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Abstract 9 

The use of CO2-rich hot gases from cement plants or combustion processes is considered as an 10 

attractive method to accelerate the carbonation of recycled concrete aggregates (RCA). 11 

However, there is limited knowledge regarding the kinetics and mechanisms of accelerated 12 

carbonation induced by wet gas with a temperature of approximately 80°C. Water transport and 13 

temperature influence several parameters of the carbonation of cement-based materials, thus 14 

understanding and predicting their overall effect remains complex. The present study combines 15 

experimental and numerical investigations into the effects of temperature on carbonation 16 

processes. The experimental study focuses on understanding the effects of temperature on the 17 

evolution of the carbonation front, changes in chemical composition, and moisture transport 18 

within a cement-based material during carbonation in controlled conditions. The experimental 19 

data obtained serve as calibration parameters for a thermo-hydro-chemical coupled model of 20 

carbonation. The carbonation model incorporates heat transfer between the cement-based 21 

material and the external environment, considering the influence of temperature on water 22 

transfer, as well as the dissolution and carbonation of hydration products. 23 

Keywords: Recycled concrete aggregates, Carbonation, Carbon Capture and Utilization (CCU), 24 

Temperature, CO2, Water transport 25 
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Nomenclature  30 

𝐶𝑃 heat capacity of the cementitious material (J.kg-1 .K-1) 31 

Cpv  thermal capacity of the gas mixture (J.kg-1 .K-1) 32 

DCO2 coefficient of diffusion for gaseous CO2 (m2/s) 33 

DCO2

0  diffusion coefficient of carbon dioxide in the air at 25°C (m2/s)  34 

Dva diffusion coefficient of water vapor in the air (m2/s) 35 

Ea: activation energy (J/mol) 36 

𝐽𝑐 molar flux of carbon dioxide (kg/m2/s1) 37 

𝐽𝑉 density of the mass flow of vapor water (kg/m2/s1) 38 

 𝐽𝑤 density of the mass flow of liquid water (kg/m2/s1) 39 

KH Henry's constant (-) 40 

Kv  intrinsic permeability (m2)  41 

Kw intrinsic permeability of the material (m2) 42 

Krv gas relative permeability respectively 43 

Krw relative permeability to liquid (-) 44 

𝑀𝑣  molar mass of water vapor (kg/mol) 45 

𝑀𝑤 molar mass of water  (g/L)   46 

n number of moles of Ca per mole of CSH (-) 47 

nCa(OH)2 number of moles per volume of material for portlandite (mol/m3) 48 

nCSH number of moles per volume of material for CSH (mol/m3) 49 

nCaCO3
 number of moles per volume of material for 𝐶𝑎𝐶𝑂3 (mol/m3) 50 

Pc capillary pressure (Pa) 51 

Pv gas pressure in the pores (Pa) 52 

Pvs saturated water vapor pressure (Pa) 53 

Qi heat released during hydration and the liquid-vapor phase change 54 

R  ideal gas constant (J/mol.K) 55 

Ra air resistance (-) 56 

T  is the temperature (K) 57 

v̅𝐶𝑎(𝑂𝐻)2
 molar volume of portlandite 58 

v̅𝐶𝑎𝐶𝑂3
 molar volume of 𝐶𝑎𝐶𝑂3 (m3/mol) 59 

W volume fraction of water (m3/m3) 60 

∆𝑣̅𝐶𝑆𝐻 variation in volume associated with the carbonation of one mole of CSH (m3/mol) 61 

α molar fraction of Ca(OH)2 carbonated  62 

𝛽𝐻2𝑂 source term used to model the release of liquid water during carbonation of portlandite  63 

δCa(OH)2

0 , consumption rates of portlandite (mol/m3/s) 64 

δCSH
0  consumption rates of CSH (mol/m3/s) 65 

λeff effective conductivity of the medium under consideration (W/m.K). 66 

𝜆𝑒𝑓𝑓
𝑟𝑒𝑓

 effective thermal conductivity of the material at the reference condition (W/m/K) 67 

µv represents the dynamic viscosity of the gas and gas pressure in the pores (Pa). 68 

μw dynamic viscosity of liquid water (Pa.s) 69 

𝜌𝑐 density of the cementitious material (kg/m³) 70 

𝜌𝑣  density of liquid water vapor (kg/m3) 71 

𝜌𝑤  density of liquid water (kg/m3) 72 

τCH  characteristic time of the chemical reaction of dissolution of Ca(OH)2 (s) 73 

τCSH  characteristic time of the carbonation reaction of CSH (s) 74 

φ porosity (-) 75 
[CO2] concentration of CO2 in the gaseous phase (mol/m3) 76 
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1 Introduction 77 

Nowadays, huge amounts of construction and demolition wastes are generated so that their 78 

management has become a serious social and environmental issue. Several regions also suffer 79 

from a serious shortage of natural aggregates for the production of new concretes [1]. In this 80 

context, the reuse of construction wastes is a very interesting strategy that allows to protect the 81 

natural mineral resources and landscapes but also to achieve sustainable development in the 82 

construction sector [2] [3]. 83 

Compared to typical natural aggregates (NA), recycled concrete aggregates (RCA) have a lower 84 

quality [1] [4] due to higher porosity. The concrete strength thus decreases when NA are totally 85 

or partially replaced by RCA [5].  In recent years, the adoption of accelerated carbonation, 86 

which is part of Carbon Capture and Utilization (CCU) methods [6] [7] has been proposed to 87 

improve RCA quality [8] [9] [10]. The treatment involves CO2 reacting with the adhesive paste 88 

on RCA to produce calcium carbonate and silica gel. Key factors influencing this carbonation 89 

process in cement-based materials include temperature, relative humidity, and CO2 availability. 90 

Thermo, hydro, and chemical processes intricately shape carbonation kinetics. Elevated 91 

temperatures accelerate diffusion and reaction rates, and influence reactants solubilities. 92 

Changes in relative humidity and moisture content impact CO2 transport and reactants 93 

dissolution, facilitating or hindering carbonation reactions. Chemical reactions, such as calcium 94 

hydroxide dissolution and calcium carbonate precipitation, are thermodynamically influenced 95 

by temperature and moisture, further impacting reaction rates and product formation. The solid 96 

volume of the adhesive paste increases after carbonation, resulting in higher compressive 97 

strength, greater density, and lower absorption and porosity of RCA [11]. 98 

The carbonation of recycled concrete aggregates (RCA) not only enhances their own properties 99 

and those of concretes made from them but also enables the capture of carbon dioxide, thus 100 

mitigating the greenhouse effect [2] [12] [13]. Under atmospheric conditions, carbonation of 101 

concrete occurs, but the process is slow [14]. It is noteworthy that buildings contribute to 102 

approximately 30% of global carbon emission and cement industry is one of the main sources 103 

of greenhouse gases emissions, in particular carbon dioxide, which represent about 5 to 8% of 104 

total emissions [15]. The CO2 concentration in cement plant fumes is about 15%, i.e. 360 times 105 

the atmospheric CO2 concentration, and thus they offer a great potential to achieve accelerated 106 

carbonation of RCA as addressed in the National French Project FastCarb [10] [12]. During 107 

this project, the feasibility of CO2 uptake by recycled concrete aggregates (RCA) in industrial 108 

conditions was demonstrated through the setup of two large-scale reactors utilizing cement 109 
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plant fumes. These demonstrators successfully carbonated several tons of RCA, achieving a 110 

maximum CO2 fixation of 30 kg per ton of RCA in less than 1 hour, with the temperature 111 

maintained at approximately 80°C. To further optimize this industrial process and maximize its 112 

efficiency, a comprehensive understanding of high-temperature carbonation phenomena is 113 

essential. It is noteworthy that Artificial Intelligence (AI) has begun to be used to optimize and 114 

predict the carbonation of concrete [16] [17].  115 

Research on the impact of temperature on the carbonation of cementitious materials under 116 

controlled conditions is limited in the literature, with less than twenty references (see below) in 117 

the past fifty years. Temperature plays a crucial role in water transfers and chemical reactions, 118 

influencing the physical properties of water, water vapor sorption isotherms, and material 119 

transport properties [16]. Higher temperatures are expected to promote water transport, 120 

affecting CO2 penetration and water availability for carbonation reactions based on the material 121 

initial moisture state. Additionally, temperature significantly affects the kinetics and 122 

mechanisms of carbonation: while the solubility of hydrates and carbon dioxide decreases with 123 

temperature, the chemical reaction rate and diffusion of carbon dioxide and ions are 124 

thermoactivated [17] [18] [19]. Assessing the overall effect is challenging due to the 125 

simultaneous occurrence of multiple phenomena with potentially counterbalancing effects. 126 

Existing studies in the literature on carbonation of cementitious materials show varying 127 

conclusions about the effect of temperature. Some studies examined moderate temperatures 128 

below 45°C (Mori et al [20], Yanagi and tomosawa [21], Papadakis et al [22] , and Villain et al 129 

[23], Dheilly and Todu [24]), with Dheilly and Todu [24] suggesting slower carbonation at 130 

higher temperatures due to retrograde solubility of hydrates, while others observed faster 131 

carbonation at higher temperatures. However, the explanations were limited to applying the 132 

Arrhenius law for thermo-activation effects, lacking a comprehensive understanding of the 133 

underlying physico-chemical mechanisms. Furthermore, temperature effects were often studied 134 

independently of relative humidity. For instance, Liu et al [25] found an optimum carbonation 135 

temperature of approximately 60°C for 100% relative humidity. Drouet [17] demonstrated that 136 

carbonation depth depend on temperatures and composition, and an increase in temperature 137 

between 20°C and 80°C accelerated carbonation kinetics [26] [27].  138 

Current numerical models [28] [29] [30] used to simulate carbonation in cementitious materials 139 

often assume isothermal conditions at 20°C, which may not accurately represent real scenarios, 140 

especially in accelerated carbonation using cement plant fumes or other industrial gases. While 141 
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these models have offered valuable insights into carbonation processes, their applicability is 142 

limited in cases where temperature variations significantly affect the outcomes. Consequently, 143 

there is a growing need for advanced numerical models that consider temperature-dependent 144 

parameters and non-isothermal conditions.  145 

This research aims to enhance the understanding of high-temperature effects (on carbonation 146 

processes and incorporate temperature dependence into the governing equations that describe 147 

carbonation. Specifically, the study is focused on modeling non-isothermal accelerated 148 

carbonation at 80°C for mortar made with Ordinary Portland Cement (OPC), as 80°C is the 149 

temperature of cement plant fumes that are intended to be used for accelerated carbonation of 150 

RCA. Through experiments in controlled humidity and temperature conditions, the influence 151 

of high temperature on the physico-chemical mechanisms of carbonation is explored, 152 

particularly by improving the description of temperature effects on heat transfer, moisture 153 

evolutions, and chemical kinetics. Based on new experimental results, the improvement of the 154 

model developed by Achour et al [30] involves integrating heat transfer mechanisms between 155 

the cementitious material and the environment, while considering the influence of temperature 156 

on mass transfers, diffusion of carbone dioxyde, dissolution, and carbonation of hydration 157 

products. The generated model allows describing the spatiotemporal evolution of parameters 158 

that cannot be experimentally monitored, such as temperature, water saturation, and carbon 159 

dioxide concentration, throughout the material undergoing carbonation. It also allows a direct 160 

comparison with several experimentally determinable measurements, such as the remaining 161 

amount of portlandite and precipitated calcium carbonate. Whereas experimental measurements 162 

provide a limited number of data, this model provides a continuous spatiotemporal evolution of 163 

these parameters. 164 

2 Carbonation model integrating the effect of temperature 165 

The basic model adopted in this work is related to the model of Achour et al [30]. The latter 166 

models simulates the coupled transport of chloride ions and carbon dioxide in unsaturated 167 

concrete. In the present work, improvements have been made in order to account for the effects 168 

of temperature. Heat transfer was added to the model since the previous version considers 169 

isothermal conditions. This integration allowed modelling the time-evolution of the temperature 170 

throughout the sample. From the obtained evolution, the effect of temperature on both the water 171 

transfer and the diffusion of gaseous CO2 was taken into account. The temperature effect has 172 

also been considered and incorporated into the carbonation process of portlandite and CSH. 173 
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The model considers the coupling between reactive transfers of CO2 and water. The two 174 

primary conservation equations (1 and 2) are related to the volume fraction of water W (m3/m3) 175 

and the concentration of gaseous CO2 [𝐶𝑂2] in unsaturated conditions (mol/m3). These 176 

equations are coupled with consumption rates of hydrates, CSH, and portlandite by CO2 which 177 

are considered as sink terms in the balance equation of gaseous CO2 concentration (equation 178 

2), while the amount of liquid water released by the carbonation of portlandite is considered as 179 

source term in the mass balance equation of water as given in equation 1. In  equation 3, the 180 

evolution of porosity (φ) during carbonation is described through the variation of volume 181 

induced by the consumption of both portlandite and CSH but also by the formation of calcium 182 

carbonates. Such description is required in the model regarding the evolution of transfer 183 

properties, such as water permeability and gaseous diffusion coefficients with that of porosity. 184 

Consumption rates of portlandite and CSH are given respectively in equations 4 et 5 and 185 

completed by the formation rate of calcium carbonates (equation 6).  186 

𝜕

𝜕𝑡
 ((𝜑 − 𝑊 + 𝑊. 𝐾𝐻)[𝐶𝑂2]) = −𝑑𝑖𝑣(𝐽𝑐) − 𝛿𝐶𝑎(𝑂𝐻)2

0 − 𝛿𝐶𝑆𝐻
0  

( 1 ) 

𝜕(𝜌𝑤𝑊)

𝜕𝑡
+  

𝜕(𝜌𝑉𝑊𝑉)

𝜕𝑡
=  −𝑑𝑖𝑣(𝐽𝑤 + 𝐽𝑉) +  𝛽𝐻2𝑂 

( 2 ) 

∆φ = v̅𝐶𝑎(𝑂𝐻)2
(nCa(OH)2

0 − nCa(OH)2) + ∆𝑣̅𝐶𝑆𝐻(nCSH
0 − nCSH)

− v̅𝐶𝑎𝐶𝑂3
(n𝐶𝑎𝐶𝑂3

0 − n𝐶𝑎𝐶𝑂3
) 

( 3 ) 

∂nCa(OH)2

∂t
= 𝛿𝐶𝑎(𝑂𝐻)2

0  
( 4 ) 

∂nCSH

∂t
= δCSH

0  
( 5 ) 

∂nCaCO3

∂t
 = 𝛿𝐶𝑎(𝑂𝐻)2

0 + n ∙ δCSH
0  

( 6 ) 

Where: 𝐽𝑐 is the molar flux of carbon dioxide (kg/m2/s1); 𝐽𝑉 is the density of the mass flow of 187 

vapor water (kg/m2/s1); 𝐽𝑤 is the density of the mass flow of liquid water (kg/m2/s1); KH the 188 

Henry's constant (-); n the number of moles of Ca per mole of CSH (-); nCa(OH)2, nCSH, and 189 

nCaCO3
 the number of moles per volume of material for portlandite, CSH, and 𝐶𝑎𝐶𝑂3, 190 

respectively (mol/m3); v̅𝐶𝑎(𝑂𝐻)2
 the molar volume of portlandite (m3/mol); v̅𝐶𝑎𝐶𝑂3

 the molar 191 

volume of 𝐶𝑎𝐶𝑂3 (m3/mol); ∆𝑣̅𝐶𝑆𝐻 the variation in volume associated with the carbonation of 192 

one mole of CSH (m3/mol); 𝛽𝐻2𝑂 is a source term used to model the release of liquid water 193 

during carbonation of portlandite; δCa(OH)2

0 , and δCSH
0  the respective consumption rates of 194 

portlandite and CSH (mol/m3/s); ρw is the density of liquid water (kg/m3); ρv is the density of 195 
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liquid water vapor (kg/m3); [CO2] is the concentration of CO2 in the gaseous phase (mol/m3). 196 

The subscript "0" refers to the initial values of the variables, that is, before carbonation. 197 

In order to consider the effect of temperature on these mechanisms, the modifications presented 198 

in the following paragraphs were made to the basic equations of the model summarized above. 199 

2.1 Heat transfer equation 200 

Different modeling approaches are suggested in the literature to predict temperature fields in 201 

porous materials. The most commonly used approach considers a single mass conservation 202 

equation with average material parameters to account for the different phases [31]. Most of 203 

existing studies are focused on the energy balance for each phase in the medium [31] [32]. 204 

Within an unsaturated medium, heat is actually transferred in three forms: conduction 205 

respecting Fourier's law, convection due to the movement of liquid water and gases (water 206 

vapor + dry air) and energy exchange (condensation or evaporation) between water and water 207 

vapor [33]. The movement of the fluid in a cementitious material with fine porosity is very 208 

slow, its contribution to the heat flow can therefore be considered as negligible compared to the 209 

heat conduction. The heat flow (Jt) and the heat balance are expressed as follows: 210 

 Jt = −λeffgradT + (Cpv 𝜌𝑣
KvKrv

µv
 gradPv) T 

 

( 7 ) 

 

𝜌𝑐𝐶𝑃

𝜕𝑇

𝜕𝑡
+ 𝑑𝑖𝑣(𝐽𝑡) + ∑ 𝑄𝑖 = 0 

( 8 ) 

𝐶𝑃 is the heat capacity of the cementitious material (J.kg-1.K-1), Cpv  denotes the thermal 211 

capacity of the gas mixture (J.kg-1.K-1), Kv and Krv, represent the intrinsic permeability (m2) 212 

and gas relative permeability respectively. Pv represents the gas pressure in the pores (Pa) and 213 

T is temperature (K). The effective conductivity of the medium under consideration is 214 

represented by λeff(W/m.K). µv represents the dynamic viscosity of the gas. 𝜌𝑐 is the density of 215 

the cementitious material (kg/m³). 216 

Qi represents the heat released during hydration and the liquid-vapor phase change. However, 217 

the heat release caused by the hydration of the cementitious material is only significant in the 218 

first few hours [31]. Therefore, for a cementitious material studied over the long term, this term 219 

is negligible.  220 

The energy associated with the liquid-vapor phase change, as well as the heat carried by the gas 221 

flow, have a negligible impact on the overall temperature field. This assumption was originally 222 

Conduction Internal energy of the gas 
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proposed by Samson et al. [31] for temperatures up to 50°C. Given the scarcity of data for 223 

higher temperatures, this assumption will be upheld in our current study. Consequently, the heat 224 

balance can be expressed as: 225 

𝜌𝑐𝐶𝑃

𝜕𝑇

𝜕𝑡
+ 𝑑𝑖𝑣(𝜆𝑒𝑓𝑓𝑔𝑟𝑎𝑑𝑇) = 0 

( 9 ) 

In the existing literature, several experimental studies are aimed at determining the effective 226 

thermal conductivity (λeff) of materials. In this work, empirical laws have been chosen; they are 227 

also cited in references [33] and [31]. Specifically, when the temperature closely approximates 228 

the reference temperature of 293 K, the law can be represented as equation ( 10 ). 229 

𝜆𝑒𝑓𝑓 = 𝜆𝑒𝑓𝑓
𝑟𝑒𝑓

(0.244(
𝑊

𝜑
+ 0.756)) ( 10 ) 

Where 𝜆𝑒𝑓𝑓
𝑟𝑒𝑓

 the effective thermal conductivity of the material measured at the reference 230 

condition (W/m/K). 231 

Solving equation ( 9 ) requires the knowledge of water content involved in conductivity (( 10 ). 232 

This parameter reflects the coupling between moisture transfer and heat transfer. 233 

2.2 Water transport  234 

Considering the convective movement of water and the diffusive movement of water vapor and 235 

applying the mass conservation law, the transfer of water in a cementitious material is described 236 

by equation ( 2 ) [30]. The effect of temperature is taken into account in both liquid water 237 

transport and vapor transport, as described in the following sections. 238 

It is noteworthy that the assumptions made include the pressure of the gas mixture remaining 239 

constant during the transfer mechanisms of carbon dioxide, and that the density of dry air is 240 

negligible compared to that of liquid water. 241 

2.2.1 Transport of liquid water 242 

The convective transport of liquid water is driven by a water pressure gradient under isothermal 243 

conditions. Given that variations of temperature are considered in the model, the density of the 244 

mass flow of liquid water Jw (kg.m-2. s-1),  described by equation ( 11 ), also includes a term 245 

related to the temperature gradient  246 

𝐽𝑤 = 𝜌𝑤

𝐾𝑤𝐾𝑟𝑤

µ𝑤
(

𝜕𝑃𝐶

𝜕𝑊
𝑔𝑟𝑎𝑑(𝑊) +

𝜕𝑃𝐶

𝜕𝑇
𝑔𝑟𝑎𝑑(𝑇)) 

( 11 ) 

Where: 247 
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• Krw (-): relative permeability to liquid, considering the connectivity of the liquid phase 248 

when the material is partially saturated. 249 

• Kw (m2): intrinsic permeability of the material. 250 

• PC (Pa): capillary pressure, defined by Laplace's law as the difference between the 251 

pressure of gas (Pg) and that of water (Pw). Given that Pg is assumed to be constant and 252 

negligible compared to Pw, Pw can be directly related to PC which can be expressed as 253 

function of other variables such as temperature and water content. This is the reason 254 

why capillary pressure is involved in equation 11 instead of water pressure. 255 

• μw (Pa.s): dynamic viscosity of liquid water. Viscosity decreases as temperature 256 

increases. This decrease in water viscosity promotes liquid permeation at high relative 257 

humidity during drying processes, as well as increased gas-phase transportation due to 258 

more significant evaporation and thermal agitation of gas molecules. 259 

2.2.2 Transport of water vapor  260 

The gas phase is considered to be an ideal gas comprising inert dry air and water vapor. The 261 

transfer of water vapor in dry air is governed by diffusion according to Fick's law. Due to 262 

variations of temperature considered in the model, we have to take into account the temperature 263 

gradient  in addition to water content gradient in the present study.  264 

𝐽𝑉 =  −𝑅𝑎 𝐷𝑣𝑎(
𝑀𝑉

𝑅𝑇
𝑃𝑉𝑆

𝜕 (𝑒
−

𝑃𝐶𝑀𝑣
𝜌𝑤𝑅𝑇)

𝜕𝑊
𝑔𝑟𝑎𝑑(𝑊) −

𝑀𝑉

𝑅
𝑒

−
𝑃𝐶𝑀𝑣
𝜌𝑤𝑅𝑇

𝜕 (
𝑃𝑉𝑆
𝑇

)

𝜕𝑇
𝑔𝑟𝑎𝑑(𝑇)) 

 

( 12 ) 

Where  265 

• Dva (m2/s): diffusion coefficient of water vapor in the air 266 

• Mv (kg/mol): molar mass of water vapor 267 

• Pvs (Pa): saturated water vapor pressure 268 

• R (J/mol.K): ideal gas constant 269 

• Ra (-): air resistance related to the characteristics of the porous network, including the 270 

effects of tortuosity and the degree of saturation. Millington's empirical expression is 271 

used to account for the reduction factor in water vapor transfer expressed in the 272 

following equation:  273 

𝑅𝑎 = φ2.74(1 −
𝑊

𝜑
)4.2 

( 13 ) 

2.2.3 Conservation equation of water 274 

From equations ( 11 ) and ( 12 ), equation ( 2 ) can be rewritten as follows: 275 
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𝜕(𝜌𝑤𝑊)

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝑤

𝐾𝑤𝐾𝑟𝑤

µ𝑤

𝜕𝑃𝐶

𝜕𝑊
𝑔𝑟𝑎𝑑(𝑊) + 𝜌𝑤

𝐾𝑤𝐾𝑟𝑤

µ𝑤

𝜕𝑃𝐶

𝜕𝑇
𝑔𝑟𝑎𝑑(𝑇)

+ 𝑅𝑎𝐷𝑣𝑎

𝑀𝑉

𝑅𝑇
𝑃𝑉𝑆

𝜕 (𝑒
−𝑃𝐶𝑀𝑣
𝜌𝑤𝑅𝑇 )

𝜕𝑊
𝑔𝑟𝑎𝑑(𝑊)

+ 𝑅𝑎𝐷𝑣𝑎

𝑀𝑉

𝑅
𝑒

−𝑃𝐶𝑀𝑣
𝜌𝑤𝑅𝑇

𝜕 (
𝑃𝑉𝑆

𝑇
)

𝜕𝑇
𝑔𝑟𝑎𝑑(𝑇)) +

𝜕[𝐶𝑎(𝑂𝐻)2]𝑀𝑤

𝜕𝑇 𝜌𝑒

= 0 

( 14 ) 

𝑀𝑤 (g/L) represents the molar mass of water  276 

The two parameters 𝜌𝑤
𝐾𝑤∗𝐾𝑟𝑤

µ𝑤

𝜕𝑃𝐶

𝜕𝑇
 and 𝑅𝑎𝐷𝑣𝑎

𝑀𝑉

𝑅
𝑒

−𝑃𝐶𝑀𝑣
𝜌𝑤𝑅𝑇

𝜕(
𝑃𝑉𝑆

𝑇
)

𝜕𝑇
 related to the temperature 277 

gradient represent the permeation of liquid water and the diffusion of water vapor generated by 278 

a temperature gradient, respectively. 279 

2.3 Physical and chemical mechanism of carbonation 280 

2.3.1 Diffusion and dissolution of gaseous carbon dioxide 281 

According to the perfect gas law P.V= n.R.T, at constant pressure, the concentration of the gas 282 

(n/V) decreases with increasing temperature. Therefore, during accelerated carbonation, if the 283 

percentage of carbon dioxide is maintained at 15%, its concentration decreases with increasing 284 

temperature. 285 

The transfer of carbon dioxide is considered diffusive through the gas phase. The expression 286 

for the molar flux of carbon dioxide under isothermal conditions is given by equation ( 15 ) 287 

assuming that the total gas pressure is constant and equal to atmospheric pressure [29]. 288 

𝐽c = −𝐷𝐶𝑂2
(𝜑, W) 𝑔𝑟𝑎𝑑[𝐶𝑂2] ( 15 ) 

DCO2 (m2/s) : coefficient of diffusion for gaseous CO2 289 

Thiery [28] calibrated the Millington expression for calculating the diffusion coefficient of 290 

carbon dioxide, considering the tortuosity of pore network and saturation level. This calibration 291 

involved comparing numerical results with experimental tests [34], leading to equation ( 16 ). 292 

DCO2
= DCO2

0 ∗ φ2.74(1 −
𝑊

𝜑
)4.2 

( 16 ) 

DCO2

0 (m2/s) : Diffusion coefficient of carbon dioxide in the air at 25°C 293 
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The increase in temperature leads to an acceleration of CO2 diffusion in the cementitious matrix 294 

[17]. Some authors [17] [35] have used the well-known Arrhenius law ( 17 ) to account for the 295 

temperature dependence of the CO2 diffusion coefficient in cementitious material. 296 

𝐷 = 𝐷0 𝑒
−𝐸𝑎
𝑅 𝑇  

( 17 ) 

Ea: (J/mol) : activation energy  297 

As first step, this law was used. The activation energy Ea is about 15 to 20 kJ/mol [36] [37] for 298 

the gaseous diffusion of CO2. In this study, the value of Ea was 15 kJ/mol. 299 

It is noteworthy that the diffusion of CO₂ through the concrete matrix can be significantly 300 

influenced by factors like cracking, which might not be fully accounted for in the model (for 301 

example, in the equation of the CO₂ diffusion coefficient). Nonetheless, cracking is considered 302 

in the parameters derived from experimental results, such as the sorption-desorption isotherm. 303 

CO2 dissolves in the pore solution depending on the water saturation state of the cementitious 304 

material. Its dissolution depends on the partial pressure of 𝐶𝑂2 in the air, the temperature and 305 

the presence of other ions in the solution [15]. Gilbert et al. [15] showed that the solubility of 306 

CO2 decreases with increasing temperature and ionic strength. Once dissolved in solution, a 307 

small amount hydrolyzes to form carbonic acid (H2CO3), which dissociates to form bicarbonate 308 

(HCO3
-) and carbonate (CO3

2-). The concentration of the acid is given by Henry's law as a 309 

function of the concentration of CO2 in the gas phase: 310 

[H2CO3] =  KH [𝐶𝑂2] ( 18 ) 

Henry's ''constant'' KH is not a true constant, but instead it has a significant nonlinear 311 

dependence on temperature [38]. In order to predict the value of this constant at a given 312 

temperature T, an extrapolation method using the enthalpy of the solute of the solution ∆Hsol 313 

by means of a thermodynamic expression, usually associated with the name van't Hoff can be 314 

used [39]. 315 

𝐾𝐻(𝑇𝑖)

𝐾𝐻(𝑇0)
=  

𝑇𝑖

𝑇0
 𝑒

[(
∆𝐻𝑠𝑜𝑙

𝑅 )(
1
𝑇𝑖

−
1
𝑇0

)]
 

( 19 ) 

2.3.2 Kinetics of carbonation of portlandite Ca(OH)2 and calcium silicate 316 

hydrates CSH 317 

In this model, the carbonation of portlandite and calcium silicate hydrates (CSH) is assumed to 318 

predominate, while the carbonation of other hydrates is neglected. This simplification is 319 
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justified due to the significant reactivity and quantity of portlandite and CSH in the cement 320 

matrix. By assimilating the crystalline clusters of portlandite to monodisperse spheres, Thiery 321 

et al [40] demonstrated that the dissolution kinetics of portlandite hampered by CaCO3 322 

precipitation can be written as follows: 323 

𝛿𝐶𝑎(𝑂𝐻)2

0 =
𝑊

𝜏𝐶𝑎(𝑂𝐻)2

𝑛𝐶𝑎(𝑂𝐻)2

0  𝑉𝐶𝑎(𝑂𝐻)2
 𝐾𝐻

(1 − 𝛼)

[1 − (1 − 𝛼)
1
3]

[𝐶𝑂2] 
( 20 ) 

τCH (s) : characteristic time of the chemical reaction of dissolution of Ca(OH)2  324 

α is the molar fraction of Ca(OH)2 carbonated expressed as follows: 325 

𝛼 = 1 −
𝑛𝐶𝑎(𝑂𝐻)2

𝑛𝐶𝑎(𝑂𝐻)2

0  
( 21 ) 

The carbonation kinetics of hydrated calcium silicates (CSH) is assumed to be first order with 326 

respect to the 𝐶𝑂2 concentration in the gas phase [40]. Thus, the consumption rate of CSH 327 

(𝛿0𝐶𝑆𝐻) is calculated by equation ( 22 ): 328 

𝛿𝐶𝑆𝐻
0 = 𝑊

𝐾𝐻

𝜏𝐶𝑆𝐻
[𝐶𝑂2] 

( 22 ) 

τCSH (s) : characteristic time of the carbonation reaction of CSH. 329 

In case of non-isothermal carbonation in an environment with a temperature above 20°C, the 330 

effect of temperature is taken into account in the following parameters: water content W, carbon 331 

dioxide concentration [𝐶𝑂2], Henry's constant KH, characteristic time of carbonation of 332 

portlandite τCH as well as the characteristic time of carbonation of calcium silicate hydrate τCSH. 333 

Both portlandite and CSH exhibit retrograde solubility with temperature [41]. The parameters 334 

τCH and τCSH are therefore temperature dependent. To the best of our knowledge, no studies 335 

have been proposed in the literature about the effect of temperature on these parameters. Thus, 336 

in the present study, the calibration of these parameters were performed at 20 and 80°C based 337 

on the experimental results. The tests at 20°C were performed in order to validate the calibration 338 

method used by comparing the results obtained in this study with those already available in the 339 

literature. 340 

2.4 Numerical resolution 341 

The numerical simulation is conducted using MATLAB, wherein the equations are numerically 342 

resolved on a one-dimensional (1D) geometry. The study focuses on a mortar specimen of 343 

length H, which is exposed to an atmosphere with given concentration of CO2 and relative 344 

Jo
urn

al 
Pre-

pro
of



13 

 

humidity at x = 0. The specimen is sealed on all sides, except for the transverse side at x = 0, to 345 

achieve a unidirectional carbonation process. Several numerical methods can be considered for 346 

this scenario. However, for this particular set of non-linear equations, the most suitable method 347 

is the finite volume method. It is widely used for solving transfer problems associated with 348 

physico-chemical reactions [28]. 349 

The adopted numerical scheme is the implicit Euler scheme for water and heat transfer. This 350 

scheme is chosen due to its unconditional stability [30] [33]. However, for the carbon dioxide 351 

transfer, the explicit Euler scheme is used, which requires stability verification at each iteration 352 

[30] [33]. 353 

As for the boundary conditions, the Dirichlet condition is applied to the water transfer and 354 

carbon dioxide transfer problems, while the Newton Fourier condition is employed for heat 355 

transfer. The studied transfer phenomena are unidirectional, and the spatial mesh used is 356 

described in figure 1. 357 

 358 

Figure 1: Mesh adapted for numerical resolution [33] 359 

The input data of the model are the environmental conditions: temperature, relative humidity 360 

and CO2 concentration, as well as the properties of the material before carbonation: porosity, 361 

intrinsic permeability, water content (or saturation degree), sorption-desorption isotherm curves 362 

and the initial quantities of portlandite and CSH. As outputs, the model is able to provide the 363 

evolution of the portlandite and CSH contents as well as different profiles on carbonated 364 

materials such as those of calcium carbonates precipitation, silica gel, porosity, temperature and 365 

water content of the carbonated cementitious material at 20°C or 80°C under isothermal or non-366 

isothermal conditions. Figure 2 describes the adopted modeling methodology. Table1 367 

summarizes the expected effects of temperature on the main terms integrating temperature in 368 

the new version of the model proposed by Achour et al. [30]. Some effects are evaluated or 369 

calibrated from experimental results presented in section 4. 370 
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 371 

Figure 2: Diagram of the modeling procedure 372 

Table1: Summary of the impact of temperature on the transport systems in the model 373 
 374 

Transport system and 

main equations 

Main parameters influenced 

by temperature 

Comments 

Water transport equation 

( 14 ) 

 

Parameters 𝝆𝒘
𝑲𝒘∗𝑲𝒓𝒘

µ𝒘

𝝏𝑷𝑪

𝝏𝑻
 and 

𝑹𝒂𝑫𝒗𝒂
𝑴𝑽

𝑹
𝒆

−𝑷𝑪𝑴𝒗
𝝆𝒘𝑹𝑻

𝝏(
𝑷𝑽𝑺

𝑻
)

𝝏𝑻
 related 

to the temperature gradient 

See section 4.1.3 

 

Viscosity μw Increasing temperature leads to a 

decrease in viscosity, resulting in 

faster heat transfer. 

Sorption –desorption 

isotherme (
𝝏𝑷𝑪

𝝏𝑾
) 

See section 4.1.3 

 

Term RT Increase in temperature results in 

faster transfer. 

Diffusion and dissolution 

of CO2 

Coefficient of diffusion for 

gaseous CO2 𝐃𝐂𝐎𝟐 

Increase with temperature. 

Arrhenius law 

Water transfer 
Equation 2-11-12-13 

Sorption desorption
isotherm*

External relative 
humidity

Initial amount of 
portlandite CH* 

Environment 
temperature T

Concrete initial 
temperature

Initial saturation rate 
of concrete *

initial amount of 
CSH*

Initial porosity*

Heat transfer 
Equation 7-8-9-10

Evolution of concrete 
temperature   over time

Evolution of the 
amount of CH

Calibration of ζCSH at T
§ 4.2.1

Calibration of  ζp at T
§ 4.2.1

Evolution of the 
amount of CSH

Evolution of the 
amount of 

precipitated CaCO3

CO2 percentage 

Initial 
environmental 

conditions

Initial concrete 
conditions

Carbon dioxysde diffusion 
Equation 14-15-16-17-18 

Portlandite dissolution
Equation 19-20

C-S-H dissolution 
Equation 21

Evolution of concrete 
saturation rate  over time

Model ResultsInput

*: experimentally determined parameters

CO2 uptake
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equations ( 15 )  𝐃𝐂𝐎𝟐 𝒂𝒕 𝟖𝟎°𝑪

𝐃𝐂𝐎𝟐 𝒂𝒕 𝟐𝟎°𝑪
= 𝟐. 𝟖𝟒 

Faster diffusion at higher 

temperatures. 

Henry's constant KH Decrease with temperature. 

van't Hoff extrapolation  

𝑲𝑯 𝒂𝒕 𝟖𝟎°𝑪

𝑲𝑯 𝒂𝒕 𝟐𝟎°𝑪
= 𝟎. 𝟐𝟗𝟗 

lower dissolution of CO2 at higher 

temperatures 

Carbonation of Ca(OH)2 

and CSH 

equations ( 20 ) and ( 22 ) 

𝝉𝑪𝑯 and 𝝉𝑪𝑺𝑯 See section 4.2.1 

3 Experimental study  375 

3.1 Materials and samples preparation  376 

The cement used for the preparation of the mortar used in this study was an ordinary Portland 377 

cement CEM I 52.5 from Villiers-au-Bouin, France. The cement composition is given in Table 378 

2. Its absolute density was 3.13 g/cm3 and its specific surface area was 3,900 cm2/g. 379 

Table 2: Chemical composition of the used cement 380 

Oxide constituents (%) 

CaO SiO2 Al2O3 MgO Fe2O3 SO3 TiO2 K2O Na2O P2O3 

63.70 19.60 4.50 3.90 2.30 2.60 0.20 0.70 0.13 0.20 

 381 

Natural siliceous sand (0-2 mm) had a specific density of 2.61 g/cm3. A purely siliceous sand 382 

was chosen to be sure that the observed calcium carbonate only originates from the carbonation 383 

of the cement paste. Cement mortar was prepared with the following mass proportions (cement; 384 

sand; water): 1; 2.6; 0.6. A high w/c ratio accelerates the diffusion of carbon dioxide and 385 

therefore the carbonation during the experimental study. 386 
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Cylindrical samples were cast in molds of Ø 110 × 220 mm (cardboard molds covered with 387 

plastic). The samples were demolded after 24 h and then stored in a tap water tank for 180 days 388 

at 23 ± 1°C (Figure 3). The purpose of this long curing time is to achieve a high degree of 389 

hydration, so that the mortar is more representative of an old mortar in RCA. After curing, a 390 

preconditioning was carried out before accelerated carbonation tests. The samples were dried 391 

at 40°C for 10 days, and then stored for 1 year in an air-conditioned room (T = 20°C, RH = 55 392 

%) to homogenize the internal humidity. A temperature of 40°C was chosen to dry the material 393 

without affecting the structure of hydration products. The purpose of such preconditioning was 394 

to reach a hydric state of samples close to the equilibrium with the relative humidity of the 395 

environment chosen for the carbonation stage (i.e., 65% RH). Additionally, it allows aging the 396 

mortar and ensures an initial natural carbonation so that it is more representative of the mortar 397 

in RCA. 398 

 399 

Figure 3: Schematic representation of experimental procedure 400 

3.2 Accelerated carbonation procedure (treatment) 401 

Prior to carbonation, each 220 mm cylinder was sawn transversely into four 40 mm high 402 

cylinders (Figure 3). These specimens were then protected by an adhesive aluminum on their 403 

side surface and one transversal cross section of the sawn surfaces in order to ensure an 404 

unidirectional diffusion of 𝐶𝑂2. Then, the four specimens of the same cylinder were subjected 405 

to unidirectional carbonation in a climate chamber at 65% RH and 15% 𝐶𝑂2 at a given 406 

temperature. Two temperatures were tested: 20°C and 80°C. The temperature, relative humidity 407 

and 𝐶𝑂2 concentration in the chamber were automatically controlled at 80°C and 15% 𝐶𝑂2, 408 

which are the typical temperature and 𝐶𝑂2 content of cement plant fumes respectively. Figure 409 

Test specimen 

Test specimen 
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3 describes the experimental program. At the beginning of the carbonation stage, the 410 

temperature of specimens was 20°C. Therefore, in the case of carbonation at 80°C, the 411 

specimens were brought to thermal and hydric equilibrium from 20°C and 55% RH to 80°C 412 

and 65% RH. 413 

For each of the two temperatures, an initial characterization was carried out before carbonation, 414 

followed by characterizations after 3, 6, and 12 days of carbonation. The materials 415 

characterization includes the evolution of the composition (TGA and XRD), water-accessible 416 

porosity, carbonation depth, and sorption-desorption isotherms. 417 

The experimental study (accelerated carbonation) was carried out according to the parameters 418 

of gaz (T and HR) of the cement industry tested in the National Project FASTARB [8], the 419 

optimum relative humidity being between 50 and 80% and temperature between 70oC and 90oC. 420 

This research can be used to choose the pre-treatment of recycled concrete aggregates before 421 

accelerated carbonation. For instance, it has been experimentally shown that an initial water 422 

saturation of 80% was optimal in terms of bound CO2 content for a given carbonation time. 423 

 424 

3.3 Material characterization 425 

3.3.1 Thermogravimetric analysis (TGA)  426 

The thermogravimetric analysis was performed using a NETZSCH microbalance. The 427 

carbonation was unidirectional and the external carbon dioxide diffused from only one side of 428 

the sample, as shown in Figure 3. In order to evaluate the evolution of the mineralogy and the 429 

progression of the carbonation with depth, TGA tests were performed on samples taken at three 430 

different depths after different carbonation durations as indicated in Figure 4. The sample taken 431 

at depth 1 is in direct contact with carbon dioxide. The second and third samples, taken at depths 432 

2 and 3, respectively, are increasingly distant from the specimen surface. To prepare the TGA 433 

sample, the piece of mortar was manually ground and sieved to 80 µm. Intensive, manual 434 

grinding was performed in an attempt to get all the cement paste in the test sample through the 435 

sieve. The resulting powder sample, with a mass around 120 mg, was collected in an alumina 436 

crucible and placed in the thermal balance. The tests were performed under a nitrogen stream 437 

in the temperature range from 20°C to 1000°C with a heating rate of 10°C per minute. 438 
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 439 

Figure 4: Schematic drawing of ATG sampling 440 

Many authors have identified the decomposition temperature ranges of the phases of cement-441 

based materials [17] [42]. These temperatures are likely to vary as a function of measurement 442 

parameters (heating rate, number of measuring heads and type of sample holder) or sample 443 

properties (density, mass, carbonation) [43] [44] [45]. In this study, the limit temperatures are 444 

defined by the edges of the characteristic peaks of the DTG curve [46] [28] [45]. 445 

3.3.2 X-Ray diffraction (XRD) 446 

XRD analyses were carried out on a Malvern Panalytical Aeris instrument. It combines two 447 

technologies from Aeris and Zetium and provides full material characterization by adding 448 

information about elemental composition determined by Zetium to the phase identification from 449 

Aeris. Scanning program consisted in rotating between 7 and 70°2θ  with a step size of 450 

0.01°2θ  and a time per step of 480.165 ms. XRD analyses were performed on samples prepared 451 

as for TGA, taken at the three different depths (Figure 4) and at different carbonation times. 452 

3.3.3 Dynamic Vapor Sorption (DVS)  453 

Dynamic Vapor Sorption (DVS) is a gravimetric sorption technique that allows determining 454 

the rate and amount of solvent absorbed by a sample. The sample is placed in a humidity and 455 

temperature controlled chamber. This technique automatically generates different humidity 456 

levels to determine the vapor water sorption/desorption isotherm. Accurate monitoring of the 457 

mass at regular time intervals is performed. To determine when equilibrium is reached, the 458 

instrument records the rate of mass variation (dm/dt). The criterion used to generate the next 459 

moisture content is a critical time defined prior to the test and selected based on the sample 460 

being tested. 461 
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In this study, the determination of vapor water sorption-desorption isotherm was performed 462 

using Hiden Isochema /unIgASorb CT. It is a fully automated dynamic vapor sorption analyzer 463 

operating at temperatures from 5 to 85°C and moisture contents from 0 to 98%. Non-carbonated 464 

samples and samples carbonated at 20°C and carbonated at 80°C were ground then tested. Two 465 

external temperatures were tested: 20°C and 80°C. Table 3 gives the parameters of the tests. 466 

Table 3: DVS test conditions and carbonation parameters of tested samples 467 

 DVS temperature: 20°C  DVS temperature: 80°C 

Non carbonated sample  Sample 1 Sample 4 

Sample carbonated at 20°C Sample 2 Sample 5 

Sample carbonated at 80°C  Sample 3 Sample 6 

4 Results and discussion  468 

4.1 Experimental results 469 

4.1.1 Carbonation depth  470 

The depth of carbonation was measured using a phenolphthalein spray. Phenolphthalein, a 471 

common pH indicator, changes color as carbonation advances. Initially pink (basic medium), it 472 

turns colorless as the alkaline concrete reacts with CO2 to form carbonate ions. This color 473 

change allows to assess the displacement of the carbonation front over time. The value 474 

displayed in Figure 5 represents the average of ten measurements taken from two samples at 475 

each time. It is noteworthy to mention that the initial natural carbonation (in radial direction) 476 

was minimal and did not exceed 3 mm. This was confirmed through phenolphthalein testing 477 

and thermogravimetric analysis (ATG). The time-evolution of the carbonation depth was a 478 

linear function with the square root of the carbonation time for both temperatures (20oC et 80oC) 479 

[47]. The carbonation rate is assumed to account for both the composition of the cementitious 480 

material and the environmental conditions. The carbonation rate was higher at 80°C than at 481 

20°C (0.39 vs. 0.24). Thus, the progression of carbonation front was accelerated by the increase 482 

in temperature. 483 

Two phenomena with opposing effects can occur simultaneously with increasing temperature. 484 

Some researchers suggest that higher temperatures reduce carbonation due to lower dissolution 485 

of carbon dioxide in liquid water, evaporation leading to a lack of liquid water [19], and 486 

retrograde solubility of portlandite and CSH [48]. However, other authors argue that 487 
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temperature increase accelerates reaction kinetics [49] and the diffusivity of carbon dioxide and 488 

ions in cementitious materials, promoting carbonation [17], [50], [51]. Thermal expansion also 489 

reduces the resistance of porous medium to diffusion. Based on the results shown in Figure 5, 490 

increasing temperature accelerated carbonation in the temperature range of 20°C to 80°C at 491 

65% relative humidity. It is noteworthy that carbonation depth indicated in Figure 5 was 492 

obtained from pH indicator, thus the corresponding data only provide indirect information on 493 

the carbonation process. 494 

 495 

Figure 5: Evolution of carbonation depth during carbonation at 20°C and 80°C 496 

The unidirectional carbonation of mortar samples was monitored for 12 days. During these 12 497 

days, carbonation did not reach the samples taken at depths 2 and 3 (the maximum depth of 498 

carbonates was 1.4 cm). Therefore, for the following tests (ATG, DRX and DVS), the evolution 499 

in time of the sample taken at depth 1 is studied. 500 

4.1.2 Mineralogical changes 501 

Figure 6 and Figure 7 respectively show the results of DTG and XRD analyses performed on 502 

mortar samples taken at depth 1 and carbonated for 12 days at two different carbonation 503 

temperatures (20°C and 80°C) and at the same relative humidity (65%). 504 

TGA and XRD are highly effective techniques for identifying calcium carbonate polymorphs 505 

and other crystalline phases formed during carbonation. TGA quantifies carbonate formation 506 

by analyzing weight loss during controlled heating, providing quantitative data on carbonation 507 

depth. XRD identifies crystalline phases, including calcium carbonate, enabling visualization 508 

y = 0.24x

y = 0.39x

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 1 2 3 4

C
a

rb
o

n
a

ti
o

n
 d

e
p

th
 (

c
m

)

Square root of time (day^0.5)

Carbonation at 20°C

Carbonation at 80°C

Jo
urn

al 
Pre-

pro
of



21 

 

of the carbonation front over time. These methods offer both qualitative and quantitative 509 

information about material composition and carbonation progression. The combination of all 510 

these methods provides a comprehensive understanding of carbonation evolution and 511 

carbonation depth. Figure 8 illustrates the evolution of the CO2 uptake quantity calculated from 512 

the DTG results. 513 

 514 

Figure 6: DTG curves of samples taken at depth 1 carbonated for 12 days at 20°C and 80°C 515 

 516 

Figure 7: XRD curves of samples taken at depth 1 carbonated for 12 days at 20°C and 80°C. The 517 
different phases are labeled on the graph, with "P" indicating portlandite and the calcium 518 

carbonate polymorphs identified as "V" for vaterite, "A" for aragonite, and "C" for calcite 519 
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 520 

Figure 8: CO2 uptake during carbonation at 20°C and 80°C of samples taken at depth 1. 521 
Calculations were performed based on the dry mass of the sample at 950°C 522 

For samples carbonated at 20°C, the portlandite peak between 400°C and 600°C can still be 523 

distinguished after 12 days of carbonation whereas this peak is no longer visible after 12 days 524 

of carbonation at 80°C. These results are in agreement with the results of the XRD analysis. 525 

The peaks of the formed calcium carbonate polymorphs appearing between 600°C and 850°C 526 

on XRD and DTG curves are more pronounced for carbonation at 80°C than for carbonation at 527 

20°C. This result is also confirmed by the higher quantity of CO2 uptake observed at 80°C 528 

during carbonation. Thus, in addition to the carbonation depth results presented in the previous 529 

section, the DTG and XRD results also confirm that the carbonation kinetics, in terms of 530 

carbonation front and reactions, is accelerated by the temperature increase from 20°C to 80°C. 531 

The effect of thermo-activated transport dominated the retrograde solubility of the reactants. 532 

XRD results are analyzed to evaluate qualitatively the polymorphic abundance of calcium 533 

carbonate (calcite, aragonite and vaterite [52]) in the carbonated zone . Regardless of 534 

temperature, the XRD results show precipitation of the three usual polymorphs of calcium 535 

carbonate. It is noteworthy that the vaterite and aragonite peaks are small in the carbonated 536 

sample at 20°C, where portlandite is still present, while they are significantly higher in the 537 

carbonated sample at 80°C, where portlandite is depleted. These observations confirm that 538 

portlandite is carbonated from the first stages of carbonation. In a basic medium, this leads to 539 

the precipitation of calcite [53] [54], which is the stable polymorph of calcium carbonate. As 540 

carbonation progresses, portlandite is depleted and the pH of the concrete decreases. CSH 541 

carbonation begins to predominate [27], leading to the precipitation of unstable polymorphs of 542 
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CaCO3 (aragonite and vaterite) [17] [55]. The carbonation of aluminates was not taken into 543 

account in this study. The XRD results at 80°C show a disappearance of the ettringite peak, 544 

which is consistent with the well-known decomposition of ettringite at this temperature. 545 

4.1.3 Sorption - desorption isotherms 546 

Figure 9 and Figure 10 show the sorption-desorption isotherms obtained using the sorption 547 

balance (DVS) at 20°C and 80°C respectively. For each temperature, sorption-desorption 548 

isotherms were measured on three samples taken from the first 10 cm (depth 1). 549 

 550 

Figure 9: Sorption desorption isotherms at 20°C, samples taken at depth 1 551 

 552 

Figure 10: Sorption desorption isotherm at 80°C, samples taken at depth 1 553 
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For both temperatures test (20°C and 80°C), carbonation resulted in a significant decrease in 554 

equilibrium water content. This decrease in water retention capacity is directly linked to the 555 

clogging of the pores and the modifications of the porous structure [56] by the calcium 556 

carbonate crystals produced during carbonation. This clogging of the pores as a result of 557 

carbonation leads to homogenization of the internal radius of the pores and probably reduces 558 

the ink bottle effects resulting in the observed reduction of the isotherm hysteresis [57]. As 559 

mentioned before, experimental results (TGA, XRD and carbonation depth) confirm that the 560 

carbonation kinetics are accelerated by the temperature increase from 20°C to 80°C. This 561 

explains the most significant decrease in the saturation rate observed after carbonation at 80°C 562 

compared to 20°C. 563 

By comparing Figure 9 to Figure 10, it is clear that the temperature of the external environment 564 

of the mortar had a considerable impact on the sorption-desorption isotherm. For a given RH, 565 

the equilibrium water content was systematically lower at 80 °C (Figure 9) compared to the 566 

tests performed at 20 °C (Figure 10). Such trends have already been observed by other 567 

researchers who have worked on the influence of temperature on water equilibria and transfers 568 

[17] [51] [58]. The decrease in water content at saturation can be explained by the decrease in 569 

water density with increasing temperature [59]. In addition to the fact that temperature affects 570 

the physical properties of water such as its density and viscosity, the radius of pores (Rp) 571 

emptied or filled with water at a given relative humidity also decreases with temperature as 572 

predicted by the Kelvin-Laplace relationship equation (( 23 ). 573 

𝑅𝑝 =
2𝜎𝑀𝑣

𝜌𝑙 𝑅𝑇 𝑙𝑛(ℎ)
 

( 23 ) 

Where: h is the relative humidity (-), Mv the molar mass of water vapor (kg/mol), ρl the density 574 

of water (kg/m3) and σ the water-vapor interfacial tension (N/m).  575 

It should be noted that an increase in intrinsic permeability linked to an increase in temperature 576 

could be a consequence of a widening of the microcracks [60] and an increase in porosity [59]. 577 

In addition to the reasons already mentioned, the reduction of the water content at equilibrium 578 

can be explained by the principle of Le Chatelier [59]. The latter stipulates that a tendency to 579 

modify the conditions of a system in equilibrium results in a partial opposition to the changes 580 

imposed on it until a new state of equilibrium is established. Elevating the temperature initiates 581 

an equilibrium shift, leading to a subsequent decrease in temperature, which in other words 582 

implies heat absorption. Adsorption is an exothermic process [59] while desorption is an 583 
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endothermic process. Thus, according to Le Chatelier's principle, increasing temperature 584 

hinders adsorption and favors desorption, resulting in fewer molecules that can be adsorbed 585 

during adsorption and more that can be desorbed during desorption. The reduction in 586 

equilibrium water content was not constant over the entire RH range; for example, at 80% RH, 587 

the difference in water content for a non-carbonated sample was about 3.26% (absolute value), 588 

whereas it was about 0.66% at 30% RH. 589 

The value of 
𝜕𝑃𝐶

𝜕𝑊
 used in the model, derived from isotherm curves, is temperature-dependent 590 

but it does not fluctuate with changes in temperature. For example, when a sample at 20°C is 591 

transferred into an environment at 80°C, the 80°C isotherm can be used because heat transfer 592 

is relatively fast in cementitious material [61] [62]. Figure 11 illustrates the temperature 593 

evolution of the 40 mm mortar sample placed at 80°C. The results demonstrate that it took 594 

approximately 1 hour for the sample to reach thermal equilibrium with the environment.  595 

 596 

Figure 11: Evolution of the mortar temperature stored at 80°C 597 

The tests were conducted at temperatures below 100°C and 65% relative humidity. The results 598 

and conclusion that higher temperatures accelerate carbonation are valid only under these 599 

specific test conditions. Wang et al [26] performed carbonation tests on different Portland 600 

cement pastes, some initially saturated and others totally dry. The tests lasted 1 hour and 601 

covered a temperature range of 20-300°C without controlling relative humidity. Initially dry 602 

samples showed minimal carbonation, while initially saturated samples exhibited an increase 603 

in carbonation rate between 20 and 100°C, followed by a decrease between 100 and 300°C. 604 

These results emphasize the role of water in the carbonation process. For initially dry samples, 605 
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carbonation could not occur due to the unavailability of water, which is the reaction medium. 606 

In the case of initially saturated samples, an optimal temperature for carbonation exists, where 607 

the effects of decreasing hydrate and CO2 solubility, along with water saturation in the material, 608 

become more significant than the acceleration of diffusion processes in the aqueous and gas 609 

phases. Maintaining a minimum moisture level is essential for CO2 dissolution and carbonation 610 

reactions. Above 100°C and without controlling relative humidity, all liquid water evaporates 611 

rapidly from the samples, leaving insufficient time for the reaction to take place. In other words, 612 

carbonation tends to decrease as the water content becomes insufficient for chemical reactions. 613 

Therefore, the effect of temperature is strongly dependent on humidity. To understand the 614 

concept of the optimum temperature for the carbonation process, it is crucial to consider the 615 

influence of relative humidity. 616 

4.2 Numerical results  617 

4.2.1 Calibration of the characteristic times of the reaction of dissolution of 618 

Ca(OH)2 and carbonation of CSH 619 

The carbonation model detailed in section 2 requires the calibration of the characteristic times 620 

τCH and τCSH at the two studied temperatures. The table below provides an overview of the input 621 

parameters used for the characteristic times calibration simulations. 622 

Table 4: Input parameters used for the calibration of characteristic times 623 

 Input Value 

External 

environment 

% CO2 15 

RH (%) 65 

Temperature (°C) 20°C / 80°C 

Material 

Porosity (%) 22 

nCa(OH)2
0  (mol/L) 1.300  

nCSH
0  (mol/L) 1.061  

nCaCO3
0 (mol/L) 0  

Sorption-desorption isotherm 
Experimental results determined by 

DVS (4.1.3) 

W (%) 
At 20°C: 3.5 

At 80°C: 2 

Initial temperature (°C) 20 
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The calibration was performed by analyzing the time-evolution of the mineralogical 624 

composition (evolution of the amount of remaining portlandite and precipitated calcium 625 

carbonate) of the sample taken at depth 1 with a thickness of 1.3 cm (Figure 12 and Figure 13). 626 

The amount of carbonated CSH (experimental value) is calculated from the amount of 627 

portlandite and precipitated calcium carbonate determined by TGA. 628 

 629 

Figure 12: Remaining portlandite content CH of samples taken at depth 1 during carbonation at 630 
20°C and 80°C 631 

 632 
Figure 13: Precipitated calcium carbonate content of  samples taken at depth 1 during 633 

carbonation at 20°C and 80°C 634 

Based on these results and using inverse analysis, the evaluation of these two characteristic 635 

times was performed by dichotomy. Inverse analysis involves iteratively adjusting model 636 
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parameters until the simulated results match the observed experimental data. In the case of 637 

evaluating characteristic times associated with carbonation processes, dichotomy is a method 638 

commonly used to converge efficiently on optimal parameter values. Based on the evolution of 639 

the remaining percentage of portlandite determined by TGA (Figure 12), τCH was calibrated at 640 

165 ± 15 s and 15 ± 3 s at 20°C and 80°C respectively. Once τCH calibrated, it was used with 641 

the amount of CaCO3 formed and determined experimentally by TGA (Figure 13) to calibrate 642 

(by dichotomy) the characteristic time of carbonation of CSH. τCSH was calibrated at 3000 ± 643 

300 s and 135 ± 15 s respectively at 20°C and 80°C. This calibration shows that chemical 644 

kinetics are faster at higher temperature, since characteristic times are lower at 80°C than at 645 

20°C. 646 

4.2.2 Simulation of carbonation at 20°C and 80°C 647 

After calibrating the characteristic times for carbonation at 20°C and 80°C, the model can be 648 

used to analyze the effects of the carbonation of studied material at these two temperatures. It 649 

is noteworthy that the model was calibrated and validated using CEM I Portland cement-based 650 

materials, thus characteristic times could be different for other binders and materials. The 651 

spatio-temporal evolution of the amount of CO2 bound by the mortar can then be deduced from 652 

the amount of CaCO3 precipitated. 653 

Figure 14 shows the evolution of porosity of the 4 cm samples, from both experimental and 654 

numerical data, during carbonation at 20°C and 80°C. As expected, the decrease in porosity is 655 

faster at 80°C than 20°C, as carbonation is promoted by increasing the temperature to 80°C for 656 

a relative humidity value of 65% as shown by the results of mineralogical evolution and 657 

carbonation depths in the previous section. In addition, a rather good correlation between the 658 

experimental and numerical results can be observed. It should be noted that coupled THC 659 

models require various input parameters, including material properties, environmental 660 

conditions, and reaction kinetics. Obtaining precise data for model calibration is challenging, 661 

particularly for complex cementitious materials . For instance, parameters such as τCH and τCSH 662 

may only be determined at specific temperatures, such as 80°C. Testing the model at different 663 

temperatures requires additional experimental tests for accurate parameter determination. 664 

Calibration may also demand experimental data that are not always readily available. 665 

Additionally, model validation requires further experiments, such as testing different mixtures 666 

with varied water-to-cement ratios, and comparing their carbonation behavior to model 667 

predictions. 668 
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 669 

Figure 14: Evolution of porosity of samples taken at depth 1 during carbonation at 20°C and 670 
80°C 671 

Figure 15 and Figure 16 show the spatio-temporal evolution of the amounts of portlandite and 672 

calcium carbonate during carbonation at 20°C and 80°C, respectively. The comparison between 673 

the diagrams obtained at 20°C and those obtained at 80°C shows  that carbonation is faster at 674 

80°C, as observed from the experimental results. A a given time and given depth, the quantity 675 

of remaining portlandite is lower and the quantity of precipitated calcite is higher. After 12 days 676 

of carbonation, the amount of precipitated calcite reaches 2.5 mol/l at 80°C while it remains 677 

close to 1.5 mol/l at 20°C.  678 

 679 

Figure 15: Spatio-temporal evolution of the amount of portlandite remaining during 680 
carbonation at a) 20°C and b) 80°C 681 
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 682 

Figure 16: Spatio-temporal evolution of the amount of precipitated calcium carbonate during 683 
carbonation at a) 20°C and b) 80°C 684 

These quantities can be measured experimentally, but the experimental measurements are 685 

discontinuous, whereas this model provides a continuous spatiotemporal evolution of these 686 

parameters. Some parameters are difficult to evaluate and quantify experimentally, such as the 687 

amount of carbonated CSH [17], the evolution of temperature, and the evolution of the hydric 688 

state, all of which can be provided by the model.  689 

4.2.3 Simulation of the influence of both temperature and initial water 690 

content on CO2 uptake 691 

The effects of temperature and relative humidity on carbonation are strongly coupled. The 692 

samples used in this study were stored in an air-conditioned room for almost a year before 693 

accelerated carbonation in order to be more representative of recycled aggregates mortar. The 694 

tested samples were thus nearly in equilibrium with the carbonation environment, i.e., 20°C and 695 

65% RH. Furthermore, this preconditioning time allows the mortar to age and ensures 696 

significant natural carbonation, making it more representative of the mortar in RCA. The effect 697 

of temperature on the evolution of the mortar water saturation and the effect of the initial water 698 

saturation of mortar on carbonation kinetics and CO2 storage were not examined in the 699 

simulations presented above. Thus, in order to study the effect of temperature on the evolution 700 

of these parameters, simulations were performed by varying the initial water saturation. If this 701 

model proves to be sensitive to the effect of temperature on water transfer and thus on 702 

carbonation, it will be useful to determine the initial saturation degree of RCA necessary to 703 

optimize their carbonation. 704 
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In this section, simulations were performed on the same cementitious material and under the 705 

same environmental conditions in terms of temperature (20°C and 80°C), relative humidity 706 

(65%) and percentage of carbon dioxide (15%). The initial water saturation of the mortar was 707 

the only parameter changed. Figure 17 shows the evolution of the amount of carbon dioxide 708 

stored in the mortar after its carbonation for 24 hours as a function of the initial saturation 709 

degree of the mortar. A first observation shows that whatever the initial saturation degree of the 710 

mortar, the carbonation curve at 20°C is always lower than the carbonation curve at 80°C. It is 711 

noteworthy that the external relative humidity is controlled at 65%. Under these conditions, an 712 

increase in temperature from 20°C to 80°C accelerates the carbonation whatever the initial 713 

saturation level of the mortar. In other words, even if the initial optimal hydric state of the 714 

cementitious material is ensured at 20°C and not at 80°C, carbonation is favored at 80°C for an 715 

external humidity of 65%. 716 

 717 

Figure 17: Evolution of the quantity of carbon dioxide precipitated during 24 hours of 718 
carbonation at 20°C and 80°C 719 

Figure 17 also shows that the shape of the curve at 20°C is different from carbonation at 80°C: 720 

a peak is clearly visible at 20°C for an initial saturation degree of the mortar around 0.8 [63]. 721 

According to the sorption-desorption curves presented in Figure 9 and Figure 10, a relative 722 

humidity of 65% corresponds to a water saturation degree of 0.47 at 20°C and 0.25 at 80°C. 723 

Figure 18 shows the evolution of the saturation degree in the initially saturated mortar during 724 

24 hours of carbonation at 20°C and 80°C respectively. It seems that for the carbonated sample 725 

at 20°C, the equilibrium water content has not been reached yet. After 24 hours of carbonation, 726 

the sample is still at relatively high water saturation, whereas at 80°C less than 10 hours were 727 
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necessary for the saturated mortar to reach a water saturation profile close to the equilibrium 728 

with the external environment. Therefore, these findings illustrate how this model facilitates 729 

the determination of the optimal initial water saturation level for the cementitious material at 730 

both 20°C and 80°C, aiming to optimize carbonation under specific temperature and relative 731 

humidity conditions. 732 

 733 

Figure 18: Spatio-temporal evolution of saturation degree during 24-hour carbonation at  734 
 a) 20°C and b) 80°C 735 

5 Conclusion 736 

The use of hot and wet gases from cement plants has been suggested to accelerate the 737 

carbonation of recycled concrete aggregates (Carbon Capture and Utilization (CCU) methods). 738 

The effect of temperature increase on the kinetics and mechanisms of accelerated carbonation 739 

is investigated in this experimental and numerical study. Two temperatures (20°C and 80°C) 740 

were considered, with a controlled relative humidity of 65%. 741 

The experimental results show that increasing the temperature from 20°C to 80°C with a 742 

relative humidity of 65% accelerates the carbonation rate by 62%. Thermally activated diffusive 743 

transport of carbon dioxide as well as accelerated reaction kinetics are the predominant factors 744 

compared to the retrograde solubility of portlandite, CSH, and carbon dioxide in this 745 

temperature range. Temperature also significantly modifies the sorption-desorption isotherms. 746 

In agreement with the literature, the general shape of the isotherm is altered, the equilibrium 747 

water content is significantly reduced at 80 °C over the entire relative humidity range, and the 748 

water content for high saturation rates at 80 °C was significantly lower than that at 20 °C. 749 
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A numerical model is developed to simulate accelerated carbonation of cementitious materials 750 

at 80°C, considering heat transfer, temperature's influence on water transfer and dissolution, 751 

and carbonation of carbonatable hydrates. This coupled thermo-hydro-chemical modeling 752 

enhances our understanding of carbonation mechanisms by considering temperature, moisture, 753 

and chemical reactions. It cen be used to develop industrial strategies to reduce CO2 emissions 754 

and enhance environmental sustainability of cement-based materials. Experimental data 755 

calibrate two model parameters, validating results. The model describes temperature and mortar 756 

saturation evolution under various carbonation conditions and predicts remaining CSH, 757 

portlandite, and precipitated calcium carbonate and CO2 storage during carbonation at 20°C 758 

and 80°C. It also estimates optimal initial water saturation degrees. CO2 binding via carbonation 759 

hinges on factors like relative humidity, CO2 levels, and saturation rate, [64] highlighting the 760 

importance of predicting these effects for cost-effective CO2 capture. 761 

The literature review and the experimental and numerical results show that the effect of 762 

temperature is strongly linked to the surrounding relative humidity and the saturation degree. 763 

Specifying an optimal temperature for the carbonation process should be associated with 764 

information on the control of external relative humidity. Given that this study focuses on a 765 

specific relative humidity level, future research should explore optimizing temperature settings 766 

while considering external relative humidity control. Additionally, it is crucial to study the 767 

effects of other potentially influential factors such as gas flow rate, CO2 concentration, and the 768 

initial moisture content of the RCA. Investigating these additional variables could provide a 769 

more comprehensive understanding of the process. Furthermore, examining alternative 770 

compositions and various types of cements would be beneficial for validating the practicality 771 

and effectiveness of the model developed in this study. Collectively, these results could serve 772 

as a valuable database for AI systems aimed at optimizing the process. Moreover, incorporating 773 

the influence of CO2 concentration and integrating this model within a "process engineering" 774 

approach would further enhance the robustness and applicability of the findings. 775 
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Highlights 

• Accelerated carbonation of cement mortar at 20°C and 80°C in controlled relative 

humidity conditions 

• A new thermo-hydro-chemical coupled model of carbonation is presented 

• Input data of the model experimentally assessed at 20°C and 80°C  

• Numerical simulations on the influence of initial water saturation on bound CO2 
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