
Chapter 7
Carbonation Mechanisms and Modelling

Abstract From the view point of reaction kinetics, many researchers have attrib-
uted the rate-determined step of aqueous carbonation to the reacted (product) layer
diffusion. Therefore, this suggests that a well-designed reactor to enhance the mass
transfer between the gas, liquid, and solid phases is needed to facilitate the car-
bonation reaction and increase the carbonation conversion. This chapter provides
the principles and mechanisms of carbonation reaction using alkaline solid wastes.
The kinetics of the major three steps of carbonation, i.e., metal ion leaching, CO2

dissolution, and carbonate precipitation, are illustrated. Moreover, several classical
heterogeneous kinetic models, e.g., shrinking core model and surface coverage
model, are presented. Furthermore, the modeling of mass transfer for carbonation in
various reactors and/or processes is summarized and discussed.

7.1 Carbonation Mechanisms

7.1.1 Principles

As discussed in Chap. 5, the process chemistry of accelerated carbonation using
alkaline solid wastes can be briefly divided into three steps:

• Step 1: Contemporary dissolution of CO2 into a liquid phase and conversion of
carbonic acid to carbonate/bicarbonate ions

• Step 2: Dissolution of CO2-reactive species from a solid matrix (irreversible
hydration)

• Step 3: Consequent nucleation and precipitation of carbonates

At first, the leaching of Ca-bearing compounds in alkaline solid waste would
directly generate the Ca2+ in the solution. Secondly, gaseous CO2 can rapidly
dissolve into the alkaline solution, where the predominant carbonate ions (CO3

2−)
could reduce the pH of the solution. Since the CO2 continuously dissolved into the
solution during the carbonation, the pH value would decrease gradually to 6.3,
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where the bicarbonate ions (HCO3
−) were found to be dominated. Finally, CaCO3

would be formed by reacting the calcium ions with the carbonate ions (CO3
2−) and

bicarbonate ions (HCO3
−) in the solution under a high pH and circum-neutral

condition, respectively. The above statements can be also divided into eight steps,
as shown in Fig. 7.1.

It is widely accepted that the carbonation is controlled by the dissolution of CO2,
and therefore the reaction occurs on the liquid side near the interface between gas
and liquid phases [1]. It suggests that the irreversible hydration of CaO proceeds
spontaneously with carbonation of Ca(OH)2 suspension [2, 3]. Moreover, not only
Ca(OH)2 but also other hydrate compounds, such as calcium–silicate–hydrates
(C–S–H), can react with CO2 to produce CaCO3 and a silica gel [4]. The balance
between dissolution and precipitation is dependent on the kinetics and solubility of
the present feedstock and possible products, where carbonates are probably the
most important products [5].

For c–C2S phase (dominate component in steel slag), it does not react with water
at normal temperature because the leaching of Ca2+ and O2− (or OH−) is very low
[4]. Fernández-Bertos et al. [6] suggested that CaCO3 can be directly formed in the
carbonation of c–C2S without the formation of intermediate products such as Ca
(OH)2, due to the catalytic action of capillary water. The breakdown of C2S and the
formation of calcite can be observed by XRD, as indicated in Eq. (7.1):

ð7:1Þ

Fig. 7.1 Schematic of accelerated carbonation mechanism
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7.1.2 Key Factors and Operating Parameters

For process design and system optimization, it is crucial to identify the effect of key
operating factors on carbonation performance. Carbonation of alkaline solid wastes
has been proved to be an effective way to capture CO2. Several factors can affect the
rate and extent of carbonation [7, 8]:

• Transportation-controlled mechanisms such as CO2 and Ca2+ ions diffusion
to/from reaction sites

• Boundary layer effects (diffusion across precipitate coatings on particles)
• Dissolution of Ca(OH)2 at the particle surface
• Pore blockage
• Precipitate coating

Table 7.1 summarizes the key factors required for effective accelerated car-
bonation. These operating factors must be clearly understood, since they determine
the economic viability of the technology as well as help to identify the conditions
that are the most favorable to the carbonation reaction.

7.1.2.1 Particle Size and Surface Area

Both particle size and specific surface area are the most important factors affecting
the dissolution kinetics of materials [9, 10]. It was noted that over 90% and less
than 40% of calcium species can be dissolved in 24 h from 45–75 to
150–250-lm-sized ladle slag, respectively [11]. Since solid waste grinding is
expected to be a fairly energy-intensive process, it is important to find out the
optimal particle size for accelerated carbonation. For the steel slag, average particle
sizes of less than 100–150 lm are suggested to be in the optimum range for

Table 7.1 Key operating factors required for effective carbonation

Phases Physical properties Chemical properties

Solid phase • Particle size
• Mineralogy
• Specific surface area
• Porosity/Permeability
• Surface activities
• Microstructure

• Compositions (e.g., Ca and f-CaO content,
Ca/Si ratio, Ferrite/C3A ratio)

• Heavy metals (e.g., Pb, Cd, Ni, Cr)
• Free water content
• Permeability

Liquid phase • Temperature
• Liquid-to-solid ratio

• Organics/Inorganic
• Anions/Cations
• pH (or alkalinity)
• Permeability

Gas phase • Partial pressure
• Flow rate
• Relative humidity
• Temperature

• CO2 concentration
• Organics/Inorganic
• Particulate matter contents
• Other air pollutants (e.g., SO2)
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efficient carbonation [12]. Similarly, Eloneva et al. [13] suggested that a particle
size preferably of 100 lm, or no more than 500 lm, should be optimal, based on
the kinetics studies of calcium leaching.

7.1.2.2 Reaction Temperature

Reaction temperature is an important operating factor in the carbonation reaction.
Temperature exhibits a significant effect on dissolution and carbonation perfor-
mance, especially during the first 3 h of the dissolution reaction [11]. Each car-
bonation reaction mechanism exhibits a different sensitivity to the reaction
temperature.

• Leaching of metal oxide from solid matrix: The dissolution kinetics of the
calcium species could be enhanced by increasing the temperature.

• CO2 dissolution into solution: The amounts of CO2 dissolution into the solution
decreased at higher temperature, which is detrimental to the carbonation
reaction.

• Carbonate precipitate nucleation: The nucleation and growth of CaCO3 are
retarded at higher temperatures due to the decreased solubility of CO2. On the
other hand, the carbonation rate significantly increased with increasing reaction
temperature.

Typically, a reaction temperature higher than 80 °C is unfavorable for the
process design of direct carbonation [14], and 60 °C should be high enough for
efficient dissolution and carbonation [15, 16].

7.1.2.3 Liquid-to-Solid (L/S) Ratio

Liquid-to-solid (L/S) ratio determines the leaching capacity of Ca ion (and other
ions) from the solid wastes to the solution. In general, an incomplete hydration of
calcium-bearing compounds from solid wastes is always observed. For example,
the measured leaching concentration of calcium was about 700−900 ppm, equiv-
alent to a fraction of calcium leaching from the steel slag of 0.5−4.0% [17]. If the
solubility of pure CaO (i.e., lime) at 20 °C was assumed to be 1.25 g/L [18], the
theoretical concentration of calcium ions in water should be 892.9 mg/L. This
indicates that the content of lime might be essentially controlling the solubility of
CaO-related species in steel slag. In other words, the calcium leaching should be a
solubility-controlled step, as a result of equilibrium with specified mineral phases,
thereby resulting in an almost constant concentration in solution irrespective of the
L/S ratio [17].

For municipal solid waste incineration fly ashes, Li et al. [19] found that the
optimum L/S ratio for accelerated carbonation was 0.3 by weight of ash at ambient
temperature. Similarly, the optimum L/S ratio was 0.2–0.3 for air pollution control
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residues and 0.3–0.4 for bottom ash residues [20]. For iron and steel slags, Chang
et al. [21, 22] suggested that the optimum L/S ratio for carbonation of steelmaking
slag is 10–20 (mL g−1).

7.1.2.4 Solution Compositions (CO2 Concentration and pH)

The performance of carbonation is highly related to the compositions of the solu-
tion. From the CO2 concentration point of view, the reaction time should be
inversely proportional to the CO2 content of the ingoing gas flow; the lower the gas
CO2 content is, the longer the duration of the carbonation is. However, the CO2

content of the incoming gas did not seem to have a significant effect on the degree
of CaCO3 precipitation.

The pH value of solution is another important factor related to the rate of calcium
leaching, the rate of CO2 dissolution, and the rate of CaCO3 nucleation. The pH
decreases continuously as carbonation proceeds due to CO2 dissolution into solu-
tion. There is no change in pH after the carbonation is completed. On the other
hand, it has been reported that sodium and potassium ions should cause pH fluc-
tuations and also affect the carbonation rate [23]. It is noted that the dissolution of
calcium components in solid wastes is favored at the low pH and high temperature,
which is, however, not favored for the precipitation of CaCO3. It also affects the
specific species that can be precipitated during the carbonation [24, 25]. It suggests
that the optimum pH for aqueous carbonation is around 10, while the dissolution of
steel slag occurs under low pH conditions [26].

7.2 Reaction Kinetics

According to the mechanism of carbonation reaction as mentioned before, the
overall reaction kinetics for the accelerated carbonation can be divided into three
parts: (1) metal ion leaching from solid matrix; (2) CO2 dissolution into solution;
and (3) carbonate precipitation. Several theoretical kinetic models regarding the
above three parts are illustrated as follows.

7.2.1 Metal Ion Leaching from Solid Matrix

The release of metal ions to the water solution, so-called leaching, depends on their
solution speciation and their affinity to bind to reactive surface in the solid matrix
and pore water. To evaluate the leaching performance of a certain process, “mass
conservation model” could provide valuable insights into the speciation of metal
ions in the solution phase. Moreover, evaluation of the pH dependence of leaching
for various metal ions is a good approach to assessing the solid wastes, both for
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research purposes as well as in the context of the development of regulation and
standard operation procedure for leaching tests [27].

7.2.1.1 Mass Conservation Model

The leaching concentrations of various metal ions are generally observed to
increase rapidly in the beginning, and then gradually approach a maximum con-
centration. Therefore, the leaching kinetics of various metal ions (i) from the solid
matrix can be evaluated by the mass loss-based method, as shown in Eq. (7.2):

ri ¼ dCi

dt
¼ ki½Cmax;i � Ci�ni ð7:2Þ

where ri is the leaching rate of various metal ions, ki is the rate constant of leaching,
Cmax,i (mg/L) is the maximum leaching concentration for various metal ions in
solution, Ci (mg/L) is the leaching concentration of various metal ions, where the
background concentration of metal ions originally in the solution was subtracted,
and ni is the order of leaching reaction of various metal ions. Equation (7.3) can be
integrated as follows:

Ci ¼ Cmax;i 1� e�kit
� �

; for n ¼ 1 ð7:3aÞ

Ci ¼ Cmax;i � ½C1�n
max;i � 1� nð Þkit�1=ð1�nÞ; for n 6¼ 1 ð7:3bÞ

In general, both the values of Cmax and k are observed to increase as the particle size
of solid waste decreased. In the case of steel slag, the leaching behavior of Ca, Na,
K, and Fe ions was found to be more sensitive to the concentration driving force
than that of others because the obtained n values were greater than one.

7.2.1.2 Leaching Kinetics for Alkaline Solid Wastes

Calcium (Ca), sodium (Na), and potassium (K) metal ions are found to be the major
ions leaching out from in the case of steel slag [10]. Steel slag normally contained a
great amount of reactive Ca-bearing phases including lime (CaO), portlandite (Ca
(OH)2), and larnite (Ca2SiO4). This might account for most of the calcium leaching
concentration from the steel slag.

On the other hand, both Pb and Zn are considered minor elements that might not
affect the carbonation reaction. Similarly, Fe, Al, and Mg are considered slightly
released cations because the measured concentrations in the solution typically
remain low over the leaching time (*90 min). It might be attributed to the low
mobility of Mg–Fe–Al–Si oxides, where Mg and Al are commonly associated with
Fe-bearing phases in steel slag. In most curriculums, Mg release was found to be
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quite low compared to Ca release, which implies that the formation of MgCO3

should be negligible [10, 16].
Also, the releases of Ni and Cr ions are quite low, and the concentration of Ni

and Cr remained almost constant. For example, in the case of steel slag, the con-
centration of Ni and Cr was approximately 7.1–10.4 and 2.0–3.3 mg/L, respec-
tively, during the entire leaching time of 90 min [10]. According to De Windt et al.
[28], the maximum Cr leaching concentration in deionized (DI) water was about
0.015 ppm at a liquid-to-solid (L/S) ratio of 10.

7.2.1.3 Factors Affecting Leaching Kinetics

The rate and extent of calcium leaching are inversely related to particle size and pH,
and increased with increasing temperature, pressure, and surface area [28, 29]. The
effects of increased reaction temperature from 25 to 50 °C provided a 70%
improvement on the dissolution of the primary phase [30]. However, a higher
reaction temperature would reduce the dissolution of CO2 in water, which is dis-
advantageous to calcite precipitation [21, 31].

Other factors may hinder the leaching of metal ions, thereby leading to a low-
ering of mass-transfer rate:

• Lack of porosity in solid wastes
• Formation of protective layer on the surface of particles
• Over saturation of metal ions in the solution
• Insufficient stirring and mixing between solid and liquid phases
• Severe agglomeration of (fine) particles in the solution

The leaching of Ca2+ ions should result in a withdrawing Ca–silicate core sur-
rounded by a Ca-depleted SiO2 phase [32, 33]. This SiO2 rim apparently hindered
the diffusion of Ca2+ ions from the interior of the particle, resulting in a declining
reaction rate. Hence, Ca2+ ions’ leaching rate, probably determined by diffusion
through the Ca-depleted silicate rim, rather than by the boundary layer at the solid–
liquid interface, seems to be the main rate-limiting step in aqueous carbonation.

7.2.2 CO2 Dissolution into Solution

The kinetics of dissolution of CO2 and dehydration of H2CO3 has been studied
intensively [23, 34]. These two reactions should occur simultaneously, as shown in
Eq. (7.4):

ð7:4Þ
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The rate expression of the dissolution–dehydration reaction is:

� d½CO2�
dt

¼ k1 þ k2ð Þ CO2½ � � k�1 H2CO3½ � � k�2 HCO�
3

� �
Hþ½ � ð7:5Þ

By substituting Eq. (7.4) into Eq. (7.5), we obtain

� d½CO2�
dt

¼ k1 þ k2ð Þ CO2½ � � k�1 þ k�2Ka1ð Þ H2CO3½ �
¼ kCO2 CO2½ � � kH2CO3 H2CO3½ �

ð7:6Þ

where the overall rate constants in Eq. (7.5) were simplified to be kCO2 and kH2CO3 .
The values of kCO2 and kH2CO3 at 25 °C were 0.032 and 26.6 s−1, respectively [35].
However, at higher pH (e.g., pH higher than 9), an alternative reaction pathway
would be expressed as

CO2 þOH� $k4 HCO�
3 ð7:7Þ

where k4 (i.e., 8500 M−1 s−1 at 25 °C) and k−4 (i.e., 0.0002 s−1 at 25 °C) are the
rate constants [36].

7.2.3 Carbonate Precipitation

Carbonation reaction is regulated by solution equilibrium, and the reaction of
calcium ions combining with carbonate ions is very fast. Several models, such as
simplified first-order model, saturation state model, and heterogeneous dissolution–
precipitation model, have been extensively applied for determining the kinetic
parameters of carbonation reaction.

7.2.3.1 Simplified First-Order Model

It is suggested that the accelerated carbonation is a first-order reaction, with respect
to the concentrations of Ca2+ and CO3

2− [23]. In other words, the precipitation rate
is related to the CO2�

3 concentration in the liquid phase, but not to the concentration
of other species containing carbonate. Therefore, the rate of carbonation can be
described by the following Eq. (7.8):

QCO2 ¼
dðCCaCO3Þ

dt
¼ � dðCO2�

3 Þ
dt

¼ k Ca2þ
� �

CO2�
3

� � ð7:8Þ
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where CCaCO3 is the concentration of calcium carbonate (mole L−1), and k is the
reaction rate constant (mol−1 s−1). The rate constant (k) is dependent on the reaction
temperature according to Arrhenius’s law. The Boltzmann distribution law can also
be applied to determine the ratio of the molecule having a kinetic energy above the
activation energy of the chemical reaction. The k value reported by Ishida and
Maekawa [23] was 2.08 (L mol−1 s−1) at 25 °C from several sensitivity analyses.

7.2.3.2 Saturation State Model

The kinetic rate laws for weathering of rock-forming minerals can be in principle
applied to the leaching of solid wastes, since these materials consist of
well-crystallized solid phases. A simple kinetic formulation without any pH
dependency can be used for the dissolution of a primary mineral phase (Mi) [28]:

ri ¼ d½Mi�
dt

¼ kiAi
Qi

K�1
i

� 1
� �

ð7:9Þ

where the ki is the intrinsic rate constant far from equilibrium; Ai is the mineral
surface area; Qi stands for the ion activity product; and Ki is the thermodynamic
formation constant. It is noted that the term (Qi=K�1

i � 1) is the saturation state. At
equilibrium, this term becomes zero, and likewise so does the kinetic rate [28].

7.2.3.3 Heterogeneous Dissolution–Precipitation Model

Reaction with CO2 will lower the pH of slurry; therefore, the minerals will keep
dissolving in the course of the carbonation. In other words, as the calcium ions are
converted to CaCO3 precipitates, more calcium hydroxide dissolves to equalize the
concentration of metal ions. This reveals that precipitation kinetics is not equal to
dissolution kinetics. Assuming the heterogeneous dissolution–precipitation reac-
tions occur at the surface of a carbonate, the governing equation of carbonation rate
can be expressed as follows [37]:

rate ¼ k0 � As � exp � Ea

RT

� �
� anHHþ �

Y
i

anii � gðIÞ � f ðAÞ ð7:10Þ

where k0 is the rate constant; As is the reactive surface are of the mineral; Ea is the
activate energy; T is the activation energy (K); the term aH+

nH is the pH dependence
of the rate of the dissolution–precipitation reaction; the term

Q
i a

ni
i comprises

possible catalytic or inhibitory effects linked to other solution; and the terms g
(I) and f(A) account for the dependence of the rate on the ionic strength I of the
solution, and the ionic strength I of the aqueous solution, respectively. The a is the
fractional conversion, which can be expressed by
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da
dt

¼ A� exp � EA

RT

� �
� f ðaÞ ð7:11Þ

gðaÞ ¼
Z

da
f ðaÞ ¼

Z
A� exp � EA

RT

� �
dt ð7:12Þ

f ðaÞ ¼ �1
lnð1� aÞ ð7:13Þ

Although the Ca2+ ion dissolution kinetics can be improved with the increase in
temperature, carbonation precipitation is retarded at higher temperatures due to
reduced CO2 solubility [31, 38]. In some circumstance using steel slag under
ambient conditions, limited MgCO3 formation from carbonation is expected due to
the relatively low magnesium oxide content in the slag, low pressure of CO2, and
short reaction times. Via aqueous carbonation, typical process conditions for the
formation of magnesium carbonation are a pressure of CO2 (pCO2) higher than
100 bar for hours [39]. However, MgCO3 formation can be observed when natural
ores (e.g., serpentine and olivine) are used for carbonation [40, 41], as discussed in
Chap. 10.

7.3 Classical Heterogeneous Kinetic Models

Several classical (theoretical) models, such as random pore model [42], overlapping
grain model [43], shrinking core model [11, 16], and surface coverage model [44],
are available for simulating the performance of accelerated carbonation using a
CaO-based material. For the sake of simplicity, different assumptions should be
made by each model to avoid complicated calculations.

7.3.1 Shrinking Core Model

Shrinking core model (SCM), developed by Sohn and Szekely [45], has been
applied for kinetic analysis of heterogeneous reactions, such as the carbonation
reactions of solid particles [11, 22], because of its conceptual and mathematical
simplicity. A primary assumption under the SCM is that the reaction occurs first at
the outer layer of the particle and then proceeds into the inside of the particle,
leaving behind the completely reacted product and the reactive-species-depleted
rims referred to as the “ash” and/or “product” layer [11, 22, 46]. Therefore, at any
time, an unreacted core of material exists, which shrinks in size during the reaction.
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7.3.1.1 Classic Governing Equations

Experimental data can be utilized to determine the kinetics and rate-determining
step of a reaction based on the SCM. In the SCM, the governing equations of
possible rate-determining steps, as shown in Fig. 7.2, include the following:

• Chemical reaction at the unreacted core surface (C-mechanism)
• Ash-layer diffusion (A-mechanism)
• Fluid-film diffusion (F-mechanism)

Let us consider a fluid–solid reaction of the following general expression:

CO2ðfluidÞ þ bCaOðsolidÞ ! CaCO3ðsÞ ð7:14Þ

where b (–) is stoichiometric coefficient of a fluid–solid reaction, which can be
assigned a value of one for carbonation reaction.

The overall radius of the solid particle (R) is assumed to remain constant, which
is a primary assumption of SCM. Therefore, the time required for complete con-
version of particle to product (i.e., carbonation conversion dCaO ¼ 100%) for the
mechanisms of chemical reaction, ash-layer diffusion, and film diffusion (i.e., sC,
sA, and sF, respectively) can be obtained via various governing equation, as follows:

1. Chemical reaction at the un-reacted core surface (C-mechanism)

When the chemical reaction between reactants is the rate-limiting step, Eq. (7.15)
shows the relationship between the carbonation conversion of alkaline solid waste
(dCaO) and reaction time (t, sec):

Gas/Liquid interface Liquid/Solid interface

Gas film coeff .:
kg [mol/Pa*m2*s]

Liquid film coeff .:
kl [m3l/m2*s]

Film coeff.:
kc [m3l/m2cat*s]

Main body 
of gas (CO2)

Main body 
of liquid

Solid Wastes

Effec ve diffusion coeff .:
DAe [m3l/m2cat*s]PCO2

CCO2,l

CCO2,s

Un-reacted Core Surface 

(1) Film Control (F-mechanism)

(2) Diffusion Control 
(A-mechanism)

(3) Reac on Control 
(C-mechanism)

Ca2+
,l

Ca2+
,s

PCO2,i

CCO2,i

Fig. 7.2 Diagram of phase transition among gas, liquid, and solid phases for shrinking core model

7.3 Classical Heterogeneous Kinetic Models 137



t ¼ sC � 1� 1� dCaOð Þ1=3
h i

ð7:15Þ

where s (s) is the time for complete conversion of a reactant particle to product.
For the C-mechanism, the relationship of sC and the rate constant for the surface

reaction (k″, s−1) is shown as Eq. (7.16):

sC ¼ qBR
bk00CAg

ð7:16Þ

where k″ is the first-order rate constant for the surface reaction, the term R (cm) is
the radius of the particles, qB (mol cm−3) is the molar density of particle, CAg

(mol cm−3) is the concentration of CO2 in the solution.

2. Ash-layer diffusion (A-mechanism)

When the diffusion of carbonate ions (i.e., reactant) through the ash layer is the
rate-limiting step, the relationship between the carbonation conversion and reaction
time can be illustrated by Eq. (7.17):

t ¼ sA � 1� 3 1� dCaOð Þ2=3 þ 2 1� dCaOð Þ
h i

ð7:17Þ

For the A-mechanism, the relationship of sA and the effective diffusivity of the
reactant through the ash layer (De, cm

2 s−1) is shown as Eq. (7.18):

sA ¼ qBR
2

6bDeCAg
ð7:18Þ

3. Fluid-film diffusion (F-mechanism)

When the mass transfer of the reactants through the boundary layer at the liquid–
solid interface is the rate-limiting step, Eq. (7.19) shows the relationship between
the conversion and reaction time:

t ¼ sF � dCaO ð7:19Þ

For the F-mechanism, the relationship of sF and the mass transfer coefficient (ke,
mol m−2 Pa−1 s−1) is shown as Eq. (7.20):

sF ¼ qBR
3bkeCAg

ð7:20Þ
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7.3.1.2 Modified SCM for Considering Particle Size Changes
with Reaction

Due to its conceptual and mathematical simplicity, classical SCM has been used to
determine the rate-limiting step in a heterogeneous reaction. However, in the SCM,
there is an inherent assumption that complete carbonation conversion of solid
particle should be eventually reached. From the experimental data in the literature,
the full carbonation conversion of particles will never occur, regardless of time
allowed. This implies that other factors, such as mineralogy of particles, particle
size changes, and pore blockage, should be considered in addition to the diffusion
limit of reactants into the particles [17]. The mineralogical compositions of particles
are complex [12], where some of mineral phases do not react during carbonation. In
actuality, the thickness of the ash layer would change with the reaction, which
might affect the diffusivity of the gaseous reactant in the ash layer. To include the
effect of particle size distribution on classical SCM, both “Z factor” and a “k factor”
[47] could be introduced to describe the relationship between the modified particle
conversion (dCaO) and reaction time (t).

1. Z factor

Sohn (2004) [48] included a Z factor and modified the governing equation for pore
diffusion control in SCM, as shown in Eq. (7.21), in the case where the volume of
the solid product is different from that of the solid reactant, i.e., R changes with
conversion:

t ¼ sA � Z � Z � Z � 1ð Þð1� dCaOÞð Þ2=3
ðZ � 1Þ=3 � 3ð1� dCaOÞ2=3

" #
ð7:21Þ

where Z is the volume of product solid formed from a unit volume of reactant solid
(both volumes include those of pores), and the term r is the particle size. If Z is
assigned a value of one (i.e., the overall volume of the solid product is the same as
that of the solid reactant), Eq. (7.21) can be simplified to Eq. (7.17) for Z = 1 by
applying L′ Hospital’s rule.

2. k factor

A “k factor” [47] can be introduced to modify the carbonation conversion of solid
particle with the changes in particle size with reaction, as shown in Eq. (7.22):

dCaO ¼ 1�
Zr0;max

t
�kð Þ 1

g�D

t
k þ rg�D
� � g

g�D

rg
f rð Þdr ð7:22Þ

where D is the fractal dimension of the particle external surface (i.e., D 2 [2, 3]),
and η is a function of fractal dimension.
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If the particle size remained unchanged in the course of reaction, then these
modified models should be identical to the traditional SCM. Based on the SEM
images, the size of precipitated calcium carbonate on the surface of the steel slag
was found to range from 1 to 3 lm, which was significantly smaller than the steel
slag [16]. In addition, in reality, the diffusion coefficient of CO2 in the solution
should be time-dependent, since the diffusion rate is a function of concentration
gradient. The buffering capacity of the slurry will change with the different L/S
ratios and reaction times, thereby resulting in different reactant concentrations (CAg)
in solution because the CAg also changes as a function of pH [17].

7.3.1.3 Mechanisms and Diffusivity

To scale up and optimize the process, the key parameters for reactor design, such as
mass-transfer coefficient and diffusivity of the reactant, can be obtained by the
SCM. Information on the kinetic model of carbonation for determining the
fluid-film diffusion-controlled and chemical-reaction-controlled conversions is
provided in the previous sections. Lekakh et al. [11] evaluated the calcium leaching
data of steelmaking slag to determine the rate-limiting step based on shrinking core
model and found that during the initial stage (to 30% conversion), the rate-limiting
step was chemical reaction controlled, and the later stage was controlled by dif-
fusion. Similar observations were also found in other research that the dissolution
step was generally assumed to be the rate-limiting step with respect to the overall
carbonation reaction [32, 49].

Compared to the natural weathering process, aqueous carbonation is a rapid
reaction because of rapid leaching of calcium ions from the particle surface of solid
wastes [12]. For steel slag, it is suggested that the carbonation in a slurry reactor
should be controlled by ash diffusion, which is verified through the SEM images of
the steelmaking slag surface structure taken during the carbonation [6, 17]. The
carbonation reaction would lead the reacted solid with a lower porosity, tortuosity,
and pore area due to the formation of calcite. Since the reaction product CaCO3

coated the particle surface, the pores of carbonated particles were blocked by the
products. In addition, the calcite precipitate was formed as a protective layer around
the reacting particles. Therefore, the diffusion paths were also blocked, resulting in
a dynamic equilibrium. This indicates the rationale for applying the SCM for
carbonation of alkaline solid wastes.

The carbonation reaction of alkaline solid wastes should be ash-diffusion con-
trolled. The diffusivity (De) of reactant is also quite different among the feedstock,
types of reactors, and operating conditions. For instance,

• Steelmaking slag with deionized water in a slurry reactor: from 2.88 � 10−7 to
7.28 � 10−7 cm2 s−1 [22].

• Steelmaking slag with deionized water in high-gravity carbonation: from
5.47 � 10−7 to 1.49 � 10−6 cm2 s−1 [16].
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• Steelmaking slag with deionized water in a slurry reactor: from 2.33 � 10−8

to 4.67 � 10−7 cm2 s−1 at temperatures of 30−70 °C [17].
• Bottom ash with cold-rolling wastewater in a slurry reactor: from 1.00 � 10−6

to 2.90 � 10−5 cm2 s−1 [50].

It was noted that the effective diffusivities measured in a slurry reactor and in a
rotating packed bed exhibited the same magnitude of 10−6 cm2 s−1 [16]. Several
examples for the effect of various operating factors on diffusivity are provided, as
shown in Fig. 7.3. The De value increases as the reaction temperature increases.

7.3.2 Surface Coverage Model

The surface coverage model was originally developed by considering the carbon-
ation and desulfurization of hydrated lime at low temperatures by Shih et al. [51].
Their previous studies demonstrated that the surface coverage model was the most
suitable model to describe the reaction between Ca(OH)2 and SO2 or CO2. Those
reaction behaviors are similar to the carbonation of steelmaking slag. Therefore, a
surface coverage model could be utilized to determine the kinetics of the carbon-
ation reaction. Figure 7.4 illustrates the mechanism of accelerated carbonation
reaction of alkaline solid wastes, expressed by the surface coverage model.

It is noted that the kinetics of the carbonation reaction of alkaline solid wastes
and the reaction rate constant could be described and estimated, respectively, by the
surface coverage model [21, 44, 46]. The inherent assumptions of the surface
coverage model include the following:

Rota ng Speed (rpm)
400 600 800 1000 1200 1400

Di
ffu

si
vi

ty
x 

10
-7

(c
m

2 /s
)

4

6

8

10

12

14

16

45 oC

25 oC

65 oC

Reac on Temperature (oC)
30 40 50 60 70

D
iff

us
iv

ity
 x

 1
0-6

 (c
m

2 /s
)

0

2

4

6

8

10

12

L/S = 10

L/S = 20

L/S = 5

Slurry reactor High-Gravity Carbonation

Fig. 7.3 Variation in effective diffusivity with (left) reaction temperature in a slurry reactor
(PCO2 = 1 bar; CO2 flow rate = 0.1 L min−1) and (right) rotating speed in high-gravity
carbonation (PCO2 = 1 bar; slurry flow rate = 1.2 L min−1; Dp * 62 µm; L/S = 20 mL g−1)

7.3 Classical Heterogeneous Kinetic Models 141



• Reaction occurs only at un-reacted surface sites without being covered by the
reaction product.

• The reaction product is deposited on the surface of the solid reactant.
• The fraction of the active surface sites (u) that is still not covered by the reaction

product changes with reaction times depending on the reaction rate.
• The solid reactant will reach a maximum conversion of reaction (dmax).

In the surface coverage model, the rate of carbonation conversion (dCaO) can be
expressed by Eq. (7.23) [20, 22]:

ddCaO
dt

¼ SgM � rs ¼ SgM � ksU ð7:23Þ

where Sg (m2/g) is the initial specific surface area of alkaline solid wastes;
M (g/mole) is the weight of alkaline solid wastes per mole of the reactive species
(i.e., CaO); rs (mole/min/m2) is the carbonation reaction rate per initial surface area
of alkaline solid wastes; and ks (mole/min/m2) is the overall rate constant. The
fraction of the active surface sites (U) that changes with reaction times can be
expressed by Eq. (7.24):

� dU
dt

¼ kpU
n�1 � rs ¼ kp � ksUn ð7:24Þ

where kp (m2/mole) is a proportional constant reflecting the fraction of the active
surface that is not covered by the reaction product. The principles and operating
details of thermal analysis can be found in Chap. 6. Since calcium-bearing phases
were assumed to be the major components participating in the carbonation reaction,
the carbonation conversion (dCaO) of alkaline solid wastes was calculated with a
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TGA by measuring the weight loss caused by the thermal decomposition of CaCO3

in alkaline solid wastes.
Moreover, the above kinetic rate constants can be simplified by assuming k1

(min−1) and k2 (dimensionless), as shown in Eqs. (7.25) and (7.26), respectively:

k1 ¼ ksSgM ð7:25Þ

k2 ¼ kp=ðSgMÞ ð7:26Þ

For the carbonation of hydrated lime, the standard deviations for n = 1.0, 1.7,
and 2.0 were found to be 0.015, 0.012, and 0.013, respectively, where n = 1.7 is the
best fitting value [24]. Since these standard deviation values were within the range
of experimental error [24], it was difficult to determine the most appropriate rate
expression (n value). Consequently, it suggests that the n value in Eq. (7.24) could
be assigned to be one for simplicity. In other words, the integration of Eq. (7.23)
can be used to describe the relationship between the carbonation conversion and
reaction time, in terms of k1 and k2, by Eq. (7.27):

dCaO ¼ ½1� exp �k1k2tð Þ�=k2; for n ¼ 1 ð7:27Þ

The two terms, k1 and k2, in Eq. (7.27) can be obtained accordingly by least
squares fitting to the experimental data of carbonation conversion and reaction time.
Based on the surface coverage model, it is noted that the carbonation conversion of
alkaline solid wastes would reach a maximum value under a specific condition. If
the reaction time extends to the saturation time, the exponential term (i.e., exp
(−k1k2t)) in Eq. (7.27) would approach to zero. The carbonation conversion of
alkaline solid wastes can be then expressed as a constant value of the reciprocal of
k2. Therefore, Eq. (7.27) can be expressed, in terms of maximum carbonation
conversion for alkaline solid wastes (dmax), as Eq. (7.28):

dCaO ¼ dmax 1� exp �kSkpt
� �� � ð7:28Þ

It is noted that the overall rate constant (ks) is related to the following factors:

• The rate of gaseous CO2 dissolution into solution
• The rate of calcium ions leaching from the solid matrix into solution,
• The rate of calcium carbonate precipitation

The CaCO3 product deposited on the surface of reactant particle would hinder
further leaching of the calcium species in the solid matrix into the solution.
A higher ks might result in a greater amount of product formation on the surface of
alkaline solid wastes at the beginning of the reaction, which would decrease the
dissolution rate of unreacted calcium species from the inside alkaline solid wastes
into solution afterward [44].

On the other hand, the active surface site of alkaline solid wastes would be
gradually covered by the carbonated product during the reaction. Once the product
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layer formed around the surface of alkaline solid wastes, the diffusion of reactants
through the product layer would be the rate-limiting step for carbonation, hindering
the alkaline solid wastes from further carbonation, thereby reaching a maximum
carbonation conversion. In the course of carbonation, the surface structure of
reacted alkaline solid wastes was found to change, where the small CaCO3 particles
were formed on the surface of alkaline solid wastes. Therefore, the carbonation
reaction of alkaline solid wastes took place at the surface of alkaline solid wastes
and formed a protective layer around the reacting particles. The rate of product
deposition on the surface of the alkaline solid wastes (ks � kp) was found to be
higher at lower temperature [44]. This implies that carbonation would reach steady
state much faster at lower temperatures than at higher temperatures. The leaching of
calcium ions from alkaline solid wastes into solution can be accelerated as the
reaction temperature increased. However, at higher temperatures, the precipitation
of calcium carbonate was retarded due to the decrease in CO2 solubility.

Table 7.2 compares the kinetic parameters of carbonation reaction for iron and
steel slags via different processes, including high-gravity carbonation, slurry reac-
tor, and autoclave reactor, by the surface coverage model.

The carbonation reaction rate per initial surface area (kS) in different reactors is
summarized as follows:

• Autoclave reactor: 0.8–2.6 mmol/min/m2

• Slurry reactor: 0.3–0.5 mmol/min/m2

• High-gravity carbonation process: 0.2–0.3 mmol/min/m2

This might be attributed to the higher operating pressure of CO2 (1400 psig) and
reaction temperature (160 °C) performed in the autoclave reactor. However,
operations with high pressure and temperature maintained in an autoclave reactor
over a long period will require more energy and generate extra CO2 emissions,
which is not beneficial to the CO2 capture process. In addition, in the slurry reactor,
carbonation with alkaline wastewater (i.e., CRW) exhibited higher ks values (i.e.,
0.7 mmol/min/m2) than that using effluent water (i.e., 0.3 mmol/min/m2) and DI
water (i.e., 0.5 mmol/min/m2). It is evident that the carbonation conversion in the
wastewater/solid residues system could be higher than that in the pure water/solid
residues system [34, 35]. On the other hand, regardless the initial surface area of
particles, the overall rate constant (k1) for DW in different reactors is summarized as
follows:

• High-gravity carbonation process: 0.299 min−1

• Slurry reactor: 0.227 min−1

• Autoclave reactor: 0.033 min−1

It was noted that carbonation of steel slag in the high-gravity carbonation pro-
cess exhibits superior performance for CO2 capture due to the highest carbonation
conversion of solid waste with the greatest reaction kinetics and a lower reaction
time. Generally, the carbonation conversion (dCaO) of steel slag in the high-gravity
carbonation process was found to be greater than that in the other two cases, i.e., the
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autoclave reactor and the slurry reactor. It suggests that the carbonation of steel slag
should be integrated with co-utilizing alkaline wastewater (i.e., CRW) in the
high-gravity carbonation process.

Similarly, the kp values for high-gravity carbonation is greater than that for slurry
reactor and autoclave reactor, as follows:

• High-gravity carbonation process: 1164–1183 m2/mol
• Slurry reactor: 567–634 m2/mol
• Autoclave reactor: 21–108 m2/mol

This indicates that the reaction product covers the surface of solid wastes more
uniformly in the cases of the high-gravity carbonation and the slurry reactor,
whereas the product builds up more cluster-like and covers less of the surface of
steel slag in the autoclave reactor. In all cases, the fresh steelmaking slag possesses
a smooth surface before carbonation but then exhibits characteristics such as
rhombohedral, cubic, or needle-like CaCO3 crystals on the surface of reacted slags
after carbonation [44].

7.4 Mass Transfer Models

Since the accelerated carbonation has been regarded as a diffusion-controlled
reaction (i.e., mass transfer limited) [5, 11, 15], mass transfer among phases is a key
to effective carbonation for CO2 capture. The mass transfer model for the car-
bonation process can be developed based on several classical models, e.g., two-film
theory.

7.4.1 General Concepts and Key Parameters

Mass transfer involves the movement of an element or molecular (mass) from one
phase into another phase. It occurs in many processes; for example, dissolution of
gaseous CO2 in solution is the mass transfer phenomena. In classical, the mass
transfer rate of a component mass can be described by two-film theory, where the
rate of mass transfer is proportional to a mass transfer coefficient. The important
mass transfer characteristics, especially for CO2 absorption and/or dissolution,
include overall gas-phase mass transfer coefficient (KGa) and height of a transfer
unit (HTU).

The solid–liquid mass transfer coefficient can be occasionally correlated as itself,
where such correlations are specific to the system under consideration and are not
generally applicable [52]. The Sherwood number (Sh) and the Colburn Jd factor
relate the physical properties of the system to the mass transfer coefficient and are
more often used. To determine the gas-phase mass transfer coefficient in a
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heterogeneous system (containing gas, liquid, and solid phases), several assump-
tions can be made:

• The effect of an inclined gas–liquid interface is neglected.
• The concentration of the liquid at the particle surface is equal to the saturation

concentration of the solution (the mass transfer between the liquid and the solid
is neglected).

• The changes in size and surface area of solid particles are neglected.
• The solid distribution throughout the bed is uniform.
• The Grashof (Gr) number is determined by the mean radius of the packed bed.

As described in the two-film theory, the KGa (s−1) in a packed bed can be
determined by Eq. (7.29):

1
KGae

¼ 1
kGae

þ H
IðkLaeÞ ð7:29Þ

where kG (m s−1) is gas-side mass transfer coefficient; ae (m2 m−3) is effective
surface area per unit volume of packed bed (gas–liquid interfacial); I (–) is the
enhancement factor; and H is the Henry’s law constant, expressed as the ratio of the
partial pressure in the gas phase to the mass concentration in the liquid phase.

On the other hand, the relationship between mass transfer coefficient and dif-
fusivity can be expressed as Eq. (7.30):

kCO2 ¼
DCO2

d
ð7:30Þ

where DCO2 (m
2/s) is the diffusivity; d is the film thickness (m); and kCO2 is the mass

transfer coefficient (m/s). Table 7.3 presents several key thermodynamic state
variables of CO2 and water for model development. More thermodynamic state
parameters for CO2 and water can be also referred to Chap. 3.

The diffusivity of CO2 in water (m2/s) can be estimated by various methods,
such as Eq. (7.31) [53] or Eq. (7.32) [54]:

DCO2 H2O ¼ 2:35� 10�6 � exp �2119=Tð Þ ð7:31Þ

DCO2 H2O ¼ 1:81� 10�6 � exp �16900=RTð Þ ð7:32Þ

7.4.2 Incorporation with Reaction Kinetics

Direct carbonation is a heterogeneous reaction, i.e., containing the gas, liquid, and
solid phases. It consists of mass transfer and chemical reaction. Therefore, a kinetic
model can be developed for determining the reaction rate constant of carbonation
(kc) under different experimental conditions based on the shell mass balance.
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The gas phase can be characterized by convection behaviors between the gas inlet
and outlet, indicating that the mass transfer phenomenon of CO2 between the gas
and liquid was significant. In addition, the chemical reaction between total inor-
ganic carbon (TIC) concentration in the liquid and the calcium species from the
solid should be considered. The following assumptions could be made to simplify
the mathematical model:

• The reaction remains at a temperature of 30 °C, where calcium carbonate
(CaCO3) is the major product.

• The mass transfer between the liquid and the solid is neglected.
• Total inorganic carbon concentration in liquid phase (CTIC) is a constant.
• The carbonation conversion (dCa) in solid phase is a function of reaction time.

Thus, the apparent kinetic model of direct carbonation can be described by the
mass balance over a thin shell of gas fluid with the reactor. The CO2 concentration
in exhaust gas (CCO2 ; dimensionless) is expressed in Eq. (7.33):

qgVg
dCCO2

dt
¼ qgðQg;iCCO2;i � Qg;oCCO2Þ � kLapVl PCO2HCO2 � CTICð Þ ð7:33Þ

where qg (mole cm−3) is the CO2 gas density at the operating condition; Vg (cm
3)

and Vl (cm
3) are the volumes of gas and liquid; t (s) is the reaction time; kL (cm s−1)

is the liquid-phase mass transfer coefficient; ap (cm2 cm−3) is the specific surface
area of packing materials; HCO2 (mole cm−3 atm−1) is the Henry’s constant of CO2

in water; and CTIC (mole cm−3) is TIC concentration in the liquid phase. The
consumption rate of TIC in the liquid phase can be expressed by Eq. (7.34):

Table 7.3 Key thermodynamic state variables of CO2 and water for mass transfer model
development at 1 atm and 30 °C

Abbreviation Properties Units Values

qG Density of gas (CO2) mole cm−3 4.02 � 10−5

kg/m3 1.778

qL Density of water kg/m3 995.7

lG Viscosity of gas (CO2) kg/m/s 1.53 � 10−5

centipoise (cp) 1.53 � 10−2

lb s/ft2 3.19 � 10−7

lL Dynamic viscosity of water kg/m/s 7.97 � 10−4

mG Kinematic viscosity of gas m2/s 8.53 � 10−6

mL Kinematic viscosity of liquid (water) m2/s 8.00 � 10−7

DG_air Diffusivity of CO2 gas in air m2/s 1.60 � 10−5

DG_water Diffusivity of CO2 gas in water m2/s 1.92 � 10−9

rL Surface tension of water kg/s2 7.12 � 10−2

rc Surface tension of packinga kg/s2 7.50 � 10−2

HCO2 Henry’s constant of CO2 in water mole/cm3/atm 2.98 � 10−5

aFor metal packing
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Vl
dCTIC

dt
¼ kLapVl PCO2HCO2 � CTICð Þþ kcCTICVlðCS � CS;0Þ ð7:34Þ

where kc (cm
3 mol−1 s−1) is the rate constant of the carbonation reaction; and Cs

(mol cm−3) is the CaO concentration of alkaline solid waste. It is assumed that the
reaction was at steady state because the TIC concentration remained relatively
unchanged during the carbonation. Therefore, Eq. (7.35) became:

kLapVl CTIC � PCO2HCO2ð Þ ¼ kcCTICVlðCS � CS;0Þ ð7:35Þ

Substituting Eq. (7.35) into Eq. (7.33), the following kinetic equation can be
obtained:

qgVg
dCCO2

dt
¼ qgðQg;iCCO2;i � Qg;oCCO2;oÞþ kcCTICVðCS � CS;0Þl ð7:36Þ

On the other hand, the rate of the solid concentration can be described by
Eq. (7.37):

Vs
dCs

dt
¼ kcCTICCsVl ð7:37Þ

It was assumed that Cs was a function of carbonation conversion and also
substituted the liquid volume (Vl) by solid volume (Vs), as expressed in Eqs. (7.38)
and (7.39), respectively.

Cs ¼ Cs0ð1� dCaOÞ ð7:38Þ

Vl ¼ qsVs
L
S

ð7:39Þ

where Cs0 is the initial solid concentration (mole cm−3). Thus, we can rearrange and
integrate Eq. (7.37) by substituting Eqs. (7.38) and (7.39) into it:

Z
ddCaO

1� dCaO
¼ qs

L
S
kcCTIC

Z
dt ð7:40Þ

or

dCaO ¼ 1� exp �qs
L
SkcCTICtð Þ ð7:41Þ

As a result, the developed kinetic model could be validated by fitting Eq. (7.41)
with the experimental data.Meanwhile, the reaction rate constant (kc) can be estimated
accordingly. According to the results in the literature [55], the rate constant for
reaction using wastewater (i.e., cold-rolling wastewater (CRW)) with a slag particle
size of less than 125 lm was the highest (216.9 cm3 mol−1 s−1). In addition, the

7.4 Mass Transfer Models 149



carbonation reaction in the high-gravity carbonation should be accelerated by using
wastewater (with a rate constant of 188–217 cm3 mol−1 s−1) instead ofDIwater (with
a rate constant of 160–195 cm3 mol−1 s−1).

In addition, the liquid-phase mass transfer coefficient (kL) can be determined
using Eq. (7.42) by substituting Eq. (7.41) into Eq. (7.35).

kcCTICCs0 1� exp �qs
L
SkcCTICtð Þ� 	

¼ kLap PCO2HCO2 � CTICð Þ ð7:42Þ

The experimental results of carbonation could be well predicted by the devel-
oped kinetic model. For example, the mass transfer coefficient (kLa) for reaction
using wastewater with a slag particle size of less than 125 lm was the highest (i.e.,
9.23�10−4 s−1) [55].

7.4.3 Modelling for Various Types of Reactors

7.4.3.1 Slurry Bubble Column (SBC)

Slurry bubble column (SBC) mass transfer correlations are often derived from
boundary layer theory where the Kolmogroff’s isotropic turbulence theory has been
applied [52]. The general correlations can be a variation of

Sh ¼ 2þ bScm½ed4p=v3�n ð7:43Þ

where e is the energy dissipation term and defined as Ugg. The term of m is often set
equal to 1/3 as predicted by boundary layer theory.

Research has conducted different kinetic models to determine the rate-limiting
step of mineral carbonation in a conventional bubble column [11, 22]. In fact,
liquid–solid mass transfer is important and considered as the rate limiting factor in
many cases of mineral carbonation [52, 56]. This might be due to the fact that
minerals in solid matrix dissolve partly, and the passive layers are gradually formed,
which increase resistance to mass transfer, and eventually lead to incomplete
conversion.

7.4.3.2 Rotating Packed Bed (RPB)

Rotating packed bed (RPB) has been intensively applied and studied in many fields
including gas absorption [57–59], stripping [60, 61], distillation [62], ozonation
[63], deaeration [61], and biofuel production [64]. An RPB reactor has been
introduced to improve the mass transfer rate among phases due to its high cen-
trifugal forces and great micro-mixing ability. It thus can enhance mass transfer
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between gas and liquid, and even between liquid and solid. The features of utilizing
the RPB reactor for process intensification include [1, 58, 62, 65, 66] the following:

• It can provide a mean acceleration of hundreds, and even thousands, of times
greater than the force of gravity.

• It can effectively lead to the formation of thin liquid films and micro- or
nano-droplets.

• The overall mass transfer coefficient in an RPB, especially the liquid-side mass
transfer coefficient, was greater than that in a packed column.

• The volumetric gas–liquid mass transfer coefficients are an order of magnitude
higher than those in a conventional packed bed.

• Dramatic reductions in equipment size over that required for equivalent mass
transfer in a gravity-flow-packed bed.

• If the tangential gas velocity in the rotor is nearly the same as that in the packing
zone, the gas-side mass transfer coefficient is believed to be in the same range as
that of the conventional packed columns.

1. Assumptions

Performance of the carbonation reaction using an RPB reactor (so-called
high-gravity carbonation) was found to be better than using an autoclave or
slurry reactor [10, 16, 67]. Over the past years, several theoretical models have been
developed for describing mass transfer phenomena of RPB for gas–liquid absorp-
tion [56, 68]. However, a few studies on gas–liquid–solid mass transfer for the
high-gravity carbonation of alkaline solid wastes have appeared in the literature.
This is attributed to the fact that sophisticated assumptions and complicated, partial
differential equation programming are usually required to determine the gas–liquid–
solid mass transfer.

The solid–liquid mass transfer coefficient is occasionally correlated as itself;
however, such correlations are specific to the system under consideration and are
not generally applicable [52]. Precipitation is usually a rapid reaction and the
mixing (especially micro-mixing) of the process is very important for particle size
distribution [69]. Therefore, in high-gravity carbonation process, the carbonation
reaction would be controlled by the intrinsic reaction kinetics due to the excellent
micro-mixing and the fine particle size (with a particle size of 44–88 lm) [16, 55,
67]. Before the passive layers around particles are formed, the minerals in solid
particle can be rapidly dissolved into solution when the solid particle is moved
through the packed bed. This indicates that the mass transfer between liquid and
solid phases may not be the rate-limiting factor in the high-gravity carbonation
system.

2. Gas-phase mass transfer coefficient

The driving force between the saturated CO2 concentration in the bulk gas and the
CO2 concentration on the surface of liquid film can be determined by mass balance
over a thin shell of fluid with the RPB, as shown in Eq. (7.44):
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1
qCO2

dMG

dV
¼ KGaeðC�

G � C
0
GÞ ð7:44Þ

where dV can be expressed by Eq. (7.45):

dV ¼ 2prh � dr ð7:45Þ

By substitution of Eq. (7.45) into Eq. (7.44), the overall gas-phase mass transfer
coefficient (KGa, s

−1) can be obtained as Eq. (7.46):

KGae ¼ MG

qGhpðr2o � r2i Þ
ðNTUGÞ ¼ QG

hpðr2o � r2i Þ
ln

CG;i

CG;o

� �
ð7:46Þ

where CG,i (%) and CG,o (%) are CO2 contents in inlet and outlet gas streams,
respectively. The terms of ro (m) and ri (m) are the outside and inside radii of
packed bed, respectively. In general, the KGa value increases with the gas flow rate,
with the liquid flow rate, and mainly with the rotor speed [70]. Also since the
KGa values in an RPB are an order of magnitude higher than those in a conventional
packed bed, the reactor size of RPB could be much smaller than that of a con-
ventional reactor such as slurry reactor and bubble column [58, 62].

Beside the KGa value, the height of transfer unit (HTU) and the area of transfer
unit (ATU) are important mass transfer characteristics. The values of HTU and
ATU can be calculated using Eqs. (7.47) and (7.48), respectively [71, 72]:

HTU ¼ ro � ri
NTU

¼ ro � ri
lnðCG;i=CG;oÞ ð7:47Þ

ATU ¼ pðr2o � r2i Þ
NTU

¼ pðr2o � r2i Þ
lnðCG;i=CG;oÞ ð7:48Þ

3. Liquid-phase mass transfer coefficient

In spite of the significant differences between RPB and traditional packed bed
column, penetration theory can be capable of describing the liquid-side mass
transfer behavior fairly well in RPB [73]. These correlations are most often
expressed in terms of dimensionless numbers in the form of a power series. As
described in the penetration theory, the liquid-side mass transfer coefficient (kL) can
be expressed in Eq. (7.49):

kL ¼ a
DL

dp

� �
ScbLRe

c
LGr

d
L ð7:49Þ

where the terms of a, b, c, and d are constants. The Grashof number, representing
the ratio of gravitational to viscous forces, can be determined by Eq. (7.50):
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qL
lL
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ð7:50Þ

In Eq. (7.50), the g value (m/s2) can be replaced by the centrifugal acceleration
in the RPB, which can be determined by Eq. (7.51):

g ¼ am ¼ r2o þ r2i
2

� �1=2

x2 ð7:51Þ

where x is the rotational speed (rad s−1) at the mean radius of packed bed.

4. Empirical mass transfer models

In a conventional packed bed column, the commonly used model for liquid-side
(kL) and gas-side (kG) mass transfer coefficient is originally developed by Onda
et al. [74], as shown in Eqs. (7.52) and (7.53), respectively. It was suggested that
the constant of 5.23 in Eq. (7.53) should be well correlated by changing the con-
stant into 2.00 for smaller packings (when the diameter of packings is less than
1.5 cm).

kL ¼ 0:0051
at
aw

� �2=3

Re2=3L Sc�1=2
L

qL
lLg

� ��1=3

ðapdpÞ0:4 ð7:52Þ

and

kG ¼ 5:23 apDG
� �

Re0:7G Sc1=3G apdp
� ��2 ð7:53Þ

It is difficult to determine mass transfer coefficients separated from volumetric mass
transfer coefficients kLae and kGae, since the effective interfacial area (ae) between
the liquid phase and vapor phase is usually not known [62]. Several correlations
could be used to estimate the wetted surface area (aw), as shown in Eq. (7.54) [73,
75]. It suggests that the aw/at predicted value should be reliable under high-gravity
RPB process, if packing materials with small static hold up (i.e., large packing size)
the wetted area (aw) may equal the interfacial area (ae).

aw
at

¼ ae
at

¼ 1� exp �1:45
rc
rL

� �0:75

Re0:1L We0:2L Fr�0:05
L

" #
ð7:54Þ

Pan et al. [76] developed a correlation for KGa in the high-gravity carbonation
process. In this model, the important operating parameters for high-gravity car-
bonation include gas flow rate, slurry flow rate, liquid-to-solid ratio, and rotation
speed. The relevant models were obtained by the nonlinear regression of experi-
mental data for estimation of both the KGa and HTU values:
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KGae ¼ 0:01
atDG
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� �
Re�1:16

G Gr0:33G Re2:12L ð7:55Þ

HTU ¼ 0:0003
atDG

dp

� �
Re2:16G Gr�0:33
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where the ranges of the dimensionless groups in this correlation are as follows:

7:8\ReG\15:9 ð7:57Þ

1:3\ReL\2:2 ð7:58Þ

2:3\GrG\26:8 ð7:59Þ

Both the KGa and HTU values varied with the centrifugal acceleration to the
0.33 power. The dependence of liquid velocity on KGa value was much higher than
that of gas velocity, indicating that the high-gravity carbonation of steel slag could
exhibit a mass transfer resistance lay on the liquid side [76]. Figure 7.5 shows the
comparison of the estimated KGa value by the models with the experimental data.
The result indicates that the KGa values predicted by the developed model were
similar to the experimental value, where the experimental KGa values lay within
±20% of the values estimated by Eq. (7.55).

In contrast, the effect of gas velocity on the HTU value was similar to that of
liquid velocity. The overall mass transfer coefficient in high-gravity carbonation,
especially the liquid-side mass transfer coefficient (kLa), was greater than in packed
bed columns [76]. It is noted that since the tangential gas velocity in the rotor is
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Fig. 7.5 Comparison of
experimental and calculated
KGa values for high-gravity
carbonation process model.
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nearly the same as that in the packing zone, the gas-side mass transfer coefficient
should be in the same range as that of the conventional packed column [66]. The
results in the literature indicate [55] that the kLa value for high-gravity reaction with
a steel slag particle size of less than 125 lm was 9.23 � 10−4 s−1, based on the
shell mass balance model.
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