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H I G H L I G H T S

• Carbon dioxide capture, utilization
and storage in the form of calcium
carbonate.

• Calcium carbonate homogeneous
granulation in a fluidized-bed reactor.

• The kinetic analysis revealed that the
pseudo-second order best fitted the
results.

• Calcium-is-to-carbonate molar ratio
directly affects the granule character-
istics.

• High purity of calcium carbonate-ara-
gonite granules were produced.
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A B S T R A C T

The granulation of calcium carbonate (CaCO3) exhibited high industrial demand due to its wider application and
importance in cement, paper, glass and steel manufacturing. This paper investigated the granulation kinetics of
CaCO3 through the fluidized-bed homogeneous granulation (FBHG) process during the homogenous nucleation
stage. The CaOH solution was used as source of Ca2+ reactant, while K2CO3 solution as source of CO3

2− pre-
cipitant. The mechanism followed the pseudo-second order kinetics. The calcium cation attracts the carbonate
anion to form CaCO3 through a double displacement chemical reaction. The calcium-is-to-carbonate molar ratio
([Ca2+]/[CO3

2−]) was varied into 1.25 to 2.50, with constant values of pH=10 ± 0.2, influent carbonate
concentration= 10mM and total influx flow rate= 60mLmin−1. The ideal [Ca2+]/[CO3

2−] condition was
found to be at 1.50 that means the precipitation of CaCO3 grew and stayed inside the reactor. At the same
condition, granules of diameter size of 1mm to 2mm were collected with a subrounded shape and smooth
surface as shown by its surface morphology. The characterization analysis also verified the high purity of CaCO3-
aragonite granules precipitated through the FBHG process.
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1. Introduction

In industries, calcium carbonate (CaCO3) is largely used as an im-
portant material in cement, paper, glass and steel manufacturing. The
conventional industrial processes of precipitating CaCO3 are through
the lime soda process and carbonation process [1,2]. In the lime soda
process, calcium hydroxide (Ca(OH)2) is reacted with sodium carbonate
(Na2CO3) to precipitate CaCO3. In the carbonation process, crushed
limestone is burned to decompose quicklime and carbon dioxide (CO2),
where the quicklime is transformed into slake lime slurry by the addi-
tion of water, and then CaCO3 is formed by reacting the slurry with
pressurized CO2. In comparison, the major objective of the lime soda
process is the recovery of sodium hydroxide (NaOH) making the pre-
cipitated CaCO3 as a secondary by-product; while in the carbonation
process, longer steps and high energy are required.

Another promising method of precipitating a high purity CaCO3 is
through the fluidized-bed homogeneous granulation (FBHG) process
using a fluidized-bed reactor (FBR). Fluidized-bed technology has been
widely used in pharmaceutical and fertilizer manufacturing, as well as
in wastewater treatment. Related studies used FBR for water softening,
nutrient removal and heavy metal recovery through heterogeneous or
homogeneous granulation processes [3,4]. In heterogeneous granula-
tion, seed materials are added inside the reactor. This serves as the
nuclei that forms particles through a homogeneous nucleation. On the
other hand, the nucleus in the homogeneous granulation process is
formed by homogeneous nucleation and coagulation-flocculation, in
which the flocs would later agglomerate and grow through granulation
[5]. Since CaCO3 can be easily precipitated, the use of the FBHG process
has the following advantages: it requires less chemical input, has higher
removal and granulation efficiencies, produces no sludge, and pre-
cipitates high purity granules [6,7]. In recent years, the FBHG process
has been used for the treatment of various pollutants such as aluminum
[8], calcium [9,10], copper [11], lead [5], nickel [12], oxalate [13],
phosphate [14] and zinc [15]. However, the application of the FBHG
process in converting the captured CO2 (in the form of potassium car-
bonate (K2CO3)) to CaCO3 has never been investigated. This is speci-
fically important in the aspect of carbon capture, utilization and storage
as it have recently drawn greater scientific interest due to the utilization
of the captured CO2 into algae cultivation, concrete curing, polymer
production, and mineral carbonation [16]. Thus, the conversion of
K2CO3 in a CaCO3 homogeneous granulation setup is essential to ex-
amine the results of its possible applicability in future works.

Kinetic studies in the aspect of fluidized-bed modelling have been
investigated in the settings of the FBR [17], slurry bubble column re-
actor [18], tubular fixed-bed quartz reactor [19], tubular flow reactor
[20] and fixed-bed multi-tubular reactor [21]. However, the kinetics of
CaCO3 granulation have not yet been explored in a FBHG setup.
Moreover, there are still other factors that need to be examined in the
system with regards to the effect on the molecular processes such as
physisorption and/or chemisorption interaction, and diffusion of par-
ticles [22,23]. Thus, the kinetics of CaCO3 homogeneous granulation in
a FBR were considered in order to determine the best model to describe
the reaction mechanism.

In this work, the influence of calcium dose as precipitant in the
kinetics during homogeneous nucleation of CaCO3 precipitation by
FBHG process has been investigated. Calcium precipitant dose or cal-
cium-is-to-carbonate molar ratio ([Ca2+]/[CO3

2−]) as a set parameter
was varied to determine the most economical calcium precipitant input
with high removal efficiencies and good quality granule production.
Other essential conditions such as operating pH, influent carbonate
concentration ( −[CO ]3

2
in) and total influx flow rate (QT) were main-

tained into constant values of 10 ± 0.2, 10 mM and 60mLmin−1, re-
spectively. The precipitated CaCO3 granules in the experimental runs
were also collected, air-dried and sieved for further physical and che-
mical characterization in its surface morphology, crystalline composi-
tion and elemental composition.

2. Materials and methods

2.1. Chemicals

The chemicals and reagents used in this research were of analytical
grade with no further purification. Potassium carbonate (K2CO3: 99.5%
purity, New Star Instrument, Taiwan) and calcium hydroxide (Ca(OH)2:
90% purity, New Star Instrument, Taiwan) solutions, as influent car-
bonate and precipitant calcium sources, respectively, were prepared by
dissolving separately the K2CO3 and Ca(OH)2 in reverse osmosis (RO)
water from the RODA ultrapure water system (resistance of 18.2 MΩ)
with their specific constant concentrations. The solution pHs of the Ca
(OH)2 solutions were set at 8 ± 0.05 while the K2CO3 solutions were
set at an operating pH of 10 ± 0.2 using sodium hydroxide (NaOH:
Formosa Plastic Corporation, Taiwan) and nitric acid (HNO3: 70%
purity, New Star Instrument, Taiwan). Reagents used for alkalinity test
were N/50 sulfuric acid (H2SO4: 95–98%, PanReac AppliChem) as a
titrant, 1% phenolphthalein solution (Phenolphthalein, New Star
Instrument, Taiwan) as an indicator phenolphthalein alkalinity, and
0.1% methyl orange (Methyl orange, Riedel-de Haën) as an indicator
for the total alkalinity.

2.2. Fluidized-bed reactor

The CaCO3 homogeneous granulation was done in a laboratory-
scale FBR as shown in Fig. 1. The advantages of the fluidized-bed
granulation include a minimal chemical dosage condition, less space
requirement and generates low moisture content in its granules [12].

The processes of treatment and recovery were somehow similar to
that of the conventional precipitation method. By dosing the right
amounts of carbonate and calcium ions inside the reactor, granule
products are formed through a chemical reaction. Usually, seeds such as
silica or sand are first injected into the reactor, which serves as the
nuclei of the forming granules. The grains, then would increase in
diameter and removed after. However, using a seeding material pro-
duces low sludge quality and high water content in its granules that
make the recovery of pure material difficult [3,24]. Thus, the rise of the
developments in the FBHG process that do not require a seeding step. In

Fig. 1. Schematic setup of the fluidized-bed reactor.
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the homogeneous process, the influent with the reactant makes contact
with the precipitant; it collects an adequate amount of active sites that
in turn generates the homogeneous granules. Afterwards, particle
growth and nucleation occur that yield towards large masses of high-
purity granule particles [5,25].

The cylindrical Pyrex glass reactor with a total volume of 550mL
was divided into two parts as shown in Fig. 1 [5]. The upper part which
was the effluent region has the dimensions of 4 cm for its inner diameter
and 15 cm for its height. The sudden expansion in this part provided
more area for granules inside the reactor and decreased upflow velo-
city, thus prevented fine particles to be drained out. The lower part
which was the reaction region has dimensions of 2 cm in inner diameter
and 80 cm in height. This particular region where granulation occurred
has three inlets in the bottom section. The two horizontal inlets were for
the reactant and precipitant, while the vertical inlet was for the effluent
recirculation. The glass beads inside the reactor were necessary to
support the granulation bed, to avoid bubble formation and clogging,
and to distribute uniformly the liquid solution flow inside the reactor
from the three inlets.

2.3. CO2 absorption and granulation

The main idea of the research was two-stage CO2 emissions capture
using a potassium hydroxide (KOH) solution as the absorbent, and CO2

conversion in the form of CaCO3 granules. The chemical reactions that
best describe the series reaction in the two-stage system of CO2 ab-
sorption and granulation is shown in Eqs. (1) and (2), respectively.

+ → +KOH(aq) CO (g) K CO (aq) H O2 2 3 2 (1)

+ → +K CO (aq) Ca(OH) (aq) CaCO (s) KOH(aq)2 3 2 3 (2)

Since KOH absorption of CO2 gas has been widely explored such as
in the studies of Smirnova et al. [26] and Yoo et al. [27], it was found
out that it has a high capture capacity. Therefore, this was not included
in this research. Instead of a simple carbon capture and storage, a new
demand for research on the conversion of CO2 into a more valuable
product emerged. Thus, this research paper is primarily focused on the
second stage of the proposed carbon capture, utilization and storage,
which is the CaCO3 homogeneous granulation in the FBR. A synthetic
K2CO3 solution was used as CO2 source in its carbonate form.

2.4. Experimental procedure

The reactor was initially loaded with glass beads of the same size up
to 1 cm above the horizontal inlets which would uniformly distribute
the hydraulic load and then filled with 450mL RO water up to the ef-
fluent outlet to avoid bubbling. Granulation of CaCO3 into granules was
initiated by controlling the parameters, operating pH to 10 ± 0.2,

−[CO ]3
2

in to 10mM, and QT to 60mLmin−1. The reflux flow rate (QR)
was set at 30mLmin−1 at the beginning and then increased by
10mLmin−1 every 12 h after 24 h until 100mLmin−1 was reached. To
determine the kinetics of granulation during the homogeneous nu-
cleation at different calcium precipitant dosage, the [Ca2+]/[CO3

2−]
ratios were varied into 1.25, 1.50, 1.75, 2.00, 2.25 and 2.50 and a Ca
(OH)2 stock solution pH setting of 8 ± 0.05. These were considered
because it was found out that the saturation of the solution with respect
to concentration of Ca2+ and CO3

2−, is the dominant factor influencing
CaCO3 granulation [1,10]. The pH was controlled by adding NaOH and
HNO3 in the stock solutions of K2CO3 and Ca(OH)2 [28]. The pH was
examined using a pH meter/ORP controller PC-310 from Shin Shiang
Tech Instruments. The process followed the homogeneous granulation
process which does not require the addition of seed materials. In the
homogeneous process, the influent with the reactant makes contact
with the precipitant; it collects sufficient active sites that bring about
the formation of high-purity homogeneous granules through nucleation
and particle growth [5,25].

Every variation of [Ca2+]/[CO3
2−] lasted up to 168 h with sam-

pling done every 2 h on the first 20 h, and then once every 24 h.
Sampling was done by collecting two 100mL water sample from the
effluent using 25mL syringe with one filtered with a 0.45 µm micro-
syringe filter. The two samples were then analyzed to calculate the
[Carbonate]R and [Carbonate]G in Eqs. (3) and (4), respectively. The
[Carbonate]R was used to evaluate the total carbonate concentration
that was precipitated, while [Carbonate]G was used to determine
whether the carbonate precipitated forms into granules or into sludge.
Moreover, the carbonate granules weight fraction ([Carbonate]WF) was
quantified using Eq. (5). The removal was evaluated to prove the cap-
ability of the FBR to precipitate and recover carbonate in its granule
form by determining the residuals in the effluent, while the granulation
efficiency was evaluated to prove that the granules formed were of low
water content and less or no sludge was produced.

⎜ ⎟= ⎛
⎝

− ×
×

⎞
⎠

×−[Carbonate] , % 1 [Carbonate] Q
[CO ] Q

100R
d T

3
2

in CO3 (3)

⎜ ⎟= ⎛
⎝

− ×
×

⎞
⎠

×−[Carbonate] , % 1 [Carbonate] Q
[CO ] Q

100G
t T

3
2

in CO3 (4)

= ×[Carbonate] , % (every mesh size) W
W

100ms

t
WF (5)

where QT is the sum of carbonate influx flow rate (QCO3, mLmin−1) and
calcium influx flow rate (QCa, mLmin−1), [Carbonate]d is the dissolved
effluent carbonate concentration (mM), [Carbonate]t is the total ef-
fluent carbonate concentration (mM), Wms is the weight of granules
collected in every mesh size (g), and Wt is the total weight of the
granules collected (g).

After every experimental run, the granules formed were collected,
air-dried, sieved and analyzed for particle size distribution, surface
morphology, molecular structure and elemental composition.

2.5. Analytical methods and granules characterization

The concentrations of dissolved and total effluent carbonate were
analyzed using Hach Method 8221 – Phenolphthalein and Total
Alkalinity Buret Titration, the standard methods for the examination of
water and wastewater 2320 B for United States Environmental
Protection Agency – National Pollutant Discharge Elimination System
(USEPA NPDES). Bicarbonate, carbonate and hydroxide alkalinity were
calculated using phenolphthalein and total alkalinity, then bicarbonate
and carbonate alkalinity were used as a source of the final carbonate
concentration of dissolved and total effluent carbonate.

The particle size distribution of the granules collected in every op-
erating pH was determined using a sieve analysis, with sieves opening
diameters of 2mm, 1mm, 0.59mm, 0.42mm and 0.149mm. The total
weight and the weight in each size fraction were recorded, and these
were used in calculating the percentage of each size fraction.

The biggest granules in every [Ca2+]/[CO3
2−] were analyzed for its

physical and chemical characterization. The surface morphology was
visualized using the Scanning Electron Microscope (SEM, FEI Quanta
200 Environmental Scanning Electron Microscope), the structural and
molecular formula of the granules were determined by an X-ray
Diffraction (XRD, Multi-function X-ray Diffractometer), and elemental
composition was examined by Energy Dispersive X-ray (EDX) spectro-
scopy.

2.6. Kinetic models

The homogeneous nucleation kinetics of CaCO3 in the FBR at dif-
ferent calcium precipitant dosages were studied to determine the rate of
chemical reaction occurred and the factors that could affect its rate. The
granulation of CaCO3 is generally described by the nucleation and ag-
glomeration mechanisms. Nucleation is expected to occur through the
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double displacement chemical reaction by the attraction of Ca2+ and
CO3

2− ions to form a particle of CaCO3. However, the agglomeration
and growth of the granule could occur both or either through the nu-
cleation of new particle at the surface or through the particle agglom-
eration by physical attraction. The investigation of the mechanism of
CaCO3 granulation through the FBHG process was done in terms of the
PFO and PSO linear forms. The PFO describes the physical interaction
between particles, while the PSO describes the chemical interaction
between ions that results to the nucleation and granule growth. The
critical part of CaCO3 granulation usually occurs during homogeneous
nucleation, thus, the kinetic study during this stage was considered. The
experiments of the kinetic models were conducted at pH of 10 ± 0.2,
[CO3

2−]in of 10mM, QT of 60mLmin−1 and at varying [Ca2+]/
[CO3

2−] of 1.25, 1.50, 1.75, 2.00, 2.25 and 2.50, with sampling done at
every 2 h for the first 20 h and at its succeeding 24 h intervals. For the
kinetic models of the PFO and PSO equations, the linear forms and plots
are shown in Table 1 with the parameters qe (mg g−1) as the equili-
brium nucleation capacity, h (mg g-1 h−1) as initial nucleation rate, and
k1 (h−1) and k2 (g mg-1 h−1) as its rate constants, calculated using Eqs.
(6)–(9), respectively [29].

=q 1
slopee (6)

=h kqe
2 (7)

= − ×k 2.303 slope1 (8)

=k
slope

intercept2

2

(9)

3. Results and discussion

3.1. Kinetics of CaCO3 granulation at homogeneous nucleation

In relation to the carbon capture technologies, various processes in
past studies with their corresponding results in its kinetic parameters
are listed in Table 2 [22,30–33]. Different processes of CO2 capture had
different mechanisms and kinetic reaction models. Since no study has
yet to focus on the subsequent conversion of K2CO3 (as CO2 source) in
the form of CaCO3, the kinetics of CaCO3 homogeneous granulation in a
FBR were considered in order to determine the best model to describe
the reaction mechanism. The granulation kinetics of CaCO3 were ana-
lyzed using the PFO model by plotting log(qe− qt) versus time (h),
where qe and qt were the amount granulated inside FBR in equilibrium
and in a specified time, respectively. The calculated parameters shown

in Table 3, with their corresponding correlation coefficients (R2) in the
range of 0.817 to 0.953, were obtained from the slope and intercept of
its generated linear forms. Since the R2 values obtained in PFO model
were found to be much lower than 1, the model was considered not
suitable to appropriately describe the reaction kinetics [34].

The granulation kinetics of CaCO3 in FBR were also analyzed using
the PSO model by plotting t/qt versus time (h). The calculated para-
meters and R2 values were also presented in Table 3. The R2 values
were found to be greater than 0.99 in all the varied [Ca2+]/[CO3

2−]
conditions. The results indicated that the PSO kinetics were the fitted
model that could best describe the CaCO3 granulation kinetics through
the FBHG process [35]. The plot of PSO model yielded a linear line as
illustrated in Fig. 2. The granulation kinetics fitted in the PSO model
implies that the mechanism relies on the assumption of the occurrence
of chemical sorption leading towards nucleation and granulation.
Chemisorption describes the ion exchange reaction involving the va-
lency forces through the sharing or exchange of electrons between
particles as covalent forces [36]. The calcium cation attracts the car-
bonate anion that forms the particle of CaCO3 through the double
displacement chemical reaction, and the particle attracts towards other
particle or surface by forming chemical bonds. PSO is applicable at a
higher concentration. This means the lower the concentration, the
lower the collision of ions. This in turn makes the precipitation of
CaCO3 slower [9].

As depicted in Fig. 2(a), the steep slopes refer to a larger growth rate
constant and a faster growth. The steepest slope was found to be at
[Ca2+]/[CO3

2−] of 1.50, which also obtained the highest weight
fraction of the bigger sized granules based on a sieve analysis and the
particle size distribution trend. A further decreased and increased in the
[Ca2+]/[CO3

2−] of 1.50 resulted to lower growth rate. The result of the
linear relationship of h and qe with respect to the [Ca2+]/[CO3

2−] is
shown in Fig. 2(b). There were high initial nucleation rates during the
first few hours of the experiment during homogeneous nucleation, and
throughout the experiment reached an equilibrium nucleation capacity,
which increased when the [Ca2+]/[CO3

2−] were also increased. A high
initial nucleation rate was expected due to an unseeded granulation
process (homogeneous nucleation) that forms the nuclei of new small
granules. This was the dominant mechanism in the first few hours in
order to produce granules. When there were enough granules inside the
reactor, the nucleation rate decreases due to the particles that shifts into
an agglomeration step to form bigger granules.

The equilibrium reactions of the CaCO3 system reaction network are

Table 1
Pseudo kinetic models and the forms used in this study.

Kinetic
model

Equation Linear form Plot

Pseudo first
order

= −k (q q )dqt
dt 1 e t − = −log(q q ) log(q )e t e

k1t
2.303

−log(q q )vste t

Pseudo
second
order

= −k (q q )dqt
dt 2 e t

2 = + tt
qt

1
k2qe

2
1

qe
vstt

qt

Table 2
Comparison of kinetic studies in the aspect of carbon capture technologies.

Process Fitted kinetic model Rate constant Reference

• Alkanolamines absorption PSO 0.11 to 3.67m3mol−1 s−1 [31]

• Adsorption on KOH N-enriched activated carbon Fractional order 0.07 to 0.43min−1 [32]

• Adsorption on oxygen enriched porous carbon monoliths Fractional order 0.92 to 13.85min−1 [33]

• Adsorption on solid amine-functionalized sorbents Avrami’s model 0.0535 to 0.0762 s−1 [19]

• Absorption into 1-(2-hydroxyethyl)pyrrolidine solvent PFO 11.34 to 136.35 s−1 [34]

Table 3
Parameters calculated in the pseudo-first and pseudo-second order kinetic
models for CaCO3 precipitation through the FBHG process.

[Ca2+]/[CO3
2−] PFO PSO

k1 qe R2 k2 qe h R2

1.25 0.0031 1.149 0.953 0.661 1.260 1.539 0.9991
1.50 0.0016 1.240 0.923 1.450 1.371 2.723 0.9986
1.75 0.0014 1.330 0.817 2.293 1.435 4.929 0.9999
2.00 0.0011 1.554 0.893 2.515 1.651 6.859 0.9999
2.25 0.0008 1.674 0.941 2.641 1.753 9.042 0.9999
2.50 0.0009 1.897 0.911 2.482 1.991 9.843 0.9999
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shown in Eqs. (10)–(16) [37].

+ ↔ =+ −H HCO CO (aq) log K 6.3413 2 eq (10)

↔ + = −− + −HCO H CO log K 10.3253 3
2

eq (11)

+ ↔ + = −+ − +Ca HCO H CaCO (aq) log K 7.0092
3 3 eq (12)

+ ↔ = −+ −Ca HCO CaHCO log K 0.6532
3 3 eq (13)

+ ↔ = −+ +Ca H CaOH log K 12.852
eq (14)

− ↔ = −+ −H OH log K 13.991eq (15)

+ ↔+ −Ca CO CaCO (s)2
3 3 (16)

The major ions monitored were Ca2+ and CO3
2− from the solutions

of Ca(OH)2 and K2CO3, respectively. However, it cannot be neglected
that the presence of other ions could affect the granulation of CaCO3 in
the FBR. Other conditions could also affect the reaction, nucleation and
granulation in which it should be considered and monitored throughout
the investigation of the CaCO3 granulation kinetics. Aside from the
calcium precipitant dosage, pH is also an important parameter in
identifying the dominant ions (bicarbonate, carbonate or hydroxide) in
the system [38]. The best pH condition in the crystallization of CaCO3

in the FBR through the homogeneous granulation was found to be be-
tween 10 and 11 [10]. At this pH, the dominant ions present in the
system were carbonate. Thus, a higher efficiency in the CaCO3

granulation is expected.

3.2. CaCO3 homogeneous granulation

The amount of calcium precipitant dosage can significantly affect
the CaCO3 granulation performance in the FBHG process. The molar

Fig. 2. (a) Pseudo second order kinetics by a linear method in the precipitation
of CaCO3 through the FBHG process at varying [Ca2+]/[CO3

2−] levels and (b)
its corresponding h and qe values.

Fig. 3. (a) Average of [Carbonate]R and [Carbonate]G at
varying [Ca2+]/[CO3

2−] conditions and (b) the observed PSO kinetic rate
constant of the CaCO3 homogeneous nucleation.

Fig. 4. Particle size distribution of the obtained granules at varying [Ca2+]/
[CO3

2−] levels.
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ratio parameter is essential due to being able to regulate the amount of
calcium precipitant that could react with the carbonate ions to granu-
late CaCO3. Increasing the calcium concentration increases the super-
saturation state of the solution to granulate CaCO3 that results to a
higher removal and granulation [10]. CaCO3 granulation in the FBR
was conducted at an operating pH of 10 ± 0.2, [CO3

2−]in of 10mM,
QT of 60mLmin−1 and at the varying [Ca2+]/[CO3

2−] condition of
1.25, 1.50, 1.75, 2.00, 2.25 and 2.50. In each of the experimental
conditions, the efficiencies in FBHG process had an increasing trend in
the time series that became stable when the granules formed reached
the uppermost part of the reaction region [39]. The average efficiencies
were computed from the average of the stable readings of every 24 h in
the experimental condition.

As observed in Fig. 3(a), a higher [Ca2+]/[CO3
2−] condition in-

creases the total carbonate removal efficiency. This is due to more
[Ca2+] ions that would react with [CO3

2−] ions leading towards a
greater potential to remove [CO3

2−] ions from the system and a faster
chemical reaction [13]. However, increasing the [Ca2+]/[CO3

2−]
condition too high can cause a decrease in the carbonate granulation
efficiency that indicates more fines and sludge present in the effluent
region. Based on Fig. 3(b), a quadratic relationship is shown between
the PSO kinetic rate constant and the [Ca2+]/[CO3

2−] parameter. As
the [Ca2+]/[CO3

2−] condition increase, the rate constant reached its
peak (maximum) and caused a decline in the rate of chemical reaction
of the CaCO3 granulation when the [Ca2+]/[CO3

2−] level is too high.
At a large quantity of Ca(OH)2 precipitant, more OH− in the system can

Fig. 5. SEM images of CaCO3 granulated through the FBHG process at varying [Ca2+]/[CO3
2−] ratio.
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affect the rate of CaCO3 granulation by co-precipitating Ca(OH)2 that
causes the production of slurry sludge [40].

The particle size distribution in each experimental run was also
done through the calculation of [Carbonate]WF using Wt and Wms. As
shown in Fig. 4, a further increase in the [Ca2+]/[CO3

2−] condition
produces more 0.15mm granules that were lighter and smaller. This
supports the decreased in the carbonate granulation efficiency. At the
[Ca2+]/[CO3

2−] levels of 1.50 and 1.75, an ideal particle size dis-
tribution trend was observed. This is due to the production of larger
granules. Once the nuclei were produced in the homogeneous nuclea-
tion, the particles continued to flocculate and granulate into a bigger
sized granules. Larger granules imply more CaCO3 that was granulated
and remained inside the reactor. The particle size distribution trend
leading towards the production of bigger granules provided a variety of
sizes that could be granulated in the FBR through the homogeneous
granulation process [41]. Both the conditions were able to produce
1mm to 2mm (by diameter) granules. However, a higher weight
fraction percentage of it (7%) was achieved at a [Ca2+]/[CO3

2−] level
of 1.50. Economically, the [Ca2+]/[CO3

2−] condition of 1.50 was also
preferred to be used than the 1.75. This is due to utilizing a lesser
amount of precipitant that implies fewer chemical input and expense.
Other [Ca2+]/[CO3

2−] conditions showed the production of finer
granule sizes that indicated the homogeneous nucleation as the domi-
nant mechanism in the system. Moreover, there was a slow granulation
mechanism due to reaching a high supersaturation state that increases
the production of fines [12].

Obtaining high removal and granulation efficiencies were neces-
sary, especially in the treatment and recovery steps. This could be done
by adding a high precipitant dose in the system. However, for industrial
purposes and commercialization, the interest was more on the pro-
duction of high purity and larger granule sizes [39]. Therefore, the use
of [Ca2+]/[CO3

2−] at 1.50 was defined as the best operational condi-
tion in the CaCO3 granulation through FBHG process.

3.3. CaCO3 granule characterization

The physical characteristics of the biggest CaCO3 granules produced
in different [Ca2+]/[CO3

2−] conditions were analyzed using the SEM
to determine the surface morphology and shape of the granules. Fig. 5
showed the SEM images of the CaCO3 granules produced by varying the
[Ca2+]/[CO3

2−], at three different magnifications. As shown in the
figure, [Ca2+]/[CO3

2−] has a significant effect on the appearance of
the granules in terms of its surface morphology and the shape of the
CaCO3 granules. At the [Ca2+]/[CO3

2−] levels of 1.25 and 1.50, the
shape of the granules was subrounded. However, the granules at a

[Ca2+]/[CO3
2−] level of 1.50 were bigger in size, not easy to break,

and with a smooth surface [10]. The hardness of the granules at this
condition was due to the compact agglomeration of particles during
granulation that can be observed in the SEM images. While a [Ca2+]/
[CO3

2−] level of 1.25 exhibited a slower granulation mechanism as
supported by the hollows on the surface and smaller size granules
produced at this condition. A further increase in the [Ca2+]/[CO3

2−]
condition resulted in a decline in the production of bigger size granules
that conversely increases the production of fine granules. Even though
higher [Ca2+]/[CO3

2−] levels has led to a higher efficiency of [Car-
bonate]TR, the granules produced at extreme calcium precipitant do-
sages had the physical characteristics of irregular shapes and rough
surfaces. The [Ca2+]/[CO3

2−] level greater than 1.50 can produce
bigger granules at a faster growth rate as observed inside the FBR.
However, during collection and drying, the granules tend to break in
powdered form. A [Ca2+]/[CO3

2−] condition that is too high also re-
sulted to clogging in the inlets of the reactor and causes an unclear
effluent. This is due to the production of sludge caused by the pre-
cipitation of hydroxide and the additional hydroxide content derived
from the calcium hydroxide precipitant [40].

The XRD pattern depicted in Fig. 6(a) of the resulting granules ex-
hibited the characteristic of aragonite, with the line graph fitted into
the aragonite pattern at 2-Theta of major peaks of 26.4°, 29.7°, 33.3°,
36.0°, 38.1°, 43.0°, 46.0°, 48.5°, 50.3° and 52.5°. Since the reaction time
in every experiment was 168 h, aragonite was formed. This was at-
tributed to the longer reaction time that favored the formation of
CaCO3-aragonite granules [42].

The chemical composition of the CaCO3 granules analyzed by the
EDX as shown in Fig. 6(b) revealed the presence of calcium, carbon and
oxygen, which were the elements in the CaCO3 compound. The analysis
proved a high purity of CaCO3-aragonite granule produced by CaCO3

precipitation through the FBHG process, with no trace amounts of other
elements. The AuM detected and shown in the figure stands for the
contribution of the X-ray given off as the electron to M shells [43].

4. Conclusions

This research study investigated the kinetics of CaCO3 granulation
in the FBR during the first 24 h of the experiment. The following was
concluded based on the experimental results: (a) The kinetics of CaCO3

granulation through the FBHG process fitted in the PSO model. This
means that the mechanism followed the assumption of the occurrence
of chemical sorption that instigated nucleation and granulation. (b) The
best [Ca2+]/[CO3

2−] level is at 1.50 due to the formation of larger
granule sizes. (c) Low [Ca2+]/[CO3

2−] levels leads to smaller and

Fig. 6. (a) X-ray diffraction pattern and (B) energy-dispersive X-ray spectrum of the CaCO3 granules precipitated in the FBHG process at a [Ca2+]/[CO3
2−] ratio of

1.50.
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hollow surfaces in the granules, while high [Ca2+]/[CO3
2−] conditions

promotes the production of fine granules due to an excess amount hy-
droxide (precipitant). (d) The CaCO3 granules were confirmed to have
the characteristic of aragonite and the elements of Ca, C and O based on
the XRD and EDX analyses, respectively. This proves the generation of a
high purity CaCO3-aragonite granule produced in the CaCO3 granula-
tion through the FBHG process. Higher removal and granulation effi-
ciencies were obtained. Moreover, the products attained less moisture
content, high purity and bigger CaCO3 granules. The research gap of a
lack of kinetic analysis in the aspect of CaCO3 granulation has been
properly addressed. This research paper showed an innovative con-
version of K2CO3 (as the source of CO2) to CaCO3 granules for the
possible application of carbon capture, utilization and storage in future
works. Furthermore, potential research directions in continuation of
this study can include the variations of pH, upflow velocity, bed hy-
drodynamics and the presence of other ions to better understand the
utilization of FBHG process prior to industrial applications.
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