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Chapter 1. Introduction

1.1 Introduction

The concentration of CO, in the atmosphere is steadily increasing. According to
a report by the Intergovernmental Panel on Climate Change, it is predicted that the
concentration of atmospheric CO, will increase to 1200 ppm by 2100 (IPCC,
2007). Shaffer (2010) predicted that the global average temperature will rise by 5
°C in 2030 and temperature of seawater also will rise by 3 °C in 4010, using
simulations of predicted greenhouse gas emissions. In order to reduce CO;
worldwide, research has mainly focused on carbon dioxide capture and storage to
store CO, underground or in the ocean floor that called carbon dioxide capture and
storage (CCS). However, research on carbon dioxide capture, utilization, and storage
(CCUS) technology for recycling CO, is attracting new attention (Azdarpour et al.,
2015; Sanna et al., 2014; Markewitz et al., 2012; Prigiobbe et al., 2009).

7 , P
= Y 4
|
- @
Alkaline Waste Residue CO, from power generalion or industry
Raw Minerals \C )

/2‘:“ '

\ (="
.‘& Q:,% Value added &

Feedstock dependent produd; {eg. enhanced . @.@@) carbonation by-product
metal recovery from waste residue) oe

Construction materials, fire retardants,
fillers, flowing aid, etc.

Fig. 1 Concept of mineral carbonation (Bobicki et al., 2012)



An example of CCS technology is mineral carbonation (Fig 1). It is a technique
of storing CO, in the form of insoluble carbonate minerals that are
thermodynamically stable by reacting with raw materials containing Ca or Mg
(Bobicki et al.,, 2012). As raw materials for mineral carbonation, natural minerals
such as limestone, serpentinite and olivine (Teir et al, 2009; Li et al, 2017
Prigiobbe et al, 2009; Farhang et al., 2016), and various industrial by-products
generated in the industry can be used. Recently, industrial by-products with much
higher economic advantages than natural minerals are mainly used as raw materials
for mineral carbonation. Types of industrial by-products mainly used for mineral
carbonation include slag, paper sludge ash, cement kiln dust, fly ash(Polettini et al.,
2016; Gunning et al, 2010; Kim et al, 2016; Jo et al.,, 2012). These industrial
by-products contain much metal ions and are in the form of fine particles, which is
advantageous for mineral carbonation. Mineral carbonation is generally classified to
two: 1) Direct carbonation ii) Indirect carbonation (Fig. 2). The direct carbonation
is single process to react carbon dioxide with raw material directly. The direct
carbonation does not include the step of eluting metal ions from the raw material
prior to carbonation, so the process is simple. Indirect carbonation involves the use
of a solvent to elute metal ions from the raw material, and reacting the eluate
separated from the raw material with carbon dioxide. In the case of indirect
carbonation, impurities such as Si or Fe can be removed to form carbonates of
high purity before carbonates are formed. Because the produced CaCOs;(s) and
MgCOs(s) can be used for industrial purposes, indirect carbonation belongs to
CCUS technology (Lackner et al., 1995). For example, calcium carbonate produced
via indirect carbonation can be used in the paper, plastics, paint industry, etc

(Eloneva et al., 2008).



Direct carbonation Indirect carbonation
One step Two or more steps

Mineral Extraction

Agent
Mineral CO; l
Extraction
co
Carbonation ’
M2+ l
l Y
MCO; product Carbonation

!

MCO; product

Fig. 2 Direct mineral carbonation is accomplished in one step, while indirect mineral
carbonation is conducted in two or more steps. Note M refers to either calcium (Ca)

or magnesium (Mg) (Bobicki et al.,, 2012)

Water, acids (hydrochloric acid, acetic acid, etc.), ammonium salt, and chelating
reagents (EDTA, sodium citrate, etc.) have been used as solvents in indirect
carbonation (Han et al., 2015; Kim et al, 2017; Zhao et al.,, 2013; Perez-Moreno
et al., 2015; Azdarpour et al.,, 2015; Mun et al.,, 2017; Li et al,, 2017; Rahmani et
al.,, 2018; Jo et al, 2014; Kim & Kim, 2018). Research has been continued to
increase the efficiency of calcium leaching from industrial by-products using various
solvents and to increase carbon dioxide storage. In the case of water, the efficiency
of eluting Ca from raw materials is low. On the other hand, in the case of acids,
the efficiency is considerable; however, a large amount of alkali reagent should be
added to increase the pH of the eluate, which has a very low pH. Other solvents

have considerable Ca elution ability and high carbonation efficiency and there is no
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need to adjust the pH, but the cost of the solvent is high and it is difficult to
ensure economic feasibility. Indirect carbonation is technically feasible, but it is
difficult to commercialize because of problems of economic feasibility and
efficiency. Economic feasibility of the technology is difficult to achieve because
chemical solvents account for most of the cost (Azdarpour et al., 2015; Teir et al.,
2007). Therefore, in this study, we tried to solve the problems of economic
feasibility and efficiency by using nearly costless seawater as a solvent in indirect

carbonation.

Meanwhile, Calcium carbonate which is chemically synthesized through these
indirect carbonation reactions is precipitated calcium carbonate (PCC). It is
classified into calcite, aragonite, and vaterite depending on the form (Chang et al.,
2017). Calcite is an rhombohedral shape and is the most stable form of PCC, so it
is common. Aragonite is needle-like or orthorhombic particles and it produced
under high temperature conditions of 50 to 80 °C or higher and in the presence of
magnesium ions (Kezuka et al.,, 2017; Stantos et al., 2014; Altiner & Yildirim,
2017). Vaterite is a spherical particle, which is a metastable form compared to
calcite (Brecevic et al., 1996). In the process of PCC formation, amorphous
calcium carbonate (ACC) is first generated, and vaterite is produced which is given
through the dissolution and recrystallization process of ACC. Also, calcite is formed
through the process of dissolution and recrystallization of vaterite (Gebauer et al.,
2008; Radha et al., 2010; Rodriguez-Blanco et al., 2010). Vaterite has high specific
surface area, high solubility, high dispersibility and low specific gravity rather than
calcite and aragonite, and it can be used for various applications than other two

forms of calcium carbonate (Trushina et al., 2016).

Seawater contains not only Ca, but also cations, such as Mg2+ and K', and
anions, such as HCO; and SO, (Table 1). The average concentrations of Ca and
Mg are 411 mg/L and 1290 mg/L, respectively (Leggett and Rao, 2015). These are

ions that can participate in the carbonation reaction; therefore, seawater is



considered to be advantageous for the production of CaCO; and MgCOs.

Table 1 Average concentrations of major ions in seawater (Leggett and Rao, 2015)

Concentration Concentration
Component of seawater

(mg/L) (mmol/L)
Cl 19000 536.0
Na* 10800 469.8
SO* 2700 28.1
Mg** 1290 53.1
Ca** 411 10.3
K" 380 9.7
HCO5 140 2.3

Br 65 0.8
St 13 0.1
F 0.95 0.05

In this study, various indirect carbonation experiments were conducted using
seawater and an alkali industrial by-products. We determined which components of
the seawater leached out Ca from the alkali industrial by-products. We determined
the optimum conditions of Ca elution and carbonation and compared the CO,
storage capacity and the CaCO; yield from this study with previous results. In
addition, the influence of seawater on the formation of vaterite-type calcium
carbonate was investigated through comparison with existing indirect carbonation
reaction solvents. When seawater was used as a solvent, vaterite-type calcium

carbonate was produced under various carbonation reaction conditions, and the

optimum conditions were derived.



Chapter 2. Indirect mineral carbonation using seawater and alkali

industrial by-products

2.1 Materials and Methods
2.1.1 Materials and analysis

The CKD used in this study was supplied from the South Korea “D” cement
company, dried at 105 °C for 24 h, and then screened for 425 xm. Seawater was

taken from the coastal area in Busan City (South Korea), immediately filtered with

a 5 um paper filter (Filter Paper 2, ADVANTEC), and refrigerated.

Component analysis and pH measurement of the liquid samples were conducted
using an atomic absorption spectrometer (AA 200, Perkin Elmer) and pH meter
(Orion Star A211, Thermo Fisher Scientific), respectively. Then, in order to
determine the components and structure of the solid samples, X-ray diffraction
(XRD, Smart lab, Rigaku) analysis, X-ray fluorescence (XRF, XRF-1700, Shimadzu)
analysis, thermogravimetric analysis (TGA, TGA 7, Perkin Elmer), and scanning
electron microscopy (SEM, MIRA-3, Tescan) analysis were conducted. XRD
analysis was conducted at 0.02 ° intervals from 5.0 ° to 80.0 ° at 40 kV/30 mA
using CuK-a radiation. TGA was conducted by raising the temperature by 20
°C/min in the range of 50 °C to 900 °C. The particle sizes of the CKD and
produced CaCOs; were determined using a laser scattering particle size analyzer

(Mastersizer 3000, Malvern Instruments).

2.1.2 Methods
2.1.2.1 Calcium elution reaction
2.1.2.1.1 Calcium elution from CKD using seawater

In order to examine the efficiency of eluting Ca from CKD using seawater as a

solvent, CKD and seawater were mixed at a solid/liquid (S/L) ratio of 1:50 (g:mL)
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and shaken at 250 rpm and 25 °C for 1 h. All reactions that eluted Ca from the
CKD were performed at ambient pressure. The suspension was filtered through a
0.45 ym membrane filter and the pH and Ca concentration of the eluate were
measured. Ca elution reactions were also conducted under the same conditions
using six solvents (distilled water, seawater desalination brine, 0.3 M hydrochloric
acid, 0.3 M ammonium chloride, 0.1 M trisodium citrate, and 0.1 M disodium
malonate) as a control group. Water, hydrochloric acid, ammonium chloride, and
trisodium citrate used in the control group were used as solvents for existing
indirect carbonation reactions (Jo et al., 2014; Kim & Kim, 2018; Mun et al,
2017; Teir et al.,, 2007; Kunzler et al., 2011; Krevor & Lackner, 2009).

2.1.2.1.2 Components of seawater that elutes calcium from CKD

To determine the effective seawater component for Ca elution from CKD, 20
types of artificial solution were prepared and Ca elution experiments were
conducted (Table 2). Each artificial solution (solution No. 1-18) was adjusted to
contain one to five seawater components each, and the concentration of each ion
was adjusted in the same way as that for the average concentration of major ions
dissolved in general seawater, as shown in Table 1. The artificial seawater (solution
No. 19) was prepared using the method reported by Kester et al. (1967). Other
artificial solutions (solution No. 1-18) were also prepared with the same reagents as

those used in the artificial seawater preparation method.

The CKD and artificial solution were mixed at a S/L ratio of 1:50 (g:mL)
and shaken at 250 rpm and 25 °C for 1 h. Then, the suspension was filtered
through a 0.45 4 m membrane filter and the pH and Ca concentration of the eluate

were measured.



Table 2 Composition of artificial solution

1 : HCOy 11 : Br + CI'

2 : SO” 12 : HCO;s + SO + Br

3:Br 13 : HCOs” + SO + CI

4 . CI 14 : HCO;y + Br + CI

5 Mg* 15 : SO + Br + CI

6 : HCO;+S0,” 16 : HCO; + SO, + Br + CI

7 : HCOy+Br 17 : HCOy + SO + Br + Mg*

8 : HCO;y + CI 18 : HCOs” + SO + Br + CI' + Mg*
9 : SO,* + Br 19 : artificial seawater

10 : SO + CI 20 : artificial seawater without Mg2+

2.1.2.1.3 Calcium elution using magnesium-added seawater

MgCl,-6H,O was added to the seawater to adjust the Mg concentration in the
seawater to 0.05-0.35 M. CKD and seawater, which adjusted the Mg concentration,
were mixed at a S/L ratio of 1:50 (g:mL) and shaken at 250 rpm and 25 °C for 1
h. Then, the suspension was filtered through a 0.45 x4 m membrane filter, and the

pH and Ca and Mg concentrations of the eluate were measured.

2.1.2.1.4 The optimal S/L ratio of CKD and seawater

The Ca elution efficiencies according to the S/L ratios were compared by
adjusting the ratio of CKD and seawater to 1:25, 1:50, 1:75, 1:100, 1:125, 1:150,
and 1:200. For this purpose, 2, 1, 0.67, 0.5, 0.4, 0.33, and 0.25 g of CKD was
mixed into 50 mL of seawater, respectively, and shaken at 250 rpm and 25 °C for
1 h. Then, the suspension was filtered through a 0.45 x#m membrane filter and the

pH and Ca concentration of the eluate were measured.



2.1.2.1.5 The optimal reaction temperature and time

Elution experiments were conducted by adjusting the reaction temperature from 0
°C to 80 °C and reaction time from 5 min to 1440 min. For these experiments,
the S/L ratio of CKD to seawater was 1:50, and other conditions were the same as
those in Section 2.1.2.14 The experiment to determine the optimal temperature
proceeded at a temperature that was adjusted to be constant in a water bath, and a
condenser was installed in the reactor at high temperature (= 30 °C) to prevent
moisture loss. After completion of the reaction, the pH and Ca concentration of the

eluate were measured.

2.1.2.2 Carbonation reaction

The Pyrex reactor (1 L capacity) created for the carbonation reaction had four
holes at the top of the reactor for the following purposes (Fig. 3): CO, inlet, pH
measurement, stirring, and sampling. The CO, purity that was used in the reaction
was 99.9%. The inside of the reactor was continuously stirred using an electrical

stirrer (HS-30D, WISD) while the carbonation reaction progressed.

Experiments were conducted to determine the optimum conditions for three
variables (CO, flow rate, alkali dosage, and reaction temperature) that could affect
carbonation efficiency. In the experiment, the value of the target variable was
changed, and the other variables were fixed to the following values: CO, flow rate
of 2.2 L/min, alkali dosage of 0.0625 M NaOH, and reaction temperature of 25
°C.
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Fig. 3 Schematic of carbonation reactor

2.1.2.2.1 Optimum CO, flow rate

CKD and seawater were mixed at a ratio of 1:50 (g:mL), stirred at 250 rpm and
25 °C for 1 h, and then filtered through a 0.45 xm membrane filter to prepare
the eluate. Then, 1 L of eluate was added to the reactor and 5 mL of 50% NaOH
solution was added to increase the pH of the eluate. This corresponded to 0.0625
M NaOH. The flow rate of CO, was adjusted to 0.3, 1.5, 2.2, and 3.0 L/min,
respectively, and continuously injected into the eluate for 30 min. The pH of the
eluate was continuously monitored and 3 mL of the eluate was sampled at constant
time intervals. The eluate was immediately filtered with a 0.45 xm syringe filter
(DISMIC-13CP, ADVANTEC), and the Ca concentration of the -eluate was

measured.
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2.1.2.2.2 Optimum alkali addition amounts

To increase the pH of the eluate, 4, 5, 6, and 7 mL of 50% NaOH solution was
added to 1 L of eluate. This corresponded to 0.0500, 0.0625, 0.0750, and 0.0875
M NaOH, respectively. The other carbonation conditions were the same as those in

Section 2.1.2.2.1.

2.1.2.2.3 Optimum reaction temperature
The carbonation temperature was adjusted to 0, 25, and 80 °C. The other

carbonation conditions were the same as those in Section 2.1.2.2.1.

2.1.2.2.4 Analysis of calcium carbonate and calculation of CO, storage
amount

In order to investigate the morphology, purity, and particle size of CaCO;, we
conducted XRD, TGA, SEM, and particle size analysis. All the CaCO; analyzed
was obtained by completing the carbonation reaction at a pH of 10. The CaCO;
was dried at 60 °C for 24 h and used for the analysis. The CO, storage and
CaCOs; yield were calculated using the difference in Ca concentration of the eluate

before and after the carbonation reaction.

The CO, storage amounts and CaCO; yield were calculated by the following
equations (1) and (2) using the difference in calcium concentration of the eluate

before and after the carbonation reaction.

X VX — (1)
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(a - C) ‘7M’VV(7(L(703 )
m,, MWC(L ( )

herein, C; : Ca concentration in the eluate before carbonation (mg/L)
C : Ca concentration in the eluate after carbonation (mg/L)

m,, : Mass of CKD used for reaction (g)

w

V : Eluate volume (L)

MW¢, + Molar mass of CO, (g/mol)

MW, : Molar mass of Ca (g/mol)

MW¢,co, + Molar mass of CaCOs (g/mol)

2.2 Results and discussion
2.2.1 Analysis of CKD and seawater

As a result of the XRF analysis of the CKD, the Ca and Mg contents were
found to be 46.4% and 1.3%, respectively (Table 3). According to the results of
the XRD analysis, the Ca of the CKD was mainly present as lime (CaO) (Fig. 4).
The pH of the seawater was 8.0, and the concentrations of Ca and Mg were 474
mg/L and 1322 mg/L, respectively. These values were similar to the average values
in the literature. Generally, the pH of the surface layer of seawater differs
depending on the salt component and concentration, but the average pH is 8.3 and
the average concentrations of Ca and Mg are 411 mg/L and 1290 mg/L,
respectively (Leggett & Rao, 2015).
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Table 3 Chemical compositions of CKD

Composition (wt%)

CaO K,O Cl SiO, ALO; MgO Fe,0O;  SO; Br TiO,

46.41 21.02 15.74 6.42 2.32 1.27 1.39 3.65 0.54 0.2

1200

1000 | -

800

600 ]

Intensity (CPS)

400 +

200

20

80

2-theta

Fig. 4 X-ray Diffraction analysis of CKD (Ill: Sylvine (KCl), A: Lime(CaO))

2.2.2 Calcium elution reaction
2.2.2.1 Calcium elution from CKD using seawater

The Ca concentration and pH of the eluate obtained using CKD and seawater
were 3354 mg/LL and 12.5, respectively (Table 4). The Ca elution efficiency was

high compared to those of the six solvents used for the control group. The calcium

elution efficiency was calculated by the following equation (3).
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Ca elution efficiency (%) = C; < . (0.01%<7.)

% 100 3)

herein, C; : Ca concentration eluted from CKD (mg/L)

: Mass of CKD used for reaction (mg)

m

w

V : Eluate volume (L)

r,, . Calcium content in CKD (%)

The amount of Ca eluted from the CKD using seawater was more than 2 times
as much as that of distilled water. When the seawater desalination brine was used
as a solvent, the Ca concentration of the eluate was 3903 mg/L, which was higher
than that using seawater. Compared to those using hydrochloric acid, ammonium
chloride, and trisodium citrate as existing indirect carbonation solvents, the
concentration of Ca eluted using seawater was slightly lower. In this study,
however, the fact that seawater could elute Ca at a rate of 3354 mg/L from CKD
without using chemical reagents was of great significance. There were two
contributing factors that increased the Ca concentration of the eluate obtained by
using seawater. First, when Ca eluted from the CKD was precipitated with Ca(OH),
at a high pH, a large amount of salt present in the seawater converted this to
CaCl, so that more Ca could be eluted (Eq. 4) (Jo et al, 2012). Second, about
400 mg/L of Ca ions that could participate in the carbonation reaction were

originally dissolved in seawater.

2NaCl(aq) + Ca(OH)y(s) — CaCly(aq) + 2NaOH(aq) 4)
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Table 4 The pH, calcium concentration, and calcium extraction efficiency of the

eluate prepared by reaction for the seven solvents with CKD

Ca concentration Ca extraction

solvent pH

(mg/L) efficiency (%)
seawater 3354 36.1 12.53
desalination brine 3903 42.0 11.44
DI water 1322 14.2 12.99
0.1 M trisodium citrate 4132 445 12.98
0.3 M ammonium chloride 5524 59.5 9.92
0.3 M hydrochloric acid 5340 57.5 6.71
0.1 M disodium malonate 1672 18.0 12.82

2.2.2.2 Components of seawater that elutes calcium from CKD

Fig. 5 shows the Ca concentration eluted from the CKD with 20 artificial
solutions. When artificial seawater (solution No. 19) was used as a solvent, the Ca
concentration and pH of the eluate were 3225 mg/L and 12.2, respectively, and this

result was almost the same as that when actual seawater was used as a solvent

(Table 3).

It was revealed that Mg had the most significant influence on eluting Ca from
CKD among the components of seawater. As shown in Fig. 5, in all cases where
the artificial solution containing Mg (solution Nos. 5, 17, 18, and 19) was used,
the Ca concentration of the eluate was 2878-3225 mg/L, which was similar to the
result when seawater was used. However, when an artificial solution without Mg
was used, the Ca concentration of the eluate was 1148-1654 mg/L, which was the
same as that when the distilled water was used as a solvent. The Ca elution
reaction by Mg could be explained by the following reaction equations (Egs. 5 and
6):

MgCly(aq) + CaO(s) + H,O(1) — Mg(OH)x(s) + CaCly(aq) ®)
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Mg(OH)x(s) = Mg> + 20H K, = 5.61x10"2 (6)

When the seawater and CKD were mixed, Mg in the seawater precipitated in the
form of Mg(OH), at a high pH (Fig. 6). This precipitation was considered to be
the driving force of the Ca elution reaction (Cho & Kim, 2018).
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Fig. 5 Ca concentration and pH of eluates obtained using 20 artificial solutions. See

Table 2 for details of the solution numbers (horizontal axis)
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Fig. 6 XRD diagram of solid obtained from the precipitation reaction between CKD
and seawater (b: brucite(Mg(OH),), c: calcite(CaCOs), 1: lime(CaO)).

2.2.2.3 Ca elution using seawater with added Mg

Fig. 7 shows the changes in Ca concentration and pH of the eluate according to
the changes in the Mg concentration of the seawater. When the Mg concentration
of the seawater was 0.05-0.15 M, the Ca concentration of the eluate continued to
increase. For the Mg concentration of the seawater over 0.15 M, the Ca
concentration was kept constant at about 5000 mg/L. The changes in the pH of the

eluate showed the opposite tendency to changes in the Ca concentration.

The experimental results proved that Mg in seawater plays an important
role in the reaction of eluting Ca from industrial by-products. They also showed

the possibility of adding Mg to seawater and adjusting the elution amount of Ca.
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Fig. 7 The change of Ca concentration and pH of the eluate according to the change

of Mg concentration in seawater

2.2.2.4 The optimum conditions of the Ca elution reaction

Fig. 8(a) shows the changes in Ca and Mg concentrations and pH of the eluate
according to changes in the S/L ratio of the CKD and seawater. As the S/L ratio
decreased, the Ca concentration decreased significantly. When the S/L ratio was
1:25 and 1:50, the Ca concentration of the eluate showed a maximum value of
3648 and 3507 mg/L and the pH was high at 12.6 and 12.5, respectively. When
the Ca concentration and pH were higher, they were more favorable for the

subsequent carbonation reaction (Wang & Maroto-Valer, 2013; He et al, 2013). In
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consideration of the amount of CKD, the optimum S/L ratio was determined as
1:50, and the subsequent experiments were conducted under this S/L ratio
condition. The Mg concentration of the eluate was 0 mg/L when the S/L ratio was

1:25-1:125.

Fig. 8(b) shows the changes in the Ca concentration and pH of the eluate
according to changes in the reaction temperature. With increasing temperature, the
Ca concentration of the eluate fluctuated, but overall decreased: see the fitted line
in Fig. 8(b). Regardless of the reaction temperature, the pH of the eluate was kept

constant at about 12.0-12.2.

According to Jo et al. (2012) the AH® value of the reaction in which Ca is

eluted with seawater salt is -17.48 kJ/mol, and this reaction is exothermic (A H°<0)

(Eq. 7).

2NaCl(aq) + CaO(s) + H,O(l) — CaCly(aq) + 2NaOH(aq) (7

AHOEqU) = —1748kJ/rn01

In addition, the A H® value of the Ca elution reaction by Mg is -79.90 klJ/mol,
and this reaction is also exothermic (Eq. 2). These A H° values are consistent with

the results shown in Fig. 8(b).

There was almost no change in the Ca concentration and pH of the eluate
according to the change in reaction time. That is, even when the elution time
varied from 5 min to 1440 min, the concentration of eluted Ca was almost
constant because the seawater eluted Ca from the CKD within a short time by

precipitation of Mg(OH), (Eq.5).
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Fig. 8 Variations of Ca and Mg concentrations and pH of eluate according to the
changes of (a) S/L ratio, and (b) elution temperature

2.2.2.5 Carbonation reaction

Fig. 9 shows the results of conducting the carbonation reaction by adjusting the
CO, flow rate and NaOH dosage. When the pH was about 10, the Ca
concentration of the eluate was the lowest, which meant that the end-of-carbonation
pH at which the carbonation efficiency reached a maximum was about 10. As
shown in Fig. 9(a), the higher the CO, flow rate, the faster the carbonation
reaction rate and the higher the carbonation efficiency. When the CO, flow rate
was increased from 0.3 L/min to 2.2 L/min, the carbonation completion time (the
time when the Ca concentration in the eluate was the lowest) was shortened from
17 min to 6 min. Even though the CO, flow rate was increased to 3.0 L/min, the
carbonation completion time was also 6 min. Therefore, the optimum CO, flow rate

was determined to be 2.2 L/min.

The greater the NaOH dosage, the longer the carbonation completion time
and the higher the carbonation efficiency (Fig. 9(b)). As the NaOH dosage
increased, the time for which the pH of the eluate was maintained above 12

increased, thereby increasing the carbonation efficiency (Eloneva et al, 2008).
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When 0.0875 M NaOH was added, more than 99% of the Ca present in the

solution was converted to CaCOs.

It was found that the carbonation completion time and efficiency were invariable
even when the carbonation temperature was changed to 0-80 °C. Sun et al. (2011)
revealed that the influence of temperature on the carbonation rate and carbonation
efficiency was not significant when the carbonation reaction progressed at various

temperatures using ammonium chloride as a solvent.
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Fig. 9 Variations of Ca concentration and pH during carbonation with (a) CO, flow
rate (fixed 0.0625 M NaOH) and (b) NaOH dosage (fixed CO, flow rate of 2.2
L/min)

2.2.2.6 Properties of the produced CaCOs

Table 5 summarizes the morphology, particle size, and purity of the CaCO;
produced under various carbonation conditions (CO, flow rate, alkali dosage, and
reaction temperature) using seawater as a solvent. CaCOs; was calcite or vaterite
with a purity of 94.6-99.4%, and the particle size was in the range of 2.8-15.7 u
m. The calcite and vaterite contents of CaCO; were calculated using Rao's equation

(Rao, 1973). The fraction was calculated using the intensity value of the peak of
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each characteristic of calcite and vaterite (Fig. 10). Calculation equations are as

follows (Egs. 8 and 9).

Lo + Ly + Lo

(v) =
/ Lo + Loy + Ly +0.43 X I,

% 100 8)

fle)=100— f(v) ©

In the above equation, f(v) and f(c) indicate the ratio of vaterite and calcite,
respectively. I,,,, I, and I, are vaterite characteristic peak intensity values on
the XRD graph, and I,,, is the intensity value of the calcite characteristic peak.
Lo, Lo, and I, exist near the 2-theta values of 24.81 °, 27.09 °, and 32.75 °,

respectively, and in the case of I, they exist in the vicinity of 29.32 °.
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Table 5 Morphology, particle size and purity of CaCO; produced under various

carbonation conditions

. o CaCOs weight
Carbonation conditions X ' morphology Cagps reduction Caco
) sample o carbonation median at aCo;
Variable notation flow NaOH temperature co mpletlp n calcite vaterite Pamcle 500-820 puunty
dosage time (min) size, D50 o (%)
rate o) ©0) (%) (%) (um) C for
(L/min) TGA (%)
COrzatf;OW A 03  0.0875 25 203 100 0 34 432 98.1
B 1.5 0.0875 25 10.5 100 0 6.6 43.0 97.8
C 2.2 0.0875 25 8.5 15.8 84.2 4.6 429 97.6
D 3.0 0.0875 25 7.9 343 65.7 5.7 42.7 97.1
NaOH E 2.2 0.0625 25 7.0 2.3 97.7 4.1 41.6 94.6
dosage
F 2.2 0.0750 25 8.2 17.3 82.7 4.9 42.7 97.0
G 2.2 0.0875 25 8.5 15.8 84.2 4.6 429 97.6
Temperature H 2.2 0.0875 0 8.5 353 64.7 15.7 43.8 99.4
1 2.2 0.0875 25 8.5 15.8 84.2 4.6 429 97.6
J 2.2 0.0875 80 8.5 100 0 2.8 43.0 97.8

When carbonation was conducted, the higher the CO, flow rate (C, D) and the
lower the NaOH dosage (E), the more vaterite-type CaCOs; was produced. In other
words, the shorter the carbonation completion time, the more vaterite was produced.
For instance, when the CO, flow rate was as low as 0.3-1.5 L/min (A, B), 100%
calcite was produced. When the CO, flow rate was above 2.2 L/min (C, D),
CaCOs containing 65.7-84.2% vaterite was produced. Also, when the NaOH dosage
was adjusted to 0.0625-0.0875 M (E, F, G), CaCO; mixed with calcite and vaterite
was produced in all cases. When the NaOH dosage was the lowest at 0.0625 M,
CaCO; with the highest vaterite content (97.7%) was produced. This result can be

explained as follows. At the beginning of the carbonation reaction, amorphous
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calcium carbonate was first formed and rapidly transformed into vaterite. Vaterite
formed in this way was transformed into calcite through dissolution and
recrystallization (Rodriguez-Blanco et al., 2011). That is, because the vaterite-type
CaCO; was in a very metastable form, when the carbonation time increased, it was

transformed into calcite form.

When the carbonation temperature was adjusted to 0-80 °C (H, I, J), the particle
size of CaCO; decreased significantly as the temperature increased. It was 15.7 u
m and 2.8 u#m at 0 °C and 80 °C, respectively. At 80 °C, 100% calcite was

formed, whereas at 0-25 °C, vaterite and calcite were mixed.

Intensity(CPS)
weight(%)

A\
C ccc c J ——— thermogravimetric analysis(TGA)
N heh b AN | deriative thermogravimetric analysis (DTG)
T T T T T T T T —
20 40 60 80 200 400 600 800
2-theta/degree temperature(T)

Fig. 10 XRD and TGA/DTG of CaCOs; produced under various carbonation
conditions (c: calcite, v: vaterite, —- TGA, — DTG)
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The purity of CaCO; calculated using TGA was greater than 94.6% in all the
experimental conditions (Table 5) (Huntzinger et al., 2009; Villain et al, 2007
Bouquet et al, 2009). The differential thermogravimetry (DTG) graph (solid line) in
Figure 7 shows a single large valley in the range of 500-820 °C and no valley at
other temperatures. This result indicated that even if CKD and seawater, which
contain a large amount of impurities, are used as the raw material and solvent,
respectively, no carbonate solids of other metal ions are produced and only CaCOs;

is produced (Jazairi, 1977).

It was confirmed by SEM that the shape of CaCO; changed according to the
NaOH dosage and carbonation temperature (Fig. 11). When the NaOH dosage was
as low as 0.0625 M (E), only the spherical vaterite was clearly shown. On the
other hand, as the NaOH dosage increased (F, G), the rhombohedral calcite
increased. Meanwhile, the shapes of calcite and vaterite appeared differently
depending on the carbonation temperature. Of the CaCOs; produced at 0 °C (H),
calcite existed as single particles with a rhombohedral shape and vaterite existed in
the shape of broccoli rather than spheres. The CaCO; produced at 25 °C (I)
consisted of rhombohedral calcite and spherical vaterite. At 80 °C (J), 100% calcite

was produced, and the shape of the calcite was rod-like rather than rhombohedron.
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Fig. 11 SEM images of CaCO; produced under various carbonation conditions. See
Table 5 for detail conditions
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2.2.2.7 CO; storage amounts and CaCOs; yield

The CO, storage amounts and CaCO; yield under the following optimal
conditions were 185 kg-CO,/ton-CKD and 419 kg-CaCO;/ton-CKD, respectively
(Table 6). The optimal S/L ratio of the Ca elution reaction was 1:50. The optimal
conditions for the carbonation reaction were a CO, flow rate of 2.2 L/min, NaOH
dosage of 0.0875 M, and end-of-carbonation pH of 10. When the Mg concentration
of seawater increased to 0.15 M, the CO, storage amounts and CaCO; yield
increased to 271 kg-CO,/ton-CKD and 615 kg-CaCOs/ton-CKD, respectively. Table
5 shows the extracted Ca concentration, CO, storage amounts, and CaCO; yield
from the previous studies using ammonium salts and hydrochloric acid as well as
those from this study using seawater. As shown in Table 5, the CO, storage
amounts and CaCOs; yield in this study were much larger than those obtained in

most previous studies, except for some results using acid.

The Ca concentration of the eluate obtained in this study was 3354-4922
mg/L. This was similar to the values obtained by Jo et al. (2014) and Kim and
Kim (2018) for a S/L ratio of 1:50. However, the CO, storage amounts and CaCOs
yield per ton of industrial by-products obtained in this study were greater than
those obtained in the previous two studies. The reason for this was that the S/L
ratio of the industrial by-product and seawater was 1:50, which was much lower
than that of previous studies (Jo et al, 2014). The difference in carbonation

efficiency could also be a factor (Kim and Kim, 2018).

In this study, by using seawater and CKD, it was possible to store more CO,
and produce more CaCO; than those in previous studies, thereby making indirect
carbonation technology more environmentally friendly and economical. In addition,
by using nearly costless seawater instead of chemical reagents as an indirect
carbonation solvent, this study reduced the solvent cost that accounts for the largest
part of the production cost of technology to nearly 0. This will greatly improve the

economics of the technology.
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Table 6 Extracted Ca concentration, CO, storage, and CaCO; yield from the previous
studies as well as this study

extracted
CO, storage CaCOj; yield
raw S/L Ca
solvent amounts (kg-CaCOy/ reference
material ratio concentration
(kg-COs/ton-waste) ton-waste)
(mg/L)
seawater 1:50 3354 184.5 419.3
This
CKD seawater
study (Mg conc. 1:50 4922 270.7 615.3
0.15 M)
0.50 M
1:20 2479 453 102.9
waste NH,C1
Jo et al. (2014)
cement 1.00 M
1:20 4079 69.6 158.2
NH4C1
0.70 M
1:25 13052 324.0 736.4
CH;COOH
0.70 M
1:25 13124 297.0 675.0
HC1
030 M 0 4450 0 39
paper NH,C1 15 3 175 7.7 Kim and Kim
sludge ash 0.30 M (2018)
. 1:50 4080 135.0 306.8
Previous NH,CH;COO
study 0.30 M
1:50 4283 136.0 309.1
sodium citrate
water 1:50 1068 29.1 66.1
0.50 M
1:10 13670 190 431.8
HCl
waste 0.50M Mun et al.
1:10 13220 190 431.8
cement CH;COOH (2017)
0.50 M
1:10 6733 70 159.1
NH,4C1
0.29-2.00 M Kunzler et al.
steel slag 1:10 2800 127.8 290.5
HCl (2011)

2.3 Conclusions

In most previous studies, Ca was removed in the form of CaCO; to suppress the
scale generated in processes using seawater. However, in this study, the first
attempt was made to store CO, and simultaneously produce CaCO; using seawater.

Mg was found to be a component of seawater that eluted Ca from alkali industrial
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by-products, and the optimum conditions to increase the efficiencies of both Ca
elution and carbonation were derived. By using nearly costless seawater and CKD,
the production of CaCOs; with a purity of 99.4% was increased to 615
kg-CaCOs/ton-CKD, thereby remarkably improving the economic feasibility of
indirect carbonation technology. If cement manufacturing plants or paper mills that
discharge large amounts of CO, and use CaCO; as a raw material are in close
proximity to the ocean, then this technology could be applied to reduce CO;
emissions and reuse the produced CaCO; in the industrial process. We expect that
it will be possible to operate an eco-friendly and economical resource recycling

plant.
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Chapter 3. Method of vaterite type calcium carbonate production

using seawater and alkali industrial by-products

3.1 Materials and Methods
3.1.1 Materials and analysis

The raw materials used in this study were cement kiln dust (CKD) and paper
sludge ash (PSA) which are alkali industrial by-products. In addition, CaO and
Ca(OH), that chemical reagent were also used. CKD and PSA was supplied from
the South korea “D” cement company and South Korea “A” paper-mill respectively,
dried at 105 °C for 24 h, and then screened for 425 um. CaO purchased from
Hayashi Pure Chemical Ind. (Assay min. 98 %) and Ca(OH), purchased from
Junsei Chemical (Assay min. 96 %).

The solvents for the indirect carbonation reaction used seawater and seawater
desalination brine. Seawater was taken from the coastal area in Busan City (South
Korea), and seawater desalination brine supplied from South Korea ‘A’ seawater
desalination plants (Na & Kim, 2019). They immediately filtered with a 5 xm
paper filter (Filter Paper 2, ADVANTEC), and refrigerated.

In order to determine the components and structure of the solid samples, X-ray
diffraction (XRD, Smart lab, Rigaku) analysis, X-ray fluorescence (XRF, XRF-1700,
Shimadzu) analysis, and scanning electron microscopy (SEM, SUPRA-40VP, ZEISS)
analysis were conducted. XRD analysis was conducted at 0.02 ° intervals from 5.0
° to 80.0 ° at 40 kV/30 mA wusing CuK-e radiation. The particle sizes of the
CKD and produced CaCO; were determined using a laser scattering particle size
analyzer (Mastersizer 3000, Malvern Instruments). Component analysis and pH
measurement of the liquid samples were conducted using an atomic absorption
spectrometer (AA 200, Perkin Elmer) and pH meter (Orion Star A211, Thermo

Fisher Scientific), respectively.
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3.1.2 Method

3.1.2.1 Calcium elution reaction using seawater

Experiment was conducted to determine the S/L ratio that elutes the most
calcium from industrial by-products as follows. To adjust the S/L ratio of CKD to
seawater (g:mL) to 1: 5, 1:10, 1:25, 1:50, mixing CKD 10, 5, 2, 1 g with 50 mL
of seawater respectively and it stired at 25 °C and 250 rpm for 1 hour. After
stirring was over, the suspension was filtered through a 0.45 g m membrane filter
(MCE04547A, HYUNDAI Micro Co,), and the calcium concentration and pH of
the eluate were measured. The same experiment was conducted with PSA, calcium

oxide, calcium hydroxide instead of CKD, and with seawater desalination brine

instead of seawater.

alkail waste + seawater
Filtration
L J k J
-~ T,
A Ca .
f( Co, alkail waste
extract
Filtration
L 4 4
. waste
vaterite
seawater

Fig. 12 Processes to produce vaterite type calcium carbonate using seawater
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3.1.2.2 Vaterite formation via carbonation reaction

The Pyrex reactor (1 L capacity) created for the carbonation reaction had four
holes at the top of the reactor for the following purposes (Fig. 3): CO, inlet, pH
measurement, stirring, and sampling. Stirring at a constant speed using a stirrer
(HS-30D, WISD), the pH was measured in real time using a pH meter. The carbon
dioxide flow rate was measured and adjusted using a gas flow meter and flow

controller (TSM-D220, MKP).

3.1.2.2.1 Effects of seawater on vaterite formation

The calcium elution reaction and the carbonation reaction were carried out under
the same conditions using seawater and four existing widely used solvents, and
then the forms of calcium carbonate produced were compared. The solvents mainly
used for the indirect carbonation reaction up to now are acids (hydrochloric acid,
acetic acid etc.), ammonium salts (ammonium chloride, ammonium acetate etc.),
chelating agents, and distilled water (Han et al.,, 2015; Kim et al., 2017; Zhao et
al.,, 2013; Perez-Moreno et al., 2015; Azdarpour et al., 2015; Mun et al., 2017; Li
et al.,, 2017; Rahmani et al.,, 2018; Jo et al, 2014; Kim & Kim, 2018). Among
these, 0.3 M HCI, 0.3 M NH;Cl, 0.1 M GCs;H;Na,O; and distilled water were

selected, and a total of five solvents including seawater were used.

CKD and each solvent were mixed at a ratio of 1:50 (g: mL), stirred at
250 rpm for 1 hour, and then filtered to prepare 1 L of calcium eluate.In the case
of seawater and 0.3 M HCI, the pH was raised by adding 5 mL of 50% aqueous
NaOH solution before injecting carbon dioxide. While stirring the calcium eluate at
300 rpm, it was carbonated by injecting 99.9% carbon dioxide at a flow rate of
3.0 L / min. At this time, the diameter of the stirring impeller was 70 mm. After
completing the carbonation reaction, the carbonate was filtered through a 0.45 xm

membrane filter, dried at 60 °C. for 24 hours and analyzed.
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3.1.2.2.2 Effects of seawater type and raw material on vaterite formation
The calcium elution reaction and the carbonation reaction were performed using
PSA, CaO, Ca(OH), and seawater desalination brine instead seawater and CKD.

The experimental conditions and method were the same as section 3.1.2.2.1.

3.1.2.2.3 Influence of carbonation reaction conditions on vaterite formation
When seawater was used, the carbonation reaction proceeded under various
conditions according to the impeller diameter and stirring speed, and the influence
of each carbonation reaction condition on the formation of vaterite was investigated.
The diameters of the used impellers were 50 mm and 70 mm, and the stirring
speed was adjusted at 300 to 800 rpm. Other experimental conditions and methods

were the same as section 3.1.2.2.1. However, the solvent used seawater.

3.2 Results and discussion
3.2.1 Analysis of industrial by-products and seawater

CKD is a by-product generated in the cement production process, and PSA is a
by-product generated when incinerating papermaking sludge. The calcium content of
CKD and PSA was very high at 46.4% and 69.5%, respectively. According to the
results of XRD analysis, calcium of CKD was mainly present in lime (CaO) and
calcium of PSA was present in the form of portlandite (Ca (OH),), lime (CaO) and
calcite (CaCOs) (Fig. 13). The median particle sizes of CKD and PSA were 23.6 n
m and 126.9 pm, respectively. Not only are CKD and PSA fine and do not need
to be crushed, they are also highly suitable raw materials for the carbonation

reaction because of their high calcium content.

The pH of seawater used in this study was 7.97, and the concentrations of
calcium and magnesium were 474 mg/L and 1322 mg/L, respectively. This value is

similar to the average value of the literature. Generally, the pH of surface seawater
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is 8.3 on average, and the average concentrations of calcium and magnesium are
411 mg/L and 1290 mg/L, respectively, although it varies depending on the
composition and concentration of salt. The pH of seawater desalination brine was
7.80, which was similar to that of seawater, and the concentrations of calcium and
magnesium were 664 mg/L and 2340 mg/L. It is 1.6 to 1.8 times higher than

seawater.
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Fig. 13 X-ray Diffraction analysis of PSA (LI Portlandite (Ca(OH),), A: Lime (CaO),
A: Calcite (CaCOs))

3.2.2 Calcium elution reaction using seawater

In indirect carbonation reaction, the calcium concentration and pH of the eluate
are important factors to determine the efficiency of carbonation reaction. The more
calcium is eluted from raw materials such as industrial by-products, and the higher
pH of the eluate favors the carbonation reaction (He et al, 2013; Wang &

Maroto-Valer, 2013). Changes in calcium concentration and pH of the eluate due to
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S/L ratio changes in raw materials and solvents are shown in Table 7 and Fig. 14.

The higher S/L ratio of industrial by-products and seawater, the higher the
calcium concentration and the lower the pH. The calcium concentration of the
eluate was the highest when the high price ratio was 1:25-1:50, and the maximum
calcium concentration was 3648 mg/L and 2532 mg/L when using CKD and PSA,
respectively. The pH of the eluate was all over 11.9. When seawater desalination
brine was used as a solvent, the calcium concentration eluted from CKD was
slightly higher and pH was lower at 11.4 than when seawater was used. Seawater
and sewater desalination brine contains large amounts of salt and magnesium. When
Ca eluted from the CKD was precipitated with Ca(OH), at a high pH, a large
amount of salt converted this to CaCl, (Eq. 10). And, more calcium can be eluted
through the precipitation reaction of magnesium (Egs. 11 and 12), so that more Ca

could be eluted.

2NaCl(aq) + Ca(OH)x(s) — CaCly(aq) + 2NaOH(aq) (10)
MgCly(aq) + Ca(OH)y(s) = Mg(OH),(s) + CaCly(aq)  (11)

Mg(OH)y(s) — Mg”" + 20H K ,=5.61x10" (12)

Therefore, since seawater desalination brine is higher salinity and higher
magnesium concentration than general seawater, it is possible to elute more calcium
than general seawater. However, the pH was relatively low due to the loss of OH

ions due to the large amount of magnesium precipitated.

When seawater was used as a solvent and CaO and Ca(OH), were used as
raw materials, the calcium concentration was 3692 and 2876 mg / L, respectively,
and the pH was 12.52 and 12.41 respectively, similar to when industrial

by-products were used.
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Table 7 The calcium concentration and pH of eluent according to seawater and

various raw materials

raw S/L ratio Ca concentration
solvent pH
material (g/mL) (mg/L)
1:5 2572.5 12.67
seawater 1:10 3321.5 12.61
1:25 3647.5 12.57
CKD 1:50 3507 12.53
seawater
desalination 1:50 3903 11.44
brine
1:5 1819.5 12.6
1:10 2324 12.57
PSA scawater 1:25 2465.5 12.5
1:50 2532 11.92
CaO seawater 1:10 3692 12.52
Ca(OH), seawater 1:10 2876 12.41
4000
. 15
] =1 1:10
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—~ 3000 - 7_: L1150
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Fig. 14 Variations of the calcium concentration of eluent with the S/L ratio each

industrial by-products

3.2.3 Vaterite formation via carbonation reaction
3.2.3.1 Effects of seawater on vaterite formation

Size, shape and CaCO; yield through indirect carbonation reaction using CKD
and five solvents (seawater, distilled water, 0.1 M C;H;Na,O,, 0.3 M HCIL, 0.3 M
NH4Cl) are summarized in Table 8. The CaCO; yield produced was calculated as

the change in calcium concentration before and after the carbonation reaction.

The calcium carbonates produced using five solvents, including seawater, were
vaterite and calcite. When seawater was used as a solvent for the indirect
carbonation reaction, the content of vaterite of calcium carbonate produced was
100%, and the content of vaterite was much higher than that of other solvents. As
a result of XRD analysis of calcium carbonate produced for each solvent, only the
vaterite peak was confirmed when seawater was used as a solvent, and all vaterite
and calcite peaks were confirmed when a solvent other than seawater was used
(Fig. 15). This result indicates that seawater is a very advantageous solvent for

producing vaterite by indirect carbonation reaction.

The calcite and vaterite content of calcium carbonate produced was
calculated by RaO's equation, and the fractions were calculated using the intensity

value of the peak of each property of calcite and vaterite (Rao, 1973).

Unlike distilled water, the precipitation reaction of calcium carbonate from
seawater does not occur easily. Chemical precipitation of calcium carbonate from
seawater requires a high concentration to reach 18 times the saturation
concentration of calcium carbonate, but in fact, the calcium carbonate concentration
in surface ocean water is about 4 to 6 times the saturation concentration, So
precipitation does not occur well (Morse & He, 1993). Thus, despite the fact that

calcium carbonate is supersaturated from seawater, the reason is not solved because

_37_



ions such as Mg2+, PO, CI' and SO.* interfere with calcium carbonate nucleation.

In this study, vaterite was generated through indirect carbonation reaction
using seawater and alkaline industrial by-products. It is thought that it has acted
favorably in producing metastable vaterite given the conditions in which calcium
carbonate nucleation is difficult from seawater. Previous studies to produce Vaterite
use additives such as MEG, NH4OH, or use processes that generate additional costs
such as ultrasound. (Han et al., 2006; Marie et al., 2010; Chen et al., 2017, Price
et al,, 2011). However, In this research, it is extremely advantageous in terms of
the economics of the technology to produce vaterite using low cost or free sea
water as a solvent, starting from alkali industry by-products continuously generated

in the industry.

The particle size of calcium carbonate produced using seawater was 2.29
p#m, which is much smaller than when using other solvents. In addition, when
seawater was used as a solvent the amount of CaCO; (vaterite) yield was 341 kg /

ton-CKD. It is more than when other solvents were used.

Table 8 Morphology, particle size and yield of CaCOs produced using five solvents

that include seawater

CaCoO hol CaCO; median
- SIL ratio > MOPROIo8Y B 13 . CacOs yield
solven : : particle size,
(g/mL) vaterite calcite 50 (kg/ton-CKD)
(%) (%) ()
Seawater 100 0 2.29 341
DI water 14.2 85.8 7.24 139
0.1 M
CHNaO 1:50 74.0 26.0 11.49 190
3HINa Uy
0.3 M HCl 44.8 55.2 10.38 607
0.3 M NH4CI 42.8 57.2 15.39 514
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Fig. 15 XRD analysis of the CaCO; produced using five solvents that include
seawater: (a) seawater, (b) DI water, (c) 0.1 M GH,Na)O,, (d) 0.3 M HCl, (e) 0.3 M
NH,Cl
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3.2.3.2 Effects of seawater type and raw material on vaterite formation

As shown in Table 9, 100% vaterite was produced when using the seawater
desalination brine instead of seawater. And when seawater was used as a solvent,
regardless of the raw materials (CKD, PSA, CaO, Ca(OH),), the produced calcium
carbonate was almost 100% vaterite. The particle size of the calcium carbonate
produced was 2.29-5.27 pm and the purity was high up to 97.4%. This result
indicates that calcium carbonate having a high content of vaterite can be produced
regardless of the type of seawater and the type of raw material. Fig. 16 and Fig.
17 are the results of XRD and SEM analysis of calcium carbonate prepared using
seawater and seawater desalination brine, respectively. This result uses the seawater
and seawater desalination brine to prove that nearly 100% vaterite-type calcium
carbonate is produced in all cases. On the other hand, the vaterite-type calcium
carbonate produced when seawater was used showed a spherical form, but the
vaterite-type calcium carbonate produced when seawater desalination brine was
elliptical form. Oral and Ercan (2018) reported that elliptical vaterite perform high

reactivity than spherical vaterite.
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Table 9 Morphology, particle size and purity of CaCOs produced using seawater and

various raw materials

CaCOsmorphology CaCOs median

. purity
raw material solvent ; - particle size, Ds
vaterite calcite (%)
) %) (e
seawater 100 0 2.29 96.50
seawater
CKD
desalination 100 0 422 97.41
brine
PSA seawater 97.0 3.0 5.27 95.73
CaO seawater 100 0 - -
Ca(OH), seawater 100 0 - -
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Fig. 16 XRD analysis of the CaCOs; produced using seawater and various raw

materials: (a) CKD and seawater, (b) PSA and seawater, (c) CKD and seawater

desalination brine, (d) CaO and seawater, (e) Ca(OH), and seawater.
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Fig. 17 SEM images of the CaCO; produced using seawater and various raw
materials: (a) CKD and seawater, (b) PSA and seawater, (c) CKD and seawater

desalination brine.
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3.2.3.3 Influence of carbonation reaction conditions on vaterite formation

The size, shape, and purity of calcium carbonate particles produced under various
impeller diameter and stirring speed conditions are compared and summarized in
Table 10. The larger the impeller diameter, the greater the content of the vaterite
of calcium carbonate produced. For example, when the other conditions are the
same and the impeller diameters are different at 70 mm and 50 mm, the content
of wvaterite of calcium carbonate produced is largely different at 98.2% and 36.1%,
respectively. The same conditions except for the impeller diameter were a stirring
speed of 300 rpm and a CO, flow rate of 3.0 L/min. And when the impeller
diameter was small (Dpnge: 50 mm), the content of vaterite increased significantly
as the stirring speed increased. For example, as the stirring speed increased at 300,
500 and 800 rpm, the vaterite content increased by 36.1%, 72.0% and 97.0%,
respectively. The SEM analysis results in Fig. 18 demonstrate that the agitation
speed is increased, and nearly 100% vaterite is produced when using a large
diameter impeller.The results show that, even though seawater is favored for the
formation of wvaterite, certain carbonation conditions (impeller diameter, stirring
speed) are satisfied in order to produce calcium carbonate with a high content of

vaterite .

On the other hand, even if the conditions of the impeller diameter and the
stirring speed were changed, the size and purity of the calcium carbonate particles
were hardly changed. The particle size of calcium carbonate produced in all

experiments was small at 1.96-2.50 xm and the purity was high at 96.50-98.78%.
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Table 10 Morphology, particle size and purity of CaCO; obtained under various

carbonation conditions (blade diameter, RPM)

blade COz flow CaCO3 morphology CaCO3 median purity
diameter RPM rate particle size,

) vaterite (%) calcite (%) (%)

(mm) (L/min) Dsp (um)
300 3.0 36.1 63.9 2.23 98.78
50 500 3.0 72.0 28.0 1.96 96.56
800 3.0 97.0 3.0 2.40 98.19
70 300 3.0 100 0 2.29 96.50

1pum EHT =10.00 kv
Mag= 1000KX

il

PNU CR
SUPRA 40)

EHT = 10.00 KV
Mag= 10.00 KX

Fig. 18 SEM images of CaCO; obtained under various carbonation conditions: (a)

Dolade: 50mm, 300rpm, (b) Bpiage: 50mm, 500rpm, (¢) Gpage: 50mm, 800rpm, (d) Dpiade:

70mm, 300rpm

_45_



3.3 Conclusions

Previous work has used various additives or additional energy to produce the
vaterite type calcium carbonate. However, in this study, experiments were conducted
to produce the vaterite-type calcium carbonate in a more economical way, using
free or low cost seawater as a solvent in the indirect carbonation reaction. It was
possible to produce calcium carbonate with 100% vaterite content using seawater
compared to four solvents that have been used in the past, and the particle size is
also about 2 um. When various carbon materials (CKD, PSA, CaO, Ca (OH),)
and seawater were used, calcium carbonate having a high content of aterite of 97%
or more was generated regardless of the raw materials when the carbonation
reaction proceeded. Spherical vaterite produced when seawater was used as a
solvent, but when using seawater desalination brine, elliptical vaterite was produced.
However, in order to produce calcium carbonate having a content of 100%, it is
necessary to meet specific conditions. During the carbonation reaction, the larger
the diameter of the stirring impeller, and the higher the stirring speed, the higher
the content of the vaterite-type calcium carbonate. The present results show that
vaterite-type calcium carbonate that is high-value is produced using only seawater.
It different from the existing process of using additives or additional energy. The
economic value of the technology is extremely large, as it can produce vaterite
using low-cost or free water by taking advantage of the continuously generated

industrial by-products.
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Chapter 4. Comprehensive conclusion

In this study, seawater was used as a solvent for the indirect carbonation
reaction, and the optimum conditions for elution reaction and carbonation reaction
using industrial by-products and seawater were derived. n addition, we clarified that
seawater is an advantageous solvent for the formation of vaterite-type calcium
carbonate through indirect carbonation reaction using seawater, and established the
formation conditions of the vaterite-type calcium carbonate. The conclusion of this

study is as follows;

1. The component of seawater which elutes calcium from CKD by calcium elution
reaction using CKD and seawater was magnesium. The CaO present in the CKD
reacted with the magnesium present in the seawater to precipitate the magnesium
into magnesium hydroxide, and its motive force was able to elute more calcium
than purified water. Furthermore, calcium was able to be eluted at about 5000

mg/L by adding magnesium to seawater.

2. The factors affecting the carbonation efficiency in the carbonation reaction using
seawater were the flow rate of carbon dioxide and the amount of added NaOH.
The higher the carbon dioxide flow rate, the more carbonation is promoted, and
at the same time, the carbonation efficiency also increases. The carbonation
efficiency increased as the NaOH dosage increased, indicating 100% carbonation
efficiency. As a result of monitoring the pH and calcium concentration during
the carbonation reaction, the lowest calcium concentration was shown at pH 10,
and the pH optimum for termination of carbonation reaction was determined to

10.

3. It was possible to produce 99.4% pure calcium carbonate through indirect
carbonation reaction using seawater. Also, when seawater was used in the

indirect carbonation reaction, 184.5 kg-CO,/ton-waste of carbon dioxide could be
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stored and 419.3 kg-CaCOs/ton-waste of calcium carbonate could be produced.
By using magnesium-added seawater, the amount of calcium carbonate produced

increased to about 615 kg-CaCOj/ton-waste.

. When comparing seawater with four solvents used as solvents for the existing
indirect carbonation reaction, it has been confirmed that seawater is a highly
advantageous solvent for the formation of vaterite-type calcium carbonate. And,
regardless of the raw material of the indirect carbonation, when seawater was
used, it was possible to produce all high content of wvaterite type calcium
carbonate. In order to produce Vaterite-type calcium carbonate, certain
carbonation conditions should be satisfied. During the carbonation reaction, the
larger the diameter of the stirring impeller, and the faster the stirring speed, the

closer to 100% of the content of vaterite.
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