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a b s t r a c t

Atmospheric carbon dioxide (CO2) imbalance due to anthropogenic emissions has direct impact in
climate change. Recent advancements in the mitigation of industrial CO2 emissions have been brought
about by a paradigm shift from mere CO2 capture onto various adsorbents to CO2 conversion into high
value products. The present study proposes a system which involves the conversion of CO2 into high
purity, low moisture, compact and large CaCO3 solids through homogeneous granulation in a fluidized-
bed reactor (FBR). In the present study, synthetic solutions of potassium carbonate (K2CO3) and calcium
hydroxide (Ca(OH)2) were used as sources of carbonate and precipitant, respectively. The effects of the
degree of supersaturation (S) as chemical loading and influx flow rate (QT) as hydraulic loading on CaCO3

granulation efficiency were investigated. In the study, S was varied from 10.2 to 10.8 and QT from 40 to
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80 mL min�1 while the operating pH and calcium-is-to-carbonate molar ratio ([Ca2þ]/[CO3
2�]) were set at

10 ± 0.2 and 1.50, respectively. Results showed that carbonate ions end product distribution had a
highest carbonate granulation efficiency at [Carbonate]G of 95e96% using S of 10.6 and QT of
60 mL min�1. Characterization of the granules confirmed high purity calcium carbonate. Overall, the
transformation of industrial CO2 emissions into a valuable solid product can be a significant move to-
wards the mitigation of climate change from anthropogenic emissions.

© 2020 Published by Elsevier Ltd.
Fig. 1. Schematic diagram of the CO2 emission reduction through KOH absorption and
1. Introduction

Atmospheric carbon dioxide (CO2) imbalance due to anthropo-
genic emissions has direct impact in climate change. Current
anthropogenic activities are associated to the emission of over
40 Gt of CO2 annually due to the reliance on fossil fuels as energy
source. Carbon dioxide (CO2) emissions from industrial processes
are the major contributors to the increasing global greenhouse gas
emissions, accounting to 78% (Zhang and Huisingh, 2017). These
greenhouse gas emissions have been associated to warming of at-
mosphere and oceans, losing of mass of the polar ice sheets,
changing weather patterns, and rising sea levels (Moreira and Pires,
2016). If there would be no action taken, the current CO2 atmo-
spheric concentration of 409 ppm, would be expected to get
doubled by 2050 reaching the point of no return (Singh et al., 2018).

Efforts have been made to reduce CO2 emissions including shift
to renewable energy sources, application of energy saving mea-
sures. However, the actual CO2 level reduction is dependent upon to
carbon capture and storage (CCS) technologies (Patricio et al., 2017).
Capturing the CO2 post-combustion emissions from major CO2
emitting industries is a good option to control the atmospheric CO2
concentration (Minelli et al., 2018; Thompson et al., 2018). CCS
technologies discovered are vital means of preventing the indus-
trial CO2 emissions from being released in the atmosphere, how-
ever these are just short to intermediate-term solutions (Cheng
et al., 2018; Wang et al., 2015). Currently applied CO2 capture
methods are mostly based in adsorption. Thesemethods rely in CO2
adsorption membranes in passive systems by considering post-
combustion, pre-combustion and oxy-fuel combustion where
captured CO2 is stored by geo-sequestration consisting of CO2 in-
jection into underground geological formations (Khalilpour et al.,
2015; Mukherjee et al., 2019; Sharma, 2018). Remediation ap-
proaches should go beyond simple storage by producing a market
product. Revalorization of CO2 by producing useful chemicals (e.g.,
methanol, formic, etc.) by artificial photosynthesis or electro-
chemical reduction are still under development (El-Khouly et al.,
2017; S�anchez-S�anchez et al., 2012; Zhang et al., 2019). In this
frame, Fluidized-bed Homogeneous Granulation (FBHG) process
emerges as promising alternative. FBHG can produce pure granules
CaCO3 from CO2 enriched solutions produced as result of conven-
tional CO2 capture. Proposed FBHG has been barely explored as
carbon dioxide revalorization method, here we study its applica-
bility as alternative method for calcium carbonate revalorization as
chemical widely used in industrial applications, health/dietary
applications, and agricultural use. FBHG process has a continuous
system that will not just capture and store CO2 but converts it into
useful product. The advantages of using fluidized-bed granulation
process are good mixing, high purity, bigger size granules pro-
duced, and less chemicals requirement (Salcedo et al., 2016; Chen
et al., 2015).

Fig. 1 shows the schematic flow of the CO2 emission reduction
proposed. The CO2 gas would be captured using higher equimolar
amount of KOH solution as absorbent and resulting K2CO3 solution
would be used as feedstock to granulate CaCO3 as presented in Eqs.
(1)e(3). KOH solution as chemical absorbent has a high efficiency
with absorption capacity of 19.36e23.33 g L�1 at 0.5e1 M KOH
concentration (Smirnova et al., 2014; Medinsky, 1986; Yoo et al.,
2012). Note that similar effects can be observed using NaOH
instead. Therefore, the selection of the base can be conducted in
function of capital expenditures based on market price.

KOH(aq) þ CO2(g) ! KHCO3(aq) (1)

KHCO3 þ KOH ! K2CO3 þ H2O (2)

K2CO3 þ Ca(OH)2 ! CaCO3(s) þ 2KOH (3)

The K2CO3 solution as the product from the chemical absorption
will then enter the FBR as reactant with Ca(OH)2 solution as pre-
cipitant to form CaCO3 granules as the final product. The KOH so-
lution as by-product of FBHG process will be recycled back to the
absorbent column. This study aims to evaluate the capabilities of
FBHG technologies applied in the context of carbon capture and
utilization. The best operating conditions of supersaturation (S) and
influx flow rate (QT) that would obtain highest carbonate granu-
lation efficiency, lowest carbonate effluent residues, and least car-
bonate fines fraction was determined. Moreover, the surface
morphology and chemical characteristics of the biggest granules
produced by the FBR was investigated in terms of its molecular,
structural and elemental composition.
2. Materials and methods

2.1. Chemicals

Chemicals and reagents used were of analytical grade with no
further purification. Synthetic K2CO3 and Ca(OH)2 solutions, as
influent carbonate and precipitant calcium sources, respectively,
were prepared by dissolving separately the K2CO3 (99.5%, New Star
Instrument, Taiwan) and Ca(OH)2 (90%, New Star Instrument,
Taiwan) in reverse osmosis (RO) water from the RODA ultrapure
water system (resistance of 18.2 MU) with their specified concen-
trations. These solutions emulate the concentrations and condi-
tions of CO2 saturated solutions of CCS devices. The solution pH of
the calcium hydroxide solutions were set at 8 ± 0.05 while the
CaCO3 granulation.
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potassium carbonate solutions were set at operating pH of 10 ± 0.2
using sodium hydroxide (NaOH, Formosa Plastic Corporation,
Taiwan) and nitric acid (70% HNO3, New Star Instrument, Taiwan).
Reagents used for alkalinity test were N/50 sulfuric acid (95e98%
H2SO4, Panreac AppliChem) as a titrant, 1% phenolphthalein solu-
tion (Phenolphthalein, New Star Instrument, Taiwan) as an indi-
cator for phenolphthalein alkalinity, and 0.1% methyl orange
(Methyl orange, Riedel-de Ha€en) as an indicator for total alkalinity.
2.2. Fluidized-bed reactor

The calcium carbonate precipitation by granulation were con-
ducted in a cylindrical Pyrex glass fluidized-bed reactor (FBR) with
total volume of 550 mL. The reactor design and configuration has
been already optimized in previous works (Caddarao et al., 2018;
Salcedo et al., 2016). The FBR reactor was divided into two
defined regions divided by the lower and upper sections. The lower
part which was the reaction region had dimensions of 80 cm in
height and 2 cm in inner diameter. The region were granulation
occurred had three inlets in the bottom section. The two horizontal
inlets were for the reactant and precipitant, while the vertical inlet
was for effluent recirculation. The glass beads inside the reactor
supported the granulation bed to avoid bubble formation and
clogging. Furthermore, glass beads acted as turbulence promotors
allowing to distribute uniformly the liquid solution flow inside the
reactor from the three inlets. The upper part which was the effluent
region had dimensions of 15 cm in height and 4 cm in inner
diameter. The sudden expansion decreased up flow velocity, thus
preventing fine particles to be drained out.
2.3. Granulation experiments

Supersaturation (S) and influx flow rate (QT) were essential and
critical factors that influenced the granulation. S is the state of a
solution that promotes granulation, while QT is the sum of the
reactant and precipitant flow rates that passes through a system
(Chen et al., 2015). S or saturation index is commonly expressed as
concentration of reactant as a function of solubility with formula
given in Eq. (4), where IAP is the ion activity product, [Ca2þ ] rep-
resents the molar concentration of calcium ions, [CO3

2� ] represents
the molar concentration of carbonate, and Ksp is the solubility
product constant. In granulation of CaCO3 through FBHG process, it
is important to check the degree of saturation in order to determine
if the conditions would induce granulation.

S¼ log
�
IAP
Ksp

�
¼ log

h
Ca2þ

ih
CO2�

3

i
Ksp

(4)

In order to investigate the breakthrough of CO2 emission capture
and granulation by FBHG process, this paper aims to granulate
carbonate from a synthetic solution through FBHG process by
chemical reaction with a precipitant to produce CaCO3 granules of
new product. The reactor was initially loaded with glass beads of
the same size up to 1 cm above the horizontal inlets which would
help distribute uniformly the hydraulic loading and then filled with
450 mL RO water from the RODA ultrapure water system (resis-
tance of 18.2 MU) up to the effluent outlet to avoid bubbling. Pre-
cipitation of calcium carbonate into granules was initiated by
controlling the parameters, operating pH to 10 ± 0.2 and [Ca2þ]/
[CO3

2�] to 1.50, and varying S to 10.2e10.8, and QT to
40e80mLmin�1. The pHwas defined to ensure available carbonate
without leading to calcium hydroxide precipitation (a relatively
insoluble species with Ksp ¼ 5.5 � 10�6). The molar ratio [Ca2þ]/
[CO3

2�] to 1.50 relies on the use of a surplus of calcium
concentration to ensure complete removal of targeted CO2 captured
as CO3

2�. The effects of the chosen parameters were evaluated
setting different values of [CO3

2�]in for S, and different values of QT.
QR was set at 30 mL min�1 at the beginning and then increased by
10 mL min�1 every 12 h until 100 mL min�1 was reached. The pH
was controlled by adding NaOH and HNO3 in the stock solutions of
K2CO3 and Ca(OH)2. The operating pH was monitored using a pH
meter/ORP controller PC-310 from Shin Shiang Tech Instruments.
The granulation followed the homogeneous granulation process
which did not require the addition of seed materials. Sampling was
done by collecting two 100 mL water sample from the effluent
using 25 mL syringewith one filtered with a 0.45 mmmicro-syringe
filter. The two samples were then analyzed to calculate the [Car-
bonate]G, the carbonate fines fraction ([Carbonate]FF) and the car-
bonate granules weight fraction ([Carbonate]WF) using Eqs. (5)e(7)
respectively. Granulation efficiency and fines fraction were evalu-
ated to determine the percentage of carbonate that formed into
granules inside the reactor, fines filtered in effluent, and residues
released in effluent.

½Carbonate�G;%¼
 
1� ½Carbonate�t x QTh

CO3
2�
i
in

x QCO3

!
� 100 (5)

½Carbonate�FF ;%¼ ½Carbonate�fh
CO3

2�
i
in

� 100 (6)

½Carbonate�WF ;%ðevery mesh sizeÞ ¼ Wms

Wt
� 100 (7)

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

The concentrations of dissolved and total effluent carbonate
were analyzed using Hach Method 8221 e Phenolphthalein and
Total Alkalinity Burette Titration, a standard method for the ex-
amination of water and wastewater 2320 B for United States
Environmental Protection Agency e 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 source of final carbonate concentration of dissolved and
total effluent carbonate.

The particle size distribution of the granules collected in every
operating pH was determined using a sieve analysis, with sieves
opening diameters of 2, 1, 0.59, 0.5, 0.42, 0.297 and 0.149 mm. The
total weight and theweight in each size fractionwere recorded, and
these were used in calculating the percentage of each size fraction.

The biggest granules produced after every experiment were
collected, dried and sieved for the evaluation of the particle size
distribution and for further characterization of the physical and
chemical properties. Surface morphology was visualized using
Scanning ElectronMicroscope (SEM, FEI Quanta 200 Environmental
Scanning Electron Microscope), granule’s structural and molecular
formulawere determined by X-ray Diffraction (XRD, Multi-function
X-ray Diffractometer), and elemental composition was analyzed by
Energy Dispersive X-ray (EDX) spectroscopy using same equipment
in SEM analysis.
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3. Results and discussion

3.1. Influence of supersaturation conditions on CaCO3 granule
formation

Calcium carbonate granulation in a fluidized-bed reactor was
performed to evaluate the effects of varying S and QT on the car-
bonate ions distribution into granules, fines and residues. The
balance equation that governed the nucleation and granulation of
CaCO3 in FBR is the double displacement reaction shown in Eqs. (8)
and (9), while the degree of supersaturation of the solution with
respect to CaCO3 is shown in Eq. (4). Where, [Ca2þ] and [CO3

2�] are
the activities of calcium and carbonate ions in the solution,
respectively, and Ksp is the thermodynamic solubility of the CaCO3-
aragonite granule which is equal to 6.0 � 10�9. S values of <1, 1 and
>1 represents undersaturation, saturation and oversaturation,
respectively (Ramakrishna et al., 2016; Wojtowicz, 2001).

K2CO3 þ Ca(OH)2 ! CaCO3(nuclei) þ 2KOH (8)

CaCO3(nuclei) ! CaCO3(granule) (9)

Fig. 2a Illustrates the carbonate end product distribution at
different S conditions while maintaining operating pH at 10 ± 0.2,
[Ca2þ]/[CO3

2�] at 1.50 and QT at 60 mL min�1. At S of 10.2, lower
granulation efficiency was obtained with average of stable
[Carbonate]G ¼ 82%. This condition achieves an insufficient degree
of supersaturation, which resulted in a lower rate of homogeneous
nucleation and granulation, which resulted to high carbonate
effluent residues. At S of 10.4, efficiency continuously increased to
average of stable [Carbonate]G ¼ 91% and decreased the carbonate
effluent residues. The optimum saturated condition that achieved
highest granulation efficiency and lowest carbonate effluent resi-
dues was found to be at S of 10.6, with average of stable
[Carbonate]G ¼ 95%. Increasing the concentration of reactant and
precipitant provided more ions to react which forms more CaCO3
(De Luna et al., 2015; Pervov, 2015). Higher supersaturation at labile
zone increased the granulation rate by overcoming the interfacial
tension between the solid and liquid states (Mahasti et al., 2017).
Further increasing of the supersaturation in the system by adding
(a)

Fig. 2. Effects of varying (a) S and (b) QT o
more reactant at the same molar ratio caused the reduction of ef-
ficiency and increased the carbonate effluent fines and residues. At
S of 10.7, the granulation efficiency started to decrease with ob-
tained average of stable [Carbonate]G ¼ 92%. At S of 10.8, it further
proved the downward trend of the efficiency at further increase of
S, with average of stable [Carbonate]G ¼ 87%. Too high supersatu-
ration increased at labile zone favored the severe spontaneous
granulation of small fines, which caused the reduction of efficiency
and production of sludge. The reactor cannot handle too much
chemical loading, which was proven by the increasing carbonate
effluent fines and residues at increasing S (Caddarao et al., 2018;
Mahasti et al., 2017).
3.2. Effect of influx flow rate on CaCO3 granule formation

Meanwhile Fig. 2b describes the influence of QT on the product
distribution. Experiments where conducted maintaining condi-
tions of [CO3

2�]in ¼ 12 mM, operating pH at 10 ± 0.2 and [Ca2þ]/
[CO3

2�] at 1.50. It was observed that lower QT yields weaker
nucleation because the granulation of CaCO3 in an FBR requires
strong collision to form nuclei. Low QT results in reduced frequency
of collision (Mahasti et al., 2017), which diminishes granulation
generation efficiency. At QT of 40 mL min�1, it took 120 h to obtain
the stable granulation efficiency, with average of stable
[Carbonate]G ¼ 83%. While at QT of 50 mL min�1, it took 72 h to
obtain the stable efficiency, with average of stable
[Carbonate]G ¼ 90%. The QT of 40 and 50 mL min�1, had the lowest
fraction of carbonate effluent fines and high carbonate effluent
residues. To obtain stable efficiencies at 20 h, QT should be set at
greater than 60 mL min�1. At QT of 60 mL min�1, optimum car-
bonate granulation efficiency was obtained, with average of stable
[Carbonate]G ¼ 96%. However, further increased of QT decreased
the granulation efficiency and increased the carbonate effluent
fines and residues because too high hydraulic loading allowed the
fine particles to reach the effluent region which resulted to easy
draining and low granulation efficiency. At QT of 70 mL min�1, the
granulation efficiency started to decrease proving the above
statement, with average of stable [Carbonate]G ¼ 91%. While at QT
of 80 mL min�1, the granulation efficiency continued to decrease,
with average of stable [Carbonate]G ¼ 82%.
(b)

n carbonate end-product distribution.
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3.3. Granule size distribution is defined by supersaturation and flow
conditions

Shown in Fig. 3 were the comparisons of the sieve-analyzed
particle size distribution trend of CaCO3 granules in every varia-
tion of S and QT. For S of 10.2, the biggest granule diameter size
produced was only 0.5e0.59 mm (Fig. 3a). Starting at S of 10.4 mM,
biggest granule diameter size produced were 1e2 mm with ideal
particle size distribution trends that shifted toward the production
of bigger size granules. Similar to the explanation on the effect of
(a)

(b)

Fig. 3. Particle size distribution trend of granu
varying S to the carbonate ions end product distribution, higher
degree of supersaturation promoted simultaneous homogeneous
nucleation and granulation due to high concentration of reactant
(Bayon et al., 2019; Petrou and Terzidaki, 2014). At S of 10.6, highest
percent weight fraction of 1e2 mm diameter size granules was
obtained which was equal to 9%. On this condition, production of
smaller granules also started to be observed. Further increase of S,
at 10.7 and 10.8, percent weight fraction of 1e2 mm diameter size
granules decreased, and production of smaller size granules
increased.
les collected at varying (a) S and (b) QT.



(a) (b)

(c) (d)

(e)

Fig. 4. SEM images showing morphology of CaCO3 granules produced in an FBR at S of
(a) 10.2, (b) 10.4, (c) 10.6, (d) 10.7 and (e) 10.8.

(a) (b)

(c) (d)

(e)

Fig. 5. SEM images showing morphology of CaCO3 granules produced in an FBR at QT

of (a) 40 mL min�1, (b) 50 mL min�1, (c) 60 mL min�1, (d) 70 mL min-1 and (e)
80 mL min�1.
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In Fig. 3b, for QT, at 40 mL min�1, the biggest granule diameter
size produced was 0.30e0.42 mm. While at QT of 50 mL min�1, the
biggest granule diameter size produced was 0.59e1.00 mm. Gran-
ulation of CaCO3 into particles required strong collision, and very
low hydraulic loading reduced the required frequency of collision.
Granule diameter size of 1.00e2.00 mmwas first observed at QT of
60 mL min�1, which also has the highest percent weight fraction
equivalent to 10%. This condition also showed favorable particle
size distribution trend which is towards the production of bigger
granules. As the QT continued to increase, at 70e80 mL min�1,
percent weight fraction of 1e2 mm diameter size granules
decreased, and production of smaller size granules increased. Too
high hydraulic loading carried the smaller granules out the effluent
before they could agglomerate to form bigger size granules inside
the FBR (Mahasti et al., 2017).

Granules of CaCO3 formed inside the reactor through homoge-
neous nucleation, coagulation-flocculation and granulation mech-
anisms. The nuclei were formed by chemical bonding of carbonate
anions and calcium cations which created smoke like effect inside
the reactor. When there were enough number of nuclei present
inside the reactor, they coagulate or changes in semisolid state and
then clumped to form flocs of CaCO3. Later on, in longer time, the
flocs tend to agglomerate to form bigger granules of CaCO3 (Chen
et al., 2015; Krossholm, 2012). Fines nucleated in the reactor had
the same elemental composition and characteristics than the
granules obtained.
3.4. Effects on product characteristics

The physical characteristics of CaCO3 granules produced in FBR
in terms of size and surface morphology were checked using SEM
analysis, and the SEM images were shown in Figs. 4 and 5 for the
results of varying S and QT, respectively. The CaCO3 granules pro-
duced through homogenous granulation process had the same
rounded shapes as shown in 200x magnification, and different
exterior surface morphology as revealed by higher magnification of
10,000xmagnification (Mahasti et al., 2017; Mohd Abd Ghafar et al.,
2017). The nucleus of CaCO3 at early stage formed small rounded
particles, and as they grow in number, squeezing between particles
inside the reactor became more intense. Thus, allowing the small
particles to agglomerate, andwith longer retention time to undergo
granulation and growth.

As shown in Fig. 4a, at S of 10.2, this condition produced smaller
size granules with observed hollows on the surface. Lower super-
saturation in terms of chemical loading provided space for the
diffusion of particles which prohibited agglomeration and
increased the porosity of the granules (Aldaco et al., 2007). At S of
10.4 (Fig. 4b), increasing supersaturation, enough amounts of car-
bonate and calcium ions were present to precipitate and filled the
entire surface which covered the hollows. Both the S of 10.4 and
10.6 had granules with amorphous surfacemorphology and smaller
round particles in the surface (Fig. 4b and c). As the S continuously
increased at 10.7 and 10.8, small round particles in the surface also
increased in number and size (Fig. 4d and e). Higher S state by
increasing chemical loading, the surface morphology of the
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granules developed a polymorphic characteristic with crystals
growing at the exterior surface as clustered needles (Sommerdijk
and With, 2008).

As shown in Fig. 4a, at QT of 40 mL min�1, lower QT in terms of
hydraulic loading produced smaller size granules. At QT of
50 mL min�1 (Fig. 4b), small round particles in the surface of the
granules increased in number and the granules started to grow
bigger. Both QTof 40mLmin�1 and 50mLmin�1 produced granules
with polymorphic surface. Lower QT means lower hydrodynamic
force, resulted to granules evolved to crystalline characteristic
surface (Mahasti et al., 2017). The hydraulic loading affected the
amount of carbon and calcium ions entering the FBR system. Lower
QT means fewer concentration of carbonate and calcium ions inside
the reactor that would nucleate into CaCO3 granule form. The
slower homogeneous nucleation occurred inside the reactor at
lower QT resulted to smaller granule size produced (Abdelaziz et al.,
2015). At QT of 60mLmin�1 (Figs. 4c) and 70mLmin�1 (Fig. 4d), the
granules produced were bigger and denser with amorphous sur-
face. At QT of 80 mL min�1 (Fig. 4e), the granules produced started
(a)

(b)

Fig. 6. (a) XRD diagrams, EDX spectra of CaCO3 granules produced at two
to decrease in size and changes in the exterior surface morphology
were started to be observed. Too high QT increased the turbulence
that induced erosion in the granule surface which inhibited granule
growth and increased the number of fine granules in the system
(Aldaco et al., 2007).

Larger diameter size of CaCO3 granules were produced in best
conditions based on the carbonate ions end product distributions of
the parametric experiments varying S and QT were collected for
analysis of their chemical characteristics. In varying S and QT, the
optimum conditions were the same which were S ¼ 10.6
([CO3

2�]in¼ 12mM), QT¼ 60mLmin�1, operating pH¼ 10 ± 0.2 and
[Ca2þ]/[CO3

2�] ¼ 1.50.
The qualitative analysis of the collected granules was conducted

through the XRD test analysis to determine the molecular and
structural formula of the granules. As shown in Fig. 6a, the intensity
peaks of both optimum conditions were very close to the peaks
pattern of CaCO3-aragonite based on JCPDS standard PDF#01-76-
0606 (Muryanto et al., 2014). It indicated that the molecular for-
mula of the granules produced was CaCO3 and the structural
(c)

parametric best conditions of (b) S ¼ 10.6 and (c) QT ¼ 60 mL min�1.
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arrangement of the atoms conformed to aragonite form. The major
peaks under best condition of S of 2-Theta were at 26.2�, 27.3�,
33.1�, 36.1�, 37.7�, 45.8�, 48.4�, 50.1� and 53.0�.While for the QT, the
major peaks of 2-Theta were at 26.4�, 27.4�, 33.3�, 36.2�, 38.0�,
46.1�, 48.8�, 50.3� and 53.2�. It was reported that longer reaction
time increased the intensity peaks of the aragonite diffraction
(Ramakrishna et al., 2016). Thus, the 168 h run in every parametric
experiment variation correlated to the formation of CaCO3-arago-
nite in an FBR through the homogeneous granulation process.

The quantitative analysis of the collected granules was done by
EDX test analysis to evaluate the elemental composition of the
granules. As shown in Fig. 6b and c, it was verified that the pro-
duced granules in the best conditions under of S and QT were
composed of elements C, O and Ca, with no traces of other ele-
ments. The CaCO3-aragonite granules produced in a FBR through
the homogenous granulation process were of high purity and low
moisture content (Mahasti et al., 2017). In addition, the system can
be operated in a long-term continuous process. Thus, reduction of
CO2 emission through KOH absorption and CaCO3 granulation
possess a great potential and market.
4. Conclusions

The study investigated the effects of the degree of supersatu-
ration and influx flow rate on the CaCO3 homogeneous granulation
for CO2 capture and utilization application. The best operating
condition that obtained highest granulation efficiency was found
with lowest fractions of carbonate effluent residues and fines, and
ideal particle size distribution trend with bigger size granules of up
to 1e2 mm in diameter. Optimum S and QT conditions were iden-
tified as S ¼ 10.6 ([CO3

2�]in ¼ 12 mM), QT ¼ 60 mL min�1 under
operating pH ¼ 10 ± 0.2 and [Ca2þ]/[CO3

2�] ¼ 1.50. The degree of
supersaturation and hydraulic influx flow rate gave significant ef-
fect on the surfacemorphology of the granules collected. At lower S,
smaller size granules with hollows on the surface were produced
with amorphous surface morphology and smaller round particles.
Meanwhile at very high S, the surface morphology of the granules
produced have developed a polymorphic characteristic with crys-
tals growing on the exterior surface. Similarly, with lower QT,
smaller granules with polymorphic surface were produced.
Nucleation of CaCO3 requires stronger collision, and very low hy-
draulic velocity does not provide the required dynamic force to
form particles of CaCO3. At higher QT, the granules produced started
to decrease in size and changes in exterior surface morphology
were observed due to surface erosion induced by turbulence at very
high hydraulic velocity. These results describe a promising horizon
for the revalorization of CO2 capture solutions by FBHG allowing
the production of a commercial by-product during the fixation
process. Promising results at this technology readiness level sug-
gest potential competitive application as sustainable technology to
control CO2 emissions. Techno-economic analysis should be con-
ducted in order to evaluate competitiveness and financial viability
to identify niche applications while considering conveyance costs.
One possible industrial scenario towards cleaner production may
consider the use of alkaline industrial effluents as CO2 saturating
solution and fed in the FBHG process. With this approach the FBHG
treatment will not only capture CO2 emitted during a theoretical
manufacturing process but will also neutralize the industrial
effluent pH (pH ¼ 6.0e8.0) as required for additional water treat-
ment or even release.
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