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Abstract

Cement production is a major contributor to global carbon dioxide (CO,)
emissions, accounting for approximately 7% of anthropogenic CO, emissions
worldwide. The vast majority of these emissions arise from the calcination of
limestone, a key component of the cement production process. During calcina-
tion, limestone is heated to high temperatures, causing it to decompose into cal-
cium oxide (CaO) and CO,. Roughly two-thirds of the CO, emissions during
cement production arise from this process, which releases large amounts of CO,
into the atmosphere. One way to mitigate the CO, footprint of cement produc-
tion is through the capture and utilization of CO, emissions during the calci-
nation of limestone. By capturing CO, during the decomposition of limestone,
cement producers can reduce their overall emissions and contribute to global
efforts to combat climate change. However, the effectiveness of this approach
depends on a number of factors, including the partial pressure of CO, during the
calcination process. In recent years, a new technology has emerged for the sepa-
rate calcination of limestone, which involves calcining limestone in a CO,-rich
atmosphere. This approach helps to avoid the dilution of CO, by combustion flue
gas, enabling more efficient capture and utilization of CO, emissions. However,
the use of a CO,-rich atmosphere may also have an impact on the thermal de-
composition of limestone, affecting the energy balance of the process. The aim of
this paper is to investigate the influence of CO, partial pressure on the thermal
decomposition of natural limestone used in cement production. A series of ex-
periments were conducted to measure the thermal decomposition of limestone
at different CO, partial pressures, and thermodynamic calculations were used
to model the behaviour of the system. The results showed that CO, shifts the
onset decomposition temperature of limestone to higher values, which can have
a significant impact on the energy balance of the separate calcination technology.
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Introduction

Cement production is a major contributor to global CO, emissions [1]. Al-
most two-thirds of CO, emissions come from the decomposition of the calcium
carbonate (CaCO,) into CaO [2]. The thermal decomposition of limestone pres-
ent in the cement raw meal has been extensively studied [3-6]. In many modern
cement plants, calcination takes place in a combustion chamber called the ‘pre-
heater’. According to literature, the onset decomposition temperature of lime-
stone ranges between 750 and 900 °C [7]. However, the rate and temperature of
CaCO, decomposition are not fixed values, as they depend on the CO, partial
pressure [6, 8].
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The motivation behind this study lies in the urgent need
to address the environmental impact of cement production,
particularly its significant contribution to global CO, emis-
sions [9]. By focusing on the calcination process and explor-
ing the effects of a CO,-rich atmosphere. Understanding the
influence of CO, partial pressure on limestone decomposition
is crucial for optimizing the process and implementing CO,
capture strategies effectively [10].

One way to reduce the CO, footprint of cement produc-
tion is through CO, capture during limestone decomposition.
To achieve this, limestone can be calcined separately to avoid
dilution of CO, by combustion flue gas [11]. This process is
called Direct Separation Calcination Technology [12, 13], in
which partial pressure of CO, in the decomposition atmo-
sphere can reach high values near 1 atm. The current paper in-
vestigates how a CO,-rich atmosphere can affect the decom-
position of natural limestone destined to cement production.

Materials and Method

The material used in this work is a natural limestone
(Called NL4) provided by Holcim France. To conduct experi-
ments, the NL4 sample was milled and then sieved using a 40
pm sieve. All used materials are nanoscale materials.

X-ray diffraction data were collected at room temperature
in the Bragg-Brentano geometry using a Bruker D8 Advance
X-ray diffractometer with CuKa radiation (A, = 1.54056 A),
without monochromator. Thermogravimetric analysis (TGA)
was carried out on 50 mg of sample using a SETARAM Lab-
sys TG-DTA/DSC thermal analyzer. The sample was heated
in an alumina crucible from ambient temperature to 1100 °C
at the heating rate of 10 °C/min (ramp) under atmospheric
air. For measurements under CO, atmosphere, the equipment
was connected to a gas bottle containing CO, gas. Changes in
standard Gibbs free energy help to predict whether a reaction
will be spontaneous in the forward or reverse direction under
standard conditions (solids are considered pure and pure gases
pressure equal to 1 atm). Thermodynamic calculations of the
Gibbs energy of the decomposition of CaCO, into CaO and
CO, were performed using suitable thermochemical data [14]
(Table 1). Thermochemical data include standard enthalpy
(AH)), standard entropy (AS’) and heat capacity (CP) for the
different compounds.

In the calculation, the standard enthalpy of each com-
pound was given by Eq. 1 [15]:

AH"(T)=AHY (298)+ [ C,(T)dT M

Where AH jf) (298) is the standard enthalpy of formation at

298 K, T is the temperature and C (7) is the heat capacity at
constant pressure (Eq. 2):

C,(T =a+bT+cT*+dT’ )

Where a, b, ¢ and d are the corresponding parameters taken

from thermodynamic data (Table 1).

Standard entropy values can be calculated from Eq. 3:
T
2

c, (T
AS’(T)=AS) 298)+| 98# dT 3)

Where AS fo (298) is the standard entropy of formation at 298

K.

The equilibrium conditions can be examined by calculat-
ing the Gibbs free energy change (AH? (T)) for the reaction
of CaCO, thermal decomposition (CaéO3 — CaO + CO)):

AG) (1) =AH (1)~ TaS) (T) @

Where AhC? (7) is the standard enthalpy change of the re-

action and ASfO (7) is the corresponding standard entropy
change.

The equilibrium stability of CaCO, can be evaluated
through the calculation of the equilibrium constant, K*:
AGH(T)
K9 =g RT

_ Aeo-Fro,

©)

Acacos

Eq. 5 relates the activities of the products and reactants at
equilibrium, R is the gas constant and T is the absolute tem-
perature. Considering calcium carbonate and calcium oxide as
nearly pure solids, their activities, to a good approximation, are
equalto 1 (a,. , =a =1) . The equilibrium constant is
t}?en equal t(o tcﬁg particaillcgiessur)e of theqCOZ:

AGY(r)
Py =K"=e ©)

Results and Discussion
Mineralogical characterization of the natural limestone

Figure 1 shows the X-ray diffractogram of the NL4 sam-
ple. The X-ray diffractogram of limestone exhibits sharp dif-
fraction peaks that can be attributed to the presence of calcite
mineral [16]. Some characteristic peaks of quartz at 26 angles
0£20.96 and 26.50° are also present. The presence of quartz in
natural limestone was previously confirmed by other authors

[17].

Table 1: Thermochemical data of the compounds involved during CaCO, thermal decomposition.
c d AH? (298) AS?(298) A bx103 cx10° dx10¢ Ref
ompoun (kJ.mol™) (J.mol LK) (J.mol.K") (J.mol LK) (J.mol.K) (J.mol.K) e
CaO 0 0 57.753 -10.779 -11.51 5.328 [22]
CaCO, -1206.600 91.710 99.544 27.136 -21.479 0.002 [14]
CO, 0 0 29.314 39.970 -2.484 -14.783 [22]
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Figure 1: X-ray diffractogram of the NL4 sample, where CC = CaCO,
(#PDF: 00-066-0867) and S = SiO, (#PDF: 04-007-0522).

Effect of CO, partial pressure on NL thermal
decomposition

Figure 2 presents the TGA thermograms of the NL4
sample decomposition under air (grey curve) or under CO,
atmosphere (black dotted curve). As the CO, partial pressure
increases, the decomposition shifts to higher temperatures.
Higher CO, partial pressure leads to an increase in the onset
temperature of natural limestone decomposition from 640 °C
under air to 920 °C under CO, atmosphere (Figure 2). Galan
et al. [18] found that changing the x-axis from temperature to
time does not alter the shape of the decomposition curve. The
higher the CO, concentration in the atmosphere, the longer
it takes to complete the decomposition. Additionally, a slight
weight loss is observed between 400 and 700 °C (Figure 2).
'This may be due to the presence of small quantities of clay in
the NL4 sample [19].
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Figure 2: Weight loss versus temperature for NL4 sample decomposition
under air (grey curve) or under CO, atmosphere (black dotted curve).

Figure 3 presents the calculated equilibrium partial pres-
sure of CO, versus temperature (Eq. 6). For a CO, partial
pressure of 0.01 atm (conditions of an air atmosphere), the de-
composition of CaCO, occurs at 639 °C (Figure 3).This value
is in accordance with the literature-reported value, which was
found to be 641 °C [20]. This equilibrium temperature is close
to the onset temperature (640 °C) measured by TGA of the
NL4 sample decomposition under an air atmosphere (Figure
2). For a CO, partial pressure of 1 atm, corresponding to the
conditions of a CO,-rich atmosphere in TGA experiments,

the equilibrium is reached at 919 °C (Figure 3).This value cor-

responds to the onset temperature (920 "C) of the NL4 sam-
ple decomposition under a CO, atmosphere (Figure 2). The
agreement between thermodynamic calculations and TGA
experiments regarding the onset temperature of decomposi-
tion can be attributed to the high kinetics of the sample de-
composition during TGA experiments under the conditions
of a 10 °C/min heating rate, 50 mg sample weight, and below
40 pm sample fineness [8, 21].

1CaCO;=1Ca0O +1CO,
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Figure 3: Equilibrium CO, partial pressure curves versus temperature, cal-

culated from Eq. 6 for CaCO, decomposition.

Conclusion

This paper provides insights into how CO, partial pres-
sure can shift the decomposition temperature of limestone.
'The onset temperature of decomposition of natural limestone
can be expressed as a function of CO, partial pressure. The re-
sults show that the onset temperature of natural limestone de-
composition increases from 640 °C under air to 920 “C under
CO, atmosphere. The experimental results from TGA were
confirmed by thermodynamic calculations, and this agreement
was attributed to the high kinetics of carbonate decomposi-
tion. Furthermore, as the decomposition of limestone requires
higher temperatures in a CO,-rich atmosphere, more energy
is needed for calcination and should be considered when con-
sidering the use of Direct Separation Calcination Technology.

Acknowledgements

We would like to acknowledge the Institute of Research
in Ceramics (IRCER) for their financial support of this
research.

Conflict of Interest

'The authors declare that they have no conflict of interest
regarding the subject matter of this publication.

Funding

This work is supported by institutional grants from the
University of Limoges.

References

1. CO, Emissions from Fuel Combustion 2017. [https://www.oecd-ili-
brary.org/energy/co2-emissions-from-fuel-combustion-2017_co2_fu-
el-2017-en] [Accessed September 28,2023]

NanoWorld Journal | Volume 9 Supplement 2, 2023

S313


https://www.oecd-ilibrary.org/energy/co2-emissions-from-fuel-combustion-2017_co2_fuel-2017-en
https://www.oecd-ilibrary.org/energy/co2-emissions-from-fuel-combustion-2017_co2_fuel-2017-en
https://www.oecd-ilibrary.org/energy/co2-emissions-from-fuel-combustion-2017_co2_fuel-2017-en

Effect of CO,-rich Atmosphere on the Thermal Decomposition of Natural Limestone
Destined to Cement Production

El Hafiane et al.

10.

11.

Favier A, De Wolf C, Scrivener K, Habert G. 2018. A sustainable future
for the European cement and concrete industry: technology assessment
for full decarbonisation of the industry by 2050. ETH Zurich.

Asaki Z, Fukunaka Y, Nagase T, Kondo Y. 1974. Thermal decomposi-
tion of limestone in a fluidized bed. Meta/l Mater Trans B 5: 381-390.
https://doi.org/10.1007/BF02644105

Ersoy-Merigboyu A, Kiigikbayrak S, Yavuz R.1993. Thermal decompo-
sition kinetics of natural Turkish limestones under non-isothermal con-
ditions. Thermochim Acta 223: 121-128. https://doi.org/10.1016/0040-
6031(93)80126-U

Aineto M, Acosta A, Rincon JM, Romero M. 2006. Thermal expansion
of slag and fly ash from coal gasification in IGCC power plant. Fue/
85(16): 2352-2358. https://doi.org/10.1016/j.fuel.2006.05.015

Avila I, Crnkovic PM, Milioli FE, Luo KH. 2012. Thermal decompo-
sition kinetics of Brazilian limestones: effect of CO, partial pressure.
Enwviron Technol 33(10): 1175-1182. https://doi.org/10.1080/0959333
0.2011.618930

Karunadasa KS, Manoratne CH, Pitawala HM, Rajapakse RMG. 2019.
Thermal decomposition of calcium carbonate (calcite polymorph) as ex-
amined by in-situ high-temperature X-ray powder diffraction. J Phys
Chem Solids 134: 21-28. https://doi.org/10.1016/j.jpcs.2019.05.023

Criado J, Gonzélez M, Milek J, Ortega A. 1995. The effect of the
CO, pressure on the thermal decomposition kinetics of calcium car-
bonate. Thermochim Acta 254: 121-127. https://doi.org/10.1016/0040-
6031(94)01998-V

Smith A, El Hafiane Y, El Khessaimi Y, Faure A.2019. Some examples
of mineral eco-materials. J Eur Ceram Soc 39(12): 3408-3415. https://
doi.org/10.1016/j.jeurceramsoc.2019.02.003

Dean CC, Blamey J, Florin NH, Al-Jeboori MJ, Fennell PS. 2011. The
calcium looping cycle for CO, capture from power generation, cement
manufacture and hydrogen production. Chem Eng Res Des 89(6): 836-
855. https://doi.org/10.1016/j.cherd.2010.10.013

Kroumian C, Fleiger K, Veckenstedt I, Voldsund M, Cavalett O, et al.
2021. Description of the work and preliminary results of the AC20-
CEM project in facilitating carbon capture technology in the cement
industry using oxyfuel combustion. In 11* International Conference on
CO, Capture, Transport and Storage, Trondheim, Norway.

12.

13.

14.

15.

16.

17.

18.

19

20.

21.

22.

Hills TP, Sceats M, Rennie D, Fennell P.2017. LEILAC: low cost CO,
capture for the cement and lime industries. Energy Procedia 114: 6166-
6170. https://doi.org/10.1016/j.egypro.2017.03.1753

Wahl 8. 2018. New CO, concentration technology integrated into the
cement plant: study of a new decarbonation process. School of Me-
chanics, Energy, Civil and Process Engineering, University of Toulouse.
(Doctoral Dissertation)

Barin I, Platzki G. 1989. Thermochemical Data of Pure Substances.
Weinheim: VCH.

Lin S, Harada M, Suzuki Y, Hatano H. 2005. Process analysis
for hydrogen production by reaction integrated novel gasification
(HyPr-RING). Energy Convers Manag 46(6): 869-880. https://doi.
org/10.1016/j.enconman.2004.06.008

Zuo RF, Du GX, Yang WG, Liao LB, Li Z. 2016. Mineralogical and
chemical characteristics of a powder and purified quartz from Yunnan
province. Open Geosci 8(1): 606-611. https://doi.org/10.1515/geo-
2016-0055

Gunasekaran S, Anbalagan G. 2008. Spectroscopic study of phase tran-
sitions in natural calcite mineral. Spectrochim Acta Part A Mol Biomol
Spectrosc 69(4): 1246-1251. https://doi.org/10.1016/j.s22.2007.06.036

Galan I, Glasser FP, Andrade C. 2013. Calcium carbonate decompo-
sition. J Therm Anal Calorim 111: 1197-1202. https://doi.org/10.1007/
$10973-012-2290-x

. Teklay A, Yin C, Rosendahl L, Bajer M. 2014. Calcination of kaolinite

clay particles for cement production: a modeling study. Cem Concr Res
61:11-19. https://doi.org/10.1016/j.cemconres.2014.04.002

McBride BJ. 2002. NASA Glenn Coefficients for Calculating Ther-
modynamic Properties of Individual Species. National Aeronautics and
Space Administration, John H. Glenn Research Center at Lewis Field.

Gallagher P, Johnson Jr DW. 1973.The effects of sample size and heating
rate on the kinetics of the thermal decomposition of CaCO,. Thermo-
chim Acta 6(1): 67-83. https://doi.org/10.1016/0040-6031(73)80007-3

Scientific Group Thermodata Europe. 1999. Thermodynamic Proper-
ties of Inorganic Materials. Landolt-Boernstein New Series, Group IV.

NanoWorld Journal | Volume 9 Supplement 2, 2023

S314


https://www.research-collection.ethz.ch/handle/20.500.11850/301843
https://www.research-collection.ethz.ch/handle/20.500.11850/301843
https://www.research-collection.ethz.ch/handle/20.500.11850/301843
https://link.springer.com/article/10.1007/BF02644105
https://link.springer.com/article/10.1007/BF02644105
https://doi.org/10.1007/BF02644105
https://www.sciencedirect.com/science/article/abs/pii/004060319380126U
https://www.sciencedirect.com/science/article/abs/pii/004060319380126U
https://www.sciencedirect.com/science/article/abs/pii/004060319380126U
https://doi.org/10.1016/0040-6031(93)80126-U
https://doi.org/10.1016/0040-6031(93)80126-U
https://www.sciencedirect.com/science/article/abs/pii/S0016236106001931
https://www.sciencedirect.com/science/article/abs/pii/S0016236106001931
https://www.sciencedirect.com/science/article/abs/pii/S0016236106001931
https://doi.org/10.1016/j.fuel.2006.05.015
https://www.tandfonline.com/doi/abs/10.1080/09593330.2011.618930
https://www.tandfonline.com/doi/abs/10.1080/09593330.2011.618930
https://www.tandfonline.com/doi/abs/10.1080/09593330.2011.618930
https://doi.org/10.1080/09593330.2011.618930
https://doi.org/10.1080/09593330.2011.618930
https://www.sciencedirect.com/science/article/abs/pii/S0022369719301970
https://www.sciencedirect.com/science/article/abs/pii/S0022369719301970
https://www.sciencedirect.com/science/article/abs/pii/S0022369719301970
https://www.sciencedirect.com/science/article/abs/pii/S0022369719301970
https://doi.org/10.1016/j.jpcs.2019.05.023
https://www.sciencedirect.com/science/article/abs/pii/004060319401998V
https://www.sciencedirect.com/science/article/abs/pii/004060319401998V
https://www.sciencedirect.com/science/article/abs/pii/004060319401998V
https://doi.org/10.1016/0040-6031(94)01998-V
https://doi.org/10.1016/0040-6031(94)01998-V
https://www.sciencedirect.com/science/article/abs/pii/S095522191930086X
https://www.sciencedirect.com/science/article/abs/pii/S095522191930086X
https://doi.org/10.1016/j.jeurceramsoc.2019.02.003
https://doi.org/10.1016/j.jeurceramsoc.2019.02.003
https://www.sciencedirect.com/science/article/abs/pii/S0263876210003047
https://www.sciencedirect.com/science/article/abs/pii/S0263876210003047
https://www.sciencedirect.com/science/article/abs/pii/S0263876210003047
https://www.sciencedirect.com/science/article/abs/pii/S0263876210003047
https://doi.org/10.1016/j.cherd.2010.10.013
https://sintef.brage.unit.no/sintef-xmlui/handle/11250/2785903
https://sintef.brage.unit.no/sintef-xmlui/handle/11250/2785903
https://sintef.brage.unit.no/sintef-xmlui/handle/11250/2785903
https://sintef.brage.unit.no/sintef-xmlui/handle/11250/2785903
https://sintef.brage.unit.no/sintef-xmlui/handle/11250/2785903
https://www.sciencedirect.com/science/article/pii/S1876610217319550
https://www.sciencedirect.com/science/article/pii/S1876610217319550
https://www.sciencedirect.com/science/article/pii/S1876610217319550
https://doi.org/10.1016/j.egypro.2017.03.1753
https://onlinelibrary.wiley.com/doi/book/10.1002/9783527619825
https://onlinelibrary.wiley.com/doi/book/10.1002/9783527619825
https://www.sciencedirect.com/science/article/abs/pii/S0196890404001475
https://www.sciencedirect.com/science/article/abs/pii/S0196890404001475
https://www.sciencedirect.com/science/article/abs/pii/S0196890404001475
https://doi.org/10.1016/j.enconman.2004.06.008
https://doi.org/10.1016/j.enconman.2004.06.008
https://www.degruyter.com/document/doi/10.1515/geo-2016-0055/html
https://www.degruyter.com/document/doi/10.1515/geo-2016-0055/html
https://www.degruyter.com/document/doi/10.1515/geo-2016-0055/html
https://doi.org/10.1515/geo-2016-0055
https://doi.org/10.1515/geo-2016-0055
https://www.sciencedirect.com/science/article/abs/pii/S1386142507003769
https://www.sciencedirect.com/science/article/abs/pii/S1386142507003769
https://www.sciencedirect.com/science/article/abs/pii/S1386142507003769
https://doi.org/10.1016/j.saa.2007.06.036
https://link.springer.com/article/10.1007/s10973-012-2290-x
https://link.springer.com/article/10.1007/s10973-012-2290-x
https://doi.org/10.1007/s10973-012-2290-x
https://doi.org/10.1007/s10973-012-2290-x
https://www.sciencedirect.com/science/article/abs/pii/S0008884614000775
https://www.sciencedirect.com/science/article/abs/pii/S0008884614000775
https://www.sciencedirect.com/science/article/abs/pii/S0008884614000775
https://doi.org/10.1016/j.cemconres.2014.04.002
https://ntrs.nasa.gov/citations/20020085330
https://ntrs.nasa.gov/citations/20020085330
https://ntrs.nasa.gov/citations/20020085330
https://www.sciencedirect.com/science/article/abs/pii/0040603173800073
https://www.sciencedirect.com/science/article/abs/pii/0040603173800073
https://www.sciencedirect.com/science/article/abs/pii/0040603173800073
https://doi.org/10.1016/0040-6031(73)80007-3

	Abstract
	Keywords
	Introduction
	Materials and Method
	Results and Discussion
	Mineralogical characterization of the natural limestone
	Effect of CO2 partial pressure on NL thermal  decomposition

	Conclusion
	Acknowledgements
	Conflict of Interest
	Funding
	References
	Table 1: Thermochemical data of the compounds involved during CaCO3 thermal decomposition.
	Figure 1: X-ray diffractogram of the NL4 sample, where CC̅̅ = CaCO3 (#PDF: 00-066-0867) and S = SiO2
	Figure 2: Weight loss versus temperature for NL4 sample decomposition under air (grey curve) or unde
	Figure 3: Equilibrium CO2 partial pressure curves versus temperature, calculated from Eq. 6 for CaCO

