cycles has been mathematically modeled. The proposed model takes into account 

the morphology of nascent CaO, sorbent sintering, and carbonation kinetics. The results show that the 

model is in good agreement with experimental data for real sorbents and predicts well the dependence of 

the recarbonation extent on the number and duration of the sorption/regeneration cycles.  

1. INTRODUCTION  

Emission of large amounts of CO2 to the atmosphere, mostly as a by-product of burning fossil 

fuels, sufficiently contributes to the climate change 
1,2

. The need to move toward a sustainable 

energy future motivates the search for new technologies to meet the ever-growing world energy 

demand. One of the options for reducing greenhouse gas emissions is the CO2 capture and 

storage from large stationary sources
3
 and during biomass gasification by means of solid 

sorbents
4
. Some studies on this topic suggest the use of calcium-based sorbents for the effective 

capture of CO2 at high temperatures based on the reversibility of the reaction 
5
: 

CaO+CO2⇄CaCO3. 

From a cost point-of-view, limestone should have a fairly obvious advantage 
8
. However, the use 

of natural calcium carbonates as regenerable sorbents of CO2 is limited by the rapid decay of the 

carbonation conversion with the number of carbonation/calcination cycles 
9
. Alvarez and 

Abanades 
10

 have shown that the recarbonation is far from being reversible in practice  and the 

main reasons for the CaO capacity decay are the sorbent sintering and pore blockage. 

In order to describe the CaO capacity decay during repetitive sorption/regeneration cycles, a 

number of semi-empirical equations have been proposed. Wang and Anthony
11

 derived an 
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expression similar to that used for catalyst deactivation through sintering. They suggested that  

the carbonation extent XN is inversely proportional to the number N of cycles and tends to zero.  � = +�       (1) 

where k is constant characterized the intensity of the sintering in cycles. 

Grasa and Abanades
12

 modified this equation with X∞ —the recarbonation extent after an infinite 

number of cycles — to account for the residual CaO capacity in a long series of recarbonation-

decomposition cycles:  � = − �∞ + + �∞  

Lysikov and Okunev
13

 reported that the addition of the sintering exponent n (≈ 0.58) 

significantly improves the agreement of the equation with experimental data.  � = − �∞+ + �∞  

Although the proposed equations are in reasonable agreement with practice, it is important to 

take into account the role of textural characteristics of the sorbents (e.g., the surface area and 

pore size) for a more detailed modeling and prediction of the sorbent performance 
14

. 

Qualitatively the mechanism of textural transformations of CaO that may take place in the 

cycling environment was described in 
13

 as follows (Figure 1). First, decomposition of original 

CaCO3 leads to the formation of smaller particles of CaO. Further, the freshly calcined sorbent 

recarbonates incompletely because of the shrinking of the particles during the first 

decomposition. In the following cycles, newly formed CaO grains grow and agglomerate. The 

necks between adjacent CaO grains thicken and strengthen until they can withstand the 

recarbonation stage. At the final step, the network of the interconnected CaO particles (a so-

called skeleton) is formed and ceases the subsequent sintering. After that, only the outer layer of 

the skeleton recarbonates, while its internal CaO core is protected by the product CaCO3 layer 

and may be considered as a refractory support for the outer reactive CaO shell.  
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Figure 1. Scheme of sorbent textural transformations. Reprinted (adapted), with permission, 

from Ref. 
13

. Copyright 2007, American Chemical Society. 

Bridging the gap between the qualitative and quantitative descriptions of the CaO sintering 

mechanism seems to be an important step on the way to predict the behavior of some important 

sorbent characteristics (such as sorption capacity, surface area, and pore distribution) during a 

sorption/regeneration process. 

Sun et al. in 
15,

 described the decay mechanism in terms of the sintering kinetics
16

 as a decrease 

in the surface area and pore volume  (�� ) � � = − �   

where S is present surface area,  Sa is original surface area, and ks is sintering constant. 

Another method to characterize porous materials is based on topological algorithms
17

. This 

method allows one to take into account the real geometric structure of porous materials and thus 

to model their properties and processes18 (e.g., fluid transport, deformation, and sintering) on a 

higher level of accuracy. 

 The present study had two objectives: first, using the novel topological approach in combination 

with the sintering concept, to design a reliable model for the deactivation of CaO-based sorbents; 

and second, to use this model to explore how reaction parameters (cycle duration, rates of 

carbonation/decomposition reactions) and the porous structure of parent CaO affect  the sorption 

performance of CaO in recarbonation-decomposition cycles. 

 

2. METHODS 

Modeling for the carbonation/decomposition process of the CaO granule using its textural 

characteristics. 

Granule sintering model.  
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In the current study, we used experimental data of Lysikov et al. on the synthesis of 

monodisperse (3.5-4.5 μm) calcium carbonate 
19

 and on the sorption properties of the derivate 

sorbent 
13

 as reference data for the model. It should be noted that the first decomposition of 

initial monodisperse calcium carbonate leads to the formation of smaller, partially connected 

grains of CaO (Figure 2).  

     

 

Figure 2. SEM images of parent CaCO3 (left) and derived CaO (right) after 2-hour calcination at 

1100°C. 

 As clearly seen from Figure 2, the surface of formed calcium oxide represents a sintered 

compact of sphere-like particles with necks between them. Therefore, a granule in our model 

was simulated with the dense random packing of  spheres of the same radius in a cube with the 

edge  using the Lubachevsky-Stillinger (LS) compression algorithm 
20

. Work time of the LS 

algorithm can be managed by the packing density =  � ��⁄ , where �  and �� are volumes of the 

grains and the cube, respectively. For large values of , one can assume that   =  �33          (5) 

where  is a sphere radius. However, this formula is not exact because of the grains supported 

along the walls of the cube (we call it the wall-effect). Therefore, we used a more precise variant:  =  ∑ ∑ ��� ��=1− � 3         (6) 

where ���  is the volume of the intersection of an �-th grain and a cube with the edge −  and 

with the same center as the initial cube. Porosity  is one of the main characteristics of porous 

media, and for the dense sphere packing, it can be estimated as = −  . 

 

It is well known that the maximum density of the sphere packing is ≈ .  and it is achieved on 

the face-centered cubic lattice. This statement is equivalent to the Kepler conjecture and now is 

widely considered proven by T.C. Hales. Random packings can have different densities, but 

usually porosity of the media simulated by random sphere packings maintains values . ±
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. . The porosity of CaO granules found by the mercury porosimetry is = .  /�, the 

real density of CaO is � = .  �/ , so the non-dimensional porosity of CaO is  =  � �⁄ +� �  ≈ .  .      (7) 

An early stop of the LS algorithm can provide an appropriate porosity , but it gives a too small 

number of sphere contact points in the packing. Therefore, we proceeded as follows: 

1) We modeled sufficiently dense random packing with porosity ≈ .  using the LS-algorithm. 

2) We “threw out” a part of the grains to maintain the needed porosity. 

 

 

 

Figure 3. Volume (left) and free surface (right) of the set of spheres with radius �. 

Vertical lines correspond to � = ,  i.e. to the radius of spheres in the dense 

packing. 

 

Let the sphere centers form the set � = {̅� , � = , … , }, ̅� , the radius of each sphere 

is . Denote as � �  the total volume of the spheres with centers in � and with radius �. The 

function � �   is shown in Fig. 3. We can see that the tangent of � �  decreases after  � >  , 

i.e. after the moment when the spheres begin to intersect. Almost at the same moment, the free 

surface begins to decrease. We suppose that in the sorption-regeneration cycle, the layer of 

CaCO3 grows from the surface of the grain in two directions —outside and inside the grain —

with thickness � each. Then, the volume of CaCO3 formed during the sorption stage is calculated 

by  � = � + � −  � − �   
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Figure 4. Different stages of sintering: =  (initial example, left); =.  (center); = .  (right). Below: typical sectors of the appropriate 

examples. 

  

Figure 5. Sorption/regeneration stages of the grains sintering. 

 

We suppose that the sintering of the CaO granule at high temperature causes an  approach of 

grain centers and a decrease in the linear size of the granule from  to . The coefficient  here 

is the shrinkage factor, and this is the main parameter of sintering in our model. Fig. 4  

demonstrates the stages of sintering for the different coefficients .   Fig. 5 depicts the stage of 

forming the layer of CaCO3 with the subsequent sintering. Thus, we have an initial set of sphere 

centers � =  �  and the volume function � � . After the sintering, we will have the packing 

with centers �� = { ̅�, � = , … , }  and with the same radii . Let us denote the volume of the 

spheres with radii � and with centers �� as �� � . It is easy to check that  �� � =  �(�⁄ )  

The volume of CaCO3 formed in one sorption/regeneration cycle for the sintered granule is  �� = � ( + �) −  � ( − �)  
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If the initial volume of CaO in the granule is � , then the initial amount of CaO is  = � ����  (11) 

where ��  is real density of CaO and ��  is its molar mass. If in a certain cycle, the sorption 

of CO2 resulted in the formation of a volume �� of CaCO3, then the amount of CaO reacted in 

that cycle is  = �� CaCOCaCO   

Consequently, the recarbonation extent is 

 =  Λ � + � − � − ��      

where  Λ = CaCO�� ��CaCO ≈ .   

 

2. Dynamics of the shrinkage factor µ  in a repetitive sorption/regeneration process. 

The layer of CaCO3 is growing while CaO reacts with CO2. We suppose that for a time , the 

layer of CaCO3 grows in thickness � = �  inside and outside of each grain and can be 

described as a spherical layer − � � + �. During the adsorption, the thickness of the 

carbonate layer increases. This hinders the diffusion of CO2 through it, which in turn decelerates 

the formation of the carbonate layer. Numerous works have been made to determine the kinetics 

of  CaO carbonation and to determine the rate of carbonate layer formation 
21

. In this work, we 

consider the following time dependence of the layer formation:  � =   

where  is the diffusion coefficient. 
24

  

Such dependence is typical of the reaction of solid with gas 
22

 and is valid when the partial 

pressure of CO2 repeatedly exceeds  the equilibrium 
23

. 

The sintering that takes place during the cycling and that changes the texture of the original 

sorbent seems to occur by both lattice and surface diffusion mechanisms 
15

.  

The lattice diffusion mechanism of the sintering is characterized by the shrinkage, i.e. by 

reduction of the distance between the centers of sintered particles. In contrast, the surface 

diffusion mechanism does not lead to the shrinkage
25

.  

During the shrinkage, the healing of small pores and the growth of large pores occur. As a result, 

the average pore size increases and the total pore volume decreases. Because a similar behavior 

was confirmed experimentally 
26

, in the current study, we used an assumption wherein the 
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decrease in the sorbent recarbonation extent from cycle to cycle occurs only because of the 

shrinkage.  

Previously, Borgwardt 
27,28

 has shown that the rate of a decrease in the CaO surface area (i.e. the 

rate of sintering) significantly increases in the CO2-containing atmosphere even at the 

temperatures above equilibrium for CaCO3 formation. He explained this phenomenon with the 

change in the sintering mechanism to a faster surface-like diffusion that is catalyzed by carbon 

dioxide. In many later works (Grasa, Lysikov), it was shown that the sintering on the sorption 

step proceeds much more intensely than it does on the regeneration step at the same temperature. 

The strong difference in the Tamman temperatures for carbonate and oxide indirectly confirms 

the higher mobility of ions in the CaCO3 crystal lattice compared with that in CaO, thus the mass 

transfer rate in carbonate is faster than that in oxide under the same conditions. 

The grains begin to sinter during the sorption because the growing layer of CaCO3 has high 

mobility. First, we consider a pair of grains in the sorption process as intersected spheres of radii 

 with the distance between their centers  (Fig.6). The contact area between the spheres 

is a circle of radius �, where � = −  (Fig.6). We will ignore the deformation of the grains 

during the sorption. Unreacted CaO fills the spheres with radii − � and with the same centers. 

CaCO3, which appeared in the sorption process, forms the layer of the thickness � . The 

sorption proceeds at the temperatures 750-850°C, which provides the mobility of the CaCO3 

layer but prevents the sintering of unreacted CaO. 

 

  Figure 6. Sintering of two grains. 

Because of its mobility, the layer of CaCO3 tends to decrease in volume. The energy of the 

system is consumed for a decreasing of the distance between the centers (there appears a force  

that squeezes the grains to each other) and for a resistance of non-reacted CaO grains to smash 

each other. If the force  does not produce a pressure greater than the ultimate tensile strength, 

then the centers do not approach. After achieving the critical thickness of the layer, the plasticity 
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in the contact zone appears and the grains begin to get closer. We will suppose that the force  is 

proportional to the surface tension (∼ ) and the layer thickness   (∼ �). Thus,  = � �  

where coefficient  � is the specific volume energy of the CaCO3 layer. 

 

In the contact zone, the force  generates the normal tension equal to  � =  � − �   

Centers begin to approach, if � � , = � � − �  , 
where σ0 and Ff  are the critical values of tension and force respectively after achieving that the 

coalescence of particles begins. 

In the following process of grain approaching, the force is equal to − , and the motion 

of CaO is described by the Newton’s second law.   �� = −( − ) = −� � + � � − �  

where  is the mass of unreacted CaO in one grain. We will suppose also that � is small with 

respect to  and �. By setting � = � ⁄ , � = � �⁄ ,  we get  �� = −� � � − +     

The assumption of smallness of � breaks in the very first moment of sintering when � is small 

(or even vanishes) and the force  does not act because CaO grains do not touch each other. In 

this case, equation (19) still holds.  

Let us consider the sequence of sorption/regeneration cycles with the sorption duration equal to 

. The initial distance between grain centers is  = .   
Every next cycle will provide the grain approach starting at the moment when  and until 

the thickness of the CaCO3 layer becomes �� = � =  1 .  The critical distance 

between centers is ∞ for a given  and can be defined from the following identity  ∞ = − � �� =  − �    

Consider a -th cycle, in the beginning of which the distance between centers equals �. The 

approach of the centers starts if = , so we can calculate the time � when the movement 

begins:  � = − ��  
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The sequence � can be found from the following iterating sequence of Cauchy problems:  =     � = − ��   

 �� = −� � � − +   

� = �, �� � =     �+ =    

Note that � → ∞  if  →  ∞. In addition, we observe that the mass  can be considered as 

depending on time  weakly for �  and in system (2) we can put �  as a constant. 

Nevertheless, as  changes, the coefficient � can change greatly, and actually � = � ) (30) 

 

If we consider the whole granule, we can assume that it shrinks only because of the approaching 

of all pairs of contacting grains (we ignore small distortions of the granule), and the shrinkage 

factor after the -th cycle can be calculated as 

� = �   

Let us denote the non-dimensional parameter  =  � ⁄ , which is such a part of a grain 

layer that reacts during the sorption. The parameter  ∞ = ∞⁄  is a limit shrinkage factor of the 

sample. � =   is a part of maximal thickness of the CaCO3 layer with respect to grain 

radius at predetermined . We use the following iterative equations that allow one to average the 

dynamics of �:   =     

∞ = √ − � �   

�+ = � − � � − ∞ − − �− ∞     

Equation 35 allows one to estimate the recarbonation extent after the -th cycle: 

� = Λ � � + �� − � − ���     

Putting � = ∞,  we obtain the stationary limit recarbonation extent of the CaO granule
25,29

. 

 

3. RESULTS AND DISCUSSIOINS 

Numerical experiment and real experiment.  
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The first two experiments show the dependence of the recarbonation extent (RE) on two 

parameters: duration  of the carbonation stage (which influences the thickness � of the CaCO3 

layer) and the limit shrinkage factor . Smaller values of  force smaller free surface areas of the 

grain surface and smaller REs but may be compensated by longer carbonation duration, and vice 

versa. 

 

In the first experiment, we consider two samples of monodisperse CaO subjected to 

carbonation/decomposition cycles with different durations of the carbonation stage  = .  

min and =   min at the same temperature 800°C. The duration of the decomposition stage 

was 30 min in all cases, which was sufficiently enough for entire decomposition of formed 

calcium carbonate. According to our model of the CaCO3 layer growth, we assume that 

corresponding maximal thicknesses of the CaCO3 layer relate as � = � .  Varying all 

parameters of the model under this assumption and utilizing the least squares method, we obtain 

a prediction of the RE presented in Fig. 7. Because of the lack of experimental data on the 

porosity of original CaO, we suppose that the CaO sample before the very first carbonation stage 

may have additional pores, which influences the additional decay of the RE during a first few 

cycles. To take this effect into account, we also vary the number of first cycles on which the 

model is applicable. As we see, the longer carbonation time provides a higher RE, so the 

thickness � in this case is more significant than the shrinkage factor.  
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Figure 7. Recarbonation extent during carbonation/decomposition cycles with 

different carbonation times (1) = .   min and (2) =  min at the same 

temperature 800°C. Large empty circles represent real experiment data; small filled 

circles represent prediction of the model. The limit shrinkage factors and 

percentage of the maximal thickness � with respect to the mean diameter of grains 

are the following:  (1) ≈ . , ≈ %,  (2) ≈ . , ≈ %. 
In the second experiment, we begin with carbonation/decomposition cycles as described above 

and replace carbonation times after a sufficient number of cycles (81-84 cycles) until the RE 

becomes stable. This experiment demonstrates the influence of both the thickness and the 

shrinkage factor on the RE. Before switching of the carbonation mode, we see that the RE for the 

longer carbonation time =   min is higher than the RE for = .  min, as discussed 

above. After the switching, we see that the new RE of sample (1) becomes lower than the RE of 

sample (2). Similarly, the RE of sample (2) after the change in carbonation time becomes higher 

than the RE of sample (1). We explain this effect as follows. At the longer carbonation time, the 

shrinkage factor is smaller (that is, longer  gives a more powerful sintering effect). Therefore, 

at the same �, a smaller  gives a lower RE, and vice versa. This effect is presented in Fig. 8. At 
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the beginning of each phase after the switching of carbonation times, we see that the RE in the 

prediction curves changes instantly, while the real experimental curves have a delay effect. We 

can explain this effect with the local rearrangement of the layer structure 
30

 (for example, 

because of additional microporosity of grains), which we do not take into account in our model.  

 

 

 

 

Figure 8. Recarbonation extent during carbonation/decomposition cycles with 

different carbonation times (1) = .   min and (2) =  min at the same 

temperature 800°C. After approximately 81-84 cycles, we switched  and . 

After 105-110 cycles, we switched carbonation times again. Large empty circles 

represent real experiment data; small filled circles represent prediction of the 

model. The limit shrinkage factors and percentage of the maximal thickness � 

with respect to the mean diameter of grain are the following: (1) ≈ . , ≈%,  (2) ≈ . , ≈ %.   
In the third experiment, we represent RE curves of the CaO granule with different 

carbonation/decomposition temperatures and with the same cycle times. All parameters of the 
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model were varied independently. We see in Fig. 9 that higher temperatures provide smaller 

shrinkage factors (and thus more intense sintering of grains), but the dependence of the thickness � on temperature in our model is rather unclear.  

 

 

 

Figure 9. Recarbonation extent at different temperatures: (1) 750°C, =. ; (2) 800°C, = . ; (3) 822°C, = . ;  (4) 850°C, = . .  Empty 

circles represent real experiment data; filled circles represent prediction of the 

model. 

Several estimates 
26,31,32

 show that the thickness of the CaCO3 layer depends greatly on the 

carbonation conditions and varies from 20 to 160 nm. Since the size of original CaO obtained 

from the SEM micrograph (Figure 2) was 500-800 nm and the percentage of the maximal 

thickness � with respect to the mean diameter of grains were 7% and 11%, respectively, the 

effective thickness of the CaCO3 layer is 35-90 nm. Thus, our model predicts the thickness � that 

is comparable with experimental data. 
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4. CONCLUSION 

In this study, the mathematical model for the repetitive sorption/regeneration cycling of CaO-

based sorbent was proposed and tested. The obtained model takes into account the morphology 

of nascent CaO, the influence of the sorbent sintering and carbonation kinetics on the sorbent 

morphology and on the sorption capacity evolution in sorption/regeneration cycles. The structure 

of the material was modeled with the dense random packing of spheres using the Lubachevsky-

Stillinger compression algorithm. The obtained resulted were compared with experimental data. 

The sintering was modeled under the following assumptions: the sintering proceeds via the 

lattice diffusion mechanism, and the sintering rate of CaCO3 is higher than that of CaO. The 

obtained model allows predicting well the dependence of textural changes and the recarbonation 

extent on the number and duration of the sorption/regeneration cycles. The results show that the 

model is in good agreement with experimental data on repetitive sorption/regeneration cycles of 

real sorbents. A further improvement of the model, which would take in account the sorbent 

morphology in more detail, the dependence of sintering of CaO and its reactivity with CO2 on 

temperatures and pressures, seems to be useful for making a universal model for determination 

of the CaO-based sorbent properties under various reaction conditions.  
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Рецензия на итоговый отчёт «Дизайн высокотемпературных регенерируемых сорбентов

СО2»

Развитый теоретический аппарат для описания процесса спекания частиц CaO достаточно
сложен для понимания. Речь идёт о формулировке задачи Коши, дифференциальных уравнений
и её итерационного решения.

Рис. 1: Модель спекания двух частиц CaO.

Предполагается, что частицы CaO стя-
гиваются силами упругого натяжения слоя
CaCO3. При этом, на каждую частицу CaO
действует результирующая сила F , которая
приводит в движение частицу с ускорением,
согласно второму закону Ньютона. Эта самая
сила, согласно работе авторов (выражение 16)
есть:

F =αRd

где α – коэффициент, названный удельной
энергией объёма. По своему смыслу эта ве-
личина означает энергию, запасённую в ре-
зультате сжатия. Её размерность, очевидно,
Дж/м3. Далее, R – коэффициент поверхност-
ного натяжения, Дж/м2. d – толщина слоя,
м. Как при этом получается правильная размерность силы? Тут явно требуется комментарий,
откуда было получено это выражение и каков смысл переменных.

Утверждается, что l изменяется согласно второму закону Ньютона, и мы имеем уравнение
движения (20):

m
d 2l

d t 2
=−(F −F f )

где появляется так называемая сила F f =σ0(x−d)2, по смыслу, сила поверхностного натяжения
зоны контакта частиц. С этого уравнения движения берёт начало развитый в работе матема-
тический аппарат.

В работе даётся ссылка на книгу Suk-Joong L. Kang // Sintering. Densification, Grain
Growth, and Microstructure и книгу Я.Е. Гегузина «Физика спекания». В последней есть термин
«капиллярное сжатие контактирующих частиц», однако, речь идёт, как и ожидалось, о сли-
янии капель, а не твердых частиц. Дифференциальное уравнение спекания в той форме, что
предложена авторами, не встречается в цитированной литературе. Если это не так – хорошо,
покажите те места в книгах.

В отчёте не отражены характерные массы, размеры частиц и времена спекания. Откуда
взяты численные значения коэффициентов. Размерности. Просто куча формул и как кролик
из шляпы фокусника – некий результат. Качество выполнения основной задачи проекта (но-
мер 2 аннотации: «На базе экспериментальных данных построить адекватную математическую
модель процессов сорбции – регенерации в пористой среде..»,) можно поставить под сомнение.
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