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Abstract 

Polymeric template consisting of polystyrene microbeads was used as macroporous structure 

directing agent for synthesis of CaO-based sorbents. 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 results in significantly increased rate of both carbonation and calcination 

reactions. The calcination rate of the sorbent, produced from 40% templated composite, was 

order of magnitude higher in comparison with the reference sample, produced in the absence 

of the template. In this way template approach seems to be a perspective technique to prepare 

the CaO-based sorbents with enhanced carbonation/calcination performance.  

1. Introduction 

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

in man-made processes, makes contribution to the climate change [1][2]. The need to move 

towards a sustainable energy future motivates searching of new technologies to meet the ever-

growing world energy demand. One of the options for reducing greenhouse gas emissions is CO2 

capture and storage from the large stationary sources [3][4,5], as well as gasification of biomass 

[6,7] by means of solid sorbents. Some studies on this topic suggest using calcium-based sorbents 

for effective CO2 capture from gases at high temperatures based on reversibility of the reaction 

[8][9][10][11]: 

CaO+CO2↔CaCO3. 

CaO-based sorbents exhibit a high stoichiometric reactive sorption capacity for CO2 [12][13]. 

However, the major challenge is to overcome the loss of sorption capacity for the carbonation–

calcination cyclic reaction due to  sorbent sintering [14]. It is well known that textural properties 

drastically effect on sorption/regeneration performance of the sorbent during cycles under the 

conditions of CO2 capture process and biomass gasification [15][16]. Different methods were 

*Manuscript

Click here to download Manuscript: Article MMM CaO-template_red.pdf Click here to view linked References
Материалы, полученные в рамках выполнения первого этапа проекта
"Дизайн высокотемпературных регенерируемых сорбентов СО2" КМПП-2015

mailto:*derevshchikov@mail.ru
http://ees.elsevier.com/micmat/download.aspx?id=561146&guid=b5a5b408-5a92-42ab-a63d-7b034e1c7eee&scheme=1
http://ees.elsevier.com/micmat/viewRCResults.aspx?pdf=1&docID=15295&rev=0&fileID=561146&msid={23008290-8AF4-4CF8-8139-1A25B3C31BC1}


applied to vary and modify porous structure of Ca-based sorbent, such as direct thermal 

decomposition of natural limestones [17], Ca-containing salts and hydroxide [18], wet chemistry 

route [19], sol-gel technique [20], hydrolysis of calcium alkoxide precursors and flame pyrolysis 

[21]. In cases mentioned above porosity and pore size distribution were substantially regulated by 

chemical nature of precursors and synthesis conditions.  

On the other hand, textural properties of Ca-based sorbents can be precisely defined in template 

approach using the polymeric microspheres as a template [22]. In general this technique consists 

of two steps. At the first step a template, formed from microspheres with definite shape and size, 

is mixed with the sorbent precursor. At the second step the precursor is converted to the desired 

material while the template is removed by calcination or extraction [23]. Textural properties of the 

remained solid replica such as macropore size and specific pore volume are determined by the 

portion and size of the template. Thus, template synthesis with nanocasting is a direct technique 

for design of materials with appropriate porosity and pore size distribution. 

In this work, we used polystyrene template to create an additional macroporosity and to design an 

appropriate pore size distribution in CaO-based sorbents. The effect of porous structure on the CO2 

sorption performance of synthesized CaO sorbents during repetitive carbonation/regeneration 

cycles was investigated.  

2. Experimental 

2.1. Sample preparation  

Polystyrene templates were synthesized using emulsifier-free emulsion polymerization technique 

as described in [24]. Emulsion polymerization temperature was 90 °C. Polystyrene (PS) spheres 

with average size 800 nm and 180 nm were packed by centrifugation at relative acceleration of 

1500. Obtained PS templates were washed by ethanol and dried in air.  

The CaO was prepared from the micron sized CaCO3 powder (99% pure, ‘‘ReaChim’’, Russia). 

The powder was calcined for 3h at 900 °C in a muffle oven in air. The product was ground in a 

mortar. The sorbents were prepared by careful mixing of the definite amount of powders of CaO 

and PS spheres with water and ethanol under vigorous stirring and grinding in mortar to prepare 

the paste suitable for extrusion molding (Table 1). The required amount of water was determined 

experimentally using the following criterium: the mixture should be ductile enough to enable 

extrusion at moderate pressure; however, the small pieces of the paste have to keep their shape. 

The paste was extruded using a plunger extruder equipped with a 3 mm extrusion die. Extrudates 

were cut into equal parts, and obtained pellets were calcined for 3h at 900 °C and then cooled 

down to room temperature in a muffle oven in air. 



Table 1 Amount of the components for paste preparation before extrusion procedure. 

Sample СаО, g PS template, g Water, 

ml 

Ethanol, 

ml 

CaO-0% 40 0 45 0 

CaO-20%PS800nm 40 10.0 66 0 

CaO-40%PS800nm 20 13.4 37 0 

CaO-20%PS180nm 15 4.0 16 1 

CaO-40%PS180nm 15 10.6 35 4 

 

2.2.Measurements 

The cyclic carbonation and calcination reactions were experimentally studied in the 

thermogravimetric analyzer Netzsch STA 449 C. About 40 mg of the sample were put in Pt 

crucible and heated at the rate of 10 K/min. The temperature program included isothermal segment. 

The dynamic capacity of the sorbents was measured at isothermal conditions using 60 min for both 

carbonation and regeneration steps. During carbonation step a mixture of CO2 and argon was fed 

to the sample chamber at atmospheric pressure and total flow rate of 120-150 cm3 /min using two 

mass flow controllers (RRG-12 type, ‘‘ElTochPribor’’, Russia). Both controllers were calibrated 

using soap film meter and their stability was routinely checked. The error of setting CO2 

concentration was less than 5%. During the regeneration step only argon was purged at the flow 

rate specified above. Dynamic sorption capacity was determined as a difference between the 

sample weight at the end of recarbonation step and preceding regeneration step, normalized by 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) analyses. The size of polystyrene 

template particles was determined by means of 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 laser diffraction and scanning electron 

microscopy data presented in Fig. 1. The size distribution of PS particles for both templates 

was uniform with maximums at 180 and 800 nm, respectively. 

 

 

Fig. 1. Laser diffraction data for 180 nm-PS template (a) and electron microscopy image 

of 800 nm-PS template. 

 

 

3.2.Textural properties of the sorbents 

The porous structure of the prepared sorbents was evaluated by means of mercury intrusion 

technique and low temperature nitrogen adsorption (BET). Fig. 2 presents cumulative intrusion 

curves for two series of CaO sorbents, obtained from the template with 180 and 800 nm sized 

microspheres. It should be noted that pore diameter determined from the applied pressure by 

Washburn equation refers to the size of the pore mouth. The actual size of macropores is expected 

to be higher. One can see that template approach resulted in significant increase of the specific 

pore volume of the CaO sorbent in proportion to the template amount introduced to the composite. 

It is worth noting that the pore volume of the sample, originated from the 20% PS-CaO composite 

with 180 nm spheres, is higher than that of the sample, obtained from the 20% PS-CaO composite 

with 800 nm spheres. The same tendency is observed for 40% PS-CaO composites (Fig. 2). 
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Fig. 2. Mercury intrusion curves for sorbents, prepared using two characteristic sizes of the PS 

template: 800 nm (a) and 180nm (b). The data is presented for different portions of the PS template 

that was introduced to CaO-PS composite: 0% (black), 20% (red) and 40% (blue). 

Presumably, in the case of the 180 nm-template aggregates of the PS spheres were introduced to 

the PS-CaO composite rather than individual spheres, surrounded by Ca(OH)2. As a result, inner 

pores of spheres aggregates, unfilled with calcium hydroxide, contributed to the cumulative pore 

volume.   

Fig. 3 shows that for the reference sample the maximum of mercury intrusion corresponds to the 

pore size range of 100-300 nm. Clearly visible shift of the maximum of pore size distribution to 

the higher pore sizes and considerable broadening of the distribution peak took place as a result of 

the increase in PS spheres content (Fig. 3). We may assume that local overheating produced during 

template burning increased the extent of the sorbent sintering. It shifted the pore size distribution 

curve to the right due to increasing of pore sizes at higher PS template content. 
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Fig. 3. dV/dr-r plots calculated using mercury intrusion curvesfor sorbents produced with 800 nm 

(a) and 180 nm (b) templates. The data is presented for different portion of the PS template, which 

was introduced to CaO-PS composite: 0% (black), 20% (red), 30% (green) and 40% (blue). 

Local overheating during burning of the templates may also be responsible for the higher 

crystallinity of the templated samples, observed by means of XRD analysis. Corresponding 

diffraction maxima width indicates that for the templated samples coherent scattering domain 

(CSD) sizes started from 170 nm and typically was more than 200 nm, while for the reference CaO 

sample CSD was about 150 nm (Table 2). 

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%PS800nm 

0.57 0.46 0.61 166 6 3 

CaO-

40%PS800nm 

0.77 0.71 0.70 >200 3 4 

CaO-

20%PS180nm 

0.57 0.62 0.67 >200 5 3 

CaO-

40%PS180nm 

0.77 0.95 0.76 >200 3 1 



We also compared the template effect on cumulative pore volume of the sorbent with simple 

numerical estimates (Table 2). In assumption that pore volume of the CaO produced without 

template (VMi) is 0.38 ml/g, the upper limit of pore volume of templated samples can be estimated 

as the sum of specific volume of polystyrene and pore volume of the reference CaO sample: 

    � �  � = (� �∗ % �)% + ��� ,        (1) 

where ρps = 1.04 g/cm3 is the density of polystyrene, wt%ps- weight portion of polystyrene.  

We anticipated that introducing of polystyrene spheres into the samples at 20% and 40% of sample 

weight, would increase porosity, but total pore volume would not exceed 0.57 and 0.77 cm3/g, 

respectively. The samples with 800 nm template met these limits. The 180 nm templated samples 

exhibited the cumulative pore volumes which exceeded their estimated limits due to the shift and 

broadening of the macropore size maximum (Fig. 3). As it was suggested above, the extra pore 

volume could appear due to the inner porosity of the PS spheres aggregates, which was 

inaccessible for calcium hydroxide during the components mixing.  

3.3. Sorption properties 

The sorption properties measurements for all synthesized samples were fulfilled at 740 °C for both 

recarbonation and decomposition steps. The isothermal segment was long enough to complete 

approximately six 2-hour-long cycles. All investigated samples showed a significant CaO uptake 

during the first carbonation cycle (Fig. 4). The reference CaO sample demonstrated the maximal 

weight change of 55 % wt. in the first cycle that corresponded to 70%-conversion of calcium oxide 

to carbonate . Conversion varied from 28% to 64% for the PS templated samples. Decrease of 

recarbonation extent in templated sorbents, in comparison with reference CaO, seems to be caused 

by the increased  size of CaO particles as compared to the reference sample [25,26] . SEM images 

for fresh templated samples demonstrated well resolved terraces of CaO crystals, while the 

reference sample surface appeared to be much less faceted (Fig. 5).  
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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). CO2 pressure during the sorption step 33 kPa, gas flow of 

100 cm3/min, total pressure 101 kPa. 

  

Fig. 5. SEM images of the fresh sorbents CaO-0%PS (left) and CaO-40%PS180 nm (right)  

Typical values of CaCO3 surface layer over unreacted CaO core ranges from 50 to 220 nm [27], 

[28][29] at sorption time of 5-20 min, temperature of 650 – 800 C and CO2 partial pressure below 

1 atm. One should expect that pores with  diameters no more than 220 nm may be completely filled 

with the carbonate product [25]. This fenomena led to the smoothing of external surface of the 

sorbents and reducing their surface area after carbonation step (Fig. 6). SEM images show that 

pores of the reference sample were almost totally filled by the product, while a number of large 

transport macropores remained free in the templated sorbent after series of carbonation/calcination 

cycles (Fig. 6). 



 

Fig. 6. SEM images of the fresh sorbents (left) and sorbents after several cycle and 1 hour 

carbonation at 740°C (right) with different portion of the 800 nm PS template: 0% (top panels), 

20% (middle panels) and 40% (bottom panels). CO2 pressure during the sorption step – 33 kPa, 

gas flow – 100 cm3/min, total pressure 101 kPa.  

Visible difference in pore structure resulted in striking difference in the calcination rates of the 

sorbents (Fig. 7). While decomposition of the reference CaO and CaO-20%PS800nm was only 

partially completed in 60 min, other samples decomposed completely during the calcination step. 

Average rate of the reference sample calcination was about 0.3 %wt./min for the first 30 min, 

while the highly porous templated samples showed order of magnitude higher decomposition rates. 

The highest rate of 3.0 %wt./min  was observed for CaO-40%180 nm.  
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Fig. 7. The decomposition rate curves of the sorbents on 4th cycle, produced from the composites 

with 800 nm (solid symbols) and 180 nm (open symbols) PS spheres with different portion of the 

PS template: 0% (black), 20% (red) and 40% (blue). 

It was shown previously in [30] that at low CO2 pressures the decarbonation rate had quickly 

decreased with the increase in particle size. This indicates that the reaction is limited by CO2 

transportation inside the particle pores or from the external particle surface. However, an increase 

in partial CO2 pressure during decomposition results in very rapid retardation of the decarbonation 

rate. At relatively high partial CO2 pressures close to the equilibrium pressure over CaCO3 , the 

rate becomes insensitive to the particle size, indicating that decarbonation becomes reaction rate 

limited rather than diffusion limited [30]. Taking into account similar sizes of pellets used in the 

experiments, we may assume that internal pellet porosity accelerates the decomposition reaction 

rate. It seems that higher porosity provides better drainage of carbon dioxide from core to external 

surface of pellet, more effectively decreases partial pressure of CO2 on CaO/CaCO3 surface 

thereby accelerates the decomposition reaction rate. 

In a porous solid with interconnected pathways, a gas molecule may collide with another molecule 

or with the pore walls. When the gas pressure is high, molecule-molecule collisions dominate, 

which situation is referred to as a Fickian regime. At small pore size collisions dominate between 

molecule and pore walls that is called Knudsen diffusion regime. When both mechanism are of 

importance, the combined diffusion coefficient D may be written as a combination of Fick ( �� �) 

and Knudsen ( � ) diffusion coefficients [31]: 

= � � + �� � = ∙ ( � ̅ + �̅ ) ,        (2) 



where �̅  is the mean of molecules velocity, �̅  is the mean of molecules velocity relative to the 

inert gas, � �  is the typical pore diameter and � is the mean free path. It follows from equation 

(2) that in solids with small pore sizes Knudsen diffusion is limiting. One can see in Fig. 6  that 

templated samples have much larger pores after recarbonation step than the reference sample. 

These pores facilitate the CO2 transport out of grain during the subsequent regeneration step.  

High pore volume may also contribute to the higher decarbonation rate. Sample porosity � and 

tortuosity � of the pores affect the effective diffusion coefficient  according to the formula 

[31]: 

= ��           (3) 

 After calcination, templated samples have up to 2.5 times higher pore volume than the reference 

sorbent (Table 2). The ratio of the pore volumes in recarbonated samples is even more in favor of 

the templated samples. According to the skeleton model [25], total volume of the sorbent grain 

conserves after skeleton formation. Using this assumption one can estimate the pore volume after 

recarbonation step Vpore,rec from the pore volume of regenerated sorbent Vpore,CaO:  

� � , � + � � = � � ,� + ∙ �+ − �� �        

� � ,� = � � , � − − ∙ �� �         (4) 

where � � = . 5  is the CaO bulk density, = .  is the Pilling–Bedworth ratio (molar 

volume ratio) for CaCO3 and CaO and �� is the recarbonation extent. Both templated and reference 

sorbents demonstrate similar recarbonation extent of about 60 %. Estimation by formula (4) yields 

Vpore,rec of 0.17 cm3/g and 0.74 cm3/g for the reference and CaO-40%PS180nm samples, 

respectively. Thus, after recarbonation step the pore volume ratio for these samples jumps to 4.5, 

that explains almost half of the observed decarbonation rate effect.  

4. Conclusions 

It was shown that template approach can be used as the direct and apparent way for porous 

structure formation of calcium oxide based sorbents. The porosity that appeared in the sorbent 

after the template burning is not equal to the initial volume of the template and is more complicated 

and depends on the size and quantity of the template. The carbonation-decarbonation properties of 

synthesized sorbents clearly demonstrate that more developed porous structure allows providing 

high rates of carbon dioxide release, which is crucial for practical applications. It was also shown 

that sorbents prepared with the template have higher sorption dynamic capacity than sorbent 



prepared in absence of the template, so we suppose template synthesis technique will be a 

perspective way to enhance sorption capacity of CaO-based sorbents. 
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