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Abstract

The Earth's energy balance produced by human activity is the main factor in the complex relationship between
greenhouse gases and global warming. The Taiwan Environmental Protection Agency reports that carbon dioxide
makes up more than 95% of Taiwan's most recent greenhouse gas emissions. This study used fluidized-bed
homogeneous crystallization (FBHC) technology to recover carbonate in a simulated CO,-enriched flue gas. It was
specifically designed to determine how carbonate removal and crystallization efficiency were affected by carbonate
surface loading, the influence of the source of calcium ions, and interfering substances. Results revealed that the
best surface loading at 55 kg m~2 h™" achieved 93% removal and 84% crystallization efficiency. At 50 mg L™ ' of
sulfate ions, the presence of more interfering compounds tends to reduce carbonate removal to 97% and 91%
crystallization. Regarding X-ray diffraction data, the recovered carbonate crystals resembled calcium carbonate
crystals. It has been demonstrated that carbonate can be recovered using FBHC technology as a method of CO,
capture and storage.
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1 Introduction

Climate forcing is a change in the Earth’s energy bal-
ance that ultimately has a warming or cooling effect.
As a result of warming or positive climate forcing, the
atmospheric concentration of greenhouse gases (GHG)
increases. Between 1990 and 2019, the total amount

contributing to Earth’s warmth. Unlike oxygen and nitro-
gen, CO, and other GHG prevent Earth from freezing by
reflecting heat to the surface [2]. By adding more carbon
dioxide to the atmosphere, people are supercharging the
natural greenhouse effect, causing global temperature
to rise [2]. Human activities have increased CO, lev-

of heat from GHG that humans have emitted to the
Earth’s atmosphere grew by 45%. Carbon dioxide (CO,)
alone increased the warming effect by 36% [1]. Carbon
dioxide is the main greenhouse gas, trapping heat and

*Correspondence:

Ming-Chun Lu

mmclu@nchu.edutw

'Department of Environmental Engineering, National Chung Hsing
University, Taichung City 40227, Taiwan

2College of Engineering and Architecture, Bicol State College of Applied
Sciences and Technology, Naga City 4400, Philippines

M BMC

els, enhancing the natural greenhouse effect and caus-
ing global warming. From the 1960s to 2022, fossil fuel
emissions rose from about 11 to 36.6 Gt of CO, accord-
ing to Global Carbon Budget 2022 [3]. This surge has
led to around 1 °C of global warming, potentially reach-
ing 1.5 °C soon if it continues to increase at the current
rate [4]. The Kyoto Protocol operationalizes the United
Nations Framework Convention on Climate Change by
requiring industrialized nations and economies in transi-
tion to set and achieve individual emission reduction tar-
gets for GHG [5]. The Earth’s surface warms when CO,
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concentration rises due to the atmosphere’s increased
capacity to trap heat [6]. Decarbonization efforts in the
energy and industrial sectors are essential to achieving
the net-zero GHG emissions target by 2050 [7]. The cur-
rent human involvement is connected to the annual gen-
eration of over 40 Gt of CO,, primarily due to the reliance
on fossil fuels for energy, with CO, released from indus-
trial processes accounting for 78% of the growing global
greenhouse gas emissions [8]. Utilizing captured CO, for
chemical production or safe disposal is being explored,
with carbon mineralization as a proposed method.

The urgent need to combat climate change has sparked
the investigation of cutting-edge technologies that can
efficiently collect and store CO, emissions from various
sources, mainly industrial processes, and power gen-
eration. These methods include carbon capture from
manufacturing processes that produce product gas for
carbon-capture utilization and sequestration or perma-
nent storage underground in geological cavities (CCS)
[9]. Flue gas emissions, which mostly result in the com-
bustion of fossil fuels, contain a sizable amount of CO,
and play a significant role in the greenhouse effect and
global warming. Traditional carbon capture techniques
employ liquids or solid adsorbents to trap CO,, which
can be expensive, energy-intensive, and difficult to dis-
pose of once captured. Measures to reduce the release
of CO, have been made, such as switching to renewable
energy as well as implementing energy-saving meth-
ods. Successful CO, reduction depends on using CCS
approaches [10].

However, the fluidized-bed homogenous crystallization
(FBHC) technology for CO, capture and storage from
flue gas emissions is a promising method. FBHC technol-
ogy is a development of conventional precipitation tech-
nology. Conventional chemical precipitation precipitates
an ionic compound from a bulk solution as sludge. How-
ever, these sludge products feature high water-content,
which increases the cost of sludge handling [11]. Three
possible stages for granulation mechanisms occurring
in FBHC reactor have been suggested in Fig. 1a [12, 13],
including: (a) The first stage is homogeneous nucleation,
occurring in the lower part, initiated by the mixing of
concentrated reactants at the inlet. This leads to reduced
supersaturation and encourages crystal aggregation.
(b) The second stage is heterogeneous nucleation, com-
monly in the middle part, where moderate supersatura-
tion causes cations and anions to nucleate on the seed
surface and form a layer. (c) The third mechanism occurs
in the upper part, with low supersaturation leading to
the metastable zone where crystals grow through lattice
growth and become big granules. This innovative method
uses fluidization and crystallization concepts to increase
the effectiveness, scalability, and environmental viability
of CO, capture. The greater scalability and adaptability
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of FBHC technology makes it suitable for integration
with current industrial processes and power plants. The
FBHC method uses fewer chemicals and produces crys-
tals with good yields that are larger and purer [14]. It also
requires less space for the fluidized bed reactor (FBR) due
to its tubular features and transforms the tiny crystals
into a solid form with low moisture content (<5%). The
produced crystals can be utilized as industrial materials
to recycle resources, reduce waste, and lower the price
of products [15]. The influx rate of the reactor converts
CO, gathered from industrial flue gas into calcium car-
bonate crystals using the FBHC technology for the CCS
method [10, 16]. The homogenous crystallization process
requires less energy input because the crystals spontane-
ously form in the solvent under specific temperature and
pressure conditions. Due to its high conversion efficiency,
the FBHC technology is superior to other methods.

In this study, calcium was selected as a precipitant to
recover carbonate anions from the solution via FBHC
technology. Unlike other metal ions, calcium was shown
to be an environmental-friendly precipitant and has a
higher potential to form (as presented in Fig. 1b). On the
other hand, calcite is a common mineral in geological and
archaeological contexts. The granule of calcite is the main
component of limestone, chalk, marble, travertine, and is
often a major component of wind-borne sediment (loess)
and cemented sediments [13]. Calcium carbonate also
has many applications, such as fillers for plastics, papers,
and rubbers [14]. This study aims to recover calcium car-
bonate crystals using FBHC technology from the flue gas
carbonate absorbent solution from industrial processes.
This could be a starting point for additional key param-
eters to study atmospheric CO, mitigation. Specifically,
it determines the influence of (a) the surface loading of
the carbonate ions, (b) the amount of calcium ion sup-
plied in the FBR, and (c) the influence of sulfate ions as
interfering solutions on the removal and recovery of CO,
in the form of carbonate crystals. Moreover, the gener-
ated crystals from the treatment process were analyzed
using Scanning Electron Microscope (SEM) for surface
morphology, X-ray diffractometer (XRD) for elemental
analysis, and X-ray photoelectron spectroscopy (XPS) for
chemical electron analysis.

2 Materials and methods

2.1 Chemicals

The actual concentrations of the pollutants were sim-
ulated to prepare the solutions. For the flue gas liq-
uid absorbent solution produced from carbon capture
activities, potassium carbonate (K,CO5; 99.5%) was
used. For the precipitant solution, calcium nitrate
(Ca(NO4),4H,0, 99%) and calcium hydroxide (Ca(OH),,
96%) were the sources of calcium ions. To adjust the pH
of the solution, nitric acid (HNO;, 69-71%) and sodium
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hydroxide (NaOH, 95%) were utilized. All chemicals were
purchased from Lian Gong Chemicals with an analytical
grade, and no purification was done. All solutions were
freshly prepared using ultra-pure reverse osmosis water
and deionized at a resistivity of 18.2 MQ cm.

2.2 The FBR setup

This process consists of a two-stage CO, capture utilizing
CO, as the gas and a potassium hydroxide (KOH) solu-
tion as the absorbent for converting to calcium carbonate
crystals. The two-stage system of crystallization and CO,
absorption is best characterized by chemical processes,
as shown in Egs. (1) and (2).

2KOH )+ COy = KoCOg0g)+Hs0 1)
K3C 0309 + Ca(OH )y, = CaCOs() + 2KO0Hoq) (2)

It has been thoroughly investigated that KOH has a large
capacity for CO, absorption [17]. This study focused on

»
=
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the second-phase reaction to crystallize the calcium car-
bonate in the system. The synthetic carbonate source uti-
lized in the FBR was a K,COj, solution as a source of CO,.

The FBR comprised a glass cylinder with a total volume
of 450 mL, composed of two parts (Fig. 2). The upper
region is the effluent region with dimensions of 20 cm in
height and 4 cm in diameter. The lower region is the reac-
tion region and has dimensions of 80 cm in height and
2 cm in diameter, respectively. The rapid expansion low-
ered the flow rate from the reaction region to the efflu-
ent region. Simulated flue gas wastewater and precipitant
solution were fed continuously into the reactor. The recir-
culation flow rate was adjusted to ensure uniform flow
distribution throughout the reactor. At the bottom of the
FBR, glass beads with a diameter of 0.5 cm were stacked
at a height of 4 cm to ensure an even distribution of flows
inside the FBR. Three (3) inlets at the bottom of the FBR
were linked to a peristaltic pump (Masterflex L/S, Cole-
Parmer Instrument, USA) for the pollutant solutions,
precipitants, and reflux flows. To monitor the pH of the
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Fig. 2 The FBHC technology setup. (1) Synthesized flue gas wastewater, (2) calcium ion reagent, (3) peristaltic pumps, (4) recirculation pump, (5) reaction
region, (6) effluent region, (7) recirculation flow, (8) treated effluent discharge
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Table 1 Experimental parameters for calcium carbonate
crystallization in FBHC

Symbol Definition Equation
Qco3 Qc, (ML min =) Influx of CO,-containing wastewater
and Ca solution, respectively
(CO32’)‘n (M) The influent concentration of CO;4
(CO4%), (CO4%)4 (M) Total and soluble of carbonate in
effluent
A (cm?) Cross-section area of reactor
Vi (mL) The total volume of the reaction
solution in the reactor
L(kgm=2h™ Cross-section loading Cco3 Qcos
Qr (mLmin ") Total influx flow rate Qcos f
QCa
HRT (min) Hydraulic retention time (V)TT

Table 2 Specific experiment design of study

Run Variables Levels Constant conditions
Carbonate  [Ca®']/ pH
concentra-  [CO,>]
tion (mM) MR

1 Surface loading 14,21, 34,55, - 1/1 10

(kgm=2h7T) 62,69

2 [Ca®)/[CO* T g 09,095,1.0,  0.096 - 10

1.05,1.1

3 Sulfate concen- 0, 10, 20, 30, 0.096 11 10

tration (mg L™") 40,50

discharging solution, a pH/ORP meter (Shin-Shang Tech
Instruments Co., PC-310) was mounted at the effluent
region. The experimental parameters of the FBR reactors
are listed in Table 1.

2.3 Experimental procedures and analytical techniques
2.3.1 Experimental procedures

The source of the synthetic flue gas wastewater contain-
ing CO, was simulated according to its composition. The
design data for the necessary absorption tower param-
eters were created based on the existing plant design.
The flue gas contains 15% CO,, simulating that from fos-
sil fuel and thermal plants [18, 19]. The CO, absorption
efficiency was estimated to be 90%, and the carbonate
concentration in the leaving streams of the absorption
tower was about 0.33 M. The synthetic flue gas wastewa-
ter with CO, was initially fed into the reactor at 10 mL
min~}, increasing by 10 mL min~! every 6 h until reach-
ing 50 mL min~'. A 1:1.3 molar ratio (MR) of Ca(OH), to
carbonate solutions was added to 20 L tanks, and NaOH
was used to adjust the pH by adding in CO,>" containing
wastewater. Ca?* and CO,?" at concentrations of 0.024
and 0.018 M, respectively, were pumped into the FBR at
equal rates, with recirculation flow varying between 10
and 50 mL min~!. The fluidization state was confirmed
by keeping formed granules at less than 50% bed expan-
sion in the fluidized-bed reactor. The FBHC process did
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not use external seeds for crystallization; instead, a pre-
liminary stage allowed for seed formation within the
reactor until precipitates were stable enough to resist
washout. The pH was kept between 10.0 and 10.3 using
NaOH and HCI. Experiments, done in triplicate at room
temperature [20], ran continuously for seven days, which
was sufficient for consistent carbonate removal and pre-
cipitate stabilization as per preliminary studies. The
experimental design is detailed in Table 2.

At the effluent region of the FBR, two (2) samples of ten
(10) mL each were taken out and placed in a sample bot-
tle for analysis. The first sample was filtered with 0.45 pum
microfilter membrane (GHP, PALL™), while the other was
not. Both were acid-treated using HNO; (69% v/v) to ter-
minate the reactions. The dissolved carbonate ions in the
filtrate were examined to determine the effectiveness of
carbonate removal. In Eq. (3), the carbonate ion removal
efficiency was demonstrated using the ratio of carbon-
ate ions removed in the FBR to all carbonate ions initially
present in the flue gas wastewater solution.

co¥r). —(co¥
_ |leos 2802() o x 100
3

3)
%Removal in

The amount of total carbonate ions required to achieve
the crystallization effects is shown in Eq. (4). For the
unfiltered sample, the crystallization efficiency was
assessed. The reaction between the carbonate precipitant
and the calcium ion resulted in the formation of large
crystals.

(CO5). — (COF)
(C057)

%Crystallization = L1 % 100 (4)

m

The carbonate concentration at the inlet was named
(CO,™),,- Meanwhile (CO,*7) ,, represents the dissolved
residual carbonate concentration in the effluent point
after filtration, and (CO,>"), represents the total effluent
carbonate levels without filtration, which determine both
the dissolved residual carbonate and digested carbon-
ate concentration from the sludge washed out from the
reactor. An optimum operating condition is defined as
the experimental parameter value resulting in the highest
Crystallization Ratio (CR) value. A low CR value followed
by a high Total Removal (TR) value indicates a significant
amount of undesired sludge has formed in the system.

2.3.2 Analytical techniques

The concentration of each ion involved in the precipita-
tion reaction in the effluent water was analyzed, and the
carbonate treatment efficiency of the experiment was
obtained. The calcium ion concentration was analyzed



Huang et al. Sustainable Environment Research (2024) 34:11

using Inductively Coupled Plasma Mass Spectrometry
(ICP-MS, Element 21, Thermo Scientific). High-resolu-
tion XRD (HR XRD, D8 DISCOVER, Bruker) was used
to analyze the elemental components of the product. The
XPS (ESCA, PHI 5000 Versa Probe, ULVAC-PHI) ana-
lyzed the chemical bonds contained in the product and
provided qualitative and quantitative analyses of its con-
stituents. The surface morphology of the particles was
observed by a Thermal Field Emission SEM (FE-SEM,
JSM-7800 F, Japan JEOL) to confirm the surface struc-
ture. In this way, the product’s composition, purity, sur-
face structure, and other characteristics are identified,
based on which the suitability for use and recycling value
of the resource-recycling product are determined.

3 Results and discussion

3.1 Influence of carbonate surface loading on carbonate
removal and crystallization

Surface loading is the amount of carbonate that moves
over a cross-sectional unit area (m?) in a particular
period (h) (L, kg m~? h™!). The amount of carbonate that
crosses a cross-section area at a given time depends on
the carbonate content in the initial influent at the stated
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flow rate [21]. At these conditions, the influent MR of
[Ca2+]/[C032_]=1.0, the single influx flow rate=50 mL
min~', and the pH value of the system was held constant
at 10. The carbonate surface loading varied from 14 to
69kgm 2h™1,

As shown in Fig. 3, the carbonate removal and granula-
tion efficiency were achieved at 97 and 96%, respectively,
at the initial carbonate surface loading of 14 kg m™>
h™! and continued to decrease as the carbonate surface
loading increased. When the surface load was continu-
ously increased to 69 kg m~2 h™!, the removal efficiency
decreased to 88%, and the crystallization efficiency
dropped to 80%. This reduces the likelihood that the ini-
tially generated nuclei will collide and disintegrate, thus
lowering the crystallization efficiency [22]. At this junc-
ture, the optimal conditions for easy operation and stable
reactions were the carbonate surface loading of 55 kg
m~?h™}, the influent carbonate concentration of 0.096 M
resulting in a removal efficiency of 93%, and a crystalliza-
tion efficiency of 84%.

Meanwhile, altering the carbonate surface loading flow
rates used for recirculation affects the hydraulic retention
time (HRT). An HRT of 9.0 min was calculated based

100
95 - %
x .
gg 90 ,I + %
> Il
c 854 I
Q0
2 Lo
I 80- 1 I
1
m % Removal
75 A % Crystallization
70 1 . I

10 20 30

40

I 1 I |
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Surface loading (kg m2 h™)

Fig. 3 Influence of carbonate surface loading on removal and crystallization efficiency
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on the ratio of the primarily generated nuclei, which
decreased the crystallization efficiency. The HRT was
adjusted to optimize particle collision for the specified
range of carbonate surface loadings [23]. A longer HRT is
required to crystallize carbonate, which increases super-
saturation and facilitates the formation of the amorphous
material [24]. While increasing the surface loading cre-
ates a well-mixed environment to react adequately with
the precipitating agent, it also increases the upward
velocity that supports higher crystallization efficiency
[25].

3.2 Influence of source of calcium ions on carbonate
removal and crystallization

Variations in the calcium ion source can affect the
removal and crystallization of carbonate from the syn-
thetic flue gas absorbent solution. Two calcium sources
were investigated to determine their influence on the sys-
tem. Ca(OH), and Ca(NO,), were used for this purpose
following the initial conditions provided. The influent
concentration of carbonate was 0.096 M, with a carbon-
ate surface loading of 55 kg m™ h™', and the pH value of
the solutions was maintained constant between 10.0 and
10.3. The MR of [Ca2+]/[CO32'] was controlled at 0.90,
0.95, 1.00, 1.05, 1.10 for a more detailed study.

The comparison between the two calcium ion sources
determined which generated better carbonate removal
and crystallization efficiency from the simulated flue
gas absorbent liquid. The maximum removal of 95%
at [Ca?t]/ [CO32']=1.05 was achieved using calcium
hydroxide, based on the calculations of the changing
MRs (Fig. 4a). From MRs of [Ca®*]/[CO,*] of 0.9 to
1.05, carbonate removal efficiency improved from 85
to 95%, but as MRs increased further to 1.1, carbonate
removal tended to decrease to 86%. A similar pattern was
observed when calcium nitrate was the source of calcium
ions. An achievement of 86 to 98% was possible with a
[Ca?*]/[CO5*] MR of 0.9 to 1.05, while 94% was possi-
ble with an increased MR of 1.1. The maximum level of
supersaturation that can impact the efficiency of remov-
ing carbonate was obtained by increasing the [Ca?t]/
[CO,*] MR [26, 27].

From Fig. 4b, it can be seen that with the [CaZt]/
[CO,%7] yr of 1.05, the crystallization efficiency per-
formed best at 85% when using calcium hydroxide and
97% when using calcium nitrate. Similarly, as the [Cat]/
[CO,%7] \g increased, the crystallization efficiency also
increased. However, further increases in the [Ca®']/
[CO,%7] yr tended to decrease the crystallization effi-
ciency due to the excess amount of calcium ions that tend
to dissolve, resulting in lower efficiency. Results showed
that calcium nitrate yielded better results in the removal
and crystallization efficiency of the carbonate crystals.
The restricted supersaturation impacted the carbonate
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precipitation processes in the reactor bed. At the reactant
inflow, supersaturation was widespread and decreased
as it rose in the reactor column. On the other hand, sig-
nificant supersaturation required a liquid medium for the
growth of new crystals, and more fines were also formed
by spontaneous primary nucleation [24].

3.3 Influence of sulfate ion as interfering solutions

A sulfate ion was introduced to the influent solution to
determine its influence on the removal and crystallization
of the carbonate ions. The varying influent concentra-
tions of sulfate ions, ranging from 10 to 50 mg L}, were
calculated based on the concentration of sulfur oxides
in the flue gas introduced to the system, while the other
factors remained constant. The presence of sulfate in the
solutions affects the crystallization process of calcium
carbonate. Without sulfate ions in the solution, 98% car-
bonate removal and 97% crystallization efficiency were
achieved. However, with increasing sulfate ion concen-
trations from 10 to 50 mg L™, carbonate removal insigni-
ficantly changed, while crystallization efficiency declined
from 96 to 91% (Fig. 5). Two ions, hydroxide and sulfate,
can compete with carbonate for calcium in solution for
precipitation. Given the ideal operating condition for the
molar ratio (MR) of [Ca22+]/[C032'] is 1.0, if calcium ions
precipitate as other compounds, there will not be enough
calcium ions for carbonate to carry out the crystallization
reaction, leading to a decrease in carbonate removal effi-
ciency. Sulfate also influences the treatment effectiveness
through its ionic strength and crystal structure. Sulfate
will be adsorbed onto the surface lattice of the calcium
carbonate crystals formed in the FBR, replacing carbon-
ate to combine with calcium ions and create calcium sul-
fate crystals. When all active sites are filled, the freshly
formed calcium carbonate crystals either adhere to the
remaining active sites or to the calcium sulfate crystals
on the surface and continue growing. This is more likely
to result in the formation of tiny crystals that readily
wash out with the water flow, resulting in slower calcium
carbonate formation and decreased crystallization effi-
ciency [28, 29].

The pH of the system plays a significant role in deter-
mining the phases of metal and free ions. An increase in
pH promotes the generation of OH™ ions, leading to the
hydrolysis of free calcium and the formation of Ca(OH),
begins to rise at pH 11.5. A diagram of the competition
of Ca(OH), and CaCO; under the same initial concen-
tration of Ca (0.096 M) was presented. As predicted in
Fig. 6a, a further increase in pH augmented the levels of
hydroxides which reduced the formation of CaCO; and
shifted to the reactions of Ca®* with hydroxides to form
Ca(OH),. Thus, the controlling pH below 11.5 was sug-
gested to obtain a higher purity of recovered CaCOs.
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pH is also indisputably related to the crystallization
processes of sulfate species in solution. There are two dif-
ferent K, values for the dissociation of protons in phos-
phoric acid: K,; = 10%, K,, = 1.2x107% M (Egs. (5) and
(6)). Correspondingly, their ionization equations and
equilibrium constants are expressed as follows:

. _ [H][H50]]
HySO, = H" + HSO K, = — -+~ "4 (5
250, + 504 1 [HQSO4] ( )
H*[SOT]
HSO; = H" + SO K5 = H15017]

Based on Egs. (7) and (8), the total sulfate concentration
can be determined by summing up the concentrations of
these species.

[SOi™], =[SO + [HSO;| + [HaSO4 (7)

Theoretical considerations suggest that changing the pH
can alter the species distribution of calcium, carbonate,
and sulfate, potentially affecting the prevalent reactions
in the system. There are two kinds of calcium species in
Ca-H,0-SO,* system such as CaOH* (Ko = 10 '%7 M)
and CaSO, (K = 10>3® M). Correspondingly, their equi-
librium equations and cumulative formation constant are
expressed as follows Egs. (9, 10 and 11):

sl s

61(12+ + HQO = CV(I,OI’]Jr + H+K()H = % (8)
CaSOY

Ca*" +S0Y = CaSOKeg = [CasO3) 9)

[Ca™] [S0T]

In term of [Ca®'], the two species of Ca existing in solu-
tion are as follows:

[Ca**], = [Ca®] + [CaOH ] + [CaSOY]  (10)
[Ca*') = 0] (14 (24 + Kes [501 1)

Therefore, the existence of sulfate strongly affects CaCOj
granulation due to the formation of CaSO, complex in
solution. As presented in Fig. 6b, a higher initial sulfate
concentration results in a lower formation of CaCO;,
consistent with the results of carbonate removal pre-
sented in Fig. 5. When sulfate is present at a concen-
tration of 50 mg L%, the efficiency of calcium removal
decreases. Initially, at a sulfate concentration of 10 mg
L~!, the removal rates were approximately 98% for TR
and 96% for CR. However, as the sulfate concentration
increased to 50 mg L™}, these efficiencies reduced to 97%
for TR and 91% for CR, significantly impacting the crys-
tallization efficiency. Meanwhile, Ca(OH), only shows an
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effect on the recovery of CaCO; under extremely alkaline
conditions.

3.4 Calcium carbonate crystal characterization

The product with a surface loading of 69 kg m~2 h™! was
sieved with sieve apertures of 0.355 mm and 0.7 mm for
SEM and XRD analysis to understand the growth mecha-
nism of the crystalline particle product. Simultaneously,
the crystalline particles at surface loadings of 69 kg-m™2
h™! and 55.0 kg m~% h™! were chosen for SEM and XRD
investigation to examine the impact of carbonate surface
loading on the product’s surface structure.
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The crystallization process showed a positive corre-
lation between the product’s particle size and HRT. In
Fig. 7a, it can be observed that the initially generated
nuclei transformed into fine crystals with sharp edges
and corners. Upon magnification, the crystal struc-
ture present on its surface became clearer at 150 times
magnification. As they bonded, the newly formed crys-
tals clustered together, reducing their angularity and
causing them to aggregate. At 110 times magnification,
larger particles were produced simultaneously by attach-
ing new crystals to the spaces between the smaller ones
(Fig. 7b). The particle size increased compared to Fig. 7a.
Lastly, in Fig. 7c, the crystals were observed at 55 times
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magnification, resembling the structure of Fig. 7b, with
further enhanced smoothness and particle size visible
at 30 times magnification (Fig. 7d). The final output is
smoother than the first two crystals, even if it is not per-
fectly spherical.

As depicted in Fig. 7e, an illustration of the layered for-
mation of crystals is evident. In the FBR’s reaction zone,
tiny crystals initially formed. As fine crystal formations
persisted, a crystal layer gradually developed and con-
nected, increasing the particle size. With an extended
reaction period during continuous crystallization, the
nuclei grouped to form larger aggregates. As the crystal-
lization reaction occurred on the surface of the particles,
the particle size gradually increased. However, once the
crystal particles reached a specific size, they collided
appreciably due to their weight and hydraulic circum-
stances, causing them to become fluidized in the FBR.

The results of the XRD study are shown in Fig. 7g and
i. The peak characteristics provided were consistent with
the reference depicted in Fig. 7f. The XRD analysis was
conducted at a surface loading of 6.9 kg m™* h™! for gran-
ules of different sizes, and the highest crystalline phase
of CaCO; was observed when the particle size of the
product was less than 0.35 mm. It was evident that the
obtained product primarily contained calcium carbon-
ate [30, 31]. Consequently, the calcium carbonate crystals
produced in the reaction zone initially had a high degree
of purity as the reaction period increased. It is possible
that the other ions from the reaction were adsorbed onto
the product’s surface, which increased the crystal particle
size. The three samples contained consistent and dis-
tinct characteristic peaks at 29, 39, 46, and 48°, demon-
strating that the substance was calcium carbonate when
compared to the calcium carbonate standard product
through XRD analysis.

The crystal products generated at a pH of 10 were
examined using XPS analysis. Analysis of Fig. 8a and b
demonstrated that no calcium hydroxide was developed
under this condition. The decomposition results of the
two figures showed that the analysis results of calcium
and oxygen in XPS can be attributed entirely to calcium
carbonate peaks. The reaction region indicated that cal-
cium carbonate constituted the majority of the compo-
sition. It was confirmed that these conditions would not
lead to the formation of calcium hydroxide and a reduc-
tion in carbonate treatment effectiveness.

Figure 8c and d displayed the findings of the XPS
results of calcium and oxygen at pH 11 crystal prod-
uct. The peak regions in Fig. 8c were divided into peaks
according to the binding energy (BE) and the orbital
areas that correspond to the potential products that
could develop and be degraded. The four peaks Ca(OH),
2p3/9, CaCOj 2p3,y, Ca(OH), 2p, 1, and CaCOj; 2p, , were
identified. Following the same pattern, Ca(OH), 1s and
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CaCO; 1s were split into two peaks. By putting the cal-
cium hydroxide and calcium carbonate peak regions in
the same orbital region and comparing them, the product
components can be quantified to estimate the percentage
of each content (Fig. 8d). The results showed that the pH
of 11 crystal products had an approximate 2.6:1 calcium
carbonate to calcium hydroxide concentration ratio.

Figure 8e and f showed the findings of the XPS exami-
nation of calcium and oxygen at a pH of 12. Figure 8e was
broken into four separate peaks: CaCOj; 2p;/,, Ca(OH),
2ps,, CaCOj3 2p, jp, and Ca(OH), 2p, ,. Figure 8f was also
degraded into two peaks of CaCOj; 1s and Ca(OH), 1s. To
quantify the product components, the area of each peak
was sorted, compared, and the proportion was examined.
According to the findings, the pH of 12 products had a
calcium carbonate to calcium hydroxide concentration
ratio of roughly 1.1:1. It was confirmed that each peak’s
BE values are within the range of calcium carbonate’s
matching elemental binding energy peaks and orbitals in
the reference and NIST XPS databases. This proved the
product’s composition was calcium carbonate [32—34].

The use of calcium, magnesium, and barium in the
recent papers for carbon sequestration is compared in
Table 3. Ca®" was the common precipitant to promote
carbonate removal through chemical precipitation in
early works. However, conventional precipitation treat-
ment created a large amount of water-rich sludge that
needed further dewatering. As illustrated in Table 3,
CaCOj, recycling using the expanded granular sludge bed
process could produce granules; however, a long time
was required to have an efficient operating time. Thus,
FBHC used in this study is an economical and highly fea-
sible method of treatment due to its short reaction time,
neutral pH reaction, and the production of large granule
products that are suitable for further use.

3.5 Economic analysis

A cost-benefit analysis was performed to assess the eco-
nomic advantages of using the FBR system for treating
wastewater with high carbonate content. The FBR system
stands out for its ability to reduce sludge and create valu-
able pellets, leading to lower solid waste disposal costs
compared to traditional chemical precipitation. Both sys-
tems use equal amounts of chemicals.

With a carbonate concentration of 5760 mg L™! in the
wastewater, treating 1000 L allows for the recovery of
5356 g of carbonate, equivalent to 8.92 kg of CaCO,. Dis-
posal costs in Taiwan are roughly $0.16 kg™ ! solid [35].
Traditional methods recover solids as sludge, with costs
around $8.92 m™3, considering an average water content
of 84% in the sludge [36], leading to a total sludge mass
of 55.8 kg. The FBR system, however, separates 8.06 kg as
pellets and 0.86 kg as sludge, with significantly different
water contents of 5 and 84%, respectively. This results in
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Table 3 Comparison of carbon sequestration by using precipitant salts

Reactant Methods Product Conditions Product size Ref.
Mg?* Fluidized-bed Granule of MgCO, Mgly=2046 mg L™, Size>1mm [37]
pH=113,Time=3-5d
Chemical Precipitation Sludge of amorphous MgCO, [Mg], = 4,800 mg L, - [38]
pH 9.0, time=5h
Bat Chemical Precipitation Sludge of amorphous BaCO, [Baly = 16,470 mg L, Size <10 um [39]
pH>10, time=2h
[Baly=5206 mg L', Size <200 um [40]
pH 9.0-10.5, time=90 min
[Bal,=27,400mg L', Size<3 um [41]
pH 9.6-12.0, time=90 min
Ca%t Expanded granular sludge bed Granule of CaCO, [CO;]y = 1200 mg L7, Size >0.5 mm [42]
pH=10.5Time=70d
Chemical Precipitation Sludge of amorphous CaCO4 [Cal, = 4000-8000 mg L', Size <10 um [43]
pH 10.0, Time =180 min
pH>10.0, Time= 180 min Size <10 um [44]
[Caly=72072mgL"", Size <30 um [45]
pH 12.0, Time =60 min
[Cal, = 2000-4000 mg L', Size <5 um [46]
pH 9.0, Time =300 min
Fluidized-bed homogeneous Granule of CaCO4 [Cal,=3840mg L™ ! Size>1 mm This study

crystallization (FBHC)

pH 10.0, Time=7d

a lower disposal cost of about $2.2 m™2. The FBR system
not only cuts disposal costs but also requires less space
than conventional methods. Moreover, the recovered
pellets can be post-treated and reused. These factors
make FBR an economically attractive option for future
wastewater treatment. However, FBHC faces challenges
including the cost of continuous flow control, scalability
issues like fouling and agglomeration, and the need to
address the disposal and treatment of toxic by-products.

4 Conclusions

To recover the carbonate ions after simulating potassium
hydroxide absorption, FBHC technology was evaluated.
The effect of different Ca sources, surface loading, and
interference ions such as sulfate was conducted to opti-
mize the crystallization of recovered calcium carbon-
ate. The capacity of the FBHC system was maximized at
a cross-sectional loading of 55 kg m* h™! and pH 10.0,
resulting in a crystallization efficiency of 85% with a cor-
responding total removal efficiency of 98%. Based on
XRD and XPS analysis, the pellet product was identified
as CaCOs, indicating high purity. Meanwhile, the reduc-
tion in solid disposal costs from 8.93 to 2.20 US$ can be
considered as one of the economic potentials of applying
FBR in carbon sequestration from wastewater. The CO,
in the atmosphere absorbed by the flue gas can be recov-
ered as granulated pellets through fluidized-bed crystal-
lization, which is highly separable and has high potential
for further use. FBHC technology offers a promising solu-
tion for industries to reduce CO, emissions, particularly
in power generation and heavy industries like cement
and steel, thereby aiding compliance with environmental

regulations and contributing to global emission reduc-
tion efforts.
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