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Abstract: The construction sector is among the most polluting industries globally, accounting for ap-
proximately 37.5% of the European Union’s total waste generation in 2020. Therefore, it is imperative
to develop strategies to enhance the sustainability of this sector. This paper proposes a multiscale
COMSOL Multiphysics numerical model for an ex situ mineral carbonation process of hydrated lime.
The carbonation process is characterized at both the micro- and macroscale levels, encompassing
interactions within and between the particles. This model incorporates both reaction and diffusion
phenomena, considering the effects of porosity and liquid-water saturation parameters. Generally,
liquid-water saturation enhances the reaction kinetics but not CO2 diffusion, while porosity improves
CO2 diffusion throughout the granular bed. The model has been experimentally validated, showing
promising results by accurately characterizing carbonation tendencies and the influence of the CO2

flow rate and the initial water-to-solid ratio on the carbonation process. The proposed mathematical
model facilitates the study of various parameters, including particle radius, reactor geometry, and
material porosity. This analysis is valuable for both current and future projects, as it aims to identify
the most profitable configurations for the hydrated lime carbonation process.

Keywords: hydrated lime; carbonation; construction waste; CO2 capture

1. Introduction

The construction and demolition sectors are among the largest producers of waste, con-
tributing approximately 37.5% of the EU’s total waste generation in 2020 [1]. Construction
and demolition (C&D) wastes are primarily composed of concrete, masonry, asphalt, other
mineral wastes (including stone, sand, gravel, and other aggregates), wood, metal, gypsum,
plastics, and miscellaneous materials. In Europe, concrete and masonry constitute between
40% and 84% of C&D wastes, while other mineral wastes account for 2% to 9% as reported
in 2011 by the European Commission (DG ENV) [2]. Given the high percentage of minerals
in C&D wastes, it is important to find valuable methods to reuse them. Advancing towards
a circular economy by reusing these materials to produce new products or as sinks for
pollutants, such as CO2, is particularly beneficial. In the context of global greenhouse gas
emissions (GHG), the construction sector contributes around 5 to 12% of the total national
GHG emissions in Europe, accounting for activities from material extraction to the manu-
facturing of construction products and the construction and renovation of buildings [3].
In July 2024, the atmospheric CO2 concentration was registered as 425.55 ppm (parts per
million) by the monthly average Mauna Loa CO2 report at Mauna Loa observatory [4].
Given the elevated levels of CO2 emissions and mineral waste production, it is imperative
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to develop strategies to reuse these materials and enhance the efficiency of the industry.
This approach not only addresses emissions within the construction sector but can also help
other industrial sectors improve their emissions profiles. By integrating CO2 capture and
reuse technologies, the overall environmental impact can be significantly reduced across
multiple industries.

Currently, several methods have been already proposed with the aim of capturing
CO2 by using mineral materials, whether they are waste or not. These methods include
aqueous wollastonite carbonation [5], the carbonation of recycled concrete aggregates [6,7],
and the use of cement’s storage capacity to sequester carbon dioxide [8,9], among others.
As evidenced, the carbonation of mineral materials has proven to be an effective option for
acting as a sink for pollutants such as carbon dioxide.

However, natural mineral carbonation faces a significant limitation, as it requires a
considerable amount of time to achieve full carbonation. The natural carbonation time
depends on the strength of the concrete used, which varies by country and according to
specific requirements. For instance, studies have demonstrated that, in Denmark, only
4.8% of concrete was carbonated after 70 years due to the use of high-strength concrete
(>35 MPa) with a low carbonation rate. Conversely, it is estimated that between 58% and
86% of concrete in Sweden and Norway will be carbonated after 100 years [10]. In contrast,
other studies have indicated that complete CO2 absorption under natural carbonation
conditions of a granular bed composed of ordinary Portland cement (height of 7 cm,
diameter of 7 cm, and particle size equal to 1 mm) could take between 1000 and 2000 days,
while under accelerated conditions, it required approximately 10 days to achieve full
carbonation [11]. Considering carbonation times during natural carbonation, it is necessary
to propose faster methods and to study the influence of various parameters to optimize
this process.

Mineral carbonation can be performed in two main ways, namely in situ and ex situ.
In situ carbonation involves the direct injection of carbon dioxide into geological formations
containing magnesium and calcium-based minerals, which then form carbonates [12]. Ex
situ carbonation, on the other hand, occurs in an industrial process where the carbonatable
components within the mineral material react with CO2 either directly in a single phase or
indirectly in several stages, involving the dissolution of minerals before carbonation [12].

Considering that lime products and derivatives are used in numerous applications (as
building materials, in the production of pozzolans used as additives, and as lubricants in
steel manufacturing), their presence in mineral construction waste is highly probable [13].
Studies have shown that lime-based materials could capture between 23.50 and 49.81 Mt C
per year [14]. Specifically focusing on hydrated lime, Erans. M et al. demonstrated that
78% carbonation was achieved after 740 h of exposure, with no further changes observed
beyond this period [15]. In this study, hydrated lime was selected as the material for
investigation due to its potential to capture CO2. Another reason is that it is a key material
for the partners of the Mineral Loop project, funded by the Walloon region and involving
several industrial partners, including a lime producer [16].

Hydrated lime, depending on its intended use, requires careful consideration of its
carbonation with CO2 from the air. To effectively control and analyze the CO2-capture
process, it is crucial to isolate hydrated lime to prevent premature carbonation, which could
compromise the study. The simplified carbonation reaction of hydrated lime with carbon
dioxide is represented as follows [17]:

Ca(OH)2(s) + CO2(g)
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In this paper, the proposal is to model the carbonation process of hydrated lime as
expressed in Equation (1) as a way to capture carbon dioxide. Despite the carbonation
reaction of hydrated lime appearing to be simple, it is actually quite complex, due to the
multitude of phenomena that occur during the process. Among these complexities, the
chemical reaction itself is not straightforward and requires precise control of environmental
conditions, such as relative humidity, temperature, and pressure [11,12]. Additionally, the
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kinetics of carbonation are not well-studied and need to be thoroughly understood. On
the other hand, water is required at the start of the process to dissolve the mineral and
initiate the chemical reaction. The overall carbonation reaction described in Equation (1)
involves the following dissolution steps: (i) Ca(OH)2 dissolves with the water located in
the pores, leading to the dissociation of Ca2+ and OH− ions; (ii) gaseous CO2 dissolves into
the alkaline pore solution, forming a hydrated aqueous phase; (iii) CO2 subsequently reacts
with OH− ions to form carbonic acid (H2CO3), which rapidly dissociates into bicarbonate
(HCO3

−) and carbonate CO2
3− ions; and, finally, (iv) Ca2+ ions react with carbonate ions

to precipitate calcium carbonate [17–21].
Regarding the reaction specified in Equation (1), during carbonation, water is pro-

duced, leading to an increase in the liquid-water saturation within the system. This water
production can lead to fully saturated conditions, potentially filling the porosity and limit-
ing CO2 diffusion to the reaction site [18,19]. At this point, it is thus observed that water
plays a crucial role in the carbonation process.

Furthermore, a dual-scale model is essential due to the presence of two scales of
porosity, namely one within the hydrated lime particles and another between them [11].
CO2 must diffuse through both porosities, which evolve over time as the Ca(OH)2 converts
to CaCO3 [11,22,23]. The production of calcium carbonate leads to an increase in the solid
volume, causing the structure of the reacting medium to evolve throughout the reaction
and adding further complexity to the process [24].

Taking all these elements into account, this paper proposes a mathematical model to
predict and understand the behavior of a model material (pure hydrated lime) for CO2
capture under simplified conditions (isobaric and isothermal). Through detailed model
explanations, various phenomena are elucidated and characterized. The influences of
different parameters on the system, such as porosity and liquid-water saturation, are
thoroughly examined. Ultimately, the model is validated using the experimental results of
total carbon captured from the lab-scale setup, and conclusions drawn from these results
are discussed.

In conclusion, the primary objective of this paper is to propose a validated model
that accurately represents the phenomena present in the carbonation process and can
subsequently be extended first to non-isothermal conditions and, then, to more complex
materials and capture setups.

2. Materials and Methods
2.1. Experimental Work

A series of carbonation experiments were conducted using pure hydrated lime to
investigate the material’s behavior during the carbonation process. The primary objective
of these experiments was to generate experimental data that could elucidate the impact of
various parameters on the carbonation process. Specifically, the study focused on analyzing
how the initial water-to-solid ratio and the flow rate of CO2 influence the carbonation
performance. The experimental results obtained from these tests are later used to validate
the mathematical model proposed in this article.

2.1.1. Material Characteristics and Experimental Procedure

The carbonation experiments were conducted using pure hydrated lime, a fine powder
with an initial particle diameter of 35.5 µm. Before starting the carbonation process, the
hydrated lime was dried overnight in a standard oven at 200 ◦C to eliminate any moisture
and achieve zero relative humidity. This step is crucial to prevent the hydrated lime from
prematurely reacting with the CO2 in the air before the carbonation process begins.

After drying, a portion of the sample was subjected to two key measurements, namely
mercury intrusion porosimetry (MIP) and total carbon analysis. MIP is a widely uti-
lized technique for measuring the porosity and pore size distribution of porous mate-
rials. In this study, the MIP test was performed using a Quantachrome Poremaster 60
(CARPOR-University of Liège, Liège, Belgium), operating within a pressure range of 0.01
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to 400 MPa [25]. In parallel, a total carbon analysis was conducted using a CS744 car-
bon/sulfur analyzer (Centre Terre et Pierre company, Tournai, Belgium). For this analysis,
500 mg of dried sample were introduced into the analyzer and combusted in a stream of
oxygen using radio-frequency induction heating. During combustion, the carbon in the
sample oxidizes to form CO2, which is then measured using a non-dispersive infrared
(NDIR) cell to determine the total carbon content [26]. The initial tests revealed a bed
porosity of 0.65 and a particle porosity of 0.1. The total carbon content was found to
be 0.21%.

Following the drying process, 100 g of hydrated lime were mixed with the required
amount of water. The mixture was manually stirred and then left to homogenize for two
hours in a closed bag to prevent any early carbonation reactions. After this rest period, the
mixture was well-homogenized and ready for the carbonation process.

Afterward, seventy grams of the prepared material were introduced into an aluminum
cup with the following dimensions: a base diameter of 70 cm, a top diameter of 83 cm, and a
height of 25 cm. This cup was then placed into a reactor with a capacity of 1.4 L. The reactor
was equipped with two holes at the top, one for the entry of carbon dioxide and another
for its exit (see Figure 1a). Once the cup was properly positioned inside the reactor, pure
carbon dioxide was introduced through the inlet hole located on the right side of Figure 1a.
The CO2 flowed through the reactor for the specific carbonation period. Upon completing
the carbonation process, the semi-conical aluminum cup was transferred to a dryer for at
least 12 h. This step ensured the removal of any residual moisture from newly carbonated
material before analyzing its carbon content in the laboratory. Following the drying process,
mercury intrusion porosimetry (MIP) and total carbon tests were conducted.
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axisymmetric COMSOL Multiphysics 6.2 model. (c) Adaptation of the coup geometry into a 3D
COMSOL Multiphysics 6.2 model.

2.1.2. Experiments Conducted to Validate the Proposed Mathematical Approach

To validate the proposed mathematical model, a series of experiments were conducted.
For the carbonation experiments, 100 g of pure calcium hydroxide were weighed and mixed
with the proportional amount of water needed for each experiment. Table 1 presents the
mass ratio between the mass of water added before carbonation and the initial mass of
calcium hydroxide (ws), along with the CO2 flow rate and the carbonation time for each
experiment conducted.
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Table 1. Conditions of the carbonation experiments: ws (g/g) as the mass ratio between the mass
of the water added before carbonation and the initial mass of calcium hydroxide, the CO2 flow rate
introduced, and the carbonation time.

Carbonation Experiment ws (g/g) CO2 Flow Rate (mL·min−1) Carbonation Time (min)

1 0.1 100 30
2 0.1 100 45
3 0.2 100 30
4 0.2 100 45
5 0.4 100 30
6 0.4 100 45
7 0.1 200 30
8 0.1 200 45
9 0.2 200 30

10 0.2 200 45
11 0.4 200 30
12 0.4 200 45

2.2. Modelling Work: Dual Scale Approach

The model proposed in this article considers the hydrated lime as a powdered material
composed of spherical particles, which are stacked to form a granular bed and arranged
regularly. The concentration of the granular bed is calculated using the mass of calcium
hydroxide measured during the experiments, the volume of the granular bed, and the
molar mass of Ca(OH)2. Furthermore, the concentration of carbon dioxide above the
granular bed is maintained at a constant value once the reactor is completely filled with
CO2, with the CO2 introduced in its pure form. This condition, along with the specific
geometry of the bed, is modeled using the software COMSOL Multiphysics 6.2 as a 2D
axisymmetric system.

In this system, two scales are considered, namely the microscale, corresponding to
individual particles, and the macroscale, relating to the granular bed as a group of these
particles. The granular bed is modeled as a truncated cone, as depicted in Figures 1b and 2,
with a height of 25 mm, a base diameter of 70 mm, and a top diameter of 85 mm. The
bed has a porosity of 0.65, while the particles within the granular bed, composed of pure
calcium hydroxide, have a porosity of 0.1 and a diameter of 35.5 µm. As a first approach,
the system is assumed to be isothermal and isobaric, maintained at 298 K and 1 bar. This
dual-scale approach recognizes that different phenomena manifest differently at each scale.
First, the role of water in the carbonation reaction will be described. Then, the impact of
carbonation on porosity will be presented and, finally, the role of diffusion.
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2.2.1. Role of Water in the Carbonation Reaction

During carbonation, water also plays a crucial role, both as a product and as a necessary
component for initiating the chemical reaction. To facilitate the carbonation reaction
expressed by Equation (1) and to allow the reaction to occur, it is necessary to humidify the
material. This aids in the dissolution of Ca2+ and OH− ions, the dissolution of CO2 from
the gas phase into the aqueous phase, and the subsequent reaction between these species
to form CaCO3 [11,12,21].

In the proposed mathematical model, the primary focus is on the simplified reaction
between calcium hydroxide and carbon dioxide, as shown in Equation (1). The dissolution
steps (i–iv) are not explicitly modeled, since they are considered to occur rapidly due to the
limited amount of water in the material [11]. Instead, the presence of water is represented
by the initial water-to-solid ratio (ws), quantified as the mass of water initially added in
relation to the initial mass of solid material, and the liquid-water saturation parameters
inside the particle (Sp) and between the particles (Sb). The liquid-water saturation of the
bed represents the degree to which the spaces between particles are filled with water, and
the liquid-water saturation of the particles represents the degree to which the pores within
the individual particles are filled with water.

Liquid-water saturation (Si) is calculated based on the water concentration, the poros-
ity, and the water density. The calculation for liquid-water saturation at both scales is given
by Equation (2), where i can be b for the granular bed scale and p for the particle scale [18].

Si =
[w]i

(
mol/m3)·MH2O(kg/mol)

ρw(kg/m3)·ϕi
(2)

As explained before, the presence of liquid water positively influences the kinetics of
the carbonation reaction. The reaction rate is assumed to be extremely fast in comparison
with the diffusion phenomena [11]. Considering that the kinetics of the reaction have been
simplified, it follows the behavior of a second-order reaction. The kinetic rate, denoted as r
(mol·mol−3 ·s−1), is expressed as follows.

r = k·[CO2]·[Ca(OH)2] (3)

where k is the kinetic constant (m3·(mol·s)−1), and [CO2] and [Ca(OH)2] correspond to the
concentration of carbon dioxide and calcium carbonate (mol·m−3), respectively. The kinetic
constant value is obtained by the next equation as a function of liquid-water saturation.

k = k0·
Si

0.79
(4)

where k0 is a base kinetic constant, equal to 0.0025 m3·(mol·s)−1 [17,27]. However, even
though this parameter has a positive influence on the kinetics of the reaction, there are limits
that must be considered regarding the liquid-water saturation parameter. The first one is
the initial water requirement. If there is no initial water, the reaction cannot proceed because
Si will be zero, effectively nullifying the kinetics in Equation (4). The second one is the
full saturation limit. When the liquid-water saturation approaches 1, the material porosity
becomes fully flooded. The kinetic rate reaches its maximal value, but the reaction is
nevertheless slowed down due to diffusional limitations, as will be detailed in Section 2.2.3.

2.2.2. The Role of Porosity in CO2 Diffusion and Carbonation of Hydrated Lime

During the carbonation of calcium hydroxide, the calcium carbonate forms within
the micropores, blocking the porosity of the particles and inhibiting the original porosity
that was present [20,28]. As carbonation proceeds, it is experimentally observed that the
particle’s internal porosity (ϕp) becomes almost instantaneously unavailable. This means
that, once the carbonation process begins, ϕp is effectively reduced to zero for times greater
than zero, indicating that the internal pores of the particles are filled or blocked by the
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reaction products. To validate this assumption, a mercury intrusion porosimetry (MIP)
test was conducted. Upon analyzing the material, it was confirmed that the microporosity
decreased from 0.1 to 0.0 after 45 min of carbonation, utilizing an initial water-to-solid ratio
of 0.2 and a CO2 flow rate of 200 mL·min−1 at 298 K and atmospheric pressure.

Carbonation not only reduces microporosity but also leads to an increase in the
solid volume due to the formation of calcium carbonate. This volume increase can be
calculated based on the densities and molar masses of the reactants and products. The
density of CaCO3 is 2.74 kg·cm−3 (ρCaCO3 ), and its molar mass is 100.09 g·mol−1 (MCaCO3 ).
Meanwhile, the density of Ca(OH)2 is 2.21 kg·cm−3 (ρCa(OH)2

), and its molar mass is
74.09 g·mol−1 (MCa(OH)2

).
By calculating the molar volume of one mole of each component, it is found that the

molar volume of CaCO3 is approximately 4 cm3·mol−1 greater than that of Ca(OH)2. This
can be represented by the following equations:

MCa(OH)2

ρCa(OH)2

<
MCaCO3

ρCaCO3

(5)

VCa(OH)2
m < VCaCO3

m (6)

Considering that microporosity is rapidly blocked by the formation of calcium car-
bonate and that macroporosity increases due to the expansion of the solid bed volume,
an overall increase in intergranular porosity, or bed porosity, on the macroscale is devel-
oped [29]. The model accounts for the increase in bed porosity over time by considering
the volume increase associated with the production of one mole of calcium carbonate. The
increase in bed porosity is defined by the following equation:

ϕb = ϕ0
b + ∆V

(
m3

mol

)
·[CaCO3]

(
mol
m3

)
(7)

where ϕ0
b is the initial bed porosity, ∆V is the volume difference between one mole of

calcium carbonate and one mole of calcium hydroxide, and [CaCO3] is the concentration
of calcium carbonate during the carbonation process. By incorporating these dynamics,
the model provides a comprehensive understanding of how carbonation influences both
microporosity and macroporosity, enhancing the predictive accuracy for CO2-capture
efficiency for construction and mineral materials. After conducting the MIP test, it was
observed that the bed porosity increased from 0.65 to 0.71 after 45 min of carbonation when
using an initial water-to-solid ratio of 0.2 and a flow rate of 200 mL·min−1.

2.2.3. The Role of Diffusion

Diffusion describes how CO2 enters and spreads inside and between the particles
along the granular bed [30,31]. In this system, CO2 transport occurs via diffusion between
the particles (no convection) and within the particles [11,30]. In the carbonation of mineral
materials, diffusion is influenced by two principal parameters, as explained before, namely
by porosity and liquid-water saturation. These parameters play a crucial role in the carbon-
ation process of hydrated lime, influencing the way CO2 diffuses through the material and
reacts to form carbonates. The relationship between porosity, liquid-water saturation, and
the diffusion coefficient of CO2 in the granular bed is based on the saturation-dependent
model proposed by Millington and Quirk (1961) [32–34]. This model characterizes the
diffusion coefficient of a fluid by incorporating a constant specific diffusion coefficient
(D0

CO2
) influenced by a resistance factor (Fb) [11].

DCO2
b = D0

CO2
·Fb (8)
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where D0
CO2

is the specific diffusion coefficient of CO2 outside the porous medium, with a
value equal to 1.6 × 10−5 m2·s−1 at 298 K and a pressure of 1 bar. Fb is a resistance factor
that accounts for the tortuosity effects and the reduction in space available for gas diffusion
in a partially saturated porous medium. According to the model proposed by Millington
and Quirk (1961) and the mathematical model proposed by Thiery et al. the parameter Fb
is described as follows [11,32–34].

Fb = ϕb
4/3·(1 − Sb)

10/3 (9)

where ϕb corresponds to the bed porosity and Sb to the liquid-water saturation of the bed.
On the other hand, to describe the diffusion of CO2 inside the particles, a similar equation
is used.

DCO2
P = D0

CO2
·ϕp

2.7·
(
1 − Sp

)4.2 (10)

where ϕp, is the porosity of the particles, and Sp is the liquid-water saturation inside the
particles [11]. On the other hand, focusing on the diffusion of the water, it is necessary to
characterize it in both the bed and inside the particles. The equations used to characterize
the water diffusion are the same ones as for the CO2 but consider the standard diffusion
coefficient of water at 25 ◦C. The equations for water diffusion are the following ones.

DH2O
b = D0

H2O·ϕb
4/3·(1 − Sb)

10/3 (11)

DH2O
P = D0

H2O·ϕp
2.7·

(
1 − Sp

)4.2 (12)

where D0
H2O is the standard diffusion coefficient of water at 298 K equal to 2.3× 10−9 m2·s−1 [35].

To complete the diffusion coefficients list to be used in the model, those of the solid
components, Ca(OH)2, and CaCO3 are fixed to arbitrarily low values (1 × 10−12 m2·s) to
account for the fact that they remain static during the carbonation process.

2.2.4. Computational Modeling: Operational Conditions and Assumptions

Although the experimental setup consists of the large reactor and the aluminum
cup, the initial modeling in COMSOL Multiphysics focuses solely on the cup’s geometry.
The modeling process involves two stages, namely the 2D axisymmetric model and the
3D cup model. Initially, the geometry of the cup is modeled in 2D as an axisymmetric
system (Figure 1b) to simplify the computational process, while capturing the essential
characteristics of the system. Then, the model is expanded to a full 3D representation
of the cup (see Figure 1c), allowing for more accurate simulations and predictions of the
carbonation process.

The operational conditions for the system are determined based on its behavior under
specific constraints and are summarized as follows:

• Initially, the concentration of carbon dioxide above the cup is assumed to be zero, given
that the reactor contains only air. Subsequently, as the reactor is supplied with pure
CO2, the concentration of CO2 increases progressively until it reaches a steady-state
value above the cup;

• The water concentration at the top of the cup is assumed to be zero. This assumption
is based on the outgoing gas carrying away any surface water, thereby preventing any
water accumulation in the cup. This scenario is feasible because the flow rate of the
gas is high and dry, ensuring excellent mass transfer at the surface. Additionally, the
sweeping efficiency of the gas flow is sufficient to maintain the liquid-water saturation
at the top of the reactor at a very low value;

• Due to the presence of the aluminum wall, there is no flux through the sides or bottom
of the cup;

• The pressure is maintained constant at 1 bar and, in the first step, the temperature is
considered as constant at 298 K.
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3. Results

Following the implementation of the model in COMSOL Multiphysics 6.2, the results
pertaining to the carbonation process are presented in the subsequent subsections. First,
the results concerning the production of CaCO3 are presented, as well as the evolution of
the diffusion coefficient of CO2 and the carbonation rate during the carbonation process.
This is followed by the validation of the mathematical model against the experimental data.
Finally, a sensitivity analysis is shown to study the influence of the initial water-to-solid
ratio and the initial bed porosity on the carbonation process.

3.1. Calcium Carbonate Production and Carbon Dioxide Diffusion during the Carbonation Process

In this subsection, the results correspond to the actual properties of the carbonated
samples, namely an initial concentration of pure calcium hydroxide of 4659.8 mol·m−3,
an initial particle porosity of 0.1, an initial bed porosity of 0.65, a particle diameter equal
to 35.5 µm, and an initial water-to-solid ratio equal to 0.1. The CO2 is maintained at
200 mL·min−1. In the following representations of the granular bed, the value of the x-axis
equal to 0 mm represents the bottom of the granular bed, and when its value is equal to
25 mm, it refers to the top of it.

As the main objective of this process is the production of calcium carbonate, Figure 2
shows the production of CaCO3 within the 3D granular bed from top to bottom after 45 min
of carbonation. It is observed that, after this duration, the granular bed is almost half
carbonated. A carbonation front is clearly observed along the granular bed.

Furthermore, Figure 3 illustrates two key aspects. Figure 3a shows the variation in the
diffusion coefficient throughout the process, while Figure 3b depicts the variation in the
carbonation rate during the carbonation process. Regarding Figure 3a, it is notable that,
during the first five minutes of carbonation, the diffusion coefficient increases sharply. As
the diffusion coefficient is related to the porosity and the liquid saturation, this behavior
indicates that, at this stage, the increase in the bed porosity related to the conversion of
Ca(OH)2 to CaCO3 has a greater influence than the porosity decrease, due to pore filling by
the water generated during the process. However, between 5 and 15 min of carbonation, the
diffusion coefficient significantly decreases, implying that, during this period, the influence
of the water outweighs the benefits of increased porosity.
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This observation is corroborated by Figure 3b, which shows the volumetric average
carbonation rate during the carbonation process. In the model, the carbonation rate (η)
measures the concentration of calcium carbonate produced in relation to the maximum
amount that could be produced, and it is calculated as follows.



Minerals 2024, 14, 889 10 of 17

η =
[CaCO3]

(
mol
m3

)
− [CaCO3]t=0

(
mol
m3

)
[Ca(O H)2] t=0

(
mol
m3

) (13)

where [CaCO3]t=0
(
mol/m3) refers to the initial concentration of calcium carbonate if

the sample is initially carbonated, [CaCO3]
(
mol/m3) is the concentration of calcium car-

bonate during the process, and [Ca(OH)2] t=0
(
mol/m3) is the initial concentration of

calcium hydroxide, i.e., the maximum molar concentration of calcium carbonate that could
be produced.

Regarding Figure 3b, a steeper increase in the carbonation rate is observed between 5
and 15 min of carbonation. This reveals a rapid reaction between the hydrated lime and CO2,
resulting in substantial water production and a higher liquid-water saturation in a shorter
time, thus explaining the decrease in the diffusion coefficient. Finally, regarding Figure 3a,b,
after 15 min, both the diffusion coefficient and the carbonation rate increase with time,
but at a much slower rate as compared to the beginning of the process. Additionally, the
proposed process shows that the bed porosity increases from 0.65 to 0.68 after 45 min
of carbonation.

3.2. Model Validation

To validate the mathematical model, the total carbon weight percentage after car-
bonation (TC) is measured experimentally using a total carbon analysis. The total carbon
parameter from the simulation results is calculated using the next equation.

TC =
η ∗ MC

( g
mol

)(
η ∗ MCaCO3

( g
mol

)
+ (1 − η) ∗ MCa(OH)2

( g
mol

)) (14)

MC is the molar mass of carbon, and it is equal to 12 (g/mol). MCaCO3 is the molar
mass of calcium carbonate with a value of 100 (g/mol), and MCa(OH)2

is the molar mass of
calcium hydroxide and is equal to 74 (g/mol). In this case, the material has an initial total
carbon content that is experimentally measured to 0.21% by a total carbon test.

The total carbon value provided by the model is based on a volumetric average
calculation, which is important to mention because carbonation occurs from the top to the
bottom of the cup, inducing vertical concentration profiles. Volume averaging allows for
flattening of the profile. This approach is required because experimental samples for carbon
measurement are not taken at specific points in the bed. They are sampled as randomly as
possible. So, comparing on the basis of the volumetric average appears more accurate and
representative of the overall carbonation process.

To compare and analyze the results obtained experimentally with the model, Figure 4
is provided. Regarding Figure 4a showing results after 30 min, it has been observed
experimentally that a higher initial water-to-solid ratio results in greater total carbon.
However, looking at Figure 4b, after 45 min of carbonation, the difference in total carbon
between the initial water-to-solid ratios of 0.2 and 0.4 is less pronounced. This indicates
that, after 45 min of carbonation, the system starts to become saturated in a similar way for
both initial water-to-solid ratios of 0.2 and 0.4.

On the other hand, regarding Figure 4, the CO2 flow rate significantly influences the
carbonation process. Higher flow rates (200 mL·min−1, represented in blue) yield much
higher total carbon values compared to lower flow rates (100 mL·min−1, represented in
orange). As the nature of the gas does not change (pure CO2), this suggests that increasing
the flow rate allows for a faster flushing of the air initially present in the reactor, so that the
carbonation is more efficient in the given timeframe.

Furthermore, Figure 4a,b presents a comparison between the total carbon achieved
as predicted by the model (dotted bars) and the experimental results (plain bars). In
general, the model is considered successfully validated due to the good agreement with
the experimental results. However, there is an underestimation of the carbonation at high
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initial water-to-solid ratios, especially at high gas flow rates. This can perhaps be attributed
to the isothermal assumption in the model, which neglects the evaporation of water during
carbonation. The exothermic nature of the carbonation reaction generates heat, leading to
increased temperatures and causing water to evaporate. This dynamic is not fully captured
yet by the model, which assumes that water evaporation is limited to the superficial layer
removed by the passing gas.
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In order to deeply analyze the accuracy of the model, three error metrics were inves-
tigated. First, the relative errors for each individual experiment were examined. Subse-
quently, the mean absolute percentage error (MAPE) was calculated to assess the accuracy
of the model by determining the average absolute percentage difference between the pre-
dicted values and the actual experimental values. Additionally, the root mean square error
(RMSE) was evaluated, which quantifies the model’s performance by measuring the square
root of the average squared differences between the predicted and actual values. The
MAPE and RMSE analyses were conducted on grouped data, specifically as a function of
the initial water-to-solid ratios used in the experiments. This approach allowed for a more
detailed assessment of the model’s performance across different experimental conditions.

Table 2 presents the results of the experiments conducted to validate the model. The
table lists the experimental conditions, followed by the total carbon measured experimen-
tally, the carbonation rate, the total carbon projected by the model, the relative error, the
MAPE error, and the RMSE error.

Table 2. Comparison of experimental and simulated total carbon results.

Carbonation
Experiment

ws
(g/g)

CO2 Flow
Rate (mL/min)

Carbonation
Time (min)

Experimental
TC (wt.%)

Simulated
η (%)

Simulated
TC (wt.%)

Relative
Error (%)

MAPE
(%) RMSE

1 0.10 100 30 3.76 30.89 3.89 3.46

2 0.42
2 0.10 100 45 4.76 44.61 5.52 15.97
3 0.10 200 30 4.26 31.15 3.89 8.69
4 0.10 200 45 5.66 44.33 5.46 3.53

5 0.20 100 30 4.88 32.44 4.02 17.63

12 0.93
6 0.20 100 45 6.24 45.70 5.61 10.10
7 0.20 200 30 5.43 42.69 5.29 2.58
8 0.20 200 45 6.88 57.70 7.09 3.05

9 0.40 100 30 6.08 41.41 5.11 15.95

19 1.42
10 0.40 100 45 8.35 55.60 6.81 18.44
11 0.40 200 30 6.76 40.15 4.93 27.07
12 0.40 200 45 8.53 54.48 6.65 21.49
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Regarding Table 2, it is observed that the relative errors range from 3% to 27%. Figure 5
summarizes the relative errors presented in Table 2, providing a visual representation of the
model’s accuracy. As shown in Figure 5, nearly all data points simulated by the proposed
model fall within a margin of error of ±20% compared to the experimental results. This
indicates that the carbonation process described by the model is physically sound. The two
yellow points in Figure 5, out of the range, correspond to the experiments conducted with
a flow rate of 200 mL·min−1 and an initial water-to-solid ratio of 0.4 after 30 and 45 min
of carbonation. Overall, almost all relative errors are below 20%, which aligns with the
accuracy goal established by the Mineral Loop project. However, because these calculations
involve relatively small numbers (with a maximum total carbon value of 12), the relative
errors alone do not provide substantial insight into the model’s accuracy. This limitation is
why the MAPE and RMSE analyses were conducted as well.
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Focusing on the MAPE error, it is noteworthy that, when the water-to-solid ratio is
0.1, the error is just 2%, which supports the conclusion that the model is accurate at low
water-to-solid ratios. Extending the analysis to experiments with an initial water-to-solid
ratio of 0.2, the MAPE error is 12%, which indicates a slight decrease in accuracy compared
to the 0.1 ratio, while the water-to-solid ratio is still relatively low. Furthermore, at higher
water-to-solid ratios, the MAPE error increases significantly, reaching nearly 20%.

Similarly, the RMSE analysis reveals a consistent trend. At low water-to-solid ratios,
the model predicts values that deviate by less than one from the actual experimental results.
In contrast, at higher water-to-solid ratios, the model’s predictions can deviate by as much
as 1.42 from the actual values.

In summary, Table 2 indicates that the model presented in this study is accurate when
applied to low water-to-solid ratios (ws = 0.1 or 0.2) but shows decreased accuracy at
higher ratios (ws = 0.4). As already shown and explained in Figure 4, this discrepancy is
believed to be due to temperature increase during the carbonation process. The model is
simplified by assuming an isothermal process, but in reality, the reaction is exothermic.
As the temperature rises, water begins to evaporate, creating voids that allow CO2 to
enter, thus enhancing carbonation. When the initial water-to-solid ratios are 0.1 or 0.2, the
temperature increase is not as pronounced, as it is with higher water-to-solid ratios. During
the experiments, condensed water was observed on the walls of the reactor, supporting
the conclusion that evaporation occurs in practice. Moreover, the amount of condensed
water was visually greater in the experiments with a water-to-solid ratio of 0.4 than in those
with ratios of 0.1 or 0.2, further confirming the reduced accuracy of the model at higher
water-to-solid ratios due to the evaporation phenomenon.

3.3. Influence of Initial Water-to-Solid Ratio and Initial Bed Porosity in Carbonation Process

The aim of this model is to identify the optimal values of the controlled parameters to
maximize the profitability of the mineral carbonation process. To demonstrate the model’s
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effectiveness at finding these optimal values, a sensitivity analysis has been conducted
by introducing different initial water-to-solid ratios and initial bed porosities. The groups
of parameters chosen have been adapted to our material from those proposed by Thiery
et al. [11] and are summarized in Table 3.

Table 3. Parameters used to perform the sensitivity analysis of the influence of the initial bed
porosity, ϕ0

b , and the initial water-to-solid ratio, ws (g/g).

Particle Diameter (µm) CO2 Flow Rate (mL/min) ϕ0
b ws (g/g)

35.5 200 0.3 0.35
35.5 200 0.41 0.45
35.5 200 0.49 0.55
35.5 200 0.54 0.6
35.5 200 0.61 0.8

Figure 6 shows the simulated results of the carbonation rate for the selected values of
parameters. It allows for performing a sensitivity analysis. Figure 6a depicts the variation
of the carbonation rate along the granular bed after 45 min of carbonation. The point
x = 25 mm represents the top of the cup and x = 0 mm the bottom. In this figure, the first
notable observation is the clear carbonation front along the granular bed. In this case,
after 45 min of carbonation, in all the configurations, the carbonation front has advanced
between 5 and 7 mm from the top to the bottom of the cup. It is observed that, when the
initial bed porosity is 0.54 and the initial water-to-solid ratio is 0.6, the front advances faster
than in all other cases.
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Furthermore, Figure 6b represents the volumetric average carbonation rate of the
granular bed as a function of time. What is interesting about this figure is that, considering
these configurations, the volumetric average carbonation rate initially increases rapidly,
up to 0.2 in 15 min, and then more slowly, up to 0.4 between 15 and 45 min of carbonation.
This indicates that, after 45 min, the carbonation process is slower, which is logical given
that the carbonation front has not yet advanced to the midpoint of the granular bed. From
Figure 6a,b, it is evident that, for the material under study, the optimal configuration for
the group of parameters considered, which are listed in Table 2, is an initial water-to-solid
ratio of 0.6 and an initial bed porosity of 0.54. This indicates that high values of initial
water-to-solid ratios or porosities are not beneficial for the system, nor are low values.
When the initial water-to-solid ratio is higher than the optimal value, calcium hydroxide
clusters form, impeding the penetration of carbon dioxide into the material and reducing
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the rate of carbonation [36]. Conversely, when the initial water-to-solid ratio is lower
than the optimal value, the solubilization of calcium and hydroxide ions is too low and
insufficient, preventing the reaction from occurring [11,12,18].

It is important to note that the optimal water-to-solid ratio varies depending on the
system under study. For instance, in the study conducted by Thiery et al., which focused
on cement-based materials, the optimal carbonation rate was observed with an initial
water-to-solid ratio of 0.45, instead of 0.6 in our case [11].

4. Discussion

The developed mathematical model offers a detailed characterization of chemical reac-
tions and diffusion phenomena, making it a valuable tool for understanding and scaling
up the carbonation process. It has been observed that the diffusion phenomena depend
on the stage of carbonation, showing higher values of the diffusion coefficient at the start
of carbonation, lower values when a large amount of calcium carbonate and water are
produced in a short time, and then a linear increase once the rapid production phase is over.
In this case, it has been shown that, when using calcium hydroxide, this rapid production
period lasts for approximately 5 min. The conclusion drawn from this phenomenon is that,
during the initial stages of carbonation, the positive influence of porosity, which increases as
carbonation progresses, becomes predominant over the increasing liquid-water saturation
due to water production. After this initial rapid phase, the diffusion coefficient decreases
because, during this period, the negative effect of liquid-water saturation becomes more
influential than the increase in porosity caused by carbonation. Finally, after 15 min, the dif-
fusion coefficient increases linearly because the positive effect of porosity and the negative
effect of liquid-water saturation are balanced. However, porosity continues to dominate
over liquid-water saturation due to the ongoing increase in the diffusion coefficient.

The study also explored the variation in porosity during carbonation, which was
experimentally validated using a mercury intrusion porosimetry method. It was observed
that the intragranular porosity (particle porosity) reduces directly to zero once the carbona-
tion has started and that, on the contrary, the intergranular one (bed porosity) increases
with carbonation. In this case, the bed porosity increases from 0.65 to 0.68 after 45 min of
carbonation. This is very interesting because it is an opposite tendency in comparison to
traditional materials like concrete, where carbonation typically reduces porosity [29,37,38].
This can be attributed to the fine nature of the material, where micropores are blocked
as soon as calcium carbonate forms, and to the expansion of the solid volume related
to the conversion of hydrated lime into less-dense calcium carbonate [20,28]. Although
intra-granular porosity plays a minimal role due to particle size in this study, the model is
robust enough to apply to scenarios with larger particles, where macroscale and microscale
differentiation is crucial.

Moreover, the model accurately characterizes the variations in liquid-water saturation.
First, it considers its positive influence on the kinetics of the reaction (no reaction in the
absence of water), and second, it considers the negative effect for the diffusion of CO2
when the system becomes saturated with water. However, the evaporation phenomena
are not yet considered, leading to a small underestimation of the influence of the initial
water-to-solid ratio in the process.

The experimental results have shown that, when hydrated lime is carbonated, the
highest total carbon results are achieved with a CO2 flow rate fixed at 200 mL·min−1 and
a water-to-solid ratio between 0.2 and 0.4. Regarding the CO2 flow rate, this outcome is
expected because the flushing of CO2 in the reactor occurs more rapidly at higher flow rates.

The model has been validated through laboratory experiments, and its accuracy has
been assessed using three different error-analysis methods. Initially, the relative errors
between the experimental and the model results ranged from 3% to 27%, with higher
relative errors observed when the initial water-to-solid ratio was high. However, regarding
Figure 5, it is observed that all the points, with the exception of two, are within the range of
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±20% of the difference, with the experimental results aligning with the goal established in
the project.

Following this, the mean absolute percentage error (MAPE) was calculated. The
model demonstrated good accuracy for lower initial water-to-solid ratios of 0.1 and 0.2,
with MAPE values of 3% and 12%, respectively. However, for a ratio of 0.4, the MAPE
increased to 19%, indicating reduced accuracy in this scenario. Further analysis involved
calculating the root mean square error (RMSE). The model showed a strong correlation
with the experimental results for ratios of 0.1 and 0.2, with RMSE values of 0.42 and 0.93,
respectively. For the 0.4 ratio, the RMSE was 1.42, which is higher compared to the other
two cases. In conclusion, the model exhibits good accuracy when applied to low initial
water-to-solid ratios but shows reduced accuracy at higher ratios. This variance is due
to the isothermal conditions assumed in the model. With a higher initial water content,
more calcium hydroxide undergoes carbonation, leading to elevated temperatures and
increased evaporation. The model does not account for evaporation, which results in
higher simulated liquid-water saturation values compared to the actual measurements.
Furthermore, it has been demonstrated that the mathematical model can be used to conduct
sensitivity analyses to determine the optimal values of controllable process parameters.

Future work will aim to enhance the model by incorporating thermal balance to
address heat release and evaporation during carbonation. The perspectives of our work
are to expand the use of this tool to study the behavior of more complex materials, such
as blended construction wastes, eventually leading to the optimal design of a large-scale
mineralization process.

5. Conclusions

In summary, the presented model and experimental validation provide significant
insights into the carbonation process, highlighting key factors such as porosity, liquid-
water saturation, and CO2 flow rate. These findings offer a foundation for future research
and practical implementation, particularly in scaling up the carbonation process for in-
dustrial applications and its use to predict other materials’ behaviors during the process
of carbonation.
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21. Rodriguez-Navarro, C.; Ilić, T.; Ruiz-Agudo, E.; Elert, K. Carbonation mechanisms and kinetics of lime-based binders: An

overview. Cem. Concr. Res. 2023, 173, 107301. [CrossRef]
22. Gendron, F. Carbonatation des Matériaux Cimentaires: Étude de la Diffusion du CO2. 2019. Available online: https://theses.hal.

science/tel-02520206 (accessed on 15 March 2024).
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