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Abstract 

The present work focuses on the comparative study of the Calcium looping CO2 capture capacity and stability along 
10 or 20 calcination-carbonation cycles, of three different marble powder wastes (MW) and two calcite samples 
(one from West Bank and another provided by CIMPOR) using a gas mixture with a CO2 concentration of 25% to 
mimic the real flue gases CO2 concentration in the cement industry. 
Very high initial carbonation (first cycle) conversions were obtained using the MW sorbents tested, which is a very 
interesting and promising result when compared with the initial carbonation conversions of the natural calcite 
sorbent which is currently used in industry as raw material for the cement production. For the Calcium-looping 
conditions used, the MW sorbent tested on the fixed bed reactor unit exhibits better cyclic stability with a lower 
sorbent deactivation with the number of cycles than the natural calcite resource used for the cement production. 
The presence of 5% of steam in the feed gas mixture with air atmosphere, results in significant differences on the 
sorbents cyclic performance when comparing with the results obtained for the standard calcination conditions. For 
both MW and calcite sorbent samples selected and tested on the fixed bed rector unit, it is observed a lower CaO 
carbonation conversion along the first 7 cycles, but a higher cyclic stability reaching a CaO conversion stage, with a 
lower reactivity decrease after 20 cycles, when comparing with the results for the standard calcination conditions. 
An improved sorbent stability for Ca-looping CO2 capture was observed during the carbonation-calcination cycles in 
the presence of steam which could allow reducing the make-up of CaO frequency along the time and the costs 
associated.  
The selection of suitable marble wastes as CaO-based sorbents, the improvement of their performance and the 
incorporation of exhausted sorbents in the clinker, can contribute to reducing the CO2 footprint of cement 
production and avoid the production of wastes associated to the marble producers. 
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1. Introduction 

The cement industry is one of the world’s largest industrial sources of CO2 emissions, accounting for 5-6 % of 
world’s total anthropogenic CO2 emissions [1].  

The Cement Sustainability Initiative of the World Business Council for Sustainable Development and the 
International Energy Agency developed a cement technology roadmap which gives a clear message that besides 
further improvement in energy efficiency, use of alternative fuels and reduced clinker to cement ratio, a 
breakthrough is also required by CO2 capture and storage (CCS) for achieving the long term reduction target [1]. In 
November 2017, the European Parliament and Council has reached a provisional agreement to revise the EU 
Emissions Trading System (EU ETS) [2] for the period after 2020, and the sectors covered by the ETS, as cement 
industry, should reduce their emissions by 43% compared to 2005. The development of low-carbon technologies in 
cement industry is essential to reach this goal. 

Calcium-looping (Ca-looping) is one of the most promising processes for CO2 capture based on the reversible 
chemical reaction between CaO-based sorbents and CO2 to form CaCO3. Relevant advantages of the Ca-looping 
technology integration in the cement industry is the use of cement raw matter (calcite) to capture CO2 before its 
incorporation in the clinker, reducing costs and avoiding the production of wastes associated to the CCS, and also 
the possibility of recycling the exhausted spent sorbents as raw matter in the clinker, fulfilling the circular economy 
concept.  

Currently, the main Ca-looping challenge for CO2 capture is related with the decay of the sorbent reactivity with 
increasing number of CO2 capture cycles. The use of synthetic sorbents with high and stable CO2 carrying capacity 
along the cycles has been investigated by these authors [3], however, to be economically viable for industry, a 
compromise between the performance and the cost should be found [4]. The improvement of the natural sorbents 
carrying capacity is essential so that the Ca-looping process can reach a higher technology readiness level (TRL). 
The highest TRL (6 of 9) of Ca-looping technology was attained in 2015 due the pilot system in a Taiwan Cement 
Company, which captured 1 t CO2/h from 3.1 t/h of flue gas [5]. 

 The “CaReCI - Carbon Emissions Reduction in the Cement Industry” project that joins Portuguese academia, 
cement industry (CIMPOR) and a marble producer company (MÁRMORES GALRÃO) is currently studying the 
stability and CO2 carrying capacity of several CaO-based sorbents: calcite, dolomite and marble powder wastes 
without commercial value [6]. 

The present work focuses on the comparative study of the Ca-looping CO2 capture capacity and stability along 10 
or 20 calcination-carbonation cycles, of three different marble powder wastes (MW) and two calcite samples (one 
from West Bank and another provided by CIMPOR) using a gas mixture with a CO2 concentration of 25% to mimic 
the real flue gases CO2 concentration in the cement industry. 

 
 

 
Nomenclature 

CC  calcite CIMPOR 
CWB     calcite West Bank 
CCS  CO2 capture and storage 
ETS Emissions Trading System  
MW marble powder waste 
MWE marble waste Estremoz 
MWVV  marble waste Vila Viçosa 
MWG marble waste Galrão 
PSD pores size distribution 
XRD  X-ray diffraction 
SBET BET specific surface area 
TGA thermogravimetric analysis 
Vp total pore volume 
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2.  Experimental Section 

Two calcite samples (one from West Bank and a Portuguese one provided by CIMPOR industry) and three 
samples of MW were used as CaO sorbent precursors. Two MW sorbents were collected in Portuguese marble 
producer plants in the region of Estremoz and Vila Viçosa (Portugal). The third MW sample was provided by a 
cutting and polishing marble producer company (MÁRMORES GALRÃO). The samples were crushed (except the 
MW powder provided by MÁRMORES GALRÃO) and the fraction lower 125 µm was used in the experimental tests. 
The samples were dried and kept at 120 °C in an oven before the experimental tests to eliminate the moisture. 
The elemental compositions of sorbent samples were determined at LAIST (Laboratory of Analysis of Instituto 
Superior Técnico). Calcium, magnesium, aluminum, silicon, potassium and iron content in sorbents were 
determined by ICP (Inductively Coupled Plasma) and the carbon was determined by an internal method that is 
accredited by the Portuguese Institute of Accreditation.  
The BET specific surface area (SBET), total pore volume (Vp) and the pores size distribution (PSD) of the fresh and 
of the used sorbents (after calcination-carbonation cycles) were determined by N2 sorption at -196 °C, using a 
Micromeritics ASAP 2010 apparatus. Before the analysis, the samples were outgassed under vacuum at 90 °C for 1 
h and then at 120 °C (fresh sorbent) or 350 °C (used sorbent) for 5 h. The total pore volume (Vp) was calculated 
from the adsorbed volume of nitrogen for a relative pressure (P/P0) of 0.97. The BET equation was applied to 
estimate the SBET and the PSD distribution was achieved by using BJH model (desorption branch). 
Powder X-ray diffraction (XRD) patterns of fresh and used sorbents were registered between 15-70 ° in 2θ, with a 
step size of 0.03 ° and step time of 3 s by means of a Bruker D8 Advance X-Ray diffractometer, using Cu Kα (λ = 
0.15406 nm) radiation operating at 40 kV and 40 mA. The crystallite size of sorbents was estimated using Scherrer’s 
equation based on the XRD data assuming that the particles are spherical. 
The morphology of fresh and used samples was examined by scanning electron microscopy (SEM), using a JEOL 
Model 7001 field-emission gun microscope.  
The multicycle CO2 capture behavior of the different sorbents was first studied using a thermogravimetric analysis 
(TGA) system TG-DSC Setsys Evo 16. The calcination-carbonation cycles were carried out using a gas mixture 
with a CO2 concentration of 25% to mimic the real flue gases CO2 concentration in the cement industry balanced in 
air or N2. The CaO conversions of the five sorbents along 10 cycles were compared. The sorbents were pre-activated 
at 800ºC under air or N2 atmosphere, and the carbonation was carried out at 700ºC (30 min, with 25% of CO2 
balanced in air or N2) and calcination was carried out at 800ºC (10 min, air or N2 atmosphere). The time evolution of 
the sample weight during each cycle of carbonation-calcination depends on the CO2 captured or released along the 
cycles. The CaO conversion of each sorbent is calculated by the ratio of the number of CO2 moles captured during 
each cycle carbonation step, and the number of moles of the initial dried CaO in the sample.  

The effect of carbonation and calcination temperature used during the cycles was also assessed on the TGA 
experiments. The sorbent sample with the higher initial CaO conversion was selected to be tested in the TGA using 
different carbonation temperatures (600 ºC, 650 ºC and 700 ºC) and the calcination temperature of 800 ºC. After 
identifying the most promising carbonation temperature, different calcination temperatures were tested (850 ºC, 900 
ºC and 950 ºC). The experimental conditions were maintained constant for all the tests: 30 min for carbonation, 10 
min for calcination and 25% of CO2 balanced in air.  

The MW sorbent with the best performance concerning the CaO conversion, namely, the highest CO2 carrying 
capacity and stability during the TGA experiments was also studied on a laboratory scale fixed bed reactor, as well 
as, the national calcite from CIMPOR cement industry. The sorbent was loaded into the quartz reactor and pre-
activated at 900ºC under air atmosphere until the CO2 release stopped. After this step, when using the standard 
reaction conditions, the temperature was cooled down to 700ºC and the carbonation step was conducted with a flow 
of 25% of CO2 balanced in air, until the CO2 output stabilizes. After the carbonation the CO2 flow was stopped and 
the sorbent heated until 800ºC (or 900ºC in case of a pure CO2 stream calcination) until the CO2 release stopped to 
ensure the complete conversion of CaCO3 to CaO.  The same procedure was repeated for both samples using 5% of 
steam in air atmosphere. The steam was introduced in the system with a bubbler system where the dry gas (CO2 
and/or air) passed through a gas washing bottle (saturator) filled with distillated water heated in a thermostatic bath. 
Antoine equation was used to estimate the saturator adequate temperature for 5% of steam.  
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The input gas flows of N2 and CO2 were measured and controlled with Alicat and Brooks mass flowmeters, 
respectively. The CO2 gas concentration at the outlet stream was measured with a Guardian NG equipment with a 
range between 0 - 30% (accuracy: ± 2% of full scale), except during the calcination with 100% of CO2. The 
calcination with 100% of CO2 was carried out during 15 min at 900ºC, followed by the total CO2 release from 
sorbent under air atmosphere. The oven temperature was controlled by an Eurotherm® 2000 series controller. A 
Labview software interface was used for data acquisition. 
 

3. Results and Discussion 

The chemical elemental analysis of the five fresh sorbents, two calcites and three MW, dried at 120ºC are shown 
in table 1. 

 
Table1. Elemental composition of fresh MW and calcites 

Fresh sorbents 
Elemental content (wt %) 

Ca Mg Al Si Fe C 

MW-Estremoz (MWE) 36.1 0.5 0.49 2.00 0.16 11.3 

MW-Vila Viçosa (MWVV) 38.2 0.1 0.36 0.44 0.03 11.9 

MW-Galrão (MWG) 37.3 0.3 0.12 0.70 0.08 12.0 

Calcite-West bank (CWB) 37.6 0.1 0.08 0.28 0.04 11.9 

Calcite- Cimpor (CC) 39.0 0.1 0.17 2.5 0.4 11.1 

 
 
The chemical composition of sorbent samples is similar, and besides Ca and C, the Si is the element that is 

present in higher amount, namely in MWE and CC sorbent samples. Assuming that all the Ca is present as calcite 
mineral (CaCO3), the CaCO3 content in fresh sorbents is between 90-97%. As shown in table 1 the chemical 
composition of marble wastes (metamorphic rock) is very similar to the composition of the natural calcite (limestone 
rock). The marble resources considered as wastes include the fraction of natural resources rejected during the 
production processes of mining, cutting and polishing.  

In the XRD patterns of the different fresh sorbents (Fig. 1) it is only identified the presence of CaCO3 and SiO2. 
 

  

 

Fig.1. XRD patterns of the fresh sorbents dried at 120 ºC.  

 

Fig. 2. CaO conversion of five sorbents tested under N2 and air 

atmosphere.  
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Figure 2 shows that the CaO conversion of all sorbents is similar when N2 (inert gas) or air atmosphere is used 
during the carbonation-calcination cycles. After 10 cycles, CaO conversions between 32 and 43% have been 
observed for all the sorbents. The results observed in figure 2 were statistically evaluated by a t-test, namely, two-
sample assuming equal variances, for 95% of confidence and confirm that the CaO conversion is statistically 
equivalent in both atmospheres.  

The MWG sorbent which has the highest SBET surface area (2.26 g/m2) presents the highest CaO conversion after 
10 cycles. The CC sorbent presents the lowest CaO conversion along all the cycles, however the SBET of this fresh 
sorbent (1.77 g/m2) is only slightly lower than the CWB (2.05 g/m2) which shows a CaO conversion similar to the 
MWG. Based on table 1, the CaO and CO2 content in CC is 54.6% and 40.7%, respectively. Attending to these 
initial molar compositions it is possible to conclude that in the initial fresh CC sorbent not all the Ca was present as 
CaCO3, which can contribute to its lower performance comparatively with the other sorbents. 

The sorbent with higher CaO conversion, i.e., WMG, was selected to be tested on the TGA under different 
carbonation and calcination temperatures. The idea was to evaluate the influence of carbonation and calcination 
temperatures on the CaO conversion in order to choose the temperatures that should be used on the experiments 
carried out on the fixed bed reactor. When lower temperatures are used during the carbonation, the reaction rate 
decreases, and for the same experimental conditions (30 min of carbonation and 25 % of CO2 in the feed mixture) 
the CaO conversion decreases from 43% at 700ºC to 27% at 600ºC. Similar reduction was observed for the 
calcination performed at 800ºC and 950ºC, i.e., the CaO conversion decreases from 43% to 26%. However, in the 
case of the calcination temperature the reason for this decrease is the reduction of the available surface area of CaO 
for carbonation due to the sorbent sintering and pore blockage which are more favored at 950 ºC. 

Fig. 3 shows the evolution of the CaO carbonation conversion along 20 carbonation-calcination cycles for the 
selected sorbents MWG (a) and CC (b) tested on the fixed bed reactor unit, under different experimental conditions: 
standard, calcination under CO2 atmosphere and using a gas mixture with 5% of steam. 

As observed by Pinheiro et al. in previous studies [6], Fig. 3 shows a very high initial carbonation (first cycle) 
conversion for the MWG sorbent (ca. 100%) tested at the standard conditions, which is a very interesting and 
promising result when compared with the initial carbonation conversion of the CC sorbent (ca. 87%) that is 
currently used in industry as raw material for the cement production. The CaO carbonation conversion of the MWG 
sorbent after 20 cycles (ca. 47%) is much higher than the corresponding conversion for the CC sorbent (ca. 28%). 
So, at the standard Ca-looping conditions used, it is important to notice that the MWG sorbent tested exhibits better 
cyclic stability with a lower sorbent deactivation with the number of cycles than the natural resource CC used in the 
cement industry: it is observed a reactivity decrease of 53% and of 68% respectively, in the first 20 cycles. 

 
  

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. CaO conversion of MWG (a) and CC (b) tested on the fixed bed unit, under different experimental conditions: standard, calcination under 

CO2 atmosphere and using a gas mixture with 5% of steam. 

 
 

(b) (a) 
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Table 2. Specific surface area (SBET, g/m2) and total pore volume (Vp, cm3/g) of WMG and CC tested in the fixed bed unit after the activation (0 
cy) and 20 carbonation-calcination cycles (20 cy), under different experimental conditions: standard, CO2 calcination and 5% of steam 

 MWG CC 

 Standard conditions CO2 calcination 5 % steam Standard conditions CO2 calcination 5 % steam 
 0 cy 20 cy 0 cy 20 cy 0 cy 20 cy 0 cy 20 cy 0 cy 20 cy 0 cy 20 cy 
S BET 24.3 11.8 26.5 5.4 10.4 55.8 31.1 10.0 25.0 6.9 12.3 25.0 

V p 0.13 0.06 0.19 0.03 0.02 0.11 0.20 0.06 0.17 0.05 0.04 0.08 

 
 
Fig. 3 also shows that for both sorbents, when the calcination is performed at 900 ºC under 100% CO2 atmosphere, 
the initial CaO conversion decreases but along the first 7 cycles it is very similar to the conversions observed for the 
standard calcination atmosphere. On the other hand, for the higher number of cycles both sorbents show a higher 
deactivation, which can be explained by the higher degree of sintering and pore blockage during the higher 
calcination temperature of 900ºC.   

Table 2 shows that after the first pre-calcination (0cy) both sorbents MWG and CC have similar SBET and Vp, and 
after 20 cycles the SBET is much lower than in the case of the standard calcination conditions. However it is useful to 
notice that when the calcination is performed at 900 ºC under 100% CO2 atmosphere, the MWG sorbent also shows 
a better cyclic stability than the CC sorbent with a reactivity decrease of 69% and of 78% respectively, in the first 20 
cycles. 

The PSD curves obtained (Fig. 4) show a small decrease of the average pore width after 20 cycles for MWG and 
CC sorbents, for both standard calcination conditions and when the calcination is performed at 900 ºC under 100% 
CO2 atmosphere, with only one peak for the average pore widths in the range of mesopores.  

Fig. 3 also shows that the presence of 5% of steam in the feed gas mixture with air atmosphere, results in more 
pronounced differences on the sorbents cyclic performance when comparing with the results obtained for the 
standard calcination conditions. For both MWG and CC sorbents it is observed a lower initial CaO carbonation 
conversion (ca. 70% and 64%, respectively), and a lower CaO carbonation conversion along the first 7 cycles, but a 
higher cyclic stability reaching a CaO conversion stage, with a lower reactivity decrease of 39% and of 44% 
respectively, in the first 20 cycles, when comparing with the results for the standard calcination conditions (Fig.3). 
After 20 cycles, the CaO carbonation conversion for sorbent MWG is very similar for both standard conditions or in 
the presence of 5% of steam. But in the case of natural sorbent CC the presence of 5% of steam results in a more 
effective increase of ca. 29% of the CaO conversion after 20 cycles, when comparing with the results for the 
standard calcination conditions (Fig.3). 

 
 
 
 

 
 
 
 
 
 

 
 
 
                                

 

Fig. 4. Pore size distributions obtained from N2 adsorption-desorption technique (PSD from BJH desorption branch) for WMG (a) and CC (b) 

tested in the fixed bed unit after the activation (0 cy) and 20 carbonation-calcination cycles (20 cy), under different experimental conditions: 

standard, CO2 calcination and 5% of steam. 

(a) (b) 
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Table 2 also shows a more pronounced and different effect of the presence of 5% of steam (in the feed gas 

mixture with air atmosphere) on both sorbents evolution of SBET and Vp after 20 cycles, where an increase of ca. 
103% on SBET and ca. 100% on Vp is observed for CC and strong increases of ca. 437% on SBET and 450% on Vp are 
observed for MWG sorbent.  

The PSDs obtained from N2 adsorption-desorption technique (PSD from BJH desorption branch) for WMG and 
CC also show very different results for the case of the presence of 5% of steam in the feed gas mixture with air 
atmosphere (Fig.4). Figure 4 clearly shows a bimodal pore size distribution for both sorbents after 20 carbonation-
calcination cycles. In the case of MWG the presence of 5% of steam in the first pre-calcination (0 cy) leads to the 
formation of macropores with an average pore width of 85 nm as a consequence of the internal sintering during the 
first pre-calcination at 800 ºC, but after 20 cycles this initial PSD splits into two different populations of smaller 
pores both in the range of mesopores: a population with a lower average pore width of ca. 45 nm and a large 
population of pores shifted to much lower mesopores sizes with an average pore width of ca. 3.8 nm (Fig. 4). These 
smaller pores formed along the cycles presumably arise from the CO2 being driven off during calcination, because 
the presence of the steam in the feed gas mixture hinders the internal mechanism of particles sintering that usually 
occurs during calcination at high temperature causing aggregation of smaller pores to larger macropores. The huge 
increase of the quantity of smaller mesopores formed on MWG after 20 cycles can justify the strong increase of SBET 
and Vp observed on table 2. 

In the case of sorbent CC, Fig. 4 shows that the presence of 5% of steam in the first pre-calcination (0 cy) leads 
to the formation of large mesopores with an average pore width of 51 nm and after 20 cycles this initial PSD splits 
into two different populations of smaller pores both in the range of mesopores: a decreasing population with the 
same average pore width of ca. 50 nm and an increasing population of pores shifted to lower mesopores sizes with 
pore widths in the range from 2.5 to 11 nm (Fig. 4). Also for the case of sorbent CC this increase of population of 
pores shifted to lower mesopores sizes with smaller pore widths explains the increase of SBET and Vp observed on 
table 2 for this sorbent CC after 20 cycles. 

Although there is a strong increase of BET surface area and total mesopore volume with smaller average pore 
width as the number of carbonation-calcination cycles increases (table 2, Fig. 4) in the presence of 5% of steam in 
the feed gas mixture with air atmosphere, there is still a decrease of the CaO carbonation conversion along the 
cycles (Fig. 3) for both MWG and CC sorbents. This result indicates an apparent contradiction, but considering the 
earlier claims by the same authors [6], this results can also be explained by a deactivation mechanism of narrow pore 
mouths blocking by the formation of CaCO3 with density significantly lower than that of CaO during the fast stage 
of the CaO carbonation step at the pore entrance, which makes the CaO sites inside the pores unavailable for the 
progress of the reaction with CO2.  

The observed better cyclic stability and the lower sorbent deactivation with the number of cycles can be due to 
the significant increase of the mesopore volume with smaller average pore diameter sizes observed along the 
carbonation-calcination cycles in the presence of 5% of steam in the feed gas mixture with air atmosphere. 

4. Conclusions 

Very high initial carbonation (first cycle) conversions were obtained using the MWG sorbent tested, which is a 
very interesting and promising result when compared with the initial carbonation conversions of the CC sorbent 
which is currently used in industry as raw material for the cement production. For the Ca-looping conditions used, 
the MW sorbent tested on the fixed bed reactor unit exhibits better cyclic stability with a lower sorbent deactivation 
with the number of cycles than the natural calcite resource used for the cement production. 

The presence of 5% of steam in the feed gas mixture with air atmosphere, results in significant differences on the 
sorbents cyclic performance when comparing with the results obtained for the standard calcination conditions. For 
both MWG and CC sorbent samples selected and tested on the fixed bed rector unit, the presence of 5% of steam in 
the feed gas mixture with air atmosphere decreases the CaO carbonation conversion along the first 7 cycles, but 
leads to a higher cyclic stability reaching a CaO conversion stage, with a lower reactivity decrease after 20 cycles, 
when comparing with the results for the standard calcination conditions. 
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Although there is a strong increase of BET surface area and total mesopore volume with smaller average pore 
width as the number of carbonation-calcination cycles increases in the presence of 5% of steam in the feed gas 
mixture with air atmosphere, there is still a decrease of the CaO carbonation conversion along the first 7 cycles for 
both MWG and CC sorbents. These results can be explained by a deactivation mechanism of narrow pore mouths 
blocking by the formation of CaCO3 with density significantly lower than that of CaO during the fast stage of the 
CaO carbonation step at the pore entrance, which makes the CaO sites inside the pores unavailable for the progress 
of the reaction with CO2. 

An improved sorbent stability for Ca-looping CO2 capture was observed during the carbonation-calcination 
cycles in the presence of 5% steam in the feed gas mixture with air atmosphere which could allow reducing the 
make-up of CaO frequency along the time and the costs associated with an industrial process. The selection of 
suitable sorbents, the improvement of their performance and the incorporation of exhausted sorbents in the clinker, 
can contribute to reducing the CO2 footprint of cement production and avoid the production of wastes associated to 
the marble producers. 
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