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Abstract

The construction industry generates 38% of Europe's total waste, highlighting the need for improved
sustainability. This study proposes a mathematical model, implemented in COMSOL Multiphysics 6.2,which
incorporates the three primary phenomena occurring during the carbonation of hydrated lime: chemical reaction,
diffusion, and water evaporation. Water plays a crucial role in this process, and this work highlights its influence
by incorporating rigorous water balances. During carbonation, most of the water in the system evaporates due to
the exothermic nature of the reaction. However, a portion of the water becomes physically adsorbed onto the
material and remains non-evaporable. A linear equation correlating the evaporation ratio with the total carbon
content during the carbonation process is provided. Additionally, the influence of liquid water saturation is
considered in both the reaction kinetics and the diffusion phenomena. Experimental results for total carbon uptake
and the mass of evaporated water are presented and compared with model predictions, elucidating the effects of
the initial water-to-solid ratio and carbon dioxide flow rates. An optimization of initial water-to-solid ratios is
provided, achieving an optimal value of 0.3 for the carbonation of hydrated lime. In conclusion, this study
contributes to a deeper understanding of CO, capture through mineral carbonation, supporting efforts to enhance
sustainability in the construction sector.
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1. Introduction

Nowadays, the continuous pursuit of human well-being and the improvement of quality-of-life leads to
an increasingly high consumption of natural resources, leading to their exhaustion and generating waste and
pollutants that are difficult to manage. This is evident in the construction industry, as it is one of the main
contributors to European waste streams, accounting for 38% of the total European waste in 2022, as reported by
Eurostat (2022). In addition, this industry significantly contributes to CO, European emissions, producing around
0.05 Gt of CO; in 2022 [1]. Taking into consideration the increasing trend of the presence of CO; in the
atmosphere, the EU established a Green Deal to achieve carbon neutrality by 2050 and a reduction of 55% in the
CO; emissions by 2030[2]. To this end, the EU is focusing on improving energy efficiency, the use of renewable
energy and CCUS (Carbon Capture, Utilization and Storage) technologies.

In response to this challenge, the Walloon-Region funded project Mineral Loop was established [3]. The
project's objective is to design, develop, install, and operate an industrial pilot unit capable of transforming mineral
construction waste into secondary products that can be reused across various application sectors. This project is a
step ahead considering that around 44% of the waste streams in the construction sector concern mineral wastes
[4]. Within the scope of the Mineral Loop project, the mineral carbonation of hydrated lime is proposed as a means
of capturing CO:. The hydrated lime is selected as a benchmark material due to its prevalence in mineral waste,
such as hydrated lime-based cementitious residues [5]. Currently, mineral carbonation processes primarily focus
on the CO2 capture and underground storage[6]. However, in sectors such as construction, developing methods
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to control and optimize the carbonation of mineral residues for their reuse could significantly contribute to the
circular economy of the industry.

Mineral carbonation can be categorized in two methods: in-situ and ex-situ. In-situ mineral carbonation
occurs underground such as the reaction between landfilled hydrated lime-based waste and ambient or injected
carbon dioxide. In contrast, ex-situ mineral carbonation involves the collection, preparation, and subsequent
treatment of residues in a controlled environment [7]. In this study, the carbonation of calcium hydroxide is
classified as ex-situ mineral carbonation, as it is conducted in a reactor where the CO: flow is regulated, and the
material is prepared prior to the initiation of the process. Moreover, ex-situ mineral carbonation can be conducted
through direct or indirect processes. This study focuses on gas-solid direct carbonation, which involves the
reaction between carbonatable materials and CO; in a single stage, avoiding the several stages required in the
indirect carbonation processes, such as e.g., calcium ions extraction into a liquid solvent [7]. In summary, in this
context, the hydrated lime carbonation is categorized as an ex-situ direct mineral carbonation and the simplified
carbonation reaction that will be modelled is expressed as follows.

Ca(OH), (s) + CO,(g) =» CaCO05(s) + H,0(1) AH®,4g k = —109 kJ /mol €))

Although the overall carbonation expressed in the Equation (1) appears to be simple, it involves several
steps. The reaction occurs entirely in the liquid phase between Ca* and OH ions, which originate from the
dissolution of Ca(OH): and CO: in water [8§—10]. Due to these dissolution steps, water is essential to initiate the
carbonation process [11,12]. This necessity gives rise to the water-to-solid ratio parameter (ws"), which is the ratio
between the mass of water initially added and the initial mass of solid material that will be carbonated. An
insufficient water-to-solid ratio can result in an inadequate amount of water to dissolve the solid, thereby
preventing the reaction from occurring [10,12,13]. Conversely, an excess of water may lead to slow diffusion of
CO: through the liquid film, slowing down and possibly preventing the carbonation process. Additionally,
excessive water can cause agglomeration, forming paste-like clusters that hinder homogenization of the mixture
[12]. The study done by M. Thiery et al. (2015) highlighted that the optimal water-to-solid ratio for the carbonation
of a model material was found to be around 0.45 [12]. The high sensitivity of hydrated lime to water makes the
optimization of this parameter essential.

In our previous work, the influence of water was treated in a simplified manner by accounting for its
effect on the reaction and diffusion phenomena, without considering evaporation, despite experimental evidence
highlighting its significance [8]. These observations motivated a more in-depth investigation into the dynamics of
water evaporation. During the hydration of cementitious materials, water is generally classified into two
categories: non-evaporable and evaporable water. Non-evaporable water is chemically bound within the material,
typically located between the hydrate layers. In contrast, evaporable water includes capillary water present in the
pore structure and physically adsorbed water, retained through hydrogen bonding with hydroxide phases in both
the internal and external layers of the hydrated material [14,15].

Following with the evaporation process, the study by O. Cizer et al. (2012) demonstrated that water
evaporation alters both the phase and morphology of calcium carbonate. One effect observed was that rapid
evaporation can induce shrinkage cracks, which affect the diffusion of carbon dioxide through the material and
consequently influence the kinetics of the carbonation process [13]. Building upon the hypothesis proposed by O.
Cizer et al. (2012), M. Thiery et al. (2015), and our previous work, the proposed mathematical model accounts
for the influence of water within the material in the three key phenomena (reaction, diffusion, and evaporation)
by introducing the liquid water saturation and water-to-solid ratio parameters[8].

This study presents a comprehensive analysis of water behavior in the carbonation process of hydrated
lime, integrated into a mathematical model implemented in COMSOL Multiphysics. By providing a deeper
understanding of the coupling and interdependency of the fundamental physicochemical phenomena involved in
solid carbonation, the model contributes to the development of sustainable practices aligned with the principles
of the circular economy in the construction sector.



2. Materials and methods

2.1. Experimental work and material characteristics

A total of 8 carbonation experiments were conducted using pure hydrated lime with the purpose of
analyzing the behavior of this material facing the carbonation process and the water balance of the system. The
main goal of doing these experiments was to understand the impact of some physical and controllable parameters
such as the initial-water-to-solid ratio and the carbon dioxide flowrate. These experiments are later used to validate
the mathematical model proposed.

2.2. Experimental procedure and calculations associated

Carbonation experiments were conducted using pure hydrated lime, a fine powder with an initial particle
diameter of 35.5 um. To characterize the initial material, total carbon analysis was performed, yielding a carbon
content of 0.5043%. This measurement was conducted using a CS744 carbon/sulfur analyzer. For each analysis,
500 mg of dried sample was introduced into the instrument and combusted in an oxygen stream via radio
frequency induction heating. During combustion, carbon was oxidized to CO-, which was subsequently quantified
using a non-dispersive infrared (NDIR) detector, enabling precise determination of the total carbon content.

Following characterization, the hydrated lime was manually mixed with water in accordance with the
target initial water-to-solid (w,) ratio for each experiment. The initial water-to-solid ratio parameter corresponds
to the mass of water initially added divided by the initial mass of solid. The mixture was allowed to homogenize
for 2h to ensure uniform water diffusion throughout the material. After homogenization, the mixture was
transferred into an aluminum cup with a base diameter of 70 mm, a top diameter of 83 mm, and a height of 25 mm.
The aluminum cup was placed inside a semi-batch continuous reactor with a total volume of 1.4 L. In the initial
stage, the reactor was completely filled with air, after which pure carbon dioxide was continuously introduced for
the designated carbonation period. The experimental setup is presented in Figure 1. Figure 1a shows a schematic
diagram of the setup, while Figure 1b provides a photograph of the reactor and the aluminum cup containing the
material prepared for carbonation.
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Figure 1. (a) Scheme of the experimental set-up [8]. (b) Experimental set-up.

A total of eight experiments conditions were tested, each performed in duplicate to ensure reproducibility
and reliability of the results. In previous work, carbonation was investigated using initial water-to-solid ratios
ranging from 0.1 to 0.4. In the present study, this range was extended from 0.1 to 0.6 to explore a broader set of
reaction conditions. The selected w ratio range was based on values reported in the literature, which indicate an
optimal ratio of approximately 0.45 [12]. Table 1 summarizes the experimental plan and corresponding results for
the carbonation tests. It includes key parameters such as the initial w’ ratio, calculated as the mass of water added



prior to carbonation divided by the initial mass of solid material (m,"). The table also reports the carbon dioxide
flow rate, the carbonation duration, the mass of water remaining in the solid matrix after carbonation (mwm), and
the total carbon content measured after each experiment.

Table 1. Experimental conditions and results: initial water-to-solid ratio (ws"), carbonation time, carbon dioxide flow rate,
initial solid mass (ms"), mass of water remaining in the solid matrix after carbonation(mwn), and total carbon content (CTex)

Carbonation wy! C0: flowCarbonation 0
experiment (gn20/gs) rate . time (min) ms(g)  mwm (2) TCewl(gcles)
mL/min)

1 0.1 100 54.95 5.67 4.74
2 0.3 100 45.32 12.34 7.88
3 0.4 100 ® 44 .88 16.53 6.24
4 0.6 100 47.89  28.06 4.33
5 0.1 200 55.06 5.95 6.88
6 0.3 200 45 47.45 12.57 9.03
7 0.4 200 47.12 18.06 8.47
8 0.6 200 44.64 2554 4.24

Regarding the experimental conditions and results presented in Table 1, several important observations
can be made concerning the influence of water content and carbon dioxide flowrate on the carbonation process.
Analysis of the total carbon content reveals that, as previously discussed, the initial water-to-solid ratio has a
direct impact on the extent of carbonation. Low w’ ratios (e.g., 0.1) result in significantly lower total carbon
values compared to experiments conducted with higher wy ratios, such as 0.3 or 0.4. However, high w ratios
appear to hinder the carbonation process. This effect is particularly evident in experiments using a ws of 0.6,
where total carbon content is markedly reduced. This behavior is attributed to the elevated water content, which
impedes gas diffusion and consequently limits the penetration of CO: into the material, reducing the overall
carbonation efficiency. Based on the results obtained, it can be concluded that, under the conditions studied, an
initial w ratio of 0.3 is optimal for maximizing carbonation of hydrated lime. In addition, the data indicates a
positive correlation between the CO, flow rate and the TC values. Higher flow rates result in increased total carbon
content. This outcome is expected, as a higher CO, flow rate allows the reactor to become completely fulfilled
with carbon dioxide and reach a constant concentration more rapidly, thus facilitating the carbonation process.

The parameter mwm refers to the mass of water remaining in the solid matrix after the carbonation process.
It is calculated by comparing the mass of the aluminum cup filled with the carbonated material before and after
drying at 105 °C for 12 hours. This comparison allows for the estimation of the amount of water that did not
evaporate during the carbonation phase and remained retained within the matrix. The results in Table 1 show that
the quantity of water retained in the solid matrix increases with the initial amount of water added, which
corresponds to the wy’ ratio. This behavior can be explained by the distinction between evaporable and non-
evaporable water during the initial hydration of calcium hydroxide. The retained water corresponds primarily to
non-evaporable water, which includes chemically adsorbed water between the layers of calcium hydroxide and
structurally bound water [14,16]. These results confirm that the higher the quantity of water added, the more water
is chemically adsorbed in the calcium hydroxide matrix [14]. Overall, the results presented in Table 1 underscore
the critical role of water in the carbonation process, emphasizing the importance of optimizing the initial water-
to-solid ratio to enhance the efficiency of carbonation and maximize total carbon uptake.

2.3. Modelling work: Introduction of water evaporation into the dual scale approach
The mathematical model presented in this article addresses a dual-scale system, under the assumption
that hydrated lime powder is arranged as a granular bed. To accurately model this system, it is essential to



distinguish between two scales: the macro-scale and the micro-scale. The macro-scale level represents the granular
bed as a whole, while the micro-scale level focuses on the individual particles within the bed. At the macro-scale,
the model calculates the bed concentration of hydrated lime based on the mass of calcium hydroxide measured
experimentally, the volume of the granular bed, and the molar mass of Ca(OH),. Concurrently, the concentration
of carbon dioxide above the granular bed is constant once the reactor is fully filled with pure CO». The granular
bed is modeled as a truncated cone, which is intended to simulate the aluminum cup. The dimensions of the
truncated cone are as follows: a height of 25 mm, a base diameter of 70 mm, and a top diameter of 85 mm.

On the other hand, the initial porosity of the granular bed is set at 0.65, while the particles within the bed,
composed of pure calcium hydroxide, exhibit a porosity of 0.1 and a diameter of 35.5 um. At the microscale, it is
hypothesized that carbonation does not occur due to the minimal porosity and the small particle size. This
assumption is supported by observations showing that, upon the initiation of carbonation, the microscale porosity
rapidly decreases to zero, thereby preventing carbonation under the experimental conditions.
Furthermore, the mathematical model proposed in this work assumes that the concentration of carbon dioxide
above the cup is initially zero, as the reactor is filled only with air at time zero. As pure CO: is subsequently
introduced, the concentration progressively increases until reaching a steady-state value above the cup.
In addition, the water concentration at the top of the cup is assumed to correspond to air fully saturated with water
vapor at 298 K, ensuring optimal mass transfer at the surface; this value is taken as 0.055 mol m™. No mass flux
occurs through the walls or the bottom of the cup, as the material prevents any transfer through these boundaries.
Finally, the system is considered isothermal and isobaric at 298 K and 1 bar.

Taking these assumptions into consideration, this section first presents the influence of liquid water
saturation on reaction kinetics. Subsequently, the effects of the water-to-solid ratio and liquid water saturation on
diffusion phenomena are discussed. Finally, the incorporation of evaporation phenomena into the modeling of
water is introduced.

2.3.1. Influence of water into reaction kinetics

As previously discussed, water is a prerequisite for initiating the carbonation reaction, and its effect on
the reaction kinetics is guaranteed. The kinetic rate, denoted as » (mol-mol -s!), is expressed as follows:

r=k-[C0,][Ca(OH),] 2)

where k is the kinetic constant (m*-(mol-s)!), and [CO,] and [Ca(OH),] represent the concentrations of
carbon dioxide and calcium hydroxide (mol-m™3), respectively. The kinetic constant is strongly influenced by the
bed liquid water saturation (Sp), which corresponds to the quantity of water present in the porosity of the granular
bed is quantified by the liquid water saturation parameter. The bed liquid water saturation parameter is calculated
based on the water concentration, the bed porosity, and the water density [10]. This equation is an adaptation of
the equation used by Thiery et. al to introduce the evaporation phenomenon [10]:

_ Wl " My, o (kg/mol)
"7 pulkg/m3) - by

)

where, [w], represents the water concentration (mol-m~), M n,0 denotes the molar mass of water which
is equivalent to 18 (g.mol"), p,, is the density of water with a value of 1000 (kg.m™) and ¢, is the bed porosity.
Regarding Equation 3 several tendencies of these parameters can be deduced. Firstly, liquid water saturation, S,
is directly proportional to water concentration and inversely proportional to bed porosity. A higher bed porosity
results in lower liquid water saturation, as larger pores are less likely to be filled with water. Conversely, smaller
pores are more susceptible to blockage and saturation. Regarding ¢, parameter, the variation in bed porosity due
to the carbonation process is also considered in the proposed model. During the carbonation of hydrated lime, bed
porosity increases due to the higher molar volume of calcium carbonate compared to calcium hydroxide [8]. This



volumetric expansion leads to an overall rise in bed porosity, which contrasts with the porosity reduction typically
observed in other types of construction materials [10]. Regarding microporosity, the process of carbonation of
calcium hydroxide leads to the formation of calcium carbonate within the micropores, thereby effectively blocking
them and inhibiting the original porosity. Consequently, microporosity is assumed to progressively decrease to
zero once carbonation begins, thereby annulling the carbonation process within the microporosity. As a result, the
proposed model does not account for carbonation in the microporosity. To validate this assumption, a Mercury
Intrusion Porosimetry (MIP) test was performed. The results of this test demonstrated a decrease in microporosity
from 0.1 to 0.0 after 45 minutes of carbonation under specific conditions. These conditions included an initial
water-to-solid ratio of 0.2, a CO, flow rate of 200 mL-min™!, a temperature of 298 K, and atmospheric pressure.

Continuing with the kinetics, the kinetic constant remains low under conditions of limited liquid water
saturation and increases with higher saturation levels, at which point diffusion governs the reaction kinetics. This
dependency is described using the following piecewise function where ko is a base kinetic constant, equal to 0.0025
m?-(mol-s)'[17,18].

k=0 ifS,<0.05

kO-Sb
= i 05 < < 0. 4
Ga7e U 0058, <0325 (4)

k =k if S, > 0.325

The conditions defined in the piecewise function have been optimized for the specific carbonation
process. Initially, a minimum liquid water saturation level of 0.05 is experimentally required for the carbonation
reaction to occur. If the saturation is lower than this threshold, the reaction cannot proceed due to insufficient
dissolution of the hydrated lime. Therefore, the parameter is set to zero below this value. In contrast, if liquid
water saturation is higher than 0.325 the reaction achieves its maximum velocity, but is the diffusion that will stop
the process as will be explained in the following section. Between these two values, the reaction kinetics follows
a linear evolution.

2.3.2. Water influence in CO; diffusion

Following the modeling, the carbonation of hydrated lime is limited by the diffusion of CO; through the
granular bed. The diffusion of CO; through the granular bed is affected by the bed porosity (¢,.4) and the bed
liquid water saturation (S, ). The process is assumed to be isobaric at atmospheric pressure, due to the experimental
setup in which the material is exposed to ambient pressure and the carbon dioxide is also introduced at ambient
pressure. The presence of an open outlet in the setup prevents any overpressure, ensuring that the system remains
at constant pressure throughout the process. On the other hand, the system is assumed to be isothermal to remain
consistent with the model on which the present work is based. The equation used to determine the bed CO,
diffusion (D§°?) is based on the work of Belin et al. (2013), which describes the carbonation of a model material
under isothermal and isobaric conditions, with no convection, and governed solely by diffusion phenomena,
assuming a fast reaction rate. In their model, diffusion is characterized by Millington’s correlation and it is
considered at both the particle and granular bed scales ; however, the granular bed is assumed to be completely
unsaturated [12,19]. In contrast, the first adaptation by Vidal de la Pefia et al. (2024) does not assume saturation
at either scale. In their study, at low values of liquid water saturation, the process is reaction-controlled, whereas
at higher saturation levels, diffusion becomes the dominant mechanism, still within an isothermal and isobaric
framework [8]. Building on these two models, this work proposes an adaptation of the diffusion equation that
incorporates the influence of water evaporation into the liquid water saturation parameter, already defined above
[20,21]. The modified equation is described as follows:

D§%% = Do, * hpea* - (1 = 5,)*°/° (5)



where Dgoz is the specific diffusion coefficient of CO, at a pressure of 0.1 MPa and a temperature of 273
K, with a value of 1.6E-5 m?-s’!. Following with Equation 5, it is important to characterize the liquid water
saturation parameter, Sy, as it plays a key role in the diffusion phenomena. Sy is directly correlated with the water-
to-solid ratio(ws), which reflects the amount of water remaining in the solid phase after accounting for evaporation.
The ws is used to calculate Sy, as it directly represents the water content in the solid phase during carbonation.
Given its significant influence, the behavior of Sy, is defined using a piecewise function as a function of ws.

Sp =0 ifws<0.07
S, =S8, if 0.07 <w; <0.35 (6)
Sp =1 if wg>0.35

Regarding the piecewise function proposed in Equation 6, it is concluded that when the water-to-solid
ratio ws lower than 0.07, the granular bed is considered completely unsaturated, which results in an increase in
the diffusion coefficient. Conversely, when it exceeds 0.35, the bed is assumed to be nearly fully saturated, which
hinders the diffusion process. These results are in accordance with the experimental values observed in literature,
as in the study done by M. Thiery et al.(2012) where they found a critical value of w, equal to 0.45 [12]. Between
these two boundaries, and in accordance with Equation 5, an increase in liquid water saturation leads to a decrease
in the diffusion coefficient and conversely, a decrease in saturation leads to an increase in diffusion. Following
the diffusion characterization, the proposed system also considers the diffusion of water. To characterize water
diffusion in the model, the same equations used for the carbon dioxide are used, with the only difference being
the standard diffusion coefficient for water at 298 K equal to 2.3 E-9 m?-s! [22].

D% = DY o $p*? - (1= S,)13 @)

To complete the diffusion coefficients list to be used in the model, those of the solid components,
Ca(OH), and CaCOs, are fixed to arbitrary low values (1 E-12 m?-s™!) to account for the fact that these components
remain static during the carbonation process.

2.3.3. Characterization of liquid water saturation: Introduction of the water evaporation parameter

In the proposed mathematical model, water is represented by multiple parameters. Firstly, the quantity
of water present in the porosity of the granular bed is quantified by the liquid water saturation parameter (Sy), as
already mentioned. Subsequently, the concentration of water remaining in the granular bed ([W]b (moly,o -
mp3;) ) Accurate modeling of the granular bed water concentration is important, as it accounts for both the

production and evaporation of water, and is calculated as follows.
Mgy

wl, = m ®)

where, My, corresponds to the molar mass of water equal to 18 (g'mol?), V,,,, denotes the volume of the

aluminum cup, which has been calculated by accounting for its geometry (m?) and mg, corresponds to the mass
of water remaining in the granular bed during the carbonation process (g). The mass of water remaining in the
granular bed is calculated using the following equations, where the water initially added is accounted for by the
w? and m? parameters, the mass of water produced by Myroaucea Ad the evaporated water (Mevaporated) by the Wy,

and mg parameters.

— 0 .0 —
mgb = Wg "My + mproduced mevaporated (9)

Meyaporated = Wev * Mg (10)



Where, w2 corresponds to the initial water-to-solid ratio (gm0/gs), m the mass of the solid used in the
experiments (g), Myyoqucea t0 the mass of water produced during the carbonation process, w,,, the evaporation
ratio (gm20/gs) and ms the solid mass after the carbonation process (g). In this model, while the experimental
parameters are introduced directly, the evaporation ratio is estimated using a linear fitted equation derived from
the experimental total carbon results presented in Table 1, along with the evaporation ratios obtained for each
experiment, which are directly presented in Figure 2. Figure 2 illustrates this relationship, with the total carbon
values plotted along the x-axis and the evaporation ratios associated on the y-axis.
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Figure 2. Linear correlation between the evaporation ratio and the total carbon content.

Regarding Figure 2, a clear trend is observed between the evaporation ratio and the final total carbon content. The
higher the total carbon content, the greater the amount of water evaporated. This correlation is consistent with the
exothermic nature of the carbonation reaction presented in Equation 1. However, the linear relationship does not
intersect the origin, as an initial amount of energy is required to heat the solid material and the liquid phase to the
temperature necessary for water evaporation. Continuing with the modeling approach, the evaporation ratio during
the carbonation of hydrated lime can be summarized with the following linear correlation.

Wep = 0.0168 - TC,, + 0.0035 (11)

Where, we, corresponds to the evaporation ratio (gm20/gs) and TC,, corresponds to the total carbon parameter
calculated by the model (gc/gs). In turn, the modeled total carbon parameter is calculated by first calculating the
carbonation rate () using Equation 12.

CaCO
77=[[a 3] (12)

Ca(OH),]¢=o

where [CaCO;](mol-m™3) is the concentration of calcium carbonate during the process, and
[Ca(OH);]i=o(mol -m™3) is the initial concentration of calcium hydroxide, i.e. the maximum molar
concentration of calcium carbonate that could be produced. Following the calculation of the carbonation rate, the
total carbon is calculated by utilizing Equation 13.

n*Mc

TC = 1
(n = Mcaco, + (1 —1) * MCa(OH)z) (13)

where M, is the molar mass of carbon and is equal to 12 (g-mol™"), M¢qaco, is the molar mass of calcium carbonate
with a value of 100 (g'mol™), and M¢q(om), is the molar mass of the calcium hydroxide which is equal to 74



(g'mol’"). By considering these equations, the water balance is incorporated into the model, allowing for the
consideration of the evaporation phenomenon, which is one of the main objectives of this study.

3. Results and Discussion

In this section, simulation results are shown to illustrate how the mathematical model proposed in this
article works and its usefulness in understanding the carbonation process. Then, experimental results of total
carbonation are presented to analyze the influence of three key parameters: the water-to-solid ratio, the CO, flow
rate, and the carbonation duration. Afterwards, the water balances calculated from the experiments summarized
in Table 1 are presented. Finally, the mathematical model proposed in this paper is validated by comparing the
water balance and total carbon values calculated by the model with the experimental results.

3.1. Modelling results: CO; gradient, carbonation rate and liquid water saturation variation

Once the model has been coded in COMSOL Multiphysics 6.2, an investigation into an aleatory
carbonation process is conducted. The parameters of the carbonation process are defined as follows: an initial
water-to-solid ratio of 0.3 and a CO> flow rate of 200 mL-min™". The initial material’s temperature is fixed at 298
K, and the pressure is established at atmospheric pressure. The initial bed porosity is set at 0.65. The initial bed
concentration is designated as 5500 mol/m?* and it is calculated by the initial mass of the solid and the geometry
of the reactor. The carbonation process is simulated for a duration of 45 minutes.

The model results are presented in Figure 3. Figure 3(a) illustrates the carbon dioxide gradient along the
reactor following 45 minutes of carbonation, Figure 3(b) demonstrates the carbonation front along the reactor at
three different times of carbonation. Figure 3(c) displays the volumetric liquid water saturation mean through the
reactor as a function of time.
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Figure 3. (a) Concentration gradient of carbon dioxide along the reactor after 45 minutes of carbonation. (b) Calcium
carbonate concentration along the reactor at three different carbonation times. (c) Volumetric bed liquid water saturation
mean in the reactor as a function of carbonation time.

The initial findings, illustrated in Figure 3(a), pertain to the diffusion of carbon dioxide through the
granular bed. As demonstrated in Figure 3(a), the gradient of carbon dioxide concentration within the granular
bed is evident, reaching its maximum concentration at the top of the aluminum cup (concentration equal to 40
mol-m) and lower values at the bottom of the cup (concentration equal to 5 mol-m™). Furthermore, Figure 3(b)
illustrates the concentration of calcium carbonate at various stages of carbonation within the reactor. The variable
x denotes the height of the reactor, with x = 0 m representing the bottom and x = 25 mm representing the top. The
variable y denotes the concentration of calcium carbonate. It is evident that the carbonation front progresses
toward the base of the aluminum cup over time, reaching a constant calcium carbonate concentration of
approximately 5500 mol-m™ in the layers where carbonation is complete. At this stage, the carbonation rate would
be equal to 1, considering that the maximum concentration of calcium carbonate corresponds to the initial
concentration of calcium hydroxide. It is noteworthy that at the 45-minute mark, between x=0 and x=10, the layer
exhibits carbonation; however, at the 30-minute marks in this region, carbonation has not yet occurred. This
phenomenon is attributed to the diffusion of carbon dioxide. A comparison of Figures 3(a) and 3(b) at time 45
minutes reveals that the concentration of carbon dioxide remains low in this region. To achieve a state of complete
carbonation, it is necessary to facilitate the arrival of additional carbon dioxide or just let the carbonation happen
more time. This observation lends further credence to the hypothesis that, at this particular stage, the diffusion
phenomenon is the predominant factor influencing the process according to the literature results [12,23-25]. In
addition, the shape of the carbonation front follows the tendency found in other studies such as the one done by
Thiery et al [26].

On the other hand, Figure 3(c) presents the mean volumetric bed liquid saturation in the reactor. These
results are particularly relevant, as they account for the three water-related phenomena: addition, production, and
evaporation. During the carbonation process, a clear decreasing trend in the liquid water saturation parameter is
observed. This can be explained by several factors. First, as indicated by Equation 3, liquid water saturation is
linked to porosity variations. Over time, the bed porosity increases due to the formation of calcium carbonate,
leading to a continuous decrease in liquid water saturation, even though the amount of remaining water in the
matrix remains constant once all evaporable water has evaporated. Secondly, the evaporation phenomenon
becomes more significant than the production of water leading a decrease in the granular bed water concentration.
In conclusion, the mathematical model proposed in this study effectively describes the carbonation process by
accurately incorporating the three main phenomena: diffusion, carbonation reaction, and water evaporation.

3.2. Model validation: Comparison of water evaporation results and total carbon values

Following the presentation of the model and the experimental results, it is necessary to demonstrate that
the model proposed in this article provides a suitable representation of the carbonation process. Given the
innovative introduction of water evaporation, it is important to validate the evaporated mass of water considered
by our model and the reality. To validate the model the relative error has been calculated as well as the Mean
Absolute Percentage Error (MAPE) for each group of experiments classified by the carbon dioxide flux rate. To
calculate the MAPE error, the following equation has been used.

100%
MAPE = — Z

i=1

yi—¥i
Vi

(14)

where n corresponds to the total number of observations, yi is the observed value and J; corresponds to
the predicted value. The results of the evaporated water parameter and the different error calculations are
represented in Table 2.



Table 2. Validation of the evaporated water parameter: water-to-solid ratio (ws’), CO: flow rate, mass of water produced
(Mproduced), mass of water remaining in the matrix (mwm), experimental mass of water evaporated (Mevaporatea experimental),
modelled mass of water evaporated(mevaporaied model), relative error and MAPE error.

Carbonation w’ C(:;:?w Mproduced Mwm mevaf’orated Mevaporated  Relative error MAPE error
experiment (gfg) o @ @ O wea(® (%) (%)

1 0.1 100 4.54  5.67 4.37 5.67 29.65

2 0.3 100 6.84 1234 8.13 6.88 15.33

3 0.4 100 517 16.53  6.62 6.47 221 1334

4 0.6 100 3.50 28.06 4.18 4.77 14.17

5 0.1 200 6.94 5095 6.49 7.56 16.51

6 0.3 200 7.98 1257  9.67 9.00 6.90

7 0.4 200 7.74 18.06  8.57 8.28 3.22 H1

8 0.6 200 324 2554 449 5.30 17.94

The results presented in Table 2 demonstrate a clear correlation between water evaporation and the
experimental conditions. The water-to-solid ratio is a key determinant influencing water production, and
consequently, the formation of calcium carbonate, in accordance with the reaction stoichiometry. Both low and
high w," values result in reduced water production and evaporation. The data reveals a consistent trend indicating
an optimal w,’ value of 0.3, as well as a positive effect of increased carbon dioxide flux on the process. To validate
the model predictions, the relative errors have been calculated. As demonstrated in almost all cases, the relative
error is consistently maintained below 20%, with one exception observed in experiment number 1, which can be
attributed to specific experimental conditions. However, to understand the prediction of the model in relation to
the initial water-to-solid ratio, the mean absolute percentage error (MAPE) has also been calculated. In all cases,
the MAPE error was found to be relatively low, with higher values observed at higher CO, flow rate values. The
findings of the validation process indicate that the model's prediction of the evaporated water parameter aligns
with the experimental data. However, it is acknowledged that lower error values could be achieved if a more
precise measurement of the experimental water evaporation could be obtained.

The comparison between the experimental and modeled total carbon content is shown in Figure 4. Figure
4(a) presents the model predictions for each experiment listed in Table 1, using a carbon dioxide flow rate of 100
ml-min’!, while Figure 4(b) displays the corresponding results for experiments conducted at a flow rate of 200
ml-min’'. In both bar charts, the solid white bars represent the experimental values, whereas the patterned bars
correspond to the model predictions. Error bars are included to reflect experimental variability, as each test was
conducted in duplicate and the total carbon content reported is the average of both measurements. The error bars
represent the standard deviation between the two experimental results.
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Figure 4. (a) Comparison of the total carbon results between the model and the experimental results with a CO: flow rate of
100 ml-min’’. (b) Comparison of the total carbon results between the model and the experimental results with a CO: flow rate
of 200 ml-min’'.

With regard to Figure 4(a) and Figure 4(b), the model shows a strong correlation between the predicted and
experimental values for total carbon. However, a lower degree of agreement is observed in the experiments
conducted with a CO: flow rate of 200 mL-min'. This discrepancy can be attributed to the larger experimental
uncertainty, as indicated by the error bars. A comparison of the error bars in Figures 4(a) and 4(b) reveals that the
experiments at the higher flow rate exhibit greater variability, which complicates model validation at these points.
Nonetheless, based on the results presented in Table 2 and Figure 4, it can be concluded that the proposed
mathematical model effectively captures the carbonation process and underscores the critical role of water in this
reaction.

4. Conclusion

In summary, the mathematical model proposed in this study provides a comprehensive analysis of the
role of water during the carbonation process. It accounts for the three main phenomena involved in mineral
carbonation: chemical reactions, diffusion processes and water evaporation. Furthermore, it has been
demonstrated that during carbonation, the evaporation mechanism accounts for all the water produced and a
portion of the water added, referred to as evaporable water. An experimental fitting equation is provided to predict
the evaporation ratio. The proposed model accurately predicts the mass of water evaporated under different
carbonation conditions and offers a reliable estimation of the total carbon present in the material after various
carbonation experiments. Consequently, the mathematical model presented in this study provides a deeper
understanding of the role of water in the process, contributing to the overall knowledge of mineral carbonation.
This, in turn, supports the broader objective of promoting a circular economy in the construction sector.
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Acronyms:

wi?: initial water-to-solid ratio (gm20/gs)

ms": initial solid mass (g)

mwm: mass of water remaining in the solid matrix after carbonation (g)

Sb: bed liquid water saturation




Mevaporated: Mass of water evaporated (g)

mgb: mass of water remaining in the granular bed (g)

Mproduced: Mass of water produced (g)

[w]o: concentration of water in the granular bed (mol.m)

n: carbonation rate

TC: total carbon (gc/gs)

Wev: evaporation ratio (gm20/gs)

ms: mass of solid material (g)

Ob: bed porosity
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