creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

FJe] ARITARES: o]83lo] s
T G RIS Al

Recovery of magnesium from seawater with high purity of magnesium sulfate

and magnesium carbonate using alkali industrial by—products

Aot eez] 18
TEAENT 4 F A

20201 24



r
(e
M0
P
i
&1_1‘1
o
1o,
_l (
B

~
>

Collection @ kmou

2 Ho Ho

P

=10 =
S}
CANER 1t
4 A
4 A

20194 12¢

o 2

of
2

2 )

© o

o



Contents

List of Tables iii
List of Figures iv
Abstract vi

Chapter 1. Synthesis of magnesium sulfate from seawater

desalination brine 1

1.1 Introduction 1
1.2 Materials and Methods 4
1.2.1 Materials and Analysis 4
1.2.2 Methods 5
1.2.2.1 Overall process overview: three-step process —sesssssssee 5

1.2.2.2 Pre-precipitating of Mg as Mg(OH), using PSA «seeseeeeeees 6

1.2.2.3 Dissolution of Mg(OH), using sulfuric acid sessssseesseseeseces 6

1.2.2.4 Precipitation of MgSO, using ethanol 7
1.2.2.4.1 One-step process 7

1.2.2.4.2 Two-step process 8

1.2.2.4.2.1 Eliminating Ca impurity from Mg eluent - 8
1.2.2.4.2.2 Precipitating Mg from Ca-free Mg eluent -- 8
1.2.2.4.3 Comparing the phase purity depending on

the ethanol adding method 8

1.3 Results and Discussion 9
1.3.1 Materials analysis 9
1.3.2 Pre-precipitating of Mg as Mg(OH), using PSA  essseseessesesssnenes 11
1.3.3 Dissolution of Mg(OH), using sulfuric acid 15

Collection @ kmou



1.3.4 Precipitation of MgSO,4 using ethanol

1.3.4.1 One-step process

1.3.4.2 Two-step process
1.3.4.2.1 Eliminating Ca impurity from Mg eluent

1.3.4.2.2 Precipitating Mg from Ca-free Mg eluent ---

1.3.4.3 Comparing the phase purity depending on the

ethanol adding method

1.4 Conclusions

Chapter 2. Synthesis of magnesium carbonate from seawater -

2.1 Introduction
2.2 Materials and Methods

2.2.1 Overall process overview: three-step ProCess «eessssssesseees

2.2.2 Pre-precipitating of Mg using CaO
2.2.3 Carbonation of Mg(OH),

2.2.4 Crystallization of MgCOs;

2.3 Results and Discussion

2.3.1 Pre-precipitating of Mg

2.3.2 Carbonate Mg(OH),

2.3.3 Crystallization of MgCOs

2.4 Conclusions

Reference

Acknowledgements

Collection @ kmou

20
20
23
23
24

25
27

29
29
30
30
31
31
32
33
33
34
39
41

42

45



List of Tables

Table 1 Concentrations of Mg, Ca, and B in the seawater desalination

brine used in this study

Table 2 X-ray fluorescence analyses of the paper sludge ash «eseesseeseeens

Table 3 The pH and concentrations of the components of each eluent

obtained using 1.0 M H2504
Table 4 X-ray fluorescence results of MgSO4 precipitated using

one-step process and two-step process

Table 5 Mg precipitation efficiency depending on carbonation condition -

Collection @ kmou

25
39



Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

List of Figures

1 Log-log plot showing concentration and market price of each

mineral in the seawater desalination brine

2 Three-step process for recovering Mg from seawater

desalination brine
3 Particle size distribution of PSA

4 Concentrations of Mg, Ca, and B and the pH of the filtrate

depending on the ratio of paper sludge ash (PSA) to brine ses=--

5 X-ray diffraction results: (a) raw paper sludge ash (PSA)
and (b) solid obtained after filtering the mixture of PSA and

brine when the ratio was 1:40
6 Concentrations of Mg, Ca, Al, Si, Fe, and B and the pH

of the eluent depending on the concentration of HySOy seeeseseseeeeens

7 X-ray diffraction results of solids remaining after dissolving

Mg with 0.3-1.5 M H;SO,

8 Change in Mg precipitation efficiency according to the volume

ratio of eluent to ethanol
9 The amount of components remaining in the filtrate

after MgSO, precipitation depending on the volume ratio

of eluent to ethanol

10 XRD pattern of precipitated solid when the volume ratio

of eluent to ethanol is 1:0.4

11 Changes in precipitation efficiencies according to the volume

ratio of magnesium eluent to ethanol
12 X-ray diffraction results of the precipitated MgSO4 when the

ratio of eluent to ethanol was 1:1 (a) One-step process and

(b) Two-step process

_iv_

Collection @ kmou

10

11

13

16

18

21

22

23

24

26



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

13 Process for recovering Mg from seawater as MgCQs «seessesenesssenes

14 Graph of Mg and Ca Concentration of Filtrate According to

CaO Injection Volume

15 XRD graph of precipitated solids when the CaO to seawater

ratio is 0.5% w/v
16 Graph of pH and Mg concentration change according to

carbonation reaction time according to Mg(OH), concentration

and CO, flow condition

17 Mg elution efficiency of after 60 minutes of carbonation

depending on Mg(OH), concentration and CO, flow rate «eseseees

18 XRD graph of residual solids after 60 minutes of carbonation

depending on Mg(OH), concentration and CO, flow rate «eeseees

19 XRD graph of synthesised MgCO; though three step

of process

Collection @ kmou

33

34

35

37

38

40



AeE FAviade R Svades A

TR

L3

o
Tor

al7)

==
1o

o

0
1o

To-

ol

==
i)

M
N

Aot g gl go R

o

Hes 1ek

A

29| of

gl

AolM =

=N
L

!

(=)

=258 A

= A
I

obs
e i

=1

Ao}

Az Urol £Ysts oz i

|

of

|

of

fcr opads S50

M5

=
5 o

ofu

T

gstAtt. Srotaded] 4%

AR
o

o
=2

<o

4~ Seawater desalination brine sfj4Edts&24

S;L]'
o

5

Keywords: Seawater

Magnesium carbonate EHAOFTIY|4

A -
=

Ll

_1
alkali industrial by-product &Zz]

Ao

Magnesium sulfate

ST

AW ALE: high purity 1L

Ak

- Vi

Collection @ kmou



Capture 1. Production of magnesium sulfate from seawater

desalination brine

1.1. Introduction

Seawater desalination is a straightforward technique for pure water
production, but it also results in brine with higher salinity and temperature
than seawater. Almost 41 % of the total volume of seawater desalination
brine is discharged into the sea without undergoing treatment processes
(Ahmad & Baddour, 2014), which may cause hazardous environmental

problems (Missimer & Maliva, 2018).

To solve these problems, many studies have been conducted on the
management of brine through safe disposal or reuse of brine (Giwa, et al,
2017). The recovery of minerals from seawater desalination brine has been
widely studied because it is an environmentally friendly and economic
method that reduces the discharge of brine and produces valuable resources
(Jeppesen, et al, 2009). Many resources that are dissolved in seawater
desalination brine have been the targets of extraction, such as Mg (Casas, et
al., 2014; Sorour, et al, 2014; Dong, H. et al., 2018), Li (Park, et al,
2014), Ca (Choi, Y., 2018), K (Mohammadesmaeili, et al., 2010), and Cl
(Melian-Martel, et al, 2011). An evaluation of the profitability of each
element recovered from seawater desalination brine via its concentration and
market price implies that Mg is worth extracting from seawater desalination
brine because of economic aspects, which highly depend on the purity of

the final Mg product (Fig. 1) (Shahmansouri, et al., 2015).
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Fig. 1. Log-log plot showing concentration and market price of each

mineral in the seawater desalination brine (Shahmansouri, et al., 2015).

Many novel methods for recovering Mg from seawater desalination brine
have been presented, including membrane separation (Zahedi. et al, 2017),
ion exchange (Pérez-Gonzalez. et al.,), biocrystallization (Casas, et al., 2014),
and chemical processes (Dong, et al, 2018). Zahedi et al. (Zahedi &
Ghasemi, 2017) recovered 97 % of the Mg contained in seawater
desalination brine using a bulk liquid membrane in 2.5 h. Pérez-Gonzalez et
al. used an ion-exchange resin to extract Mg from seawater desalination
brine along with Ca. Wan et al. performed biomineralization experiments
that precipitated the Mg of the brine in the form of a granular

microstructure over 16 d.



However, currently commercialized methods for recovering Mg from brine
or seawater are simple chemical precipitation methods that use lime or
dolomite (Shahmansouri. et al, 2015). Alkali precipitants, such as sodium
hydroxide (NaOH), ammonium hydroxide (NH4OH), or sodium carbonate
(NayCOs), have been used in many studies (Dong. et al, 2018). The form
of recovered Mg salts depends on the components of the precipitant, and its
purity is determined either by the amount of impurities derived from the
brine (such as Ca or B) or precipitant. Casas et al. obtained magnesium
hydroxide (Mg(OH),) by using NaOH as a precipitant, which has a purity
of approximately 52-57 % and contains approximately 3-26 % calcium
carbonate (CaCOs) along with a small amount of K and B. Sorour et al.
recovered Mg in the form of magnesium carbonates and magnesium
phosphates using Na,COs; and Na3;PO4 12H,O as Mg precipitants in seawater
desalination brine, but large amounts of Ca was also precipitated in the
process. Dong et al. added NH4OH to brine for precipitating Mg(OH), with
a purity of approximately 75.6-98 %. CaCO; was the major impurity
detected, which comprised approximately 2-24.4 % of the Mg precipitate.
Lehmann et al. used calcium oxide (CaO) as a Mg precipitant. In order to
improve the precipitation efficiency of Mg(OH),, micro magnesite particles
were added to a Mg(OH), slurry and subsequently dissolved in acid (sulfuric
acid (H2SOy), hydrochloric acid (HCI), and carbonic acid (H,COj3)). The
purity of the Mg solution obtained was greater than 97 %, and the

impurities contained trace amounts of B and Fe.

Instead of the expensive alkali precipitants, such as NaOH and NH;OH,
used in previous studies, we used paper sludge ash as an alkali industrial

by-product. In addition, we eliminated the impurities, such as B or Ca, to
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increase the purity of the final Mg product. In this study, we conducted a
continuous three-step process for recovering Mg from seawater desalination
brine: pre-precipitation of Mg wusing alkaline industrial by-products,
dissolution of Mg using H,SO,, and precipitation of MgSO4 using ethanol.
The aim of this study was to derive optimal conditions not only to
maximize the recovery efficiency of Mg from the brine, but also to

minimize the content of impurities.

1.2 Materials and Methods
1.2.1 Materials and Analysis

The seawater desalination brine was taken from the 'A' desalination plant
in Busan, South Korea and stored in a refrigerator. Paper sludge ash (PSA),
which is an alkali industrial by-product, was used as the Mg precipitant and
supplied by a paper mill in South Korea. We used H,SOs (95 %) and
ethanol (99 %) from Junsei Company. X-ray diffraction (XRD, Shimadzu,
Optima 8300), X-ray fluorescence (XRF, Shimadzu, XRF-1700), and
scanning electron microscopy (SEM, Tescan, MIRA-3) were used to
determine the constituents and contents of the solids and the crystal form of
MgSO,4. A laser scattering particle size analyzer (Sympatec, HELOS) was
used to measure the size of the PSA. Inductively coupled plasma-optical
emission spectrometry (Perkin Elmer, Optima 8300) was used to determine
the concentrations of Mg, Ca, Al, Fe, Si, and B, and the pH was measured

using a pH meter (Thermo, Orion Star 211)
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1.2.2 Methods

1.2.1.1 Overall process overview: three-step process

The process of recovering Mg from the seawater desalination brine in the

form of MgSOs was conducted in three successive steps (Fig. 2). The first

step was pre-precipitation of Mg, in which a mixture of PSA and brine was

prepared to precipitate the Mg ion of the brine into Mg(OH),. The second

step was dissolution of Mg, wherein a mixture of PSA and Mg(OH), was

added to H,SO; in order to elute Mg. The third step was precipitation of

MgSO,, in which ethanol was added to the eluent to precipitate MgSO,.

Notably, the last step could be consists of two steps to improve the purity

of MgSO,. In this study, the following experiments were conducted to derive

the optimum conditions at each step.

‘ Pre-Precipitation ‘ >‘ Concentration ‘ >‘

Precipitation ‘

sulfuric
) acid
Seawater PS\LA
desalination f“Tﬂon 5
brine Mg(OH),

filtration

1ST
ethanol

Eluent

filtration

Ca-free

Eluent

Calcium
precipitate

2nd
ethanol

High purity
MgS0,4(s)

Fig. 2. Three-step process for recovering Mg from seawater desalination
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1.2.2.2 Pre-precipitation of Mg using PSA

We used the PSA to precipitate the Mg of the seawater desalination brine.
A certain amount of PSA was mixed with 100 mL of brine and then stirred
at 250 rpm for 1 h. The solid to liquid ratio of PSA and brine was
controlled at ratios of 1:25 and 1:100. After filtering the suspension through
a 0.45 pm membrane, the concentrations of Mg, Ca, and B and the pH of
the filtrate were measured. By varying the ratios of PSA to brine, we
determined the minimum amount of PSA needed to precipitate all the Mg of

the brine as the optimum condition.

1.2.2.3 Dissolution of Mg(OH), using sulfuric acid

We mixed 2.5 g of PSA with 100 mL of brine based on the optimum
conditions derived from Section 3.1., and the solid was collected after the
precipitation of the mixture. We prepared eight solid samples using the same
method. Each solid sample was added to 20 mL of H,SO4 and sufficiently
stirred at 250 rpm for 1 h. Here, the concentration of H,SO, was varied
from 0.3 M to 40 M. After filtering the suspension through a 0.45 pm
membrane, we measured the pH and the concentrations of Mg, Ca, Al, Si,
Fe, and B in the filtrate. The components of the solids were also analyzed.
We determined the optimum condition of H,SOs as the minimum

concentration needed to dissolve the Mg as much as possible.
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1.2.2.4 Precipitation of MgSOy4 using ethanol
1.2.2.4.1 One-step process

We prepared 6 solid samples, which were obtained by mixing 2.5 g
of PSA and 100 mL of brine and filtering the mixture. The solid samples
were mixed with 20 mL of 1.0 M H,SO4 and each mixture was stirred at
250 rpm for 1 h and then filtered through a 0.45 um membrane to obtain
the filtrate, which had a volume of about 20 mL and was called eluent. We
injected ethanol into each eluent by controlling the amount of ethanol in the
range of approximately 4-40 mL, which corresponded to the volume ratio of
eluent to ethanol of approximately 1:0.2-1:2.0. The mixture of the eluent and
ethanol stood for at least 6 h at room temperature, the solid was filtered,
and the pH and the concentrations of Mg and Ca of the filtrate were
measured. The solids obtained when the volume ratio of the eluent to

ethanol was 1:1 were analyzed using XRD, XRF, and SEM.
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1.2.2.4.2 Two-step process
1.2.2.4.2.1 Eliminating Ca impurity from Mg eluent

From ‘1.2.2.4.1 One-step process’ when the volume ratio of eluent to
ethanol is 1:0.4, we analyzed the solid and filtrate using XRD and AA,

respectively.
1.2.2.4.2.2 Precipitation Mg from Ca-free Mg eluent

In the same way as ‘1.2.2.3 Dissolution of Mg(OH), using sulfuric acid’,
we prepared 6 eluent samples. At each eluent samples 8 mL of ethanol was
added and the mixture was filtrated after 6 h left at room temperature. Each
of the filtrate was gained and we added the additional ethanol to filtrate
varifing the amount of ethanol 4-16 mL, which is corresponding the volume
ratio of eluent to total added ethanol would be 1:0.6-1:2:0. The mixture of
the eluent and ethanol stood for at least 6 h at room temperature, the solid
was filtered, and the pH and the concentrations of Mg and Ca of the
filtrate were measured. The solids obtained when the volume ratio of the

eluent to ethanol was 1:1 were analyzed using XRD, XRF, and SEM.
1.2.2.4.3 Comparing the phase purity depending on ethanol adding method

Through two different method, one-step process and two-step process, the
solids obtained when the volume ratio of the eluent to ethanol was 1:1 were

analyzed using XRD, XRF, and SEM.
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1.3 Results and Discussion
1.3.1 Materials analysis

Table 1 shows the results of the analysis of the brine. The concentrations
of Mg and Ca were 2,340 mg/L and 664 mg/L, respectively, and the pH

was 7.8.

Table 1. Concentrations of Mg, Ca, and B in the seawater desalination

brine used in this study.

Components Mg Ca B

Concentration (mg/L) 2,340 664 6.6

Table 2. shows the components of the PSA measured using XRF. The
main components of the PSA were 67 % Ca and some Si, Al, Mg, and Fe.

The average particle size of the PSA was 24.5 um (Fig. 3).

Table 2. X-ray fluorescence analyses of the paper sludge ash

Component CaO SiO, ALO; MgO Fe,O;3 SO;  P,0Os

Content (%) 67.21 15.02 6.62 437 L.77 272 0353
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Fig. 3. Particle size distribution of PSA.
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1.3.2. Pre-precipitating of Mg using PSA

Figure 4 shows the concentrations of Mg, Ca, and B and the pH of the
filtrate depending on the solid to liquid ratio of PSA and brine. As the ratio
of PSA to brine increased, the pH and the concentration of Ca gradually
increased while the concentration of Mg decreased. When the ratio was
1:40, the concentration of Mg was 46 mg/L, which was close to zero
compared with the initial Mg concentration of 2,340 mg/L, and the pH was
10.8. This was because the Mg ion in the brine precipitated in the form of
Mg(OH), (Dong. et al.,, 2018). Therefore, we decided that the optimum ratio
of PSA to brine required for precipitating the Mg of the brine was

PSA:brine = 1:40 (g:mL), and the Mg precipitation efficiency was 98 %.

5000

X —0— Mg
—8— Ca
pH

- 12

()}
1

ES
Il

- 11

pH

[\ ]
L

- 10

—_
1

Concentration of B (mg/L)
[#%)
Concentration of Mg, Ca (mg/L)

25 33 40 50 100
PSA :Brine=1:x(g: mL)
Fig. 4. Concentrations of Mg, Ca, and B and the pH of the filtrate

depending on the ratio of paper sludge ash (PSA) to brine.
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Figure 5(a) and 5(b) show the XRD results of the raw PSA and the solid
obtained after filtering the mixture of PSA and brine when the ratio was
1:40, respectively. In Fig. 5(a), peaks of calcium hydroxide (Ca(OH),), CaO,
and CaCO; were mainly observed, whereas in Fig. 5(b), only CaCO;
remained. By the reaction of PSA and brine, the CaO of the PSA was
hydrated to Ca(OH),, which dissolved easily in the form of Ca’" and OH-.
This OH™ reacted with the Mg®" of the brine to precipitate Mg(OH),. These
mechanisms have already been widely used in common Mg precipitation

methods (Lehmann et al., 2014; Dave and Ghosh, 2005).
CaO + H,O — Ca(OH),
Ca(OH), — Ca*" + 20H
Mg®* + 20H" — Mg(OH),

It was difficult to find the peaks of Mg(OH), in Fig. 5(b) owing to the
poor crystallization characteristics of Mg(OH), (Smith et al., 2001; Barba et
al., 1980).

- ’]2 -
Collection @ kmou



(a) i
Gt ®
‘E'MJ\ .' ﬂ..v..A‘.Av
»
o
£ (b) .
® Y e *a
MW““M s
20 40 60 80
theta

o: CaCO;, A: Ca(OH),, »: CaO, m: NaCl

Fig. 5. X-ray diffraction results: (a) raw paper sludge ash (PSA) and
(b) solid obtained after filtering the mixture of PSA and brine when the

ratio was 1:40.
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The species that most influenced the pH in the suspension where the PSA
and brine coexisted was the Ca(OH), of the PSA. When a relatively small
amount of PSA was added to the brine, the PSA to brine ratio was lower
than 1:40, and most of the OH dissolved from Ca(OH), was used to react
with the Mg ion; thus, the pH remained lower than 10.8 (Fig. 4). In
addition, this reaction boosted the formation of Mg(OH), and dissolution of
Ca from the PSA. On the other hand, if more PSA than required was added
to precipitate the Mg of the brine, then the PSA to brine ratio was higher

than 1:40, and the extra OH  rapidly increased the pH to higher than 10.8.

Meanwhile, the B concentration was almost 0 mg/L when the ratio of
PSA to brine was 1:40, which implied that most of the B in the brine
precipitated as a solid phase (Fig. 4). Therefore, B was eluted along with
the Mg as H,SO4 was added to the mixture of PSA and Mg(OH), during

the subsequent dissolution step.

- ‘]4 -
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1.3.3. Dissolution of Mg(OH), using sulfuric acid

In many previous studies, acid solvents, such as HCl or acetic acid, were
used to dissolve Mg from the solid phase (Donmez et al., 2009; Teir et al.,
2009; Ozdemir et al., 2009). We used H,SO, to dissolve the Mg from the
mixture of Mg(OH), and PSA. The reason for using H,SO, was that the
Mg of Mg(OH), was eluted in the form of Mg®" while the Ca of the PSA
was converted into solid calcium sulfate (CaSOu(s)), so a large amount of
Ca would not be eluted into the solution (Lide, 2002). Mg was concentrated
using H,SO4 with a volume that corresponded to one-fifth of the volume of

the brine used in the previous step.

As shown in Fig. 6, as the concentration of H,SO,; increased, the
concentration of Mg in the eluent at first increased proportionally, and then
became constant. When the concentration of H,SO4 was higher than 1.0 M,
the concentration of Mg in the eluent was approximately 8,500-10,000 mg/L,
which was 3.5 to 4 times higher than that of the raw brine (2,340 mg/L).

The efficiency of the Mg dissolution was approximately 72.6-85.5 %.

- ‘]5 -
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Fig. 6. Concentrations of Mg, Ca, Al, Si, Fe, and B and the pH of the

eluent depending on the concentration of H2SOA4.

The concentrations of Al, Si, and Fe showed similar trends, and they all
originated from the PSA (Fig. 6). When the concentration of H,SO; was
lower than 1.0 M, the concentrations of Al Si, and Fe were almost 0
mg/L, and when the concentration of H,SO4 increased to higher than 1.5 M,

they suddenly increased.

Changes in the concentrations of Mg, Al, Si, and Fe were closely related
to the change in pH of the eluent. At a relatively low concentration of
H,SO4 (lower than 1.0 M), the pH of the eluent was as high as

approximately 8-9, while the pH decreased rapidly to lower than 1 when the

_16_
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concentration of H,SO, was higher than 1.5 M. Therefore, when the
concentration of H,SO4 was lower than 1.0 M, only Mg dissolved out from
the mixture of Mg(OH), and PSA (Smith et al., 2001; Pokrovsky & Schott,
2004). As the concentration of H,SO4 increased to higher than 1.5 M, the

pH rapidly decreased and Al, Si, and Fe were eluted together.

Figure 7 shows the XRD results of the remaining solids after the eluent
was prepared using H,SO, with different concentrations of approximately
0.3-1.5 M. In the XRD results using 0.3 M H,SO4 and 0.5 M H,SO., the
peaks of CaCO; and CaSO42H,O coexisted, whereas only CaSO, peaks
were observed when using 1.0 M H,SO4 and 1.5 M H,SOs. This indicated
that when the concentration of H,SO, was higher than 1.0 M, CaCO; was

dissolved by excessive H,SO4 and CaSO4 was produced.

- ’]7 -
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We found that at least 1.0 M H,SO4 should be used in order for the Mg
concentration to be sufficiently high and to accelerate the precipitation
reaction of MgSO, in the following step. The pH and the concentrations of
components in each eluent obtained using 1.0 M H,SO, are shown in Table
3. With 1.0 M H,SO4, a small amount of Ca and B were retained in the
eluent with no other impurities, which was advantageous to obtain MgSO,
with high purity. Therefore, we decided to use 1.0 M H,SO4 to produce the

eluent for the next precipitation step.

Table 3. The pH and concentrations of the components of each eluent

obtained using 1.0 M H,SO4

Concentration (mg/L)

pH
Mg Ca Al Si Fe B
8,600 725 0 0 0 13 7.5
- 19 -

Collection @ kmou



1.3.4. Precipitation of MgSO, using ethanol

A certain amount of ethanol is injected into the eluent at once, we called
it one-step process. On the other hand, if it injected in two portions, it is

called two-step process.
1.3.4.1 One-step process

In this process, ethanol was added to the eluent to precipitate MgSQO4 as a
solid. It was based on the characteristics of MgSO,4, which is rarely soluble
in organic solvents (Lide, 2002). The amount of ethanol injected was

expressed as the volume ratio of eluent to ethanol.

Figure 8 shows the change in Mg precipitation efficiency according to the
volume ratio of eluent to ethanol. The Mg precipitation efficiency tended to
increase as the amount of injected ethanol increased, in the form of an
S-curve (Fig. 8). The precipitation reaction of MgSO4 was closely related to
the solubility of the MgSO, in the ethanol-water-MgSO4 system.
Zafarani-Moattar and Salabat measured the solubility of MgSO4 in a mixed
solution of water and ethanol at 25 °C (Zafarani-Moattar, 1997). As the
portion of the ethanol increased in the mixture of water and ethanol, the
solubility of the MgSO, decreased. Notably, the solubility of the MgSO,
was almost 0 when the mass percentage of the ethanol was greater than
43.2, which corresponded to the volume ratio of water to ethanol of 1:1.03
when considering the ethanol density of 0.789. Thus, as shown in Fig. 8,
the Mg precipitation efficiency reached its maximum when the volume ratio

approached 1:1. We observed how the precipitation reaction occurred, and at

- 20 -
Collection @ kmou



a volume ratio of approximately 1:0.6-1:0.8, the mixture of eluent and
ethanol turned turbid with some suspended solids, which did not contain
specific crystals, whereas at a volume ratio greater than 1:1.0, the solution
rapidly crystallized and separated itself into the precipitate and supernatant.
Therefore, in order to obtain MgSO, crystals and achieve high Mg
precipitation efficiency, ethanol should be added to the eluent so that the

volume ratio of eluent to ethanol is at least 1:1.0.
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Fig. 8. Change in Mg precipitation efficiency according to the volume

ratio of eluent to ethanol.
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Figure 9 shows the amount of components remaining in the filtrate after
MgSO, precipitation with a volume ratio of eluent to ethanol. The eluent
contained a small amount of Ca and B as impurities (Table 3). As shown
in Fig. 9, the amount of B in the filtrate did not change with the
eluent:ethanol ratio, but the amount of Ca changed. The amount of Ca
decreased when a small amount of ethanol (volume ratio of 1:0.4 or less)
was injected into the eluent. Therefore, if ethanol was added in a ratio
higher than 1:1, then the precipitated MgSO; would contain Ca as an
impurity. Components such as Al and Fe were not present in the
precipitated MgSO, because they were not present in the 1.0 M eluent
(Table 3).
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Fig. 9. The amount of components remaining in the filtrate after MgSO,

precipitation depending on the volume ratio of eluent to ethanol
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1.3.4.2 Two-step process
1.3.4.2.1 Eliminating Ca impurity from Mg eluent

Fig. 10 shows the XRD pattern of precipitated soild when the volume
ratio of eluent to ethanol is 1:0.4. The main peaks of the solid were
mateched with the CaSO4-2H,O which means the calcium in the eluent was
precipitated and eliminated as the CaSO4 solid. Compare to the solubility of
MgSO4 in ethanol, CaSO4 hardly dissolved in ethanol so Ca precipitation
occurs first even small amount of ethanol injected. So by adding some
amount of ethanol to Mg eluent and filtrating the mixture, the filtrated

solution would be Ca-free Mg eluent.
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Fig. 10. XRD pattern of precipitated solid when the volume ratio of eluent

to ethanol is 1:0.4
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1.3.4.2.2 Precipitating Mg from Ca-free Mg eluent

As the volume of ethanol injected into the calcium-free magnesium eluate
increased, the precipitation rate of magnesium increased. When the volume
ratio was 1:1 based on the total ethanol injection amount, the magnesium
precipitation rate was 90% or more. Furthermore, the efficiency of two-step

process was higher than of one-step process.

100 A
Two-step process

[o2]
o
1

One-step process

[+2]
o
1

E=
o
1

[a]
o
1

Mg precipitation efficiency (%)

o

T
0.2 04 0.6 0.8 1.0 1.5 2.0

Fig. 11. Changes in precipitation efficiencies according to the volume ratio

of magnesium eluent to ethanol
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1.3.4.3 Comparing the phase purity depending on the ethanol adding

method

We compared the purity of the MgSO, through one-step process and
two-step process which is different in ethanol adding method. Table 4 is
listed the component of MgSO4 when the ratio of eluent to ethanol is 1:1
and the two different ethanol adding method were used. The purity of
MgSO, for one-step process was 89.7 % with 6.72% of Ca impurity. On
the other hand, for two-step process the purity of MgSO, was 99.8%

without impurity.

Table 4 X-ray fluorescence results of MgSO4 precipitated using one-step

process and two-step process

Ethanol adding

method S Mg Ca Al Fe Si Na Cl K
One-step process 68.6 21.1 6.72 - - - 3.01 0.63
Two-step process 74.1 25.7 - - - - 0.13
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As shown in Fig. 12, the peak of MgSO, 7H,O was mainly observed in
the precipitated solid for two-step process(Fig. 12(b)). The MgSO4 recovered

for one-step process contained some CaSO, (Fig. 12(a)).
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o MgSO4'7H20 A: CaSO4-2H20

Fig. 12. X-ray diffraction results of the precipitated MgSO4 when the ratio

of eluent to ethanol was 1:1 (a) One-step process and (b) Two-step process
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1.4 Conclusion

In this study, we determined the optimum conditions of a three-step
process to recover Mg from seawater desalination brine using an alkali
industrial by-product, H,SO4, and ethanol. In the first step, involving the
pre-precipitation of Mg, the op2.3.4.1 One-step process use of PSA
facilitated the filtration of the Mg(OH),. During the dissolution of Mg, we
produced an eluent with concentrated Mg by adding a mixture of PSA and
Mg(OH), to H,SO4 in a volume one-fifth of that of brine. We determined
that the optimum concentration of H,SO, was 1.0 M when the Mg
dissolution efficiency was greater than 70 % and no impurities were eluted,
except for Ca. By adding small amount of ethanol which is corresponding
to 1:0.4 of Mg eluent to ethanol ratio, we eliminate te Ca impurity from
Mg eluent. Finally, the precipitation of high-purity MgSO4 led to the
recovery of Mg in the form of MgSO,4 7H,O by adding additional ethanol to

Ca-free Mg eluent.

This technology is more economical than other existing technologies for
recovering magnesium from seawater desalination brine for the two following
representative reasons. First, the alkali industrial by-product was used instead
of the existing expensive alkali precipitants. Second, ethanol and H,SO4

could be recovered and then reused in the process.
We assume that the seawater desalination brine and PSA used in this

study for the three-step process could be replaced by seawater or bittern and
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other alkali by-products. The optimal conditions could be derived in the
same way as that proposed here, but the specific values of the optimal

conditions may be different from the results of this study.
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Chapter 2. Synthesis of magnesium carbonate from seawater

2.1. Introduction

Global warming is accelerating worldwide, and CCUS, a technology that
captures, stores and uses CO,, is being developed as a measure to reduce
CO, emissions. Meanwhile, magnesium-based alloys are in the limelight as
materials for weight reduction of automobile bodies and electronic devices.
So that domestic demand for magnesium increases, while most domestic
demand for magnesium comes from China or Japan. Therefore it is
necessary to localize magnesium production technology in order to reduce
the dependence on magnesium resources abroad. This study aims to develop
a technology that can produce CO, while simultaneously producing

magnesium from seawater, a quantitatively infinite resource.
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2.2 Materials and Methods
2.2.1 Overall process overview: three-step process

The process of this technique is as follows (Fig. 13). First, Mg of
seawater is precipitated in the form of Mg(OH), using CaO (Mg
precipitation step). Mg(OH), is then added to a small amount of water,
slurried, and then CO, is blown to remove calcium impurities and produce a
solution with a higher Mg concentration than seawater (Mg concentration
step). Finally, MgCO; is precipitated from the Mg concentrated solution

(MgCOs; production step).

| MgOH), |

Distilled water

[ Mg(OH)slumy |

CO, gas
‘ Carbonated slurry |
l filtration
Ca removed,
s ( Mg concentrated solution ‘

|

| Mg carbonate |

Fig. 13. Process for recovering Mg from seawater as MgCO;
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2.2.2 Pre-precipitation of Mg using CaO

By controlling the ratio of CaO to seawater, the amount of CaO required
to precipitate all magnesium in seawater was determined. We injected the
CaO to 100 mL of seawater with varying amount of 0.05-2 g, which is
corresponding to the CaO to seawater ratio is 0.05-5% w/v, and stirred at
250 rpm for 1 hour. The mixture was filtered and the concentration of Mg
and Ca in filtrate was measured by atomic adsorption spectrometer(AAS,

Perkin Elmer, PinAAcle 500).
2.2.3 Carbonation of Mg(OH),

We prepared 0.6, 3.0, 6.0 L of seawater and CaO was added to each
seawater so that the CaO injection amount was 0.5% w/v, followed by
stirring at 250 rpm for 1 hour. After each mixture was centrifuged (8000
rpm for 20 minutes), the solids were recovered and the solids were each
added in 300 mL of distilled water. The Mg(OH), concentration of the
slurry differs by approximately 0.1, 0.5 and 1.0 M, respectively. Carbonation
reaction was carried out using 99.9% of CO, gas at different flow rates at
0.03, 0.3, and 3 L/min. CO, gas was injected into the slurry using a gas
disperser and the slurry was stirred at a speed of 500 rpm using an
impeller. During the carbonation reaction, the pH of the slurry was
monitored using a pH meter, and small amount of the slurry was sampled
and filtered. The concentration of Mg and Ca in filtrate was measured by
AAS and the solids were dried and analyzed by X-ray spectrometer(XRD,
Shimadzu, Optima 300).
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2.2.4 Crystallization of MgCOs

From the '"2.2.3 Carbonation of Mg(OH),, only 5 Mg eluates which have
the magnesium concentrated more than seawater has were used in this step.
The Mg eluate was capped and left at room temperature for 5 days, and
each sample was filtered under reduced pressure. The concentration of Mg
and Ca in filtrate was measured by AAS and the solids were dried and

analyzed by XRD.
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2.3 Results and Discussion
2.3.1 Pre-precipitation of Mg using CaO

Figure 14 shows the concentration of Mg and Ca in the filtrate according
to the CaO injection volume. Mg concentration decreased and Ca
concentration increased as the amount of CaO injected. The concentration of
Mg was 0 mg/L when CaO to seawater ratio was 0.5% w/v. It means that
all the Mg of seawater can be precipitated under the above conditions. The

reaction of CaO with Mg of seawater proceeds as follows.
MgCl, + CaO + H,O — Mg(OH)y(s)] + CaCl,

3500

3000

2500

2000 -

1500

1000

Mg, Ca concentration (mg/L)

—e— Magnesium

500 ~ —o— Calcium

0 —e—o . ‘ ‘ .
0 1 2 3 4 5
CaO:Seawater ratio (%w/v)

Fig. 14. Graph of Mg and Ca Concentration of Filtrate According to CaO

Injection Volume
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Figure 15 shows the XRD graph of solids precipitated at 0.5% of CaO to
seawater ratio. Precipitated solids consisted mostly of Mg(OH), and

contained CaCO; and NaCl as impurities that is driven from seawater.

2500
—— Precipitated Mg{OH), from seawater
e Mg(OH), (01-074-2220)
. o CaCo, (01-070-0085)
2000 - *  NaCi (01-088-2300)
2 1500 4
w
=
1]
3
£ 1000 -
500
0

2-theta

Fig. 15. XRD graph of precipitated solids when the CaO to seawater ratio
is 0.5% w/v

2.3.2 Carbonation of Mg(OH),

In this step, the carbonation reaction was performed by injecting CO, into
the Mg(OH), slurry containing some of the Ca impurities obtained in the
previous 'Mg precipitation step'. Here, the effects of Mg(OH), concentration
and CO, flow rate on the Mg leaching and Ca removal efficiency were

investigated.

_34_

Collection @ kmou



10 4
B
Mg(OH), 0.1M; CO5 0.03L/min
9 1 Mg(OH), 0.5M; CO5 0.03L/min
I Mg(OH), 1.0M; CO5 0.03L/min
Qo — — - Mg(OH)y 0.1M; CO5 0.3L/min
Mg(OH), 0.5M; CO5 0.3L/min
8 1 Mg(OH), 1.0M; CO5 0.3L/min
— — —  Mg(OH), 0.1M; CO5 3L/min
___ ——— Mg(OH)y 0.5M; CO5 3L/min
Mg(OH), 1.0M; CO5 3L/min
7 .
T T
100 150 200
time(min)
—a— Mg(OH), 0.1M; CO, 0.03L/min
10000 —@— Mg(OH), 0.5M; CO, 0.03L/min
- ey Mg(OH), 1.0M; CO, 0.03L/min
Ev —m— Mg(OH), 0.1M; CO, 0.3L/min
< 80007 e Mg(OH), 0.5M:; CO, 0.3L/min
.(% —p— Mg(OH), 1.0M; CO, 0.3L/min
..E —a@— Mg(OH), 0.1M; CO, 3L/min
g 60001 —_@— Mg(OH), 0.5M:; CO, 3L/min
§ —y— Mg(OH), 1.0M; CO, 3L/min
E 4000 -
B
(0]
c
()]
©
= 2000 -
O -
0 50 100 150 200 250
time(min)

Fig. 16. Graph of pH and Mg concentration change according to
carbonation reaction time according to Mg(OH), concentration and CO, flow

condition
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As can be seen from the pH change graph, the rate of pH decrease was
faster at high CO, flow rates regardless of the Mg(OH), concentration. On
the other hand, the graph of Mg concentration change shows that the CO,
flow rate and Mg(OH), concentration have a complex effect on the Mg
concentration change during the carbonation reaction. Carbonation conditions
with the highest Mg concentration are 0.5M Mg(OH),, CO, 3L/min and

Mg(OH), 0.5M, CO, 0.03L/min.

Mg elution efficiency was expressed as the percentage of Mg of the
filtrate of the reactant after 60 minutes of carbonation relative to the Mg
concentration of the initial carbonation slurry. Figure 4 is a graph showing
the Mg elution efficiency for each condition using the above equation, and
Figure 5. is an XRD graph of the residual solid after 60 minutes of

carbonation time.

The conditions when the Mg elution efficiency is over 80% is correspond
to the case where Mg(OH), concentration is 0.1M, and the case where
Mg(OH), concentration is 0.5M and CO, flow rates are 0.3, 3L/min. The
XRD analysis of residual solids under these conditions mostly showed a
peak of CaCOs;. It can be seen that the reaction occurs that Mg(OH)2 is

dissolved in the above conditions.

On the other hand, in the case of very low Mg dissolution efficiency is
divided into two cases. First, in the case of d, g (when Mg(OH),
concentration is 0.5, 1.0 M and the CO, flow rate is 0.03L/min), a peak of

Mg(OH), was observed in the residual solid. This means that there was not
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enough CO, supplied so that all the Mg(OH), in the slurry could be
dissolved. Secondly, for h and I (when Mg(OH), is 1M and the CO2 flow
rate is 0.3, 3L/min), a peak of MgCO;-3H,O was observed in the residual
solid. This means that Mg(OH), was dissolved during the carbonation

reaction and then reacted with COs> to form carbonates.
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Fig. 17. Mg elution efficiency of after 60 minutes of carbonation

depending on Mg(OH), concentration and CO, flow rate
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Fig 18. XRD graph of residual solids after 60 minutes of carbonation

depending on Mg(OH), concentration and CO, flow rate
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2.3.3 Crystallization of MgCOs

Table 1 lists the Mg and Ca concentrations of the five Mg eluates
selected in the previous Mg elution step, and the respective eluates were
allowed to stand at room temperature to precipitate solids and the filtrate

was filtered.

Mg precipitation efficiency was high as 86.8 and 87.4% when the Mg
concentration of Mg eluate was 9,800 and 10,000mg/L. XRD measurements
of solids precipitated under these conditions showed that all peaks matched

MgCO;-3H,0 (Figure 19), yielding high purity MgCOs.

Table 5. Mg precipitation efficiency depending on carbonation condition

Filtrates after
Mg eluate )
MgCOs crystalized Mg
Carbonation M Ca - Ca precipitation
condition* O R e =< o> Woncentra efficiency
(mg/L), tion (mg/L), tion A—B 100(%)
A B 1 X 100(%
(mg/L) (mg/L)
(a) 0.1,0.03 2,050 85.4 1,413 0 31.1
(b) 0.1,0.3 2,220 92.5 1,200 0 45.9
(¢) 0.1,3 2,300 95.8 1,705 0 25.9
(e) 0.5,0.3 9,800 81.6 1,285 0 86.8
(f) 0.5,3 10,000 83.3 1,259 0 87.4

* Mg(OH), concentration, CO, flow rate
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Fig. 19. XRD graph of synthesised MgCO; though three step of process
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2.4 Conclusions

The three-step process for recovering Mg®" in seawater in the form of
high-purity MgCO; was presented, and the optimum conditions for each
process to improve Mg recovery efficiency and synthesised MgCO3 purity
were investigated. In the Mg precipitation step, Mg®" of seawater was
precipitated with Mg(OH),. In the Mg elution step, an eluate was prepared
in which Mg concentration was higher than that of seawater mainly in
forms of Mg(HCOs), and Ca impurities were removed as CaCOs;. High
purity MgCOs; was precipitated from the Mg(HCOs), eluate in the MgCOs
precipitation step. The synthesised MgCOs; was a high purity compound with

no other impurities mixed.
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