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Summary

The large-scale salt manufacturing process in Japan is called the salt making by ion exchange membrane

method. The process can be divided into three stages: (1) The seawater collected from the sea is filtered, and

"brine" with a high concentration of NaCl is produced by the electro-dialysis using ion exchange membrane

system. (2) The "brine" is concentrated by several vacuum evaporators and the NaCl is crystallized. (3) Finally, the

NaCl crystals are removed as a product by centrifugal drying. These salt manufacturing processes are ingenious

in recovering heat energy to give inexpensive and high-grade NaCl. On the other hand, the technology to recover

useful resources from a large amount of the effluent in electrodialysis and the separation and refinement of useful

resources from the brine after removing NaCl crystals are required. The following five subjects were studied in

this project researches science and technology.

M
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Development of novel nanofiltration membranes for separating Mg?" and Ca?" from effluent in electrodialysis

(Kogakuin University, Kazuki AKAMATSU)

Novel nanofiltration (NF) membranes were developed for separating Mg?" and Ca’* from effluent in
electrodialysis process to produce concentrated seawater from pretreated seawater, and a potential process
using the developed membranes was discussed. Various preparation methods were tested to develop
positively charged NF membranes as well as negatively charged ones. Throughout the research in this
project, a novel negatively charged NF membrane having a high water permeability with a high ion selectivity
was successfully developed. Separation tests using a practical effluent were also demonstrated with the
developed NF membrane.

Development of Morphology Control for Aggregated Particles of Mg and Ca Compounds in each Application
(Doshisha University, Yoshiyuki SHIRAKAWA)

The sophistication of the method for synthesizing layered double hydroxides from residual Mg and Ca using
removed K brine, which is obtained by removing potassium from bittern, and investigated the high-efficiency
recovery of Mg and Ca was performed. In addition, in the formation of secondary particles of synthesized
primary particles, a technology to aggregate them into a shape suitable for the application was also developed,
and by controlling the type and concentration of coexisting impurity ions, they showed the effect of crystal
habit modifier and it improved handling. It was found that it is possible to control the anion exchange
ability.

Production and Upgrading of Carbonates from K" Removed Brine - Synthesis of Inorganic Phosphor Based
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on Carbonate with Controlled Crystal Properties - (Nihon University, Masakazu MATSUMOTO)

To develop a utilization system for seawater resources based on the salt production process, a method for

recovery and upgrading of Ca and Mg from the concentrated seawater discharge of a salt manufacturer in
Japan was examined. The production regions of the Ca and Mg carbonates were classified by solution pH
and temperature during CO, fine bubble injection into three concentrated seawater samples, i.e., ED brine,
concentrated ED brine, and removed KCI bittern. Additionally, to improve the crystal properties of
CaMg(CO:s), the average bubble diameter and CO, flow rate were varied in removed KCl bittern. The
results indicated that minimizing the bubble diameter and the increase in Fco, during CO, bubble injection
into removed KCl bittern with a high Ca?" and Mg?" concentrations led to the high-yield crystallization of
CaMg(COs), fine-particles with higher Mg/Ca ratio. Furthermore, when the obtained CaMg(CO3), was
converted to an inorganic phosphor by immersing it into TbCls/CeCl; mixed solution, CaMg(COs), fine
particles with a Mg/Ca ratio of approximately 0.5 were found to be suitable for the synthesis of green
inorganic phosphor with a high emission intensity under the experimental conditions employed in this work.

Utilization of Bromine in Seawater by Redox Reaction with Fine Bubble Supply and Application to Water

Purification (Nihon University, Yoshinari Wada

To create the utilization method of dissolved Br in the discharge concentrated bittern of salt manufactory in
Japan, the production of Br oxyacid as an upgrading method for Br using O3 fine bubbles, which enable the
acceleration of OHe generation at the minute gas—liquid interfaces, was carried out. Os fine bubble injection
into solution containing Br such as seawater led to the improvement of oxidation potential in the liquid phase,
because oxyacids of Br such as hypobromous acid and bromate ion were generated by the selective oxidation
of Br during the Oz fine bubble injection into the NaBr solution. Additionally, when the organic
compounds have different reactivities for each forms of Br oxyacids were degraded by Br oxyacids, it was
cleared that the generation of hypobromous acid with O3 fine bubble injection and Br coexistence is effective
for achieving enhanced degradation of refractory organic compounds.

Measurements of Physical Properties, which is the Key to the Separation Process Design and Optimization of

Combined Process for an Advanced Recovery of Unused Seawater Resources (Nihon University, Toshihiko
HIAKI

A study was conducted to recover as much potassium chloride (KCl) and magnesium hydroxide (Mg(OH).)
as possible from the concentrated brine of the by-products of the salt manufacturing process. In the cooling
crystallization of the brine, the KCI crystals were precipitated at higher temperature and the amount of KCl
recovered increased with the increase in the power required for stirring. On the other hand, the pH of the
reaction field is important for the recovery of Mg(OH), from removed-K brine by reaction crystallization.
Three different precipitating agents were used in the experiments. It was found that the pH could be
controlled by the reaction temperature and the concentration of removed-K brine, which inhibited the

precipitation of CaCOs and selectively precipitated Mg(OH),.

These five research results are fruitful for the recovery of useful resources from the effluent of ion-exchange

membrane electrodialysis, which is usually returned to the sea, and for the separation and refinement of useful

resources from the brine after the removal of NaCl crystals. It is expected that these technologies will be used in

the future as chemical products obtained from the salt manufacturing process.
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NaCl ?DFH IE3RE Na,SO, D IERIFIFIZR L THY,
MgCl,, CaCl,, MgS0Q,, CaSO, DFHLIEHLHART/HE,
2 MiAF AL GO IERN 1 b F A %28 Tetf

DORRIEZR IV REL, IEfE T/ AEOFHE GO B
2 89 Ep - DD S L a— R, Ara— ALY
HELT-LZA, ZNEHN 047, 0.68 ThoT-, SHITE—
SENEZLTV, BE OKIERD pH TR IEIZHE
LTWBIZEEHBNICL TS,

3 1 VERL 70 S AR oOFE Ik ==

Rejection [-]
Salt
MF (PE) UF (PS)

NaCl 0.20 0.22
CaCl, 064 0.78
MgCl, 0.65 0.85
Na,SO, 0.21 0.10
CaSO, 0.35 033
MgSO, 044 044
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R I, v TR AT T NIT AT DL
RIZENRLNT=, 72770, ~T RV T LAA v LHifEA A
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FELT-IRBH T AR L 2 o T2,
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& 2 IEwrEEMIZ

REMSERRF
Memb.0 NR—X &
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3.1. 4 AAERELAEES S FEMICES 2 BE
=

T BB FSAE AR D 2 1t B — 2 B E OFE R A K 13 12
RY, SHIZFEEEA%ZIED 1,000 ppm NaCl + 1, 000
ppm MgSO, IR G RICIHITLHEFEA A DOIHIERAZK 14
R, B 13 0, il AR NIC IR E 2N EICH
LTWBIEND DD, £12K 14 1Y, Mg** & SO DFALIE
FIHER T 2&, RiEHEMiRTHZ TIPSR DK/ N3 HHR
L CWDAE A SRS AT, ZAUE PEL 3 32580 IEfaf

BIZE T M? BIRE NSRBI F 22T, SO TS
NBMB IS 2o T2 ThDHEEZE 2 HND, L XD,
PEI 12X% NF O R HHEI 3G T, i BA#E
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3 40
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3.2 BRES/HBEORH
3.2. 1 REEGELAESESD FIEMICELS 2 B
=
3.1.4 [AIERIC, PSS &ALV S KEAICHTE
LIZZEBRABNI o T, £ OAKTERIE, Mg &
SOZDRHIEHRIZIE H 3 5L, FFEEAIZL>T Mg O
IEEIMETL, WSRO ZEAYEAR L T DA A 23R
SNz, PSS DA T HAMEIZL T Mg* IS5 L0
BB SIDME N T2 D T D, Lo T, PSS IZED NF D
REEH N ENTHY, REEWEEOHIEICEL->T
Mg?"L SOZDAEENTT A% ATREVERS RS LT=, 72721,
JOARTEEEEZRELTIMLERDL MmO T b
7
3.2 2 RAERICKDT/ABIEFRKERFIZHEE
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PIP + TMC |Z8F D 1 & SRR IS LR L
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IMENG P Z DO LI bk - D3 R TE D, £
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ARUTIR NF R TETNDIEN3 03D, BRI T-
T2 B AR PEDFHIEE 5, PIPIDA O 6:4 L3520 %
B GMLREL, ZO%OBRFIEITo7-, B 17 12T
I91Z, IDA 2T HZEI2EY, MWCO 134E3KD IDA
RINIERF U T7INED 286 Da Lrt#LC 378 Da k
JERL TWAZEM RSN, £72K 18 (TR TE91T,
Feifi B —FENLE ORE R, TERKD IDARTRINE ~
TV TINRE LT, EOICAICE B REE 528
TEIZ LN ool BIEREOIAVEY, IDA 128541
BRIERE A EE AP ERLSINTZE S 2D,

X 15 IDA #$hn NF o i SEM 5B
PIP: IDA kt=(a)10:0, (b)7.5:2.5, (c)6:4, (d)5:5
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FiZ, AL T NaCl & MgSO, DI LE DA kI X
DEAT IR O Z R LT, KB D[MgSO,]
% 0.005 mol/L =L, #2EF[NaCl] : [MgSO,)731:1, 2:
1, 4:1, 9:1, 14:1, 19:1 27255912 NaCl ZiEE
LT 6 FEEOURATRL T NF BIZEHEL, Na',
Mg?, CI, SOZDFLIEEAHELT, IDA ZHEs
VERLUT- 1% W e85 641 19(a), IDA Z L THERY
LIisa =354 4K 19 (b)or=d, 19 (b)kb, f#t
¥ NaCl & MgSO, D i btz 28 b S 7= BE DA
A2 O IEZFRDOZEAL D, HFGHE H O [NaCl 23 #E135
&, M7 DFLIERBE T 52 LD REN T2, ZALit
FNZAFAET D Na DA R OB R PR 5729
IZ SO DRI A AL ELTIFAELRL K720, IDA OEINS
Lo TP BE AN 7= NF 55 Mg?* 353 @ 0 - R 8
LRI ol led ThHEB X bIVS, ZHUTKL, IDA
ZEINEFIERILZIETIE, ZoXo7% R Rz bnis

Mol ZOREHRIY, EAKLERENTPEAKD LT NaCl
PSRN AT DUAS LA RHT Mg®* & SO % B¢
XD A[REMED RSN,

X 19 (c-e)iTRTEHIT, ZOMAITKIEIZD[MGSO,]
Z 0.005 mol/lL LVb KRELIGAEBIRERIZRD B,
NaCl 2SEREAFAET DA, Mg™ e SOZ Doy DY
RBIATADIERHALNE T2,

o\, WL 7= IDA ZIRITL TYERIL 72 NF iz
C, 0.01mol/L @ Na;SO, & MgCl, TOyBfittRE%, Tl
DRFEETHS 0 HE TR NTR-7450 Ll 7-09, 7=
DOFEFRAZR 20 [ d, MREE L TERE
Na,SO,/MgCl, Zr BEMERE A R S ATz,

YL EOFERED, IDA DENIZLD S E 5y OYERE
AN EROEMAERL, FEHITE KRR O S BERE
PEIZABEA LTS NF A 155 2 ST LT,
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X 19 [NaCI|&[MgSO]DELE A A DBHIEZRDEHR. () IDA RGN, (b-e) IDA FRAN.
[MgSQ,] = 0.005 mol/L (a-b), 0.010 mol/L (c), 0.020 mol/L (d), 0.040 mol/L (g).
(Symbols: circle, Na'; triangle, Mg?"; square, CI”; and diamond, SO,*)
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3.2.2 TRAZEL/-AME NF 2 W T, K21 1R d &
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4. % &
4.1 ERES/ABIEDRS

TIR= T TTNEGIEERL, 4 T =T LEH
T LHEMERY~—%EET2FEL, BYEREAEM O
TR R E AL T2, WFZEBR AR Y W)V MF 2 Jabf &L
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HLEBIZT T NEE R BN IFESILD Surface-Initiated
Atom Transfer Radical Polymerization (SI-ATRP) j:112
AW STNEERR EXVEDHIE, 1 IO IER
BEOZWTHETBIONT TV MNEE DR, 7L M
ZFiFohs,

S EAELATENEE S THEMICLD 2 BRI LY
PEI Z[HE 35 FIEG LI THY, IEMET /Al
B ERUC A N T LB 2 DDA, ARFFECIEHIF A
RO TNDZELHY, AT MR el Eo7,
Az, MR B TEO LTS LT
Do
4.2 BEES/HBIEORH

S EAIELATEMEE S TEMICLD 2 BRI LY
PSS Z[EE T 5FEIL, HERMECTHY, AffET /5
WENERNC A e T L S 25 AMFFE CTIXHIM RS

NTWBHIELHY, AT MR TIcEE £-77, PEl %
EE LT ERET 2 AR L AR, Mitainz,
PERE_EIZm T TEEEO RIS TND,

ZHUCHL, REEAICEDT ) HBIERK L FR A
BEAN LA DH U FEA R EL, BRI,
HMALZET/TI0E IDA THSH, IDA IX PIP & TMC
D 3WILZERBIZE-HT, Kl IDA A TMC DR/ a7 A
RIEER ST D720, i EO R L EFLERDIL RN ES
T&7z, 2 NaCl 23 EIZe 5k FicH VT SOk
Mg? 1256t L CAy BEMERE A S B 5 700 | THied T TH
HERERM DT HIEN TETZ, SHICEBEOBEREHTHEK
WAy TF AT m R LR RBREZ FEMEL, AN
ZECHAFE L= NF B2~ T SO DIRIAY IS, L
Mg, Ca¥* D SOZ M EHD4 NS AIRE T ZEAVREH
T2o NoF R T HERELBHLTHIEICLY, SBIT SO7
DEEREE, Mg?BL O Ca®'e SO DA BRSNS
LT THY, IDA BEABAGET/ AWEO B AMIE
TRV I NTRERRFE S 25, WEFELHETHY,
A% FERRBICATC, FaBEfisns T AETH
HEEZTND,

5. §4DRE

2017~2019 “FE OHFFEHIHI T, HALT R T LD 2
W% FE BB ENDEXENTHE AR DS 2 lih T A 247 B
EUY T DICER, T AR DRI AT o7, EfRiE
T AL AT T IR OV O RTREMED SRR
HETREZITV, Wb EPEREDORAZ R T 5287
T&T,

ZOHT, AHFFETIL, PIP & TMC DR EEAICES
ARUTINFR NF BEVERLELFEC, 1 20 1H1IZ OH 2% 2 f#
G/ TITHD IDA ZUINTHH LN TETER
T 5T AU, AR A B A BT DI L i
SIFHIENTETZ, ZOfEIE, IDA BAIZEY, AfER
M EL, IO TOIIERL COD AN R KORRE
EE A, BIEHRSEY O ) AR A (R CE 72, BRSSIE
ZRWAZ LT, LT N AERES T T 24tih T
A& 2 T =A L DI ERS D,

SHOBEELT, IDA EA NF EO Kb 20
bD, TP LIER I TN TS PIP & TMC ORHES
\Z IDA ZIRINT A FIETHHT0, W O R EHEAIEIC

-19 -



LB AT ZDEEH 2 5B 2 HND, Lo T
K KREREEF I N EBZ QD FeETat
AEEZDHE, R CTHR L NF ECEXEITHEKE
ELL SO% DAMRESN-FEIRIEE, SHICHIR NF
B CBRT A7 0B AR MBI 725, ZO R L
MR TEAHLEZ TVAN, Eiia AV CEIERBRATTY
WENRHD,

6. B #F

AHWFFEIL Vb e B A T ARFSER 0 425 1) C
1Tz, BRBEN EPAKIT T A A ERX S LD
THREEW AW, DS E AR TS,

7. X #

[1] W.-J. Lau et al, Desalination, 245, 321-348 (2009)

[2] N. K. Saha et al, J. Membrane Sci., 342, 60-69
(2009)

[3] T. Yamaguchi et al,
5522-5527 (1991)

[4] K. Akamatsu et al,
157-162 (2013)

[5] K. Akamatsu et al,
298-303 (2018)

[6] P. S. Zhong et al,
52-60 (2012)

Macomolecules , 24,

Sep. Purif. Technol., 102,

Sep. Purif. Technol., 204,

J. Membrane Sci., 417-418,

[71 M. Jahanshahi et al, Desalination, 257, 129-136
(2010)

[8] H. Deng et al, J. Membrane Sci., 366, 363-372
(2011)

[9] F. Liu et al, React. Funct. Polym., 86, 191-198
(2015)

[10] B. Van der Bruggen et al,
1347-1353 (2004)

[11] Z. Yang et al, J. Membrane Sci., 550, 332-339
(2018)

[12] B. M. Carter et al,
109-116 (2018)

Water Res., 38,

J. Membrane Sci., 554,

8. MXEBRFIUVFRER

F A NRYT B

(1) Takuji Shintani, Kazuki Akamatsu, Shinnosuke
Hamada, Keizo Nakagawa, Hideto Matsuyama,
Tomohisa ~ Yoshioka , Preparation  of

monoamine-incorporated polyamide nanofiltration
membranes by interfacial polymerization for efficient
separation of divalent anions from divalent cations,
Sep. Purif. Technol., 239, 116530 (2020) DOI:
10.1016/j.seppur.2020.116530

(2) Kazuki Akamatsu ,

Yukino lgarashi,  Takashi

Marutani,  Takuji Shintani,  Shin-ichi Nakao,
Development of Novel Positively  Charged
Nanofiltration Membrane Using Interfacial
Polymerization  Followed by Plasma  Graft

Polymerization, accepted.
(3) Kazuki Akamatsu, Ryuya Sasamura, Xiao-Lin Wang,
Shin-ichi Nakao,
improvement of positively charged nanofiltration

Takuji Shintani, Performance

membranes  prepared using  plasma  graft

polymerization method, in preparation.

FERR

<HEEFEE>

(1) Takuji Shintani, Shinnosuke Hamada, Kazuki
Akamatsu, Tomoki Takahashi, Keizo Nakagawa,
Hideto Matsuyama |, Tomohisa  Yoshioka ,

Development of the Novel Nanofiltration Membrane
for Separating Divalent Cation and Divalent Anion in
the Electrodialysis Drainage, The 12th Conference of
the Aseanian Membrane Society, July 2-5, 2019
(2) Kazuki Akamatsu, Yukino lgarashi, Takashi
Takuji Shintani,  Shin-ichi Nakao,
Development of a positively-charged

Marutani ,

novel

nanofiltration ~ membrane by plasma  graft

18th  Asian
Confederation of Chemical Engineering, September
23-27, 2019

<EAN=H>

(1) WEEIEZI, e, SRARER, T, @

B, BRI, il A, HREAA,  EXET

polymerization method , Pacific

-20 -



HEAKIDNS 2 MG A A & 2 flifaA A 2RI B 5
BBl SRR OBRRE, A AWK P2 P9 H
LAEMIER S, 2018453 H8 H~10 0 (4EHhE
B (PR ASHE))

(2) VEHMBEZIT, Fraaa], RER, R =, &
B, RARJIE, LT N, HRRA, BKENTHE
KD 2 A4 & 2 flifEAA %55 BEd 28
F RO B%E,

BT %5 8344, 2018453 4 13 H~15H

(3) VEMEZIT, B EE], RER, FIH=, A
JIKE, #x L N, SHEA, EXEHTIKFD 2
HiBFAA L& 2 HifEA A % RNy B D 8T
HT 8 R O B L REREAM, B LR Y A
2018, 2018 4£ 11 13 H~14 H

(4) EEEZIT, FraaE], RaEs, P, e
ARHESE, AR LT, FHHAA, BREF PRS2
A A& 2 fliFaA A AR BT 28T/
TEBBEOBR%E, B AWK ST T2 10 [[22AHF
JeFS, 201943 H 7 H~9 H (EFEHZE)

(5) SREAFER, HE T, WA &R, Hinea], P2
H—, 79X~ 77 NEAEERI U B AT &
T AR OB, AR5 41743, 2019455
H9H~10H

(6) FRIAZEM, AL, Xiao-Lin Wang, HiagE =], H
RBH—, 77X~/ 7 NEAEERA LI EmE T
JAIBIEOBAFE EMERER |, B AR5 42 R4,
20204£6 H 1 H~2 H

-21-



No. 17A1, 18A1, 19A1

Development of Novel Nanofiltration Membranes for Separating Mg?* and Ca?*

from Effluent in Electrodialysis

Kazuki Akamatsu®, Takuji Shintani®

Department of Environmental Chemistry and Chemical Engineering, School of Advanced Engineering,
Kogakuin University
*Graduate School of Science, Technology and Innovation, Kobe University

Summary

The objectives of this study are to develop novel nanofiltration membranes that enables the separation and
purification of Mg?" and Ca" from effluents in the electrodialysis process in salt productions, and to design a
novel recovery process of these ions using the nanofiltration membranes.

The nanofiltration membranes involve positively charged and negatively charged ones.  As for the positively
charged nanofiltration membranes, we tested three preparation procedures using the plasma graft polymerization
of poly(2-methacryloyloxyethyl)trimethylaminium chloride) and a preparation procedure using post treatment with
polyethyleneimine. Among these, the nanofiltration membranes prepared by the interfacial polymerization of
piperazine (PIP) and trimesoyl chloride (TMC) onto polysulfone ultrafiltration membranes followed by the plasma
graft polymerization showed an excellent performance. Those prepared by the interfacial polymerization of PIP
and TMC followed by the surface modification using branched polyethylenimine also showed an excellent
performance. As for the negatively charged nanofiltration membranes, we tested two preparation procedures.
Among these, the nanofiltration membranes prepared by the interfacial polymerization of PIP and TMC together
with iminodiacetic acid (IDA) having negative charges showed the best performance from the viewpoints of pure
water permeability and ion separation properties. This is because the molecular weight cut-off was slightly
enlarged with higher density of negative charges with the introduction of IDA.

Finally, we demonstrated the feasibility of the novel IDA-incorporated negatively charged nanofiltration
membranes to the ion separation from the real effluents in the electrodialysis process in salt productions. We also
succeeded in the prediction of the ion separation performance, which will result in the design of a novel recovery

process of Mg®* and Ca?".
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BhpE=  17A2, 18A2, 19A2

Mg 725 NS Ca (b a o s e SR - T REHIEI B fiy D BA %

A s, a8 Ml fE ek

[FLGHER SR T

B =

B 7 o AZB W CHR NSNS R EDOEH O FIIFE KRR A EIEAE ENTCD, ZOH THRHICRE N &
UV Mg X° Ca #JFEIELUCRIAL, BEFOMEIOEEIa AN FIF 287 a2 B3 E0B M B E L TE L,
ZDMRBAFENTEAUL, AT ANEIHE PR D ONT BRI AT ORI B TE D, AWFZETITM K & HIi 7175
Mg, Ca 7 bJE k8K EE{L 4 (Layered Double Hydroxide; LDH) Z & %42 LD EE LA #EL, Mg 3L Ca DE
IHRREIUZDWTHRFIL T, FA LTz LIRKBL 0D 2 R T EAIZI\W T, ARICh oI RICEHES B 2 H i DB
FEDT=OIZ, BELEIRI2OONTEENEIZ OV TRFT L2, ZAUSE S TN RI T RO W] EEfEA A R HEEZ 2 & Ol
BRI TED,

T D BR L 7o WEIREKER L)L, Mg 2D/ A RaZ LA (HT) 725N Ca 2D/ AR /L<AK(HC) T
b5, ZNBHENRILKEIT D7 0 2 Wit 5700, ZUOICH K EEESH 2L, HT O & kER A7, HTOA
FRAZDWTIE, BHEE ATz 77 A2, PC Tit&EHlE CEo~Aral U D% VT, B AlERERA L
Tl LIZHAR DT TR L 72 Mg, Al 25 IR A EIRZT T L, FIRFIC pH F#E D722 NaOH KiEgika £ i
I FU TS BTN Z o HT IIERIZ DWW T, #5d (SEM, XRD), #Ek (ICP), kA4 e (kU kA
) BNTE LT, B I OIERIL 7o HT SRR OAERIL 72 HT DU R A AR A LR L T2 L2 A, 15
ZJFEET D HT 13, A4 SSHBEIN S D T 7208, IRIE R ORMEA R T2 8 ho Tz,

FEV T Ca RD HC BT 57 AT DWW TR L7z, i K BT Al TR ZTRA L, NaOH KK T pH &
PrEDRmSIET EIF7228, HT 13T 32800, HC DEIATEAedoTz, 2T, L Eamp B OV A LT
HT & HC 2D\ CH 2 DIEFRFEFE SRoD 7=, KB BRAKIZIED L, ICP Z AW THRAAREZRIEL, T ORsE
Z VT HT 25N HC OFRRERIA B LT, HT OWREERTIE Ca & Mg D/KER{E4 Téhd Ca(OH), & Mg(OH),
DIRFRERE L0/ NSRRI 2R 22N a2, E72 HT & HC DIRfREEREZ 95 &, Ksp(HC) >> Ksp(HT)
ThHoT=7280, IWEIER AT HT O M THLZ LNy oT, 22T, S E0 HT 24T HEIR L% DA
AT ST2LZA, Ca 2 90%LL FFREL, Mg & Al IZAIRFIZIZEAEIFAELIRWZED 3732 TeD T, ZDAHRE
TRISSETZLZA, HC OARRITRII LTz, PLEXD, Mg & Ca Z/@ IR EKER L &L TRhR I BT BT, Bl K 3
S HT Z2EIIE, £DOAKREZHAWTHC ZRINTAZENLEFELN, 72721, HT BEIIZBWT pH EREE57201C
RO A A AR EEMEL 72D, Lo THT ZBEL 72, Z DA THC 28R LMERT D113, AIROIMEISLEIZ
RHEEZLND,

WA, BEEAE AT Z T LRI CA LT HC S H M DIERLL 72 HC O kL T O Btk LT,
FHRKFRFE L CHRKLT HC 1L, ZHEEEE A T OHCR OB RS Tho7oAy, & R Tl i IR c&7eb o
D, NRARIEARE LD DN -T2, ZHUIAHI THD K = Na ICE AR Thr L iBbhs, £7-, &tk
DRI ITEEED TR A O, ZIWH AR A A 3L T HC ORMEIZHRETHIET, KRG ma55%0, HC kL
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TF-FEIE £ OB 1%/ ST HZETERHELSLTWVIRRBIZ2 57220 ThDHEB 2 DD, ZORRIX, A4
YDOEIZEST HC R DEENFIEITELZ LR, AARIZE DETEBERL T DO A XHIFE T, ~NRU T PO
blzo7en3pEEZ N5,

WV BEDA T R FIRAAToT0, HC WA Z DRI AL, D% OVIR DV R FEEA LA A
# 0 HC ® XRD #EHR &Y, AL TD HC IZBWTHALM AT L DY BEA A ~ A CE T2 ARl LT, HT
FBEOHC LB MR TS IR DA R LT3Rk 7 MRS H D DA AR L 72 b D KOV A A A HARE I T
MoTz3, I EIZRIFRE O HRE N FIA FH, ERIZB W THEAEZ WG EERCT I CTRICED A4 R HRITEERK T
X, ARNEB DL, RORPLUTEHET A THL LTINS,

SHOBBEL T, EELEDOL L ETRBSNIFERGITAE 751~V OMRER G 3 2@ IR KR L 53
TEDODERFET DL THD, BFEICOWTE, BEIZT—T— RN T w7 ZAEFIH U E BT HT 2B ONS
HC O&ATITTETEY, ZOAIZOWTIT A BNILS>TWD, B ORI 2o\ T, & OFEEO R Y
ZEZETHTMNICEDN, ZOT=DITITFR O R OFERE L B OB TE R LT RBI DA L AT HARE LEEEE E &

WINEIE DD RARD DB B, ZHUDWNTUIAHIED TV T ETHD,

1. ARE®

HAOHE AR FHOBIRIZIKED =X —% FNT
FiR - IRHE R EAAT VY, KR O LT NID 2057 B, 17
INZAT > TND, Sy B ICHE S D 8 B IR
300 T RAACK Y, EHZix K FIzE D Mg <° Ca
DIRAACIBRRZR SN KIS, @R EE TFAEL T
W5 Y Lal, ZnBOLIIRIHSNAZ L BEESN,
R 72 AF & PRI T2 DA Z e /3 12 SN2 T
VN, FZTHRRICIEEE DS E O Mg <2 Ca 2RI L 7=4RE D B
FHBILORE T B AOBE N TEIUL, K2 ANE T
R7eDNIBRIE AR OIRBA N HZ LM TED, AT
I K ISR F 95 Ca, Mg 2R L, HEKE TR
D FBBA%E YR D701, il K &2 V728 iRk
{4 (Layered Double Hydroxide; LDH) DA R%AZiEH
L, ARIEOREL, 1 R 2T ZORIRICEES T
HZEIZEDERER NB KON RU T D ) ED 7=
D7 v ABAFEEIT, 15 LDH Z A AT Dk d,
LRI BT THY, fiRENTOELObH5H +9,
AWFFETIE, 60 LDH BLE O & B SRR R
L COERERIENC I B L CTHF9E21T9, TAULBIfE LDH
DABELT, BBHEEIC LD EIK A HIERA, B4 %2
BAREIC LD A A L AW D NS E o TR B D~ 7
AL, EHIZT L — A (Mg(OH),) AR FEA B D
PRYEIC DRV b E = L 0B BRI ETHEALEN

TW% > 978, LDH OIRRERIEIZ1THZ & THRICH R L
KTEBHLEEBEZDNHTHD,

LDH 1%, 7KER{bHASE D Mg <° Ca HMtod ZAHif5 A
FUNTEBSNT-WE T, BIRENDHA A NTE-TEL
DOFEFENHDLN, ZOREHIEL TSI XU LET NI=
U L% G T LDH ThoNARas LA~ (HT) 2L L
SIRET NI=T LB G T A R~ Ak (HC) 2358
Fohs, HT BLOHC OAF L T 7ebbiaA4 A
V=T —a R, KB A BN D H T A
ViEHR (Fig. 1) OMRREIZE-TC, BLEDIEAA 2R
RESRES 319, L7223 T, i LDH %Mt K #9125 4 %
T84, LDH OFERGA A LSO AR B5A A
WELR TN T aeADX—L725, £z, EH L
DOREREAL -~ RU 7P EDT=Is, AL HT BX
O HC OEHERL T DAF RS IE BRI M T 2. 57 m R AN
YEND, UL, FrLOR 215570 1T — ik
FEE DI (FRMREEEAEOE M) ARDBND, £ TR
ETI, 3EMOFELDELT, EHLO Mg BLW Ca
DEZNREL DT D HT BLO HC Ak7 me 20
&, WALWA T U IS TRA T~ DA T R HRFME
T NICE END MG T D T BRIV TR
SNLIZDOTZE DR R,
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Fig. 1 Schematic diagram of the basic layered structure in
hydrotalcite and hydrocalumite.

2. ERAE
2.1 BikEAS

XTI, R DB Z BT D720, A5
AT G FER ML Rt A R 3D HT Bl 7o
Too RIED< T HI T NET NI MEATRIEO G L
L7z HT OFREEIZOWTORT, w7 o w AJREL THAL
< TR BRNKF (T I TAT AR S A, ME
98.0%), 7 /A= AJREL THAL T LI =7 AR KFIY
(FTHTAT AR SHE, M 97.0%) &R INLT-, Zhb
W TENETEE 1.90 mol/L Db~ 37 LK
TR, WAL T V=0 LOKEERZ TR 72, pH FREH &
LC, KEEILFT NI D(F HT7AT A7 S, i
97.0%)% T 1 moliL D/KEE(LTF R LKA %7
UL, FIRHREL THKRER LT ND LKISIRZ IR LT,
HELTKBE T D KRR Z pH10.5 (27258012
L7z,

WIZ HC DA TIE, s ARELTHAL L
L(FATAT AR ES, M 95%), TLI=0 AL
L CTHAET VR =0 A (T H7AT AR, I 97%)
BRIz, 78587k 100 ml \ZHE b v A, HiAb T v
SEULEENEN 1110 g, 2414 g IEfRESHE, R 1
mol/L. D/KIFHRAFIFE L=, i T, pH FHEEHEL TK
e b NI N (F 74T A7, W 97%) %7
7K 100 ml 1249 4.0 g RS, JREE K9 1 mol/lL K
TR Z IR LTz, BREELC pH sRBLA LRI NaOH %
AV, pH % HC ORI 115 (2B 7= iAk
Z 40 ml G L7, FERROML K #571 DAk Table 112
TR, B ORI T, RO I ST

Table 1 De-k bittern composition produced by ion
exchange membrane method

Na K Mg Ca Cl Br

Concentration

(g’kg) 7.8 105 269 85 1068 2.1
Molarity 040 032 134 025 3.59 0.031
Molarratio 1.5 1 5 1 12 0.1

B0, VT LRELTHAL IS T A, ~ T %
LJREL THAL~ 7 32T DSIKFAY) (F B T4 T A7k
A th, MiE 98.0%), FRITAREL THEILT KT A
(FHTZAT AR SAE, M 99.5%), HUTAJREL
THALD I A (FHIAT AR, HifE 99.5%),
RBWFEL CRALAV Y L (FHTA4T A7 S4,  #l
JE 99.0%) & VY, KA AL N HERITRDIIREL,
R E SR IFURE U7z, LDH 24852 =Ml 4: @A
F LT Al E M? (Mg or Ca) (AP = 21, 5:2 £72515
WUz, pH F#EFH OKER T R KR, FHIR
DIKEEAL T ) LK R I3 B & AR OB
AL,

WIZ, BHEEETEDND HT Z B L7212 D AR EL TR
L7= 89T oA Table 2 (TR, #ik455512, Mg &
ANTT R THT FERIFFIZHT HHEN 35728 Mg A BRV -
K, Na, Ca,Cl,Br Owikaii&L, ca AP =21,
5:2 LB IDNTIRINLT=,

2.2 HIFERK

KL B DT=8D O FEFRAEE OB X% Fig. 2 127,
EEIT~A7a ) VR 7 (YMC, KeyChem-L), = [
ALE 7 F 2= 100ml, pH A— % — (HORIBA #t,
LAQUAact D-71) , #HPHE THEERS N TUWVD, £F°, MPE
AP O JBIRATRIEE pH THEEFH O KER LT N7 LUk iR

Table 2 Composition of filtrate after recovery HT

Na K Mg Ca Cl Br

Molar ratio 1.5 1 0 1 12 0.1
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Micro Syringe

—

De-K simulated NaOH aqueous
bittern solution

___Pipe diameter 1mm

pH meter
]
oo
' J
S |

S

pH 10.5 aqueous solution *
(Na,CO; or NaOH or NaCl)

Fig. 2 Experimental apparatus for syntheses of hydrotalcite and hydrocalumite samples.

W ThZFh~A7a Vo PICFE L, RIS, pH 55K
L7-BHiEE = A AE 7 7 A pH A—X—D e -+4y
W25 40 mlaE AT, LT, v /Il o7
2o —HEHWTE FTEEEZ AL, @RIEAER
ZRHRICTE T LT, 2 OB, pH DI T E5<7280, pH
H ORI T N LK Z R T L7, 1 T
I, gAY — T — % B L RLHEBREIT o7, T
KTHIT, — BHEPEITO, BIRBER IR LT IL
B CILPEHZIT o721, 100°COHL AT B ML
Too IR BARFR TILT LIRS, RNHIMBGA A &3 EiR i
AR OJFEFCIERIL 72 HC % R, Byt 0 oA LT
HC 1 B &&KFL T %, MEfMRHTIX XRD, SEM Z Wy, #H
%OV TI ICP, EDS (2> Tz,
2.3 ABREEEY

LDH OEBEAZQ)DOXDINUE LTz, ZOXnD
A S A (2) D IHITE L, mHL0 X8RIk ThbT-
DI, BRI ERE Ksp[mol/L]% (3)= o kol
EO T, LT, ZOWMRERZ RN 327201 &
D LDH % 0.1 g A8tk 50 mHZiRIL, — Hig#P%
TV, BIFRIE CHLZ LA MR L T2, TS| L T
DN=ARDERESR ICP TRIELT-, 723, CIo#sE
IZBALCIX LDH H7-0 D Al LRICLEHREZ D720, Al &
[FICHEREZ Uz, £72, OH DOEFEICRIL Tl pH A—#
—Z T pH Oz FEAIAZ L CIREAF ML,

(1-X)M** +xAP* +xCI' +20H+mH,0
o [M*LAF(OH ) [Cl,mH, 0] (@)

N [M2+] 1-x [A13+]X . [OH—]2 . [Cl—]X
M AP (OH), ] +[ClmH, O

@

Kgp= [M* AP F{OHPCIT* (3)

WAZARLLT= HC 0.05 g % 1 mol/L (ZFH%L7- 1% 50
ml ~FRIL— BEPE T, BRI TNDIEE
TR LT=1%, ICP (2T Ca, Al JEEEZMIE L=, HIE DR
1% ICP DR EANEIC LA E BLA1TH721Z 1,000 ppm
Ca, AEYEZRIR (Fehi3E T30 2 0.1 M g AKIR
R CTENZEH5, 10, 100, 200 ppm (ZA R L 7= D% fF
L7z, 22 TRExITHC 1 mol iI2& £ 5, Zflio4)E
AF > DILO MO EIEAA L DR E LR, TDT0D
Al @ mol % Ca & Al D mol #ETEI-7-H DAAREL x
Ll

KFIRKOYE & m 1L, L7 HC 0.1 g % 200°CT 5
IREINEA L, INEAFIT 1% OE B 72 TR 7, [FIRFIZ 200°C
A 52 LIz ko2 k% 100, 200, 300, 500°CTHN
E\L7- HC % XRD (2 &> TR L 72, ZZCTHREm (X HC
1 mol 4 7=0 DK+ mol $ea K5 7-9, il L7=F%k
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x £V HC O B FH LISk 5§ mol ez H
HL7z,
2. 4 UBAAURMEER

NaH,PO, (747 A7) T P REED
100 mg/L D¥EHRZ B, ZO¥HK 30 ml 2 fFHiiz
LDH $i¥% 20 mg ¥#ANL, 5, 10, 30, 60 4L -
DERIEAEL, ZOARFNAFIET HPIRES ICPIZT
HELT, WIEOEIL P IREZV TR/ DORELL,
FREHRICIDERETTHT01Z 1,000 ppm P HEAE (Fi
JeRliEE T2 & 0.1 M RSB /KIAIR CZE e 5, 10,
100, 200 ppm (ZARL7=b DAL=,

B DOEAA NN T, CHE Mohr 15, ZOfthix
EDX, F7-= XRD DB =& DIEAbD, A4 A3H
HERLTZ,

3. BRBLVUEE
3. 1 #EHEEAMODHILRIG
A LT B ST O LT pH & HC DA RIS Bl S

- THD 11.5"NCFRE LR EIC X0 EIL L 7=, LB
® XRD #t % Fig. 3 (2~ 7, ke L TEamHIkD HC
BT, ZORERED, BEEEH D DIL HC O Xk
FWTET, HT & NaCl O — 703 W& i, 1o, &
FELTZ pH I, S L 7oA 2 B e 375456, HC
0H HT OB RL T W EE 2 BS, £2T,
HT L% OARDIREARELT-L25, Table 3 (TR
T I eRE R o7, FHEEL TR H O L bl
BE, Mg & Al OFEFEMEL AR, ZOMOTHITFDOEE
EAEL QWD ZENyioTz, ZORERLY, Mg, Al, Calc
BAL TS AR R LA % Table 4 (R, 24U
Mg & AIRMIZIE R THT ELTHFHL7ZEE 265, 2
XL, fE T ICE Fb CadHh 3.3%78 HT L4tk
L, 7RV 96. 7% AIRIZIEE L T\ D, ZOEIT S5
T N—T DRIGMETHRL HT IZ& $5 Ca B L
LCHZUMETHD, U EOFRERIT, AT pH 2B\ T
HC & HT CIafiffEIC RERENHHZLZ T EEZ B
%78, 4 LDH OFEMEFEOR HE1To7,

Si

O

v

Intensity |a.u.]

O HT

o / Nacl |
E AN
LJLJUX!!_L__.JL_

V¥ HC

pHI11.5
Si
Si

Pure HC

10 20 30 40

20 [deg.]

50 60

Fig. 3 XRD profiles of the precipitation particles synthesized from the simulated bittern and from the stoichiometric solution

at pH 11.5.

Table 3 Solution concentration of De-k bittern before and after co-precipitation

Mg:"' Al Cal*
Before [mol/L] 1.23 % 10! 6.16 X 10-2 2.46 % 102
After [mol/L] 0.00 3.66 %104 238x107?
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Table 4 Reaction rate for solute ions in De-K bittern

Mg**

Al Ca**

Reaction rate [%a] 100

99.4 3.25

3.2 AREEOES

WIRERER D712, Bt IREY &Sz
HC & HT TOREL x 2B NIEAA IR EZHE T 5420
ENoD, WIREERAOE IV EERMEIX ICP, pH A—#
—DOHIERE R LRSI, CrigE L BRI ET
DA F o N—lOEE, AP LR DEA R ZE)E
RIS DT AP LRI E AR LT, ZOf B
HBRIAKICIAH L. Ca, Mg, Al, OH 5 LD IR FE FE 5
HZAT o745 B4 Table 51277, 3, BIL-HE4
Fi> Ca(OH),, Mg(OH), &tz 5L, 2N LKz
X0t LDH O J5 I3 X0/ NIV R R A R 32 803y
MoTz, ZHUTA RIERIL7Z LDH O XRD #5512 HB WV T,
ZNEND Carzb N Mg KR EM DY — 7 DS T&
IR T2 ENDb RIS, FRILI- &K b X0
RIRFERE N NS 2o 2RI E LT, AI(OH); OFRR FEFE
ICHEETDE, EE, KEBET AI=7 A% Ksp(Al(OH),)
= 1.30x10% mol/L™EFEF AR Ml AR, ZokmRk
TNAI=U L0 LDH OB A IREL T D ET4R
Shd,

RIZ, LDH [ COWMRERZ 4oL HC Kb HT
DVEIREREDIE T N NS ENS DT,

Table 5 Estimated solubility products

LDH Ksp[mol/L]
HC 7.10% 108
HT 2.06 % 10°16

*Ca(OH) 5.50 % 106
*Mg(OH) 561101

ZORMRIER DL, Mg &8 Lo BRI
HT 2Tt L722803302%, @ROMAEDEIZE-T
DRI DE DD ENLITND, A48 LL
AL FEBEORE THHEL THEZITHZENTE, Mg™*
2 HT LLTHIHH526T Mg IEMETL, [Ca® o
10853y 1|272 - 7= 5. C Ca DT IR X 5 Z %71,
—RENTEEIREEREDZEN 10° PL ETHIUTEME TO
SERNBINFHETHS 9, KO K #7250 LDH
[N EE 2 HEXVEMERED/NS7 HT 24k, £
DARIZE U TR A EEATHZ L2 L0 2h K<
HC Z[EIN AN TEHEE 2 LD,

3. 3 HC OERERINEH

Ca/Al = 2.0, 2.5 [ZFRBLL 7-A5EHE £ DR KV K, Na,
Br NEEAFET HEREL, ZOE LA RS- ThR
¥ XRD #E58% Fig. 4 © B2.0, B2.5 (TR d, ZOE—2
fZE LY HC ORI — 28T s ncE 19
(Si FZWHED , ZNLIANDEH Lol — 7 IR TX
PR TeZEE K, Na =2 Br 728 &8 Lo -7t B 18
TERLL TOBEIEE 2T, BB — 7 0B HEND 8
[ EEEfE d IZERmALEIATR L [FIBR T 0.793 nm Tho7e, =
NIV EA A X B R LR OS O E I TEL T
WHEE ZDIND, T2, BRI TEKSNIZ HC DEE
% SEM THEURIL7-LZ5 R2.0, R25 DEHHIZHWTH
WS TODHAINRE NHED B GEEHERTE
7o LDAL, 5 HIORIT, JEIREE IR T2, RHL
AR E LD DOPNEEALE TH Tz, 22T, #itH¥K
@ HC IZX% LT EDX IZLB I HE T 21T o725 F:, Na,
K&EBITH Lat. % T DRIENE L TODHTER T T,
DOFEY, EHHHED HC ORI RN AHFA TH-7- 21
&L T Na, K PRV RZ G ERILIZEEZBND,
A MEl, HC G RIS ITAFEAE T2 Na =2 K AN A&
72HZET, EH RO HC IR EA L ESN- 5
ZbND, £T2, BriZBW T B25, 2.0 Ebob A, &

- 28 -



Intensity [a.u]

B2.5

@

B2.0

w o '
[E¥] (]
=) h

10 20 30

40 50 60

20 [deg.]

Fig. 4 XRD profiles of HC particles from the stoichiometric solution and the bittern

B OPHERE N2> T=D T, Br ORI LR/~
WETFAEND, 2T, BroA A L8030, ik
AT LR TREL, FINEDOAF S IDREN
DIRVIEL, SHICHEBRFE R L T M2 e RS
AR T80, RO HCIZIXBrid M EL 22
EEZBND,

FEWTICP 2L RS x DR AT o7 h5 5% Table 6
(R, —XAIIC LDH OFREL x 1% 0.10 < x < 0.44 £
FFCHOZERHESN TS D, fERLIL7Z HC 13§~
THIFANICUL E > TNDZEN D -T2, LvL, HHA A
B TH5 CalAl = 2.5, 2.0 ([ZBITDRENSFHF T DL =
0.286, 0.33 L7253, EHLLLEERELVE KEVMES/2S
2o i HSRICBAL Th FARICER I LS K E L
72577, ZAUE NaCl BREDTD OPEFRC, A4 AU
MO KE: Ca WEMETHZEICEY HC IZEEND Al D
EOEXTBNCIE X T2 EMRK ThHHEB 2 DD, B
H SR E IR L TR R ODFREL x IR ELZRDZEIZEIL
Ti%, B2.0, B25 ® HC MIZIFEEfERLTZ K, Na 12k
0 HC OIRFREEN ER LT ENRIKNTHHEE X HND,
¥ m IZBIL TE— 728 PR S 1 I S SN TR 6T,
HC 1 mol IZ%}LT 0.6 ~ 0.8 FREEDE /K E THHIENST
notz,

3. 4 YUBBAAURBER

EEmAL RO NTET KA RSz HC 12T
BV ERA A A ORE Re% Fig. 5 IR T, ZOFERID,
ARRENTZAETO HC IZBW TR R &
7=, Table 7124 HC |\ZBF A A AL 2Hig%, [FL Ca/Al
R CH AL 7 Bt R O 8% 100% & L7-35
B OEHHROLZHED L RE IR LT, BRI
IR HC ZTRINLTHY 10 0 CIREEDS K EUK F 55
TN DD, D, Eamrilpi B RIZERL T Iz M)
Do TNDHIENBETET, bR EDIR T 23 s
SNT=DIE R2.0 THELT HC ThD, R2.0 ML
ZRUIZEKEL T, HC D DOHFEIZIDLDEZE X b
%o HC TII/KER(L A LoD MO FEAREE AR D, Ao
EIEAF L THD Ca DUVKOMNEAMDEBAF L ThH
5 Al ICEBEINLZ LI TENIEBERE#H 0D,
Ca/Al Fb78 2 L3 EL GG | Al SR KBS UIRTBIZHD
EE 2D, CalAl = 2.5 0 Al DEBEHENZ V-0, B
IEBR RN, L EICEETDIENDY A4
DIRFFRE IR EoTo T, R2.0 28 R2.5 Kb iR
FENTEIS>TWAETHRIND, Lo TEHAREIZEITS
HSRIFIA A R\ TS D30T,

Table 6 Concentration of constituent ions of precipitated HCs

R2.5 [CaggAly 34(OH), ]+ [(Cl)g 3470.754H,0]**
R2.0 [Cag o Aly 379(OH), 137+ [(C1)g 579 0.721H,0]037>
B2.5 [CaO.GSOAlO.jTU(OH-)E]O'STm * [(C]-}o__::ro : 0-641'[20]0'3?0'
B2.0 [Cay sosAly 405(OH ), ]%405 = [(C1), 405+ 0.812H,O]0 405
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Fig. 5 Reaction time evolution of Phosphate ion exchange in HCs.

Table 7 Exchange rate to phosphate ions in the precipitated HCs

Experimental value Content
[mg-P/g-HC] [“o]
B2.0 130 93.5
R2.0 139 100
B2.5 114 88.4
R2.5 129 100

e W CHET I3 HC THD B2.5, B2.0 (22T,
B B RFEIRRICIRIN 10 /3% F IR SRR T 23
WTED, LoL, BBk ThD R2.0, 25 D HC &b~
HEANEL, A4 RPHE DI > TNDI L)
M5, 77, Table 7 JV[FEILRTH RSN &imHE kN
BIAATZAA R 100%E U728 & D H kD
A ZHEIT B2.0, 25 OELLIZBWTHR 90%%
TRUTZ, ZOEI RO HC TR B A4 ZHREDIR T
XA R CAFAET D K, NaZS HC 12T 52 812k~ T,
AT ARFFRE S DR T A Y, ZOZENFE T T4
HEZEZBND,

B2.0, B2.5 IZBITDVAREAR T D/ T712, KRFHEIC
BIFDpH LD T 7 %BILTcb D% Fig. 6 1T, Z
DOFERLD, HIH pH THD 3.5755 HC P o k&< pH
B EFALTHDZENGND, ZIVUTEEMESRIE TITLD
HC DRI LY IR 1E D OH FE il TP it En s
ZETpH B ERHLIZEEDbIG, 2D pH LFIZEVY R
AL OERRBENREL TS, PIIGHTHHKI pH 4 12

BT, FRREE XD HPO, DIFFELERDS 96%E —
HDOVAEA AL NELLFIEL TS, ZOIRREIZHC 2R
INU7=%%, 10 3 CpH K 7 (T EAL, VA4
OAHEE Al 38%, — i) 62% D K& LD 2L,
ZDpH AL, JTEDOY R &, HC DR A &ITE>T
BT D, LIenoT, EFOREEHHELI-VINIZEST,
R OB AN B MU OR IR U e s, & pH
(23617 % HC DIRRIE L LAZHARE DAL ERat L1292
T B ADRGTEATIMEDHD,
4. EfTOvRDEE
4.1 HT &K

VL Eolal oy OGS E ORs Rail £ 2, BFEIZIDTAL
X o BIRELT, EkE 7 mE AW TR L,
BV TN S A e LA G T b

U7 72 NFAY— ({75 TAEFTER i-CRM AY) |3 E E S
AUTAME L [B1E T2 N R 2 DA AR S AU T R Al AT 2 1
THY, NEESMEIL 1L mm OZUT T A TR THA TV
%o WEBIZIIRZGT-L, N ZRERSE D8PS,
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Fig. 6 pH variation with phosphate ion exchange in HCs.

W SIET, <41.3 T Fig. 7 (R X720/ MR (747
—i) BAECD, TA T —ImiRE AR R I/ ST A—
2 =T (TAT—E)IZLL T D@ TREND,

T,=R;wD /v, (4)

ZZT, R NE O [m], w: A [rad - s7], vy:

Working fluids 7

d \w

Inner cylinder

Outer cylinder

Fig. 7 Taylor vortex flow.

BREEE [m? - s71], D AME OFE — N O [m] TH
Do

OBy NEFRIRIC IV E BB AMEES L, [B] 5T
B LU TRV R IR EA 150288 TED, Fiz,
TENIRAR DI - Nfa D[RR T A ATRETh D,
Fig. 8 IR TIDTEBEAR T IX ARA L EBIRADIZ
P SICnD, B — 7o BRI TO720IZ, LLEOBR B
N BIRAT DB 22,

[Reaction Liquid]

7

[A Liquid] [B Liquid]

Fig. 8 Schematic drawing of a Taylor vortex reactor.
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TAT—I@IL, PP ORI E ST
M & LS E 52T, EENOFRIFEC S OFE A
HR STV E B L COBIREEDZ L2, £7-, T
AT — ARG TVEN DI THMELITIRS, REMEZHE -
il THD B, —EEISIHREOTIUTL A VBN
DN A RIRFEZ 2 5L, EREL MR 15
ZENTEFAFEPSOU LHELOFEIZ LV FLFR AL
BB 5, ZO—5T, “ENRAORRIUL, P&
HABHELL R/l 0 I OVEF TUIOELRIAEL
FEAUIARLE LAY, Fig. 7 DEIRTAT—ETER T 5,
F72, NLOTRNOEAIC LV FAET T AF7— K1,
WDIHZHEZBN TS 22,

T,<41.3:EiihEFRRi

41.3 < T, <46: 87147

46 < T,<400: LI - BB T A7 —if
400>T, LI BE B

FEBREMIIMESKEFT T, v RO TLETAI=Y
L FAWTZABIR A TRIRIE MgIAlL = 25 OLEIZ/25d5
(ZIRDIONTHREEL , T AT — ST 24 & O i IR &
2, ZO&RIBATRRE pH FREH OKER{LT N D L%
THZENIEELT-, pH10.5 @ HT 284572012 Fit
L 74 B IR A VAR & KR AL T~ N 7 DK EE R D i HH o
2K 1:2 D TENENOEKZTRINSE T, IREH% O
WIRIE, LA EAIL, ke By A LT-1%,
100 FEDORIGEHEIC— B AIVTVEATIIEL, KL 7R T
Z 1=, 7=, NiFElER%% 2,000 rpm, 3,000 rpm, 4,000
rpm & =BT HT RO & pETT-7, RS
453,000 rpm DOFEBTIE, BHRRICU IR A% K THeE
120

L, b ERESB A1) 2 L CRIZERM O R
LEBRELT,

~Aa Y VR TICEDIE T IEET AT —
HriiE (M5 ElfiR %L 2,000, 3,000, 4,000 rpm) TERKLTZ
HT @ BET (2L th &R HifE#E SR & XRD (2L D&M 1A
AR/ RENENDOLEEZ AV TE R TETRL T DAL
BORRE IR L7225, R EEIIN R R K
LT BIEEREL RS TCVBZEN TR TETZ, L, &
BRIFIZA AL TR 7RI 12— H ML CRER S 7-1%,
TV THRLEZ X0k BT A L T DT, N
[EIHREL AN R (25 2 7 BN T F IR CE TR,
FEE T ARIZRB N T, AbhicvAras e vRy
T X0TAT =g E T AR LT A R LA D
FPKRELIRSTWDZEN MR TE, HALKERH =01
EIN CEDRFDOEL~ A7V PR T DRI 16 5T
ol

Fig. 9 [ZPNfH[alfiE%% % 2,000, 3,000, 4,000 rpm &> = B¥
BEZEZ TH R LTo AR S VYA NDREA A ARG R
ERT . ZORERNOIER TEHIHIT, NEEERERE A
ZCHREAA VBB H EVEITH LT, BlE:
BECIIRRA A ML R AR T I AR BATE DS e & JE D
Nb, —HT, vA7a VDR T LT AT — it
ECARLTIo A RS LA MR T DREA A A HAE 5
AT AERE LT LD A, TAT— T EE TE
U7z HT KL 1D D3 EA A ASHBE D B O ZE D SRR
TETz, Lo T HT R f-DfaA A A HAREITI TS da 1T A
AL TWAZEEE DN, ZORKEELT, 747
—IC LD SR IC R WERIEA 5.2, fdh 70
ARPRELRY, HT R 47-0ICBIT DA 4 2eih i
W BT ThoEEZBND,

100 =
80 -
60 -
40 -
20 -

2000rpm
A3000rpm
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0 T
0 5
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Fig. 9 Reaction time evolution of anion exchange for HT prepared by Taylor Vortex crystallizer
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4.2 HCOAERK

XU Ay OGS E Z VT HC OAREITICH
720, HT G plie 1357 D8k pH 2R FF T 20005
728, WK EHLT-D TR LIz, & RIESTEIRD
M- EE 2 [E E L, ZKER(E T RN KSR O HH s %
ZAbEETHEIULL7=AZY—0 pH % Table 8 12773, 7Kg
AbF NI LOKES R DM I B 2 2 b S TRA LI
R, &RIEATRRE KR T N Y KRS 1:2 DT
MHEEHZETHC Db EEL TERT 5 pH 1151
IO ENFERTET, T2, ZOBREICIVELNT-
pH11.30 DiLEA > XRD fE#E% Fig. 10 (IR 20
XRD FERD, HC DY —7 D3 g T 7=,

BT, TAT—ildR T EEE A HV 2 HC O/ RET T

72012, @ RBIRG RO HIEEZ 150 mL/min [Z5%E
L, KER{ET NI LOKIETR D HE 2 25 LS CTA AR
L7= HC AZ7U— pH % Table 9 Z/~3, K&K
LOKIR DT E 2 LS THR LR R, &RIR
BT EIKER LT NI LK HR % 150: 240 D LTS
HAHZETHC NI EEL THIKT 2 pHLL5 12452
EWHER TE T, $7o, ZOBEIZIVELNT-A pH DIk
B> XRD & H4 Fig. 11 12739, 20D XRD FE RN,
HC DY — 7 M Ead C& 7z, Fig. 11 O — 7 E % Lt
B4 5E, pH 25 115 (28 ITV Y pH11.49 DR Z—F E<
IR o TWNDIENGND, ZOZELED, pH A3 11.5 DR, F
HELAPER R W ELIER TEIZ, Lo T, UIEITZ ok

HIHE TERRLT,

Table 8 pH variation with NaOH ag. Flow rate change in a Batch reaction

Flow rate [pL/min] pH
Solution A Solution B Solution C
5000 4.85
7500 10.69
5000 8000 11.26
10000 11.30
12500 12.57
Table 9 pH variation with NaOH ag. flow rate
change in Taylor vortex reactor
v @ : Hydrocalumite ¥ .S Flow rate [mL/min] pH
_ Solution A Solution B Solution C
3 150 6.99
— 150 8.67
z v 175 10.57
§ ° 150 200 10.73
£ ° ] v 225 10.76
= | —— 1 240 11.49
k 250 13.22
10 20 30 40 50 60 70
20 [deg.|

Fig. 10 XRD data of HC prepared at pH11.30
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[ l @: Hydrocalumite ¥ : Si
pH 13.22
5
£ pH 11.49
£z
w
g pH 10.73
. | L
I U}
3 l pH 8.67
pH 6.99
5 15 25 35 45 55

26 [deg.]
Fig. 11 XRD profiles of HC powder samples prepared at various pHs

& JBIR GV E KR N D KR OTE R E D R XAl
bb% 150:240 (Z[EEL, NfERIER#EA 1,000, 1,500, ZIT, KL FRICE B L, R KT AR
2,000, 2,500, 3,000, 3,500, 4,000 rpm 2L TR G 27201C, EREEHEZHIEL, BL1-% )5 Stokes
L7 HCIZ2W T XRD A Fig. 12 |RT, ZOFERE OXEHANT, R rREzRH LS R%, Table 10 (2R
v, WERELEEZ 2 ESETH, HC o —78sEick 4,

® 9 H‘drocalumi[e ¥:Si
® vye T v

4000rpm

JL M LA..A_A_M_—J-__‘_—&M_3500rpm

A I B N \ 2500rpm
w T NN A b1 2000rpm

L A e u | 1500mpm

1000rpm

10 20 30 40 50 60
20 [deg.]

Intensity [a.u.]

Fig. 12 XRD profiles of HC powder samples prepared at various rotational speeds of cylinder of the reactor
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Table 10 Particle sizes of HC samples in each Taylor number

Rotational speed

. ) Taylor number Particle
of inner cylinder ] size [um]
[rpm]

1000 434 3.45

1500 65.1 3.51

2000 86.8 3.50

2500 108.5 3.45

3000 130.2 3.21

3500 151.9 3.63

4000 173.6 3.54

Fi, Tafi ki FROBERE Wi 25, Ta$i)350 ~ 130
OFAFATIE Ta BB KELARDITHONT, KL RIS
Tpofe, ZORERIZL, PIEREED EH-L, 8B 5 E23s
TR RESISISNIZNETHDHEE ZLND, —
77, Ta Ay 130 ~ 170 OFIFH Tl Ta v KEL2 DT>
TR B RELR T2, ZORITHOWT, fign A
RIZEH T D, & Ta CHRS L2 HC Offidh 7 A X
T 5L, Ta BB RELRDIZONT, A X
XISz, ZORERKY, Ta%k)s 130 ~ 170
DOFPHTIE, BENRI->TWDEEDbND, 77, b+
BDVINETE DT80, Stokes DA WL E 128D
KFEREHTITREENREI W EE X, L— —[mlfr2CkE
oy A E 5 (MS2000) & FAVN T, BB, R 1284
ELTz, £, HIERTORE AL AL BRI KIET 5
BA T, BRI N B2 DI EEF A XD
BLEIE AL, 2 um A XORL7-EIS DN 72
728, BE R IREHZ L > TF ki O BEMERES T

Nt
& " / I

3000rpm

lpum

7o &B 2 LD, LA ORE SR Tl T EE1T 572,
IR E CYERIU 7 HP L 1~ ORI 105 A% R 24,
[EEREUZEE D B3 TR E IR L, REEWVITR
LR T,

BEWTEEEDIRREZ R T 5720, SDIT SEM Z
ChL T DBIEREAT o7, RO B72 D 54 CHERIL 72
kiF- D SEM B OBiI% Fig. 13 1283, ANAFO IR
Ea MR CETD, TH LRI LD BHE 2 2K A
ST, KL RILEHRE OB IR AF L 72N &3 570
STz, JSH % 10, 30, 60, 120, 180 MEZLSETA
L7z HC O R OG REZ R, &I TE
L7z HC AZV—%¥Ed, Il , MRS E - moE &%
Fig. 14 (TR, 56N7=7 77 13 I BEfRE R L Csh),
PLEAR OB XL 0.0669 L7e 7. Ko T, ABFIETH
TeT AT — b ATEEE N, 10T/ 4 g O HC 23MEHi
HZENDoT,

3500rpm

Fig. 13 SEM images at each rotational speed
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Fig. 14 Synthesis amount per unit time by Taylor process.
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Development of Morphology Control for Aggregated Particles of Mg and Ca
Compounds in Each Application

Yoshiyuki Shirakawa, Toru Ishiba

Department of Chemical Engineering and Materials Science,
Doshisha University

Summary

A large amount of bittern discharged in the salt production process contains a lot of unused resources.  If it is
possible to find a manufacturing process of a material that uses a particularly high concentration magnesium and
calcium, it can realize low cost resource securing and reduction of environmental loads. In this study, we will
study the advancement of the method of synthesizing layered double hydroxide (LDH) from calcium and
magnesium remaining in de-K bittern, and a technology for morphology control of primary particles and
aggregated particles for the application. It can be expected to improve the handling properties and to enhance the
functionality such as anion exchange capacity.

In the synthesis of hydrotalcite (HT) of LDH, a mixed solution containing Mg and Al and de-K simulated
bittern were dropped using a microsyringe into a three-necked round bottom flask containing mother liquor, and
simultaneously sodium hydroxide aqueous solution for pH adjustment. After dripping and precipitation,
solid-liquid separation was conducted after an appropriate aging time to obtain HT samples. Hydrocalumite
consisting of Ca and Al is another LDH and was also synthesized by the same process of the HT.  The structures,
ion concentration and anion exchange property of HT and HC were analyzed by SEM, XRD and ICP.

The precipitated particles from the bittern was preferentially Mg-type hydrotalcite as results of the XRD
measurements. The synthesis of Ca-type hydrocalumite can be also performed from the solution excluded the
hydrotalcite at another higher pH region. All LDHs had chloride ions as charged intercalants for keeping charge
neutrality in the layer structures. The anion exchange property was investigated between ClI'and HPO,>. The
exchange structures were checked by interlayer distance variation before and after the exchange operation. The
anion exchange capacity of the hydrotalcite and hydrocalumite from the bittern showed lower than that from the
reagents without impurity cations prepared in stoichiometric concentrations. A recovery process of Mg and Ca

ions from the bittern was proposed with a mass production method in this paper.
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BhpiE=  17A3, 18A3, 19A3

BUR K EE DD RIRIE DO RGE L i dn Ak
— 15 i i B T BT L 7 RS O D SRR SEARBT R D B il

A Ef, B =2

H AR 2 APE T

B =

BUE A E LT AR AR AT DZB W T, A7 —U 73 REL CTOETE Ca-Mg O5yBf - [a kAL T 5L &
HIZ, KGRI 7 Catlt, Mg HEDOAERL, @S ALIZ DWW THRETETT o 72, MK O¥AFE Cas Mg DRhH
HI72 53 B - [EIE S U U, MR OESIREE DBLSD, (bR FE (CO,) D SUGIHTIZE > TRIBIEZ G L TFIEN B XD
A, AR E L TERIEI V27 15 (CaCOy), [~ 2 127 15 (MgCO3) , LT CaCO; & MgCO; DI TH LR~ A
(CaMg(CO0s),) MAEES D, FFIZ CaMg(COs), 1%, CaCO; Dif g Z I D— 2> Th DA/ A M H @ Ca 7% Mg (1
s AEEEZ AL CRY, fidhi e (i H o Mg/Ca Hds LUNIRR) 247U, LR E 7 RICEN DI
B IR ICHIE R CE D AT REME D B D,

2017 FECIE, BT mERAI0EOND 3 FEOBRIE TR AT A A ARG A B CED T 7 AL /T Vi
AT DRITENT, fbTdRfhicds Ca- Mg RERHE O HFER OB AT o7, SR TREEL T, A4 ZHRE KIS
Wrtg D037k (ED 23A7K) , ED M Ak T 2538 ML 72 NaCl ST R ELRT OB A K, BX O NaCl 2838 St
ICHEHS NS EY O K &2 KCl ELTRIRL 72 OB K 352 vy, B ER LU T8 TREO pH BEONRE Ts%
TALESE T, ZOREE, B K £ TlE, pH 235.3 - 6.8, Ts A% 278 - 298 K (D#il[fl T CaMg(COs), 23R AL, pH
785.3 TTs% 333K LU RICEDDETTTF AR, T3 298 K T pH % 7.8 UL EICE D HET T F A REB LT Mg(OH),
ST LD LB LTZ, 17, pH 28 6.8, Te A% 298 K (2T, ED 22A/KE FIVW-354 Tldk CaMg(COs), &7
3 FANDIREDAFOHI, JFEDAKIBLOWE K #57Tld CaMg(COs), DA 22 &, F3L U CaMg(COs), D
A OEFE B LT CaMg(CO3), 1> Mg/Ca DR NILHE 13, Bt TRHEH D Ca? - Mg> A A R EERE OB N &b 720
BRI DHIEEALINIL,

2018 AL TIE, Wi K #57H L0 1GH5 CaMg(COs), Difiti it i 'E (Mg/Ca th 36 JUWIER) ZHiliH 4272912, pH 23 6.8,
Ts 728 298 K DGAE TFIZHBUWT, #ERF L1 T COp IdDFAEIFE dypy 38 LN CO, B/ HERGH L Feop 2 LS E T, £
DFER, Feoa?’ 11.9 mmol/(L-min) T—E DS F T, [IaOMfkizEd 7ed COME BB Ot &Rk s
TO Ca* BL UM A A DIEAHIZLY, CaMg(COs), DI IS LU Mg/Ca FEASERRAIIZHI L, 1555 CaMg(COs),
K-8 2 um FLE TR L72, £77, dop 2840 pm (23T, Fegp & 23.8 mmol/(L-min)ETiEd 5L, BUGKRH 60
min T CaMg(COs), 10> Mg/Ca tb73 1.0 (T L 72, ZALRY, KYaDMui{b s Feo, DHERIE Mg/Ca D 1Ew » CaMg(CO3),
kLT DA U R ThHHZ LR LT,

2019 FFHETIE, Bl K 57~ CO, 77 AL\ T VHHEIZL0IF DT Mg/Ca Fh & EHIRifR d, #7272 CaMg(COs),
[ZFIEHN 72D TO A A B LOBEEAN L7025 Ce** A Ao [E IR B S 5 2 & TR O LIR ~DIE A AT T, REA
#E i Cd D CaMg(CO3), % 0.10 mol/L @ ThCly/CeCls AKIAHL 12 60 min 2 &S W 7-fE 5, Mg/CalttB I N dpl2L5T, 254
nm @ UV BH T2 ThrEa DR A /R 3 I S SRRSO, B IRDFEIRE X Mg/Ca tLAs 0.48 CHRfE%
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RLTE, EBIZ, CaMg(CO3), D dy 23 2.6 - 8.9 pm DHEFH TIL, FILIREEITKRT T2 d, DIEAFMEIL CaMg(CO3), D Mg/Ca
HOEFELD S/ NSNWZ LR LTz, UL EORERLD, Bl K 5 L0155 4072 CaMg(COs), & MRk AR I iR #3535

B AERBERMTIC
AR DB RITE T LA BN,

1. 4
7 AT, R ¥ —%2 U CFENT
SO KRZEAEL, NaCl &2 78 F TS d7-1%, K-Ca-Mg
e ﬁ)mr;af“f‘{afﬁ“éﬁfr%ijku“jbﬂ\é fE 7 0
TR ERDT=DITIE, B O K 2HEEEATIC
roT KCI&LTIEIHXL?‘:?&@EEEKE.H'? \Z5A7 9% Car
Mg DOFTHENNL - & A AIE D BT AR TR T D, il
K & D Ca-Mg D372 558 - LS LT, 3R
DIRREE DBLIRNG, COp EDSUGHEHTIZ &> THRERHE
BERTHFENEZLND, 22T, HARENIZEITS
Y ORI A PERITAY 1,300,000 tly THY, HEKDE
NaCl Z [FIL L 7= #& 2 PEH S o & (9 3,000,000 tly)
53Rb Tz Ca OHFEHI BT 28,000 ty (7 x 10° molly),
Mg D HE:135%9 87,000 t/y (36 x 108 molly) 7% M2, %
7o, 7aEARE) b END CO, &I, 9 1,120,000
tly(2.5 x 10" molly) THHZ LN, Eit o Ca-Mg %
[RER IV I (CaCOs) , IR~ 7 %7 (MgCO;,) ,
BLORFr= A (CaMg(COs),) &L TAE[EI T HUIT,
CO, HEHI AR 17%HII &5 Y2, CaCOs 1213, LM
DINAAN, WL ERDT T A, REERDATF
ARD =D Ok Ak E () BMFET D, MgCOs 1, #}
05 S OfE A S A T DM IR~ R T BE =T
B L ORI O EREE~ 7 320 MIFETE,
PEBR R~ 2 %37 A% 4AMgCOs - Mg(OH), - 4H,0,
4MgCO; - Mg(OH), - 8H,0, 3 LT} 3MgCO; - Mg(OH), *
3H,0, EREE~ 2 %7 A% MgCO; %> MgCO;5+3H,0
7L DRSS TAEE TS ¥, NSO RIIE OB iR
R E T2 & OWE L RE TR L, 20 E 2
DFERAEE I URAET B DD, RIS 721280
THBIZIE U2 O —{b 3 LUK O Kl 23 2 F
NTND, IHIZ, REEMEIZE AL OR—7 12X
AR 5T H2EbTED, Bl ZIE, ISR SO
CaCO; 12, EUV' A F — 7 L= Raftarm ek 0%
SN R — T U= (e a R ek 12, Mg 23 [E

i

BT Mg/Ca EE7A3KT 0.5, dy 23 10 um LA T D5 di i B & 55> CaMg(CO3), 2338 AR EE 0D i\ Ve

L7= CaCOs |2 TO* & R — 7 LIkt 3 A a0k ik 19
DA B DR D, LLAD, HECHE A
D IRBEHZ RHARE LU CA RS - B BT, 31
KT E R E R S D IZIT R > TR,
ZIT, AR TITEREOLAROR AR MELT
CaMg(CO,), (275 B L7z, CaMg(COs), I /L4 M
HOZEE RO LERIZALE TS Ca 28 Mg ([ZEE oo
EEE AT O, R, BRI S EIAR
(ZH AT ER) LB B, FEdiE R O& A
Z L BANE LELS ST DTz, BEREHS YeR O RE
KGR EL THWDZETHEORIREL TORHMED 2725
PIRNIRE - BT 2hROM EAKND, £z, FEigEOT
ROFNIRENL, PR AV SE5ZETH ETE5HE
Wi W, Exkosn 7.0, Mg/Ca HeAsE s CaMg(COs),
R 2 WO BHE B DO REARE S E LTV, %6
SRR BTN SIS IR O R ISR T & D W]
HEMEDS BB, LT23-> T, Bl K FH 50y Mg/Ca Fha
9% CaMg(COy), Mokl ¥ % @R TARKL, N5
CaMg(COs), % MRk o Y (R st C X AUIE, Wi KIETT
Ca-Mg DEIULIB L E MAALIED—DIZ20558 DL
E 2D, —HRIZ CaMg(COs), DEG BT TlX, 7S ZEE
TRP DA PRFEFEOBENNZEL 220 Mg/Ca FesHE KL,
KI5 B9, Emn Mg/Ca tEH+2
CaMg(COs), i 1% B 45720 12iE, EL Ca™,
Mg 3 LT} CO4? 42‘&%&#%%&&50

ZZT, AT TIXRATRI A A ka5 Al CT&
D77 AL RT VDR AR S i A A S A A S LT T 5 8T
M7 E LRV, BUE TRE SO Ca BLUY Mg
PRERIE D RS EHT 21T T2, [IBOBMMEIE, 1) & —’
SR ORI KDY E B8 - SO OEHEE, i) 3%
FTIOWNZ LD KIADFLE R R O K, i) Jad
ADOEKEENIZLDK — K H TOMEAER2E DB
SR E S X T Y, 2ORE, KHEMNEATD
T 7 AL RTVSEABNICE R 352 LT, fii7e
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KRS 2R R E B E B L OIS B NELD
B SE L CIE©& 5, AR, BUE TR
12 CO, RIAEMART B RITEBUNT, fabT St ORI pH,
IR Ts, BILORLE TR T O Ca* BLO Mg*iRIE) &
FRERYEONT BRI OBIR, BEUN CO, RIBftFAM: COF
BIRIAEE dopt BETDY Feop) 73 CaMg(CO3), Dl i &
(Mg/Ca B LONEEIRIEE dp) IS RIF TR OV T
D, IHIZ, CO, KafAG S I~ TRERIEIL 72
CaMg(COs), & HiF& UL -2 MEREHE L AR M RHG Bl 3
VT, CaMg(CO3), @ Mg/Ca b3 LT dp & MR H IR D
FEIETRE DBAFRIZ DOV TR RS,

2. EREERLUAZE
2.1 HIBTRER

R TRRWRIY, R R0t A 2T 7oA A 2 M
[ BT DD A K (ED 23AK), ED Ak i
ZRFEPRAEL 72 NaCl ST BT ORMED /7K, NaCl &%
ST ICHE SN0 K & KCI EL TR L=
DO K 3570 3 fifEE FV -, EER O #E% Table 1
W,

Table 1 Concentration of concentrated seawater

P [mol/l] ED Ak EMEAK B K EH
[Ca® 0.031 0.062 0.67
[Mg®'] 0.083 0.18 2.1
[Na'] 2.6 4.0 11

[CIT 2.9 45 6.3
[Mg?]/[Ca®"] 2.7 2.9 3.1
[Ca*1[Mg®"] 0.0026 0.011 1.4

(In [Ca*[Mg?*] -6.0 -45 0.36 )

2.2 RRBREE

Fig. 1 12l L OV RS I A 2L E A A A
AT Ry SR e AT 251 OB ZE A 7R3, dppi 23 40 pm
D CO, 77 AL TV, E—4—0[E]iE (100 V, 100 W,
1500 minM) 12k TAL AT = MICELDAEE A
F— DB /&AL % E 919 (Tech Ind. ) %
HAWTRASE T, AEBRTHW-BWAEEREIT 100
V-100 W 75 200 V-750W £ CHLEL &L IC S bH /- 4k
FXEIDNATHECHY, KRR R B /KD KB 7 o+

(CHEMSN TN D, Feop 13 5.96 - 23.8 mmol/(l-
min) T %, dyy /%200, 300, 800, /=13 2,000 pm > CO,
LI EAEE A VDT ESE T, dyy OHIEILT
VAN~ ArvAa—7 (VH-5000, Keyence, Co., Japan) &
T liEL— Y — a4 - LT B o A I E 25 & (LA-920,
Horiba, Ltd., Japan) & v TiTo72,
2. 3 BIETRREILDREIEDOH EEEHOARIE

RIEE pH BEO T IZ LD IRFEE ONT AR O FEHE %
1795717, pH A 4.3 - 8.3, Ts 73298 - 348 K, Feop 73119
mmol/(I-min) D Z&F T Tt K 357412 dypy 23 40 um @ CO,
Ty AL NT )V EEGHIE L, RS ROG TS T,
EhiZ, Ca¥, Mg¥, LY COZAA I HERE N R Bk
DT IR E T B A B 3572012, pH 23 6.8,
Ts 73 298 K T—E DM FIZH W T, Feop 25 5.96 - 23.8
mmol/(1-min) C 3 F ORI THEHK (ED A K, FEME A
7K, B K 5T D dyyy A3 40 um 0 CO, 7 741 2 737 LAl
FBAT T2, SOSHEER 13 60 min LA EL, SETH o pH
1% 8.0 mol/I-NaOH # X% 1.0 mol/I-HCI K ¥EE D iz
FV =R T, FTERFH ARHTIZ, il i R & 7K e

D Gas flow meter

(@ Motor

(3 Minute-bubble generator
@ Reaction vessel

® pH adjuster solution

® Pump

@ Thermostat bath
Thermocouple

© pH/EC meter

10 Gas exit

Fig. 1 Semi-batch type crystallization apparatus equipped with CO, fine bubble generator
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AL, 373 K CHIES 7o, BAAARII XRD IZLD A
EL, ERW ORI RIIE— 7 EmE L0 E H L, fE i
TEROBIELL SEM Z H U TIT\, CaMg(COs), 1
Mg/Ca LI A /LA (20 = 29.4°) /> CaMg(COs), (26 =
30.7°) ~DE =7 7RIV E LT 2B,
2. 4 CO, R BMEMIZXSD CaMg(COs), DHER M E
#1480 (B K #3t, pH : 6.8,Ts: 298 K)

it K #H12 CO, KAz AT 35 RITHUNT, dyy
FBEO Feop (1285 CaMg(COg), D it i B il 12 H i &
L, /K& pH 73 6.8, Ts 7 298 K T—E DS KT K
EFIT dyy 25 40, 200, 300, 800, F7-i% 2,000 um ¢ CO,
Sz A L, CaMg(COs), % ST &7, t, 1%
120 min AN EL, Feoy % 5.96 - 23.8 mmol/(L - min) o i
TS, dbbT o pH 1% 4.0 mol/L © NaOH /K itk
O FIZED—EI ko Tz, FrER AT, i fb i
WRAEW AL, 373 K THIGESH 7, [EHH AR DIF]
TE B LY CaMg(COs), 1> Mg/Ca HLDiRE I, 2.3 HHF
BEIZ XRD VT To 72,
2.5 REFHELIz CaMg(COs), FHFEH &L 1= ik

HAEARDER

CaMg(COs), D i E (Mg/Ca ks U dp) A3 it
HARDFENTRE N RIE T HBEZRF T 572012, =RIE
JEFEA 298 K (286U T, 24 HTHEON 050 g D
CaMg(COs), Z kT /LB w7 A (ThCly) &AL & U 7 2
(CeCly) DIRAVARIRIIRIE S 7=, TbCly 33X CeCly
REIZZENZ10.10 mol/l THY, RIERFRH t1% 60 min
LT, LBl EL T, HiBROD YA (Rl T 3y,
FEE 1 99.5 %, d, 1 4.4 pm), FBET Mg/Ca A% 1.0 D
CaMg(COg), (FH AR THR, dy: 1.5 pm) IZ- DWWV ThH ]
BROSKM T CIRIES T2, ek, #5hAREIK
ZWHIAIEL, 313 K THZHESET-, oAk
T4y e 6§ (F-7000; Hitachi High-Tech Science
Co.) ZH T 254 nm DA Rk LU CHRESL, %8
WA IVERIE LT,

3. BRBIUER

3. 1 SIETRRM LD REIEDHTHEROAKRIE

3. 1.1 CO,77AN\TILERN=R K BithoDixk
FRIE O IS AT

(@) KiBRpHEEILSETIGE

CaCO0s;, MgCO;, 3L CaMg(COs), IAMIRE DKIATK
pH T T AIRAFEI LN E NI DT EM b, KA pH

DEAIZES T2 T D EREEHE AL 3D AT REME DD
%, Ts 78 298 K, 7KIEIE pH 73 4.3 - 8.3 Dt K EH 1 dypy
2340 pum D CO, 77 A2/ T VA g LT B A3
FHAE RN Ci(i = aragonite, dolomite, Mg(OH),) ™
B2 6% Fig. 2 12”9, pH 23 4.3 LU F Ik sz 0 4
RRITHERRS N2l o72, pH % 5.3 FCHIINE W5 & F AR
L LT CaMg(COs), NIEH AL, t, OEEINIZEE 720
Caolomite XM R U7z, Z4iX, pH oMIcEL )
CaMg(COs), DIEFREFE DB IR 352, SHIZ, pH
2% 8.3 TiX CaMg(COs),, 77 F Ak, BLU Mg(OH),
DIREMIELIIZ, Fig. 312 pH LREeE 8 L OVKERL
MR OARGEE r; (i = aragonite, dolomite, Mg(OH),) ™
BIfRZERT, i 1% C OFRFMZ{bOEEIVE LT,
Fgotomite | PH 73 6.8 1T, Caragonite (L pH 7% 7.8 THiK A
AL, pH 2% 7.3 LLETIE, pH OEINZELZ20 rygomy
DK DI 23 F 5417, Ohde 3L Kitano™Z,
Mg? LT Ca?" 4573 0 — 2,100 mmol/l 33001 - 50
mmol/l @ Ff & T — & ® MgCl,-CaCl, 7K ¥ ik =
NaHCO; /KR 2 filAa L7555, CaMg(COs), DA AkIC
K T D Mg™ICa® FL OB RISE R T DT LA
INMZLTWB, L723- T, pH 2% 8.3 T?® CaMg(CO3), D
AN, Mg(OH), DT HICEL AR K O Mg
REOK TICERRT 5B 2515,
(b) REBEEEZEILSE-IGE

R BRYE DVRFRE 1T Ts DN 72\ b3~ B 1H 7 %
RL, Ts ATKRES DV EE DAL T4 IR IR TR 57
9, Ts (CEo THOHTH T DRI A EL T 22 en TS
N5, KEEE pH 23 5.3 T Ts % 278 - 348 K I b&H7=
fii K EH12 CO, 77 A T VA G A LT AIC B
WL C ORFRZE b4 Fig. 4 1R, Ts A3 278 K
T, t OEEINZELZ2 Chglomite 2312 T HMTHE K3 HAH
FMFHI, Ts% 298 KIZEHDHE 412892 Cyoomie P
HEINANEEZE L7220, 60 min C 0.32 mmol/l ® CaMg(COs),
ESIT-, TsS 333 K TIX, 77T A DI DNERIREY
(AFHNDZEN DD, Fig. 512 T LIRERHT DA R E
r; (i = aragonite, dolomite) DRIRZ R T, 1 1% C; DIRFHIZ
{LOFEE IV U, Ts 28 308 K A2V YT, Faoiomie
M TR TRIEE R LTz, £/, Ts2d 313 K LI ET
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1, Ts OHANZEBIRUN Taagonite PERTDEMBTFON BAITER T HEHEZESND,
7oo AU, COp IR EDIK FIZEL IR A L RER D

Ts:298 K i
@ dolomite

it
Feon : 11.9 mmol/(i-min) ||q if[agg(ooll}l[;

dob :40 pm

1.0

osh Solution pH : 4.3 Solution pH : 5.3 Solution pH : 8.3

0.6

C; [mol/i]

0.4
0.2

0 15 30 45 60 0 15 30 45 600 15 30 45 60
t. [min] t, [min] t, [min]

Fig.2 Time changes in C; at various pH (Removed K brine)

20.0 i
@ dolomite
= 15.0 ® aragonite
r ® Mg(OH),
= Tg:298 K
= 10.0 s
g dob1 240 pm
E Feon : 11.9 mmol/(Z* min)
< 5.0 o t, : 60 min
0.0

—@ 4
4.0 5.0 6.0 7.0 8.0 9.0
Solution pH [-]

Fig.3 Relation between solution pH and r; (Removed K brine)

Solution pH : 5.3 i
dbbi 140 pm @ dolomite
Feoy : 11.9 mmol/(/-min) ||® aragonite

1.0
sl Ts:278K Tg:298K ||  T5:333K
g 0.6} -
E a4l !
$
02] f
0.0 - -/‘/t PR

0 15 30 45 600 15 30 45 600 15 30 45 60
t. [min] t. [min] t. [min]

Fig.4 Time changes in C; at various Ts (Removed K brine)
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20.0 i

@ dolomite
E« 15.0 @ aragonite
E Solution pH : 5.3
% 10.0 [) dpbi 140 pm
E Fcon : 11.9 mmol/(/* min)
:_ 5.0 t. - 60 min

0.0 —eo L 4
270 290 310 330 350
T [K]

Fig.5 Relation between T and r; (Removed K brine)

(c) KiZ®& pH BEUVRISREC LD RERIE OHTH fRI
NEHE

3.1.1 (B LU(b)HTHEHIA Ca LU Mg HLOHT
H RIS A K VA pH 3B LY T CHREHELL 72 4% 5% Fig. 6 12
IR, KV pH 23 5.3 - 6.8, Tg7AY 278 - 298 K T,
CaMg(COy), MEAEKM 2D LD, FT2, pH 2
5.3 Tl, Ts& 333 KLL LIZEDDHET T T A NI
WA LT, To 23 298 K, pH 23 7.8 TIX7 72 A b L
Y Mg(OH), BEAEREL THDIL, pH % 8.0 T TED
5E Mg(OH), BEA M Ele -T2,

RO HA L

3.1.2 CO, Z7AUNTIVERAW-BL 5818 TI8K
Mo D ik EEIE D R IG&HT (pH : 6.8, Ts : 298 K)
() BUETRBREE LTS
Cal" B LT Mg?* A A M FE I3 B FE AT L2 R I 28
LT D720, BESENDRMEZ - 3 O
BT TR dyy 2 40 pm D CO, 77 A2 737 /L% 60
min JEFHFA L7, KIATE pH 1% 6.8, Tl 298 K, Feop
1% 11.9 mmol/(l-min) T—E THD, FOALTREEH DL
& W, (i = aragonite, dolomite) DI}EIZE(L% Fig. 7 1R
R

350 ,
X i
@ dolomite
330 . . . @ aragonite
® Mg(OH),
z . . . Ts:298 K
- 310
& dobl :40 pm
Q0O OO |ron: Immolmin
290 | 1, : 60 min
o000
270 V——— " L .
4.0 5.0 6.0 7.0 8.0 9.0
Solution pH [-]

Fig.6 Effects of solution pH and Ts on production regions of Ca and Mg salts (Removed K brine)

— Solution pH : 6.8
caonate 470, 5B 208K
aragonite 4 n ° dobl :40 pm
dolomite * [ ] ) Fcop @ 11.9 mmol/(/- min)
10 40 r—00 100
ED 7>Au7K WA DA K LK
7.5
250
£
2.5
0.0 . . .
0 0 15 30 45 60 0 15 30 45 60
t, [min]| t, |min]| t, |min]|

Fig. 7 Time change in W; in each concentrated seawater
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ED MAKTIE, WTIND L IZBWTHT 7T ARBLW
CaMg(COs), WEBIT=DITHIL, IEMEAKIBI O K
EHTTIET 73T ANO AR RERES LT, CaMg(COs),
DHIMGEHNTZ, —fRIZ, CaMg(COs), DIAFREE 15 i
D Mg OF A EIZRHL TR Z7RL, Mg/Ca LD
CaMg(CO;), (Mg/Ca Lt = 0.042 ~ 0.25) | ZE 21 IR
LERAE G AT D200, TITTFAMILE~NERE
FREE D@L 72D 2, LT=3oC, ED AZKER K i
AL SBI=Z 18D Wegiomite PHIRIE, Ca?* BL T Mg?*
AFVIREROMKITERT2LEZ 261015, Fig. 8 12
CaMg(COs), 19> Mg/Ca HD;fEIZE kA7~ ED A
KERWGETIE, WTho t 2B Th Mg/Ca 13
0.10 TIHE—ETHT=DITHIL, #fEAKIBI OB
K H T, t OEERIZES 220 Mg/Ca Eb AN 12 Y
KT BZENDND, Usdowski 551%, TsA3373KEL R
CaCO, #7123\ 1T, CaMg(CO,), 78 CaCO; H1od Ca?*
D MG* LB L TERT HZEEFALNICL TS,
I, t 2% 5 Mg/Ca FhooHEfNiE, CaMg(COs), #
D Ca?* &S T DFEAE Mg? L DA o BT IR 3%
LHEE SN,
(b) HFEUETIRRKICHELNT CO, EILMBEEFLE LS
=155

1R BRHE D BOS SAT IZ B W TRE s b D HERE 1 & 72 D
Ca?*, Mg?, BEUN COZA A P FERE AR M E
B C SUWNTIRETT 572012, pH 23 6.8, Ts 73298 K —

EDLMT T, Ca*BLN Mg* A A D 5y %45l
Y TFRIRIZ Foo 23 5.96 - 23.8 mmol/(I-min) T CO, 77
AT NG LT, Ca2t B LT Mg? A A e
MR DEE TRE»OHEONT 1 (I = aragonite,
dolomite)% Feo, THEEELL7-#EH % Fig. 9 (27”7, ED 2>
NIRE WSS, Feop D¥EINZELIRW LR DT
SAF A8 CaMg(COg), (T2 (b LT, ZAUZ, Feop DI
IZEB 72977 0D COFAA U PEFE DI RIZE T
CaMg(CO3); DA ZELHIE/2 D LTI 55 2
B, EERED K TIE Foop DEIINZEBZRUN Feoiomite 21
HRL, M K& Tl Fotomite D KA A 3 LD B L70%
ZEmbnd, £z, CaMg(COz), H1D Mg/Ca LD ¥ENNH
JE Ivgca D% Fig. 10 12773 fygea 15 CaMg(COs),
H > Mg/Ca FL DREFIZE (L LV R H L7=, ED DAk v
7235A T, WO Feop 1238V TH Mg/Ca 1 0.10 T
FE—E THST=DITHL, MED K T Feop DIEM
\ZEH 720 Mg/Ca be s K LTz, S61Z, Bl K E 2 Huv
7558 T, Feop DM ES/2HWHZE 72 Mg/Ca ELoDHY
RBFERINTz, LTZ3> T, Fegp DHIMZELZR2D 7 74
VONT VIR ORI, CO, WEBEN RO KIZLD
PV KBS O COP DR, 8 L ORI A
T TORFTRIZR Ca BLY Mg?' A A A I FE D
WEREHTZLT, ZOFER, @ Mg/lCa lxf T2
CaMg(COs), DA IMEES LD LHELES LD,

1.2 R TR
<& EDAK
0.9 O R 2 A7k
0 O WK
] Solution pH : 6.8
% 0.6 Ts:298 K
E dobt :40 pm
03 Feop @ 11.9 mmol/(/+ min)
o/—o//?
0.0

0 15 30 45 60

t, [min]

Fig. 8 Time change in Mg/Ca ratio of CaMg(COs); in each concentrated seawater
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. ED iEfE MK ; .
i BAK Dhok B Solution pH : 6.8
aragonite ¢ [ | [ ) Ts:298K
dolomite ¢ ™ PY dobl 40 pm
— 30
= ED7)>Au/K TAE D AK K
g 24 s
< 18
E
12
)
= 6 I
=
L 3 ¢ -./'/:- >—o - o
0o 5 10 15 20 250 5 10 15 20 250 5 10 15 20 25

Fco, [mmol/(/ * min)]

Fcoz [mmol/(/ * min)]

Fcoz [mmol/(/ + min)]

Fig. 9 Effects of Fco, on r; in each concentrated seawater

S Solution pH : 6.8
ED i K
MK DAK EiHF Ts:298 K
& O O dob 140 pm
1.5
=, ED7>A K TRAE D> A7k KT
= 1 L
g
= 09
=
-
X 0.6 L
S
0.3 -
&
0.0

0 5 10 15 20 250 5 10
Fcoz [mmol/(l + min)]

Fcoz [mmol/(I * min)]

20 250 5 10 15 20 25
Fcoz [mmol/(l * min)]

Fig. 10 Effects of Fco, 0N g, in €ach concentrated seawater

(c) [Ca*"IMg*" 1M #BEREE CO, BILEIAEREIZED
RERIEDATH SRR D EEIE

pH 73 6.8, Ts 75 298 K D 3 Fl OB TARHEIZ dyy 75 40
um @ CO, 77 AL /N7 N iia 32 %1280 T,
Fcoz 73 5.96 - 23.8 mmol/(I-min) THEHALTZ Faragonite 35 <
U Fotomite 245 BUHE TRRE 1 D Ca?*, Mg™ DA AL FERE
[Ca”][Mg™ T CHEFLL 7= % % Fig. 11 a), b)iZ/R T, Feon
73 5.96 mmol/(I-min) T, [Ca®*[Mg* DIz EH 720
Faragonite 25V L, Taotomite SHE KT DZED NG, SHIT,
Fcoz & 238 mmol/(l - min) £ CTHEMEIE 2L, In
[Ca MG 125k Yaotomite IR MF I AT L7 o7,
¥72, Fig. 12 ITRLZ[Ca*TIME™] & ugea P RAEREY,
Mvgica 13 In [CaZIIM@®* 135 L T8 Fop DHIMINZ Eb 70\ R
ThME R oT2, KD DRI OMERS 23, Na,COs

IR A Ca®, Mg™ ISR IICH T 54T
CaMg(CO,), Z &L, Ca®t, Mg? L 35 Ut NapCO; 2
JENS CaMg(COs), H D Mg/Ca LIz IE 3 58DV TC
BE LT, TOREE, Srrfo Ca®, Mg™, BL
COS% 2 & DHA KT L 729 B TR RS DM K3, 0
Mg/Ca Lt %473 % CaMg(COs), DA At 352 L4 1
SMIL TV, LI035 T, In [Ca®[Mg* 188 LT Fep, D
Nz ES 729 MglCa Fhd vy CaMg(COs), DAL,
Ca®', Mg?, BLU COP A A HERE DN LAt
i EFE O KRITER R T DL HEEI D,

3. 2 CO, K AMREHEIZKD CaMy(CO,), DR AE

HI% (B K 3+, pH: 6.8, Tg: 298 K)
3. 2.1 CO, TBaNMMIEH CaMg(CO,), DiER R
TR IFFEE (Feoz - 11.9 mmol/(1-min))
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Solution pH : 6.8
Ts:298 K
dobi 140 pm
0.03
_ Fcop [mmol/(/° min)] _
z ® 5% a) =
= | 11.9 g
0021 & 233 S
= =
£ £
£ 0.01 £
L)
0.00 L— o= .

-8 -6 -4 -2 0 2
In [Ca?*][Mg*] [-]

0.03

0.02

0.00

Fcop [mmol/(/- min)]
(Y 5.96 b)
| 11.9
® 238 »
| |

. ]
o=t
-8 -6 -4 ) 0 2
In [Ca?*[[Mg*'] [-]

Fig.11 Relation between In [Ca®*][Mg*] and &) Faagonites ) Fdotomite

0.03 :
FC02 [1’1’11’1’101/(1'1’1’111’1)] Solution pH 1 6.8
O 5.96 Ts: 298 K
— 0 11.9 dobl :40 pm
0020 50 33
£
S
2 0.01
0.00 .
-8 -6 -4 -2 0 2

In [Ca?*[[Mg*] [-]

Fig.12 Relation between In [Ca®*][Mg®*] and rygca

L[IOWA L)Y CaMg(CO3), ® Mg/Ca LB LT dp i
FAETHBA SN T D012, pH 23 6.8, T2 298 K
DOt K HHIZ dyy DF72% CO, K% Feop 2% 11.9
mmol/(1-min) T A L7z, SO AR E W, (i
= dolomite, NaCl), CaMg(COs), #1¢> Mg/Ca L, F5L T dp
DRFMELEZNZ I Fig.13 - 15 18T, W40 dyy
2B TH CaMg(COs), 3L Y NaCl DA R 3 RSz,
NaCl DI, NaCl 350 KCl BMIZFfafi ThHM K
i~ NaOH 7K IR D T 12 &% Na' i B OB K I
K 2L 2 LD, BIATFEH tinglE dop DI IR
U THIHEL T Waotomite 1% ot (2 XS t, DM EB 720
L, W o 11238V Tl Wegiomite 56 5 U Mg/Ca Lr i
oot DI EB 72V T KR LT, £72, dyy 23 2,000
um TN £ 1280 T Mg/Ca FhiE 0.20 TlEIE—
TETHHTZDITHIL, dyy 23 40 um Ti& Mg/Ca EEASELRR

AIZEE KL, 120 min T 0.86 IZEETHI LML/ RS
720 FTo, dy TN THLD dy {2V TH t OEINZEB 720
WKL, doot DIAIZESRN dy 23§ DM AR LT,
Oppi 7340 pmM TO 3 15 min (236175 dp 1 2.7 pm THY),
t, % 60 min ETEMNMEEAHE 6.1 um IZE#ELT=,

AU, RIEORHILIZES 7205 — R L FEOHE K
(28D CO MERBBONEEE, BIOR DRI EMFFEC
ER T2 EHEERSIND, —FRIZ, Ao 23 10 pm DEJEDHL
MR EOR A H 2L, 1,000 pm O5&TE
(2100 f5I2PER 3%, S512, Young-Laplace V),
10 um OEIADOPNERIE SN TE LA FEICR L 2.9 x 10* Pa
HWINT5ZE0 005, £ DEE, [ABROYE BT
DIFEH CEHLRELT-HE T, K[iaO AR
FEEDWAH ~OWEB BN &1 dyy & 1,000 pm 2>5 10 pm
FTHAESEHILET 6 x 10*fFITH KT 5,
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Fig. 13 Time changes in W; (i = dolomite, NaCl) at various dyy,
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Fig. 14 Time changes in Mg/Ca ratio of CaMg(COs), at various dyy
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Fig. 15 Time changes in dp at various dyy
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F7=, KHIZETH 10 pm OEIE OV FEE X 1,000 pm
DEIBD 1.7 x 10° 43D 1 ETRA L, BATIF 1 kAL
DOYERBEED 1.0 x 108 EETHINTS 2, F7z, K—
RS OF BEAERIZOW TR 272012, IRfEED
KW Ny BADT 7 A XTIV A 25HK, 0.1
mol/l-CaCl, /KiZi#, £7-1% 0.1 mol/l-MgCl, KKk
L, KIaDORFEN EARTEHE—FEMEZREL
1819) 2 DfE R, dypt 7310 - 30 pm DT 7 A LN T JATAF
VAR T50 25-80 mV OEMAAL, 0.1
mol/l-CaCl, /KA £7-13 MgCl, /KIEIR DY — X EALIE 0
mV (23T D<K ZED DD, F7z, 0.5 mol/I-NaCl /KR
BB —H BN OREREF TOD0IE, dy 255 - 20
|Jm D77 AT L 0 ) 5-35 mV OFREEMEZAHL,
— X BN OHEFHEIL NaCl #EDBRIZEL 72\ kD
THZEDRPBNIIRoTND, ZIWED, doy 25 40 pm D
CO, 77 A N7 Wil 35544 F T CaMg(CO3), D
Mg/Ca DI RIE, K- AT TD Mg™, Ca®* D
fiF LY CO, WE R BN B DM KIT LD M\ A iR
DEMRITERTHHDOESZ 2 HND,

Fig. 16 1T dyy 73 40 F£721% 2,000 pm, t, 25 120 min T/5
b7 CaMg(COs); O SEM HIE DG A 7R, dyy 73
2000 pm TiE 23 pm FEEOBERNBIZRS N, —7,
dop % 40 pm TR S WL EEHEDTRE MRS, BR
WKL+ FHNH T AR LTz, CaCOs; Dffimikiz
%t 2 EERR PR EHC Z AR, AR IR A
~OBEAFNDOF 5N KB THD LMD, EO iR A

A T IR T MER0 KRB T LD o TG 230

EBIT, RS 3SR AR AR L TR AL A5 HE %
BITHIHIS N TUODIEE O BaCO; DR B L1k
BILORHEDOBRAZMRFTIL T\ D, ZORE R, i
fif FERE DY KAZIE U ORI N R 5 50 A 15T
WDy ZALED, TG 72 - ST C D SR T A 7 0 s AR
FEOBRIZES T3 A DIRHEIZEY CaMg(CO3), D%
RALDBRNDZ EDRIBI Nz,
3. 2. 2 CO, E/LIIREEM CaMg(CO,), DiERME
[ZB 1T 9 22 (dypi : 40 pm)

oot 23— 7E N TD Feop DHENNNE, e TaE DM
EHRI KR A DO INA S 7251, Mg/Ca i
CaMg(COs), HehL - DA RN DRI IIFRF TE D, pH
75 6.8, Ts 7% 298 K, dyyi 73 40 um T—EDFMEFIZH

T, Feop % 1.49 - 23.8 mmol/(1-min) D& FH CTA(LSH7=
Ao W,; (i = dolomite, NaCl)+ XUt CaMg(CO3), 7
Mg/Ca Lt DI 2% Fig. 17 (2R, £72, Feop & dp D
BtR% Fig 18 (2759, Feop 28 1.49 mmol/(1-min) Tl t,
75 36 min (238U N THE A DL FLHERR S, ting 13 Feon
D RICEL WA T DA R LT, F2, Feop DI
KIE Weotomite &Y Mg/Ca LEDHERZFIEE L, Feoo
73 23.8 mmol/(I-min) T Mg/Ca tbiZ 1.0 IZETHIEN
PDe E12, Foop 73 5.95 - 17.9 mmol/(I-min) T? d, 1%
6.0 pm TIEE—E THY, Feop & 23.8 mmol/(I-min) ET
EH5HE 8.2 pm ETHTNNTHIMLIZ, KES DBk
RS 2N, NayCOs /KiiEA Cat*, MP' VAT Z Y
(2 F45% T CaMg(COs), 2 & kL, Na,CO; S
CaMg(COs), H ™ Mg/Ca LhlZ FIE 3 ISV TRETL
TW5, TORER, 717D COLPEDHKRIZEL D
it VAR EFE OB R A, mW MglCa tbE AT 5
CaMg(COs), DAERRARMET HZ LA BB LT, Fi
Tai  ¥BLV Chien & 3%, A LrhOBAREREE
CaCl-Na,CO, /K 1T CaCO3 DEZFE Eiﬁrﬁm%ﬁ%

IZDWTHREEITVY, 2L 7 O FEFE O HE R IC
BV RS S NERE T 2R A G T0D, b
DOFERLLET DL, SV IERIR R O VAR FE MK
WA THRARR IS A U2 BT 72 mid g o k0
1.0 @ Mg/Ca L& FERTDHILIIRIBIINIZ, IHIZ, Ts
7% 373 K LLF o CaCOs; #752 TlE, CaMg(COs), 73
CaCO; H1> Ca** DEH#IZ > TR 9% ZL% Usdowski
58IRBASNIL TS, F7- Oomori & 221, Ts73296 K
\Z38T0.9- 1.0 D Mg/Ca tha £ 9% CaMg(COz), DA
RRICIZ Y Ca®t, MgP' I 35 08 96 h DFUGHF AN
FECTHHIELEMEL TS, LIzi> T, Feop OHENMICE
BT AL ST VIR B ORI, CO, WEBENED
ARICED V7 RSP O COTIRE DR, BIO
KR TORFTRY: Ca®, Mg™BXL Tt COZ A
F U BRRES OIERE LT, ZOREE, @iV Mg/Ca b

%435 CaMg(COs), DAERAMIERES LD LHELES D,
3. 2. 3 CaMg(COy), DR IGBRHTIEEDHRET (pH : 6.8,
Ts: 293 — 313 K, dyp : 40 — 2000 pm, Fcoy :

1.49 — 23.8 mmol/(I-min))
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Fcop: 11.9 mmol/(/*min), 7, : 298 K, pH : 6.8

dyy, = 2000 pm

B %

Fegp [mmol/(Z- min)]
1.49
2.98
5.96
11.9
17.8
23.8

L 2 gul JoX )

dip 240 pm, 7, : 298 K, pH : 6.8
150 1.2

100 |

50 ¢

Wdolomite [g/l]

0 & D
0 15 30 45 60 "0 15 30 45 60
t [min] t [min]

Fig. 17 Time changes in W; (i = dolomite, NaCl) and Mg/Ca ratio of CaMg(COs), at various Fcgo

dypi: 40 pm, 7.: 60 min

0.0 50 10.0 15.0 20.0 25.0
Fo; [mmol/(L *min))

Flg 18 Effects of Fcoz ON dp
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CO, 77 AT VORI 5 R RS VA Ja i
) 72 i A Fn 35 & R A L 7 RO e AT i B
CaMg(CO3), Difii fitn i B A& I+ 272D DEAFFREE L
T CaMg(COs), DEZFE AR FE roye 1275 H L7, pH 23 6.8,
Oppr:40 — 2,000 pum, IR Fepp:1.49 - 23.8 mmol/(1-min)
THFHIIZ Moye & Mg/Ca FLOHENLEE rvgc, DBIFRA Fig.
19 1”7, LT, Ts% 293 - 313 K TA LEE -85
B ORERBRT o Moy 1 ting DIFELLY, Mvgea I£ Mg/Ca L
ORFRELOEEIVE L, K&, KEBRSM4 T T
1Z, Foue DEIINZEDIRN Iygea DR TDHZEDR DD,
&I, 2NV D CaMg(COs), O\ Vit Vs i FE FE 1
CaMg(COs), 1> Mg/Ca ttd¥a k%5 | ZE =4 > 5 4f
RS BNFA R LT- CaCOy DRI/ L7 v DR AR HE
FEDPME RN RIET BT OV THRETL TW5, &-k-
[E2 T, SMITREEL ToHL, M OR — kAR
TR 23T 2 R T 7 il A N 35 CIIR S Ik 384
WD, — T, R-K-FERTIX, 77O fig
FEDME —TdDT20, B AT Uk S & 3 R &
725 ZALEY, KA TSI D R ETHI 722 A R
ORI TERAEDIRENTTRETHL T 7 A
NTNLOENE, 1.0 O Mg/Ca tbxH 425 CaMg(COs),
PRL7- DU ) EICTHR CThHHZ LA BT,

3. 3 REHIMELI- CaMg(COs), ZH FEH LLT- %
HARMHEOER

3. 3.1 CaMy(COy), B HERELI-BRALAED

XRD /\3—U B LUHEXLIRIML

oo 75 40 E£7213 2,000 pm & CO, K il% pH 73 6.8, Ts
23 298 K Ot K FHSE R G 35 R IZHBN T, 551
7= CaMg(COs), @ Mg/Ca th i XY dy A E7e D

2.0

CaMg(COs), Z REARE & U7 R G IR DI TR |2
MIETHELZRITH-0IC, 32 HTik X7
CaMg(COs),, HilRDA /LA CaCO; LY Mg/Ca
EEAY 1.0 @ CaMg(COs), % 298 K @ ThCl; & CeCly DIEA
PRI 60 min RIESE, EETOLAL G-, Fig. 20
|2 CaMg(COy), DIR{ER#% D XRD /37— DA 7R
3, Liu 5 %, NaLa(WOy), 1295 Lite B D 3LAHE
BB AR T 572012, NaLa(WO,), : EU e iAok 4
LiINO; /K ¥k 12 30 min {2IEX, LiTA R —7 L7,
NaLa(WO,), : Eu*"# 3¢ /1 o> Na* L o Litfl oA
R BADHEITIZE S 720, NaLa(WO,), : EV 3k I i
K9% XRD B —Z A3 @4 AN AT L=, 24U, LiTo
AT RN Na* DA L R R TNSND, #iti i
A RO T BN EIER T 5, LR T, K
WFFETD CaMg(COs), (ZHLIK T2 XRD B —2 DK A
M ~DBEATIE, AL LD/ MgP DA A 5D
K& TO* BLO Ce¥ic@BfsNI-Z L&/ RIEBT 5, Fig.
2112 ;2% 60 min THROLNTZIEREHOLEK DT AT ML
DA, AR MgiCa Hs L0 dy 1o kb,
JihL I e 03 254 nm D URAMRIRI T TR DTN AR T
ZEEBHCHERR LT, Fo, AT LTI 489, 544,
584, 621 nm |[ZE — 27 2357~ Liang® B L O
Yamashita & 301, Tb* & Ce** &K —7L7- LaPO, £7-1%
Zny(BO3)(OH)g75Fg25 D FEEZE G RLL, & dIEIRDFE
S — A8 489, 544, 584, LN 621 nm IZHNDHT L,
F LN 254 nm DESMRIRGT T I W ThrEF AR T
TEEME LT, Lo T, REREM TITBWTHAL
K 72515354172 CaMg(CO3), ~? Th¥ 3Lt Ce* d
R =L RO IR NG RS- Z EAVRIBS LD,

dyy | Feop 7, [K]
[um] 293 | 298 | 303 | 308 | 313
&9 | - | v ]| - | - | -
~ 15 - 258 ©
£ 59 | - | A
‘g - 40
E - 11.9 ] ™ v o o>
-
= 17.8 PS
= 1.0 238 °
X
9} / dyy | Feop | T [K] dyt | Feop | Tr K]
§" ' (nm] 208 [um] 208
< 05 200 | 119 | = 800 [ 119 | =
506 | 4 893 | o
19| m
0.0 300 | 893 | O 200075 T g
) 19| = 28| ®
0 1 2 3 4
in-1
Fpue [Mint]

Fig. 19 Relation between ry,c and rygca
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t; [min)

— 0 Mg/Ca: 0.83
60 \ d]‘: 8.2 um

Mg/Ca: 0.73
dy: 6.1 pm

Mg/Ca: 0.65
d,: 6.0 pm
LAy

Intensity of XRD [-]

Mg/Ca: 0.48
d,: 6.0 pm

20 25 30 35 40
20 [deg.]
Fig. 20 Comparison of XRD patterns of CaMg(COs), before and after immersion

Excitation wavelength: 254 nm

N /L-D”Ig\/(ja: 0.83,d,: 8.2 pm
Mg/Ca: 0.73,d,: 6.1 pm
A\ }p \ Mg/Ca: 0.65,d,: 6.0 pm

Mg/Ca: 0.48, d;: 6.0 pm

Commercial regent
CaMg(CO;),, d,: 1.5 pm

Commercial regent
Calcite, d;: 4.4 pm

Emission intensity [-]

450 500 550 600 650 700

Wavelength [nm]
Fig. 21 Comparison of Emission spectra of CaMg(CQs), phosphor

3. 3. 2 CaMg(CO,), D#ERERE (Mg/Ca LB & dp)  ETHIRT S B, 22115 NL, =7 R Lh L 2o
EEMENADOFEIEEDER ARBFL T REA MR TH D Mg LiEikiT o Ca2 A

Qoo 23 40 pm @D CO, 77 AL /3T V% pH 78 6.8, Ts?y AU AHAAT = X LA RRHTL, BEREHE 5 OO 1A iR B D N
298 K Ot K B ICHFIAG T 2RICEBWT, oz IZESRI R ImAEM & IS L ORI o> TR &
CaMg(COs); » Mg/Ca k& 544 nm IZBIFDHIAIE D Mg* LIKIIED Cal* DA Al HE SR T 52
OE— IR ORRE d, CEEILIZRSE A Fig. 2210 LEAWEL Q0D 72, Ries" L, KIEIHIRE S 298 K,
T HBIEL T, dopi 2% 2,000 pm THEHHILZ CaMg(COs), B x 72 CO, Iy EDZRAE T IZFW T, 0.00 - 0.22 D>
DAERY Fig. 22 (R, FEREHOLIKO R — 7 38E1E,  Mg/Ca a4 45 CaMg(COs), DIAMRE Z Il E L 7=k 5,
dp 1259, Mg/Ca 2349 0.50 THRKfEZ R LT, F7z, CaMg(CO3); DIEFRFEH Mg/Ca LLDHENNZ EH 72 R
dp 73 2.6 — 8.2 um OFIPHIZHITD do 1T T DI —2  THIEEZALMNIILTND, EHIT, Mg/Ca by 1.0 @
B DIRAFMENE, CaMg(CO3), © Mg/Ca HlZxl4DifE  CaMg(COs), DIRFRE I, HLA M CaCOs, 72bb,
PEIZ A D THDH, dp 10 um LA FIZED SH52E Mg/Ca tEAY 0.0 0 CaMg(COs), DIAREE J0H KL Vil Z 7=
TR — 58 SRR LT, R

— BT, RO IR ORI, R OBA
AN AT B OMEEA A A LE SN
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dy [pm] dy [pm]
26-29 - 82-89 —
3.8-43 19.3 -28.0
58-6.1 ---
{min] | 15 30 60 120 300
-~ % diyp (wm] Feox i
= [mmol/(L - min) dy[um] | d,[um] | d,[um] | d,[pum] | d}[pum]
s 5t @ @ =X 5.95 26 @] 39 60 O - -
2 .’ 11.9 27 @42 61 O |89 ©| -
‘m 60 | 40
g 17.9 29 A 43 61 A| - -
c 45| 23.8 3.8 ss Ols2 @ - -
.g 30 | 2000 1.9 _ 193 @ (217 24.1 28.0
-E 15 ! 5 Commercial regents : Calcite (d,: 4.4 pm) O Dolomite (d,: 1.5 pm) O
- T
0 1 1

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 22 Relationship between Mg/Ca ratio and emission peak intensity at various d, values

iR R LY, CaMg(COs), DIAFREE 14 i b o
Mg/Ca HlZxt L TR KA Z 7R3~ Z EAVRIBEND, Z D7
b, REBRSA FTEDLIL Mg/Ca Fe2s 0.00 725 0.48
DI E IR DT — IR E DR KIE, Mg/Ca Lo
IzEd 729 CaMg(COs), DIEFEE D KIZk - T,
CaMg(COs), 1> Mg* £7-1% Ca®*& Th* Ikt Ce¥ e
EHMEES N LR R T DRI NS, —H,
Mg/Ca k.23 0.48 LL_EO#iFHTIX, CaMg(COs), DR
DR FIZEb70d R MR F LOFRS b oIl i k-
T, Mg*£7213 Ca¥' T BLUN Ce* L EHaAHIfHIS
M, B R OF Y — 7 RE R LT2EE BN
Do LT3oC, REBRSAM: FTIE, Bl K #0550
%10 um LLFD dp BLOHY 0.5 @ Mg/Ca tbaf3%
CaMg(COs), D3\ VR SEHRFE &% Dfk (IR H AR DA
AT A2 EM DL 5T,

4. %

ARF7E T, BltE 7 v R2B1T5 CarMg DOFHE
IV - S A LEEE B 57012, BT TRRIC CO, R
Tz G 2RITHBNT, T SRIFICL DRI O H
I OKRILB LY CO, Kt LMt IcLD
CaMg(COg3), Dt st E HH 21T 72, SHIT, B il
L7z CaMg(COg), & ¥ JFEFE U CHEM s IR O &
AT o7z, £, dHTEREEL TOKERKR pH, IRE Ts

BIO Ca®t, Mg¥, BLO COLAA RSN CasMg
ERBEHE D IS AT I R IAE TR B LT T 572012,
Rt 7 v R E0EHND ED DA, BEHEIAK, FI21E
i K S ST oy 23 40 um D CO, 77 A2 /3T
IV % Foop DN 5504 FC 60 minid#fifitfa L 7=, Ca-Mg
IREEHL ONT HH AR A SE B 7= 45 5L, DL O Ba 4572,
1) Bt K 35 OKEE pH BEO Ts 2B LS 454 T

%, pH 2% 53 - 6.8, T 2% 278 - 298 K O#iHA T

CaMg(COs), DEAEFE L THLILD,

2) pH 23 5.3 Tl Ts% 333 KLU EICHE®DDHET T2 A1
DSEIRAGICARR L, Ts73 298 K T pH % 7.8 UL EICH
DBHET TAFAREBI O Mg(OH), NEAKM L5,

3) pH 736.8, Ts73298 K23\ T, ED 2 AKE V=
A ClE, CaMy(COy), £7 7T FARDIREMIDEDLI,
TEHED A 7K 38 L O K 5Tl CaMg(COg), DA DT
2,

4) CaMg(CO3), DLERHE Fyoiomite 33T CaMg(COg), H1
O Mg/Ca He DN rygca 13, BUE TREEF D Ca®*
BLO Mg* DA AR EFE[Ca® | [Mg* 13 LT Fegy D
BNz EB 22K T2,

IR OMFETLY, pH 23 6.8, T3 298 K Ot K #5i%
FHT, CaMg(COs), Dt & (Mg/Ca bt s L ONEERL
£ dp) ZHIfET 57212, CO, RIAMEHA S (dyy BE
Feop) LS T, ZORER, LT O RA1ST=,
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1) Ts 73298 K, Feop 23 11.9 mmol/(1-min) T—ED M T
T, CO, RIUDHIEIZES 72D COy AR DA
RIS IE O m BN FHEIZLY, CaMg(CO3), D
IV, Mg/Ca LI EMAICHEINL, /oh b
CaMg(COy), MR L T 5,

2) Ts A3 298 K — & FIZF5U VT dyy 73 40 um & CO, 77 A
AT NG UTEE, Feop & 23.8 mmol/(1-min) %
THIMNEH LT CaMg(COs), 10> Mg/Ca H78 1.0
(T, E7, 2360 min TO dy i, Feop 35.95 -
17.9 mmol/(I-min)iZ3 T6.0 um TIZE—E THY,
Fcoz % 23.8 mmol/(I-min)E T 5L 8.2 um ETHY
4%,

3) ARFEBRSA: T TlE, CaMg(COs), DIEZE A K FE D1
IMZEH720 Mg/Ca FL DO HENLEFE 238 K45,

61T, o7 MglCa B LT dy DEZRD

CaMg(CO3), % ThCl; 38 LT} CeCly DI AIAK IIFES Y,

HERE BRI TR L 7o A5 2R, LT % AT,

1) dp 7% 2.6 - 8.2 um OHIPH TOI N —ZTREEIZ 5
d, DL, Mg/Ca HD BT~ Th D,

2) 254 nm @ UV U T iZ30 VT, Mg/Ca ks 0.48 143
THNE —ZRE PR KRE T,

3) ARZFEBRSEM FCIL, dy 733 - 6 pm, Mg/Ca kL7234 0.5
@ CaMg(COg), L A3 JEHR EE 0D e VBRI
DOE RIS T 5,

PLEOFEFEY, pH 723 6.8, T3 298 K IZBW T, &
[Ca2IIM@Z 1A DM K HH12 CO, 77 A2 /3T LAl
T DRICEBNT, Feg RS ENIL, %17 Ca-Mg %
Mg/Ca L&V CaMg(COg), Tk F-& L THIN TES, &
HIZ, dy 78 3 - 6 pm, Mg/Ca F75 0.5 @ CaMg(COs), 15
W2 BRSO R O RHAR S E L THWIUE, FOBRHE
(TN R LR G T, CasMg DRI LY
Mind,
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Production and Upgrading of Carbonates from K" Removed Brine
—Synthesis of Inorganic Phosphor Based on Carbonate with Controlled Crystal

Properties—

Masakazu MATSUMOTO, Shinnosuke KAMEI
College of Industrial Technology, Nihon University

Summary

To develop a utilization system for seawater resources based on the salt production process, a method for
recovery and upgrading of Ca and Mg from the concentrated seawater discharge of a salt manufacturer in Japan
was examined. From a salt solubility viewpoint, the synthesis of the carbonates by reactive crystallization
between the dissolved Ca?* and Mg2+ ions in concentrated seawater and CO, can be considered as an effective
separation/recovery method. In particular, dolomite (CaMg(CQs),), which is the double salt of CaCO; and
MgCOs, has a crystal structure that is derived from the structure of the calcite form of CaCOj; by replacement of
Ca®* in the calcite to Mg?*, and it is widely used in various industrial fields. Furthermore, if the increase in
Mg/Ca ratio and micronization of CaMg(CQs3), can be achieved during the reactive crystallization process,
applications as a mother crystal of inorganic phosphor with superior luminescent properties are expected. In this
study, to synthesize dolomite (CaMg(COs),) with desired crystal properties more effectively, the minute gas—liquid
interfaces of CO, fine bubbles were utilized as new crystallization regions where crystal nucleation is dominant.
To classify the production regions of the Ca and Mg carbonates from concentrated seawater derived from salt
manufacture discharge by solution pH and temperature (Ts), CO, fine bubbles with an average diameter (dyy;) of 40
um were continuously supplied to removed-K brine, and the Ca and Mg carbonates crystallized at the pH range 5.3
— 8.3 and Ts range 278 — 348 K. Consequently, CaMg(COs), with high selectivity was crystallized at the pH
range 5.3 — 6.8 and Ts range 278 — 298 K, and aragonite form CaCO; was preferentially produced at Ts > 333 K
and the pH values 5.3 and 6.0. Moreover, to select the suitable type of concentrated seawater discharge from the
salt manufacturing process for the production of CaMg(COs), with a high Mg/Ca ratio during reactive
crystallization, CO, fine bubbles with a dy, of 40 um were continuously supplied to three concentrated seawater
samples, i.e., ED brine, concentrated brine, and removed-K brine, at various CO, flow rate (Fco,) values at a
solution pH of 6.8 and a Ts of 298 K, and CaMg(COs), was crystallized. These samples have different
concentration products of Ca** and Mg?* ([Ca®'][Mg?]). In the ED brine, the production of CaMg(COs), was
confirmed, along with the production of aragonite CaCOj; as a by-product. CaMg(COs3), was the dominant product
crystallized from the concentrated brine and removed-K brine. The molar concentration of the produced
CaMg(COs), and the Mg/Ca ratio of CaMg(COs), both increased with increasing [Ca®][Mg*] and Fcop.
Additionally, to improve the crystal properties of CaMg(CO3) such as Mg/Ca ratio and particle size, dy, and Feop

values were varied in removed-K brine at a solution pH of 6.8 and a Ts of 298 K. The results indicated that
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minimizing the bubble diameter and the increase in Fco, led to the high-yield crystallization of CaMg(COs),
fine-particles with higher Mg/Ca ratio. Furthermore, when the obtained CaMg(COs), was converted to an
inorganic phosphor by immersing it into 0.10 mol/L of a ThCls/CeCl; mixed solution at 298 K for 60 min,
CaMg(CO0:g), fine particles with an average size of 3 — 6 um and a Mg/Ca ratio of approximately 0.5 were found to
be suitable for the synthesis of green inorganic phosphor with a high emission intensity under the experimental

conditions employed in this study.
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iR S 17A4, 18A4, 19A4

Ty AL NT Vs A UT- R EZBDOBRIR g ke
KEHFALA~DIGH

Al EwRL, BLE OEC

ESS S L RS SN S L

B =

BT AE L LT K PR TFA B IROREFI AV AT AOBEITIE, WK FIFBEE 7 o A bHEHE
ADEHZIEATT % Br O R R AN OB R AR D HND, Br 2L 352 & THOIDK R FHEEE (HOBr) 13, #kx
RAE L EMERRALSOR B IR FLSOGE LT, BLEafEH OB R ERICEN T KE R AL 720155, 22T
AT, BLINZENT O D77 A T )VEFIA LR Br O & fi{bE L TORBZEEELE, BILOKE LT
DBAFITAE B LT, O3 &7 7 A /37 VELTRIAWIZIE AT 5Z87C, S — A mFE - Al R ORIz E b 79
O3 DFBEFHEHEITINZ, K — RS TO OH OIRMEIZEHROW R O3 & OH OHEfSEE O INIE R 3% OH DA AL
IMEESND, SHIZ, 03 77 AL 3T IVEE AT HIFAANIZ Br £721% Cl%ED a4 N E 584 Tk, 03
EDRIGIZED HOBr S0k it S 72 & AV D A BRI X DIARNER L 1 DS 72510 ENRFCED,

FOGRE DS 298 K IZHUNT, dopt 25 50 pm D O3 7 742 737 )L ZRifiE K £ 1344 2ok I BRI L2354,
B KD O3, OH+, Br A% VEEEA & T 2 CORIERFETEPERRNR AL (Cos) 1344 ZRHUKITHAIERTHZEN
FERBSHT-, ALK D Cos DR B ZRFET D202, WK P OTEE 5 15y Téhd MgCly, CaCly, NaCl,
KCl F7213 NaBr KIAHKIZ O3 7 7 A2 3T )V idifgifiia Uiz, £ ORGSR, NaBr /KT O Cos 73 NaBr SO A&
TR HERBAFE TR U722 8mnh, HRAHN D Br OESERIZR BRIV UGS IZ R D Br A3 DA A S W FH P I
LD EEbTobT ZENABI LT, 22T, Brdbfr FIZHITD 03 KUEDOBMI LR R A MR T D701, dow 5
50 F721F 2,000 pm @ Os K@% NaBr KIEHRICHHE LT GI281T 5 Cos ZELERLIZAE R, KIBOMHMEIZED 720
Br OILAFICED Cos DHEMMMEVTEE L7272, IBIT, O3 77 A N T NS FIZHITS Br O3 a2 s Ei o sat
T B2, FIH NaBr J2 ((Crapo)o) & 0.0 — 5.0 mmol/L DFFH TEALSBT24E R, (Crapo)o DI EG 22\ R EFETE
PEFEO WA G I LY Cos DEFAE (Cos™) DMERT2H RAST-, FIkDOEREY, O3 77 A TG Tk
1% Bro#EFEIZED Cos DI RDIAILA D D RAEHEI RIE T HEEZRGEET 572012, REHRAFED—DOTH
BAFL T — (MB) DAFRIZ O3 77 A2 3T VAR E NaBr WSz E M L7-, MB OFJEEESY 0.5 mmol/L —ET
(Crnapr)o % 0.0 — 5.0 mmol/L O#iPH TEALSBTZHE, MB O — R /) iR B T E AN (Crap)o DHINMNT EH 729 Cos™ DHIK
IZEo TR T DT EEMER LTz, AU, O3 77 AL ST IHRIZ IS Br A5 VERO A BRI K 35 2R S D,
SHIT, MB ZHARIVEES R AL AEMEL T, O3 EORUSHEICZ LWE—2 ) —T7 % )— /L (TBA) &R, 0 7
TA L ST IS T2 361 % Br OIAFIT LD EE S R B 1 R OIRERN R AR E L 7=, TBA DA% 6.0 mmol/L,
(Cnabr)o 23 0.0 — 5.0 mmol/L @ NaBr/TBA /KEHEIZ O3 7 7 A /37 W Zdifge s LT A, TBA @ 0 IR 53 fifdk 4 e 44
(krea) 13 Cos™ 73 0.54 mmol/L ((Cnapr)o 23 1.0 mmol/L) THRREZ R LTz, 22T, 4 Br A%V BEOFHE (HOBr B LR
FEAA L (BrOs)) & TBA EDFUSHEARER T D121, 03 77 A T VAR LN RIZIUVT, NaBr, NaBrO,
NaBrO; OIRIZE-ST TBA %43 LT-, ZOfER, TBA XL 1D @Y HOBt/BrO (Z&-> TS5 43, BrOy ©
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IRIFEAEDRSNIRNZENIAS L7272, LTZA3> T, NaBr/TBA KIFIFIZ O3 77 A TNV AT 5RICE N
T, krpa DMK AEZ R T EREIE, O3 £7213 OHIZ LD Br O FIZ B LS OHETTIZ LD, BR(L 71D =\ HOBr/BrO 73
FEb ) DR BrOs | TS V- Z BT R T2 LR S iz, L7223oC, Br 3 EFT 2K A~D O; 77 A7
TV NI DA RIS TD OHAERL, BEOVEIUCED 72D HOBr/BrO DA BRIES, AHbAW Doyl

IR THLZEEABNIT LT,

1.%#%

R T e A E L LT K PR E A TR TR OFR A F
R AT DOREFTIX, WK EITBRE 7 o 2058k
HENDHEHITIATET D Br O R AR OBF 2R
HHND, —%IZ, Br BliEA— 7 — CTlIsEHEe E T o
JE DN FKIRIEREHEK (DA K) 735 Br B2 5lEL T
Wb, LU, FERIICIIK BRSO EER Felicd
729 Br JFEIO AFRIENRINL T2 &0 5D 1, £
D=8, MER FIIFIT R KICHFAET DEMRZDHIEL T
O KN ORFBEE T HEMOBFRE N BB LI T
Wb, —J7, EEEREC DI TODIRDE T, HEkD
5 Br 255 HIEN LR ER > TS, S5IZ, ENORLE
7 a ATIEAEMK 130 770 NaCl AFEIZEL 720
30 ThroFEHEPEHLTRY, v~ %
PPN
Ky Z W LE~AIRPEFEL CTD 39, [ENEHFIH T
CIX, NaClOEARIZ IV RIEL T2 Cly T A% H A~k
TIAT Z L TIRTERALMIA A Brafe{bl, A7 2% Br,
TR 2L Tor M- B TVD, Br (3RS, &
SR, BRI Y DT 7 AL VBB N T
AT R72IE38EL T, 4 B L A 5 O T A BN
L CTW5, $£72, Br 2t T 52 THROLNDIRELE
F W (HBrO) |2k #iHE F 2 (HCIO) L[FIARIZ, Bk x 72
AL A AL OGS B L O R BRI E AL LT, &
FERSCRHE BRI EN -85 7201585, K5I, HBrO
% BrOAA I EWEg k12 AL, Br I Cl 1T~ T
pKa 232 EDD, FIAY RO KRR pH BR 5 T Tk
DOEAITHE TS, LvL, Br OAFVERIZITERLE AW
(ZEVER 2 RIEREDFAEL,, B THE CRR{L J170 & D FeME
NEIRDHIZ 9, FRIZIS U TO Br OFEH 7%
{ERTCHEA T L7025,

ZTARMIIE T, B LB AY > (05) D7 7
AT IVERIR LT Br O be LT R HehlE,

DALR A EGE TR S o e HE T,

BLOVKEFLEAMT ORI IE B U, — %I, [ia%
Wb 2L, DR — K RO KIZELROMER
& OSSR OAEHE, 1)1 IO EL 72 RIA DT
MR EER OB, i) KIA DA DR EHENMICLDR — K
K COMAERNZETOND, FHRELT, Ml
— RS D R RIS £ 2 & TR — 1R —
IRATRABFAAAIRLS AL, RIADR BN FEIC IR —
WA AU R e miR 2 LR OS & L
TR FNE T A5ZENTES 10, LIz3>T, 0%
Ty AT N ELTRHNIZEANTHIET, [ —R
TS - SRR FER ORI LB 729 O3 OVEFREEZIN
2, R E COR R ERBE) - FUSBGI R
3% OH-ZDMFEFIEMRED LR AMEtESND, &HIZ,
O3 77 AL NT )VEE NTHIRAANIC Cl F721% Br 0
NAT AT AFET DA T, O3 EDRISIZED Cl
7213 Br OAFVEEOERIZLDERANEE L) DB
L B HIfFTES,

AFETlE, SRR A S ERVKFTO 03
LIADORHME IR NER L ) DFRIEE L CO 2l KT
TEMERLR B IZ T B iR L7221, O3 77 A
TV BRI UG LT A O R SR FETEYEFE D A Bl
ZEHELT-, 512, SALY - AL s g3 2 KRR
LA STARR (dow) 238722 O3 KIAZMAETHRITIHBNT,
BOEBIONREZZLS VTG ITEONL RS
FRTE MEARR B 36 L ONRARIME D ZA L DA VRO A B,
DSRFAN DAL TN AE T RBIZ OV TRRRIL, A%
RO A RS e Sy SR R O 3 R B LT ST 5 BRI
DV THRETLIZAERIZ DWW TR~ D,

2. RBREERLVAE
2.1 BEBKOFR

- 60 -



i /K 1, NaCl, MgCl,+ 6H,0, CaCly, KCI, NaBr
FRIEA VT EE S oy O TR L7, BEamAKH o
FIEDOYIIELE ((Cs)o) % Table 1 12/~
2.2 EREE

HEE O % Fig. 1 (273, DBD [ igs (BEfnsR 5
AT BB 1T Oy HAZENWE (Fop) A3 2.79 mmol/(L-
min) CHEKEL, 220 2 WREEE 7.2 kV (1 REE (E1) 1% 80
V) TORMEIZIVREE FT 03 AERSE -, RARE
800 m/ & L7256 DIRASFEILIED O Hfa B/ IH (Fos)
1% 0.14 mmol/(L-min) TdHD, dpp 73 50 pm D O3 771
PRI IVOFEANTIEHE (3,000 min!) TAELLAFEELA T
—DOFIW &R L7 B A2 (Tech Ind, ) &
7o 1012 R SER GV 2 B WIS 100 V - 100 W 72
5200 V — 750W £ CHULELE (A b B 7S ERR A ) il hE
ThHY, KRG AKE O RBUALIR 7 1 210h FEH
{EEITUNND, dyp 28 800 F721F 2,000 um D 05 KA,
40-50 FE721F 100 - 120 pm DKL E A T D0y 8l
FAEREHWTRAESE ., 2O, IAHOHEEIZIT 4
KOPR O L% (AR EE X 800 min) Z VM, dow D
BEILT P~ A7nAa—7 (VH-5000, Keyence, Co.,
Japan) £7213L — Y — B - BEL SR Al E 2L E
(LA-920, Horiba, Ltd., Japan) & I\ » T{T577,

2. 3 EERIRME
2. 3.1 KADO;KADWMILEBEANKERNELIL S
[TRIFTHE

O3 KUEOMI L IR A & F22\ A OER L 11 K
T EA R T DT, IKIEIRIREE (Ts) 235 298 K DA
A AZHEIK 800 mL 1T dopi 23 50 — 2,000 um D O3 K ia %

Table 1 Composition of each salt in the modified seawater

Solute NaCl MgCl, CacCl, KCI
(Cs)o [mol/l] 0.50 0.05 0.01 0.01

NaBr
0.001

120 min JEAEHEAG L7z, WA PN 0D 42 35 Fl i P A i i
(Cos) 1, bttt Os BEERT (0527, R HEYLE) CHRIEL
7o 2T, HARAIE (DPD) KBS O3 DHRLTTUH
b, AN DAV IREDRIGIZE > TH AT H720
B O BEEFH THEOLND O3 IREENT Cos EA70E D,
2. 3. 2 EHEBEKADOK/BDWMILEAINKEA
BIENHIRITTEE

SO & e /K COREFEFRIEMEFED £ RN
FAPNERIE N KT T BB AT D720, TsH3 298K D
FEFEE /K 800 mL (2 diwt 23 50 pum D O3 7 7 A2 /N T )L %
120 min EfEHHAL 72, F7o, BEREKIZISTD Cos DI
DR ZARFES D701, MIHADHRE (Cs)o) 23 0.0 -
5.0 mmol/L @ MgCl,, CaCl,, NaBr, NaCl, KCI /KiA#IZ
KL TH, ZNEI O3 77 AT VO EToT,
Cos DREILATHEEFEE TH D, £7o, IFHRND 1T
AF L FRORR L ZFEN AR T D721, CIEB L Brik
FEDOREEAA L 7a~< T T7 0— (IC; BEEREAT )
EIZRV 7T,
2. 3. 3 BrEFETTOO 77/ /\T LRI HAHREA

DL AIZRIFTEE

Br 47 N T O3 Kl DI LI Z DA N ERL
T8 N RA TR T D101, Ts A3 298K C, NaBr 4]
TR ((Crapr)o) 73 0.0 - 5.0 mmol/L @ NaBr /KIFIFIZ dibi
23 50 F721% 2000 pm D O3 77 A2 737 )% 120 min
fettAa L7z, Cos DHIEIIATHEEFEIME THD,
Gas flow meter
DBD reactor
3 Power supply
é Ozone monitor
S Motor
© Fine bubble generator
7 Reaction vessel
8 Distributor
9 Mixer
10 Thermostat bath
1) Thermocouple

12 pH/EC/ORP meter
1 Gas exit

W

Fig. 1 Semi-batch type reactor equipped with O3 fine bubble generator
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2.3.4 BrEFTFTTDO 774U NTILILIAIZ L BK

HEBIEHDOREABRIEEMD N EIZRIF
=E
Br A7 FTO Cos DEENMZEDHHILE W /3RO
WEZRRRES D720, 03 77 A T AMHG T TAF L
7 N—(MB) £721% tert-7 F VT va— L (TBA) D55 fi
ZATo72, MB IZRERRBFED—DTHY, OH-72ED
FUHNAEIZ T T O3 EORIGHREWEBILE D
—HlELTRIRLT7-, —F, TBA 1E O3 EOKISIEIZZL
WS RIS L B E L GRIE LT, Ts 23 298 K, FIE
JE ((Cxaze)o) 23 0.0 - 5.0 mmol/L ¢ NaBr /KA 800 mL
(2 dop 23 50 pm D O3 7 7 A2 3T VA G T 5%
BT, O3 77 AT VOG> 60 min (2
MB F7213 TBA ZIRINL, 3 ffifEa1T 72, MB B LY
TBA DR (Cvp)o BEON(Crea)) 1%, ZHLZE41 10.0
FBLW 6.0 mmol/L TH5D, 53R+ MB % (Cwp) 13,
WY R (UV-mini 1240, & BRERTHERY 2 W C
HIE LT, HER T 664 nm THD, TBA JEEE (Crsa)
&, mEEIA 7 a~ 57— (HPLC: A NiNAT 7% A
T A IO RIE L,

3. BRBIUVER
3. 1 KADOFADMMILBANFRHENEILAIZR
FTEE
05 KIBOBHILE A Z LD NI L S~ 8%
e T 5728, Fos 5 0.014 mmol/(L-min)C dywy 73 50 —
2,000 um @D O3 ZJa% Ts 13 293 K DA AL AZ WK Z Hife
B LT, Cos DEFEIZELE Fig. 2 17T, WD din

[ZBNTH, O3 KIAHHRIZEL 72D Cos DHEMAGHERES L,

t 75 60 min LARE CIRIE—E L2072, IHIZ, doy DI
WZEB72UN Cos DIGINDBHZEL72Y, dyy % 2,000 um 25
50 um (b EHEDHE Cos D—EME (Cos™) D3I 1.3 £i51
EmEST,

—fRIZ, dopi 23 10 pm OKIEO BAL ZARFE R ED £
HEAZR T 5L, 1,000 pm OSIIZEEA 100 fEHTHEK
T5, &HIZ, Young-Laplace 2V, 10 um OKIEDONER
JENFEIAE P L 2.9x10% Pa B IN9-52 L35,
Z OB, KA O E BB T T CEDLE
L7356 Tk, KB 0 BALR R EEOIRME ~OMER
FhEIE dow % 1,000 um 25 10 pm TR SEHZLET

0.4

. Obpi [ym]
,,,,, Cos" 4 po.nlO so
— 03 75'300% O 800
s |4 o2 R a o H|L 2000
E 02 = &
8 . a °
O Od
0.1 O ﬁﬁ
o. &
Qﬁ
0.0 /¥ -
0 30 60 90
t, [min]

Fig. 2 Time changes in Cos at various dpy values (in ion-

exchanged water)

6x10* IR T 5, £z, KHFIZHBITH 10 pm OKIED
# BT 1,000 pm OKIAD 1.7 x 10 43D 1 FTHD
L, HA7% ERREESEO W BB B 03 1.0 x 103 {5 £ THY
g2 SB319, L7235 7TC, dyw OEAIZELIRIEFAND
fip SETEIE VAR S OBINNE O3 DWE R E) - ARG D
TRIEICE R D EHEZR S ND, LT 2T, O3 KT OHH
BIT LT, ZKITHRE DER L DS FLHZ B Y O3 DESfR DY
RIESNIZZEaRIR T 5, IHIZ, [ARRHE TO OH O
ZFNS UM A EHOE\b AR T 272012, s
KEEHE pH, 7205, Biesd OHREE (Con) 2 H 957K
R COT 7 AT VORI EMZFHILTZ 19, pH
23 6.0 = 10.0 (Con 1% 1.0 x 1078 - 1.0 x 107*) DKIAE I
ST T 7 AN T N DY —Z BN A TS TR K
LA O TIIELEAER, don 23 10 - 30 pum D7 7142
NI NDE—=FENIL, WTHHADEZRL, B—4%
NEDHERIEDS Cowr DHENMIEGZRNE KT B LA HeRR
L7z, EH1Z, @6 17(2005) 1X pHIZX T 57 7 A /37 )L
DOE—HBNDOFEDOEACEBEL, 77 A 3TV D
BOBEITT—IKFETO OH DRFEA) 35 LK
THIELERELTND, THOHIRIL, 77 A7 v
DR T T, OH OIRMEIC XD RFTIZ: OH
DEREFEIRPEC TNBILERIRT 5, £z, KIZHE
LTz Os1F, O3 & OH EDRGNZ L > TSN D T H
TV SH PRI 2> TS dL, BesAMETE ' (OHe,
ER AL R TV 7L (O0H:), BLOA—/—F %
RTAN(0r7) 72 E) BT HZERHBILTND 1822,
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03 & OH W 5455 H VGBS R D — oD W 25
I T Dm0 Tho 1822,
03+O0H — Oy + +HOy 70 L/(moles) ()
HOz» «— H" + Oy pK,=4.8 2)
Or* + 0; 505+ + 0, 1.6x10° L(molss) (3)
O3+ 4+ H" — HOse 5x10' L/(moles)  (4)
HOs;»— OHe + O 1.4x105 L/(molss)  (5)

(1) - G)RITBITDROSHE EHLY, 55 E= T+
MRS R COWRIE 03 7350 OHAE B O ALH B P
& OH R DBHAAE (70 Li(moles)) & R7p 92N TE
Do ZDT2D, O3 BRI L T2 /KIEIR D pH ZEIINSH7-55
A, 03 & OH D BRAAREIMERESHL, OHeD A i
PHERTD 2, EROFRLY, 774 /3T L OKHS
TR S LD BT H7: OH O iR EESEIR Tl %
fifL7= O3 & OH DB B3I 22T OHD/E
RAMEESIN D EHEERSIND, L2035 T, KA~D 03 5
DOWABLE AL, O3 DEFRIEEIZINZ, K — 5T
D OHDAEFAREIZ L > TRABNOER{L 1 D) EEb 7
DT ZENRIBEND,
3. 2 EEEBKADOLF/ADMMILEANKIEANERL
HRIFTEE
3. 2. 1 BEEBKADOI7A NI LA FIZE TS
EBRETHRREDRHEZL

W KBTS AE R LI A B L G W O 53 FRARE R
DB%ZE BIEL, BUEEAK~D Oy 77 A\ T UG
HOWABOEE 1%, ik VW CEHEL 72, Fig. 3 a)
BLO Fig. 3 b)IZFEE 5 oy O EEE & TefREKIZ
O3 77 A T NG L7250 Cos BIRUVKER
% pH OB LA/ R, LT, A4 23k E
WG B OFERIZOWNTH R T,

DT 4, IZBNTY, BHEEKD Cos 1A 25
IKIZEEREEDZEN DD, DI, KB IO
I AZHKIZ BT D Cos U, to DHEINIELRWEER TS
BlAZETRL, #7390 min LA CIRIE —E LR o7,
KD Cos™lF, AA L ZZHAKDKI 1 AHTHIR LT, —i%
\Z, WAHNOEELE O3 RXBAE O3 MBAEMESILD OHSED
FRFEREIEMEREIL, Br, CI, CO2 2L DIAFA A FED
WIMERZ TS D) R, Bre Cl7al ol A4
X, AN TO 03 X° OHEDERLISIZ - TR ViR
EART D 0, 2SO KD, BEREKPIZRITS
DR I DZEALIE 03 2 OHEE D LB LU
VIEOERITER T HEE X HD,

*ﬁ%ﬁ@ktm 05 £721% OHelZ kD a4 D
{bZHER T DI=DIZ, WL (Crapr, Ckae) 23 5 mmol/L D
KBr & KCl DiE& k(@«ﬁz O3 77 AL /N7 Vg e
L, BrBXOCIHEE(C, i:Br, Ch) &2 A4~ hrZ
T 4—E AW TRIEL,

Solution samples
® lon-exchanged water
@ Simulated seawater

0.5 l 14
— 0.4f g000°%q_12
< 9] L 10
20_3_ 0e0®®%c00el g|eo00@ 000000000
°
£ : S
3 021 8 5 i.“"“ooooooooc
O o)
O.o. 1 1 1 0 L L L
0 30 60 90 120 0 30 60 90 120
ty [min] t, [min]
a) Cos b) Solution pH

Fig. 3 Time changes in a) Cos and b) solution pH during O3 fine bubble injection into ion-exchanged water or simulated

seawater
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Fig. 4 ([CWIREIZET 5 C(i : Br, CI) OFIE (CACi)o)
DIFERZEZ T, Cal(Cado 1T 6 IZRLTUEE—ED
82", Cord(Cor)o 13ty DYEINZ X o TR IR
L7z, ZORERIE, KR Bré CLEET 554,
O3 F721X OHLDEELIRIZE ST Br MBI HE
SN2 LBRBL CNDEE 2 HIND, RS2 (1999) 1T,
%V EEORCETCENIZB T a0, el A
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Fig. 4 Time changes in Ci/(Ci)o during Os fine bubble

injection into KBr or KCI solution
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Fig. 5 Time changes in a) Cos and b) solution pH during Os fine bubble injection into each salt solution
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Fig. 6 Relationship between the standing time and Cos
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Fig. 7 Time changes in Cos in ion-exchanged water or NaBr

solution at a dyp of 50 or 2,000 um
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Fig. 8 Time changes in a) Cos and b) solution pH during Os fine bubble injection into NaBr solution at various (Cnasr)o values
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Fig. 10 Time changes in a) Cvp and b) pH during O3 fine bubble injection at various (Cnasr)o values
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values
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Fig. 12 Time changes in a) Cys and b) pH during O; fine bubble injection at various (Cnasr)o values
.02
0020 G = 50 pm
— _ Ts =298 K
< o015 | O (Cuasr)o = 0.0 — 5.0 mmol/L
o o
© 0010 |
e .,
: O
% L T O
& 0.005 [ O
O
0.000 ' '
0.0 1.0 2.0 3.0
Cos”* [mmolA]

Fig. 13 Relationship between Cos” and krpa during O; fine bubble injection into NaBr/TBA solution at various (Cnap:)o values
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Fig. 14 Time changes in Crga in TBA solution with addition
of NaBr, NaBrO, or NaBrO; reagent
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Utilization of Bromine in Seawater by Redox Reaction with Fine Bubble Supply

and Application to Water Purification

Yoshinari Wada', Kaoru Onoue®
!College of Industrial Technology, Nihon University, *Faculty of Engineering, Chiba Institute of Technology

Summary

N To create the comprehensive utilization system of seawater resources based on the salt production process,
the utilization method of dissolved bromine (Br) in the discharge concentrated brine of salt manufactory in Japan
was developed. In this study, we focused on the production of Br oxyacid as an upgrading method for Br using O3
fine bubbles, which has a high oxidation potential, and developed a technique for water purification. When O; fine
bubbles is introduced into the liquid phase, the gas absorption of O; is accelerated by the increases in gas—liquid
interfacial area and residence time of the bubbles and the hydroxyl radical (OHe) generation is enhanced by the
increase in contact probability between the dissolved O3 and accumulated OH™ at the minute gas—liquid interfaces.
Moreover, when Os fine bubbles are supplied into a liquid phase with coexisting CI” or Br~ as halogen ions, further
improvement in oxidation potential in the liquid phase can be expected by the acceleration of the Br oxyacid
generation with OHe.

In the case where Os fine bubbles with an average diameter of 50 um were continuously supplied into the
simulated seawater or ion-exchanged water, the concentration of active oxygen species (Cos) in the simulated
seawater increased to 1.4 times greater than that in the ion-exchanged water. Additionally, when O3 fine bubbles
were fed into a solution of NaCl, MgCl,, CaCl,, KCl, or NaBr to condirm the factor of Cos increment, the tendency
of Cos to increase with the bubble injection time in the NaBr solution was more pronounced than those in the ion-
exchanged water and other salt solutions, because oxyacids of Br such as HOBr/BrO™ were generated by the selective
oxidation of Br~ during the O; fine bubble injection into the NaBr solution.

Further, to evaluate the effects of the Br~ concentration on the degradation of methylene blue (MB) as an organic
compound, MB was degraded by O; fine bubble injection into NaBr/MB solutions with different initial NaBr
concentrations ((Cnagr)o). The formation of Br oxyacids owing to the acceleration of the reaction between OHe and
Br~ during the O3 fine bubble injection led to an enhancement in MB degradation. Furthermore, the degradation
of tert-butyl alcohol (TBA) by Os fine bubble injection at different (Cnasr)o values was carried out. Consequently,
the rate constant of TBA degradation exhibited a maximum value at Cos of 0.54 mmol/L because of the conversion
of HOB1/BrO™ with higher oxidation potential to BrOs;~ with lower oxidation potential caused by the excess oxidation
of Br. Hence, the generation of HOBr/BrO~ with Os fine bubble injection and bromide addition is effective for

achieving enhanced degradation of refractory organic compounds.
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EHZHEVHZENRBIND, LT2o T, S HRITRIER
DA — VT T ZATV, LR O HIRE T ICR
T KCl OFRFE T OBEZEATV, SLERFTEE) ) D%
(LD REE DR AR E (252 D B iR+ DI N E
FWLEZ TND,

ARG EIT D2 LTRSS, Y LE AR (KCI
BLO NaCl D3Lfhk) 72134 —F 71+ (KCl, MgCl,
BEO H0 BB ) IR DZERHESN TS 9,
KCI, NaCl }z O MgCl, * 6H,0 DFAfRFE L1 E OREfR A X
10 1T %, ZoMAk0, 300 K BT Tl KCIl Oy
ER BRI END, K THREFTHILT, BHED
KCI Z[EL CELZENRIBIND, 2T, AL THD
ATftidh &, TN A MK TR LT dh DRl A2 XRD T
1777

X 11 (@QIZBWTC, W EGB AT LI TELND ISR
1% KCI BX 0 NaCl DR AW CTHHZ LD MR TE T2, —
77, K11 (b))~b, VEF4 OftidnlE NaCl D [RIHTE — 2723
HIEL 727D, KCI 238 RAIZ[AIN TETND T E DR
T&ETo, TN, S EGBEITHZETHRLID AR
1% NaCl L0t KCI &L E N TODIENH LN E 2>
720 KCl DAY AR S50 ITE R OV %
fTH9E&IT NaCl OFTHEZE &L, YEif AWMk D
WINEZHIETHIENEETHLEBZOND, 5%,
HTH L7 SRICE 5 NaCl O &2 &L, MiKkOEsin
BAMRGTHMEND D, NaCl % B H 4 BROE 22 758
(FAZTH7utR) TRINTEHKEFIHAL, KCl DRI
B EITDIENREEE 2D,
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= ®
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[ 10 KCI, NaCl #3L 0% MgCl,+6H,0 DyafiE i %

_(a) before purification | | () After purification
v KClI | |
= ¥ NaCl | =] ]
A ¢ £
L \ v v v - L 4
L w ] L 4
‘—L"‘-w—ﬁ' —-'I\-—JIL aAay hl_._ ——ﬂ—JL——JL P' sl L
20 30 40 50 60 70 20 30 40 50 60 70
26/CuKa [degree] 26/CuKa [degree]

X 11 5 OWEIENT TELIZRE RO XRD 234 —> (KCI: JCPDS No. 41-1476, NaCl: JCPDS No. 05-0628)
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3. 2. Mg(OH), #& &
3.2 1. EBAE

JEEHZ W K 5 13 A DA 3k st i
HEL CTTHW, 72, EAIE L THWZ NaOH (>
97 %), Ca(OH), (> 96 %) LT KOH (> 85 %) ILBH
bt R DR A L7z,

IOIZ, i K &+ O IR E OB EAT> T2, Tk,

il K 3527858, AT LR OB &AWL K
EHOERDON K B0 EELZE L, $7-,

RO 13361 — N E I KB K &R Mg® B LY
Ca” 'l &R 1=, FEBED 723012 N Tk (LR RR
X &4HH ARINE ART SF-1 [ ZHTE Dtk ANz CHHHL)
[ZOWTHRBRD FIETREZ RD T, TOREE, 21
Oy FE TN THEKITH) 3.5 W% THY, il K 35 135K 46
W% CdhoTo, 2D, il KI5 O I X A\ T
IKOF 13 FHRNESILCWOBIENHALN RS T, Tz,

EDTA /KIFICEAETROTZ M LI, A T
K 750.98 glkg, i K #7175 39 glkg THY, £ 40 ££, Ca?*
PRI, ALK 0.34 g/kg, i K 574 20 g/lkg THY, £
59 fFDIRE T T,

RIGRERUVE K ZitDREDEWNCESERY DT
fili

i K ISRk 2 N2 Tt K 5 O FE A 2 bS8
7ol I, B K & ORI T DI 230 TR Al E
WINEE DK D pH ITERL 725, FONREEZELSH 5
ZEUE, TR OEAREE > Mg(OH), DIARELZEL5
72, BUSED pH SAERMNC I EE 52 52N BE 25
b, 2T, KONREZEALSE L E D SGE DK
KD pH K OV OFHI AT -T2,

SOGRFE L 298, 323, 343 K LU, FUEHT, SOSTREE D
323, 343 K Di4#7 900 cm®, 298 K D349 1,000 cm®
ERL, B K S OREIIMKZRIML T 20 ~ 100
Wt% 70D KOIZFRBL T L 72, BT DR I INEE
HTHD, WEFHIEL THHRD Ca(OH), % 5.9 mmol ¥
L, 300 rpm T 4 Wfi¥REAT 570, USSR ITKEEIRD
pH ZHEL, LRI 5| ALV EI AT 7214,
333 K C 12 B[RS C5 XRD IZ LA FR EZFT-
77
SEERFEIDEWZ K DE R DT

200 cm® D K #9112 10 mmol @ NaOH %713 KOH,

5 mmol ¢ Ca(OH), & [EAR TN LIz EITHFLN DAL
MOELB LD pH OEAbAfERE LTz, ROSIREE X 295 +
1 KELT, USRI 1 F721% 5 B LT, &4
1% 403 K T 12 FEERZHRSE 7212, XRD ICLAHMFEE
Ko OV AP0 28 1~ WA (SEM) IC L D i i Ttk o Bl 22 %
1T 572, NaOH Z L AN T IRFL L, SRS DT LD
AR DRGSR O ZA LR LT,
ERREIDEEDEVCLDERYDOIERIREL

TEEEAE| DR 278 2 52 L1E, Mg(OH), WA T D
DOIBEFI AL T D720, LRI BE 5252 L
WE R B, LIEAI DR E DR B L MR T D201,
T 2 [E R CHIN 5 L0 KB CHRIMLTZ 0523,
JRFTENZ RIS R D pH Z il 52 &3 T& D, 22T, Ik
JEFN D FE DI LD AR DMERAAT T2, fEHL
7= NaOH /KI&ik DIEFEIE 1.25, 2.5, 5.0 M &L, 200 cm®
DOt K #9112 8 cm® 0 NaOH A ¥R T 5 B FU 44T
U, I A T TR A T o TS R OFE
K% SEM CTRIZRLZ,
3.2. 2. IRHER
RIGRERUE K EHADREEDEWNICISERYDEE
fifi

AR LA IT D UG D/KEEIR D pH [ 12 12
T, BUSIRFED BRI DI TS DK D
pH (HE F 4220 R T& 7z, ZHUE, BUSTEE D%
WZEBKRDE BT ER Y RE WOZEER Mg(OH),
DVEFRE DAL LT-Z2128D, Mg(OH), 245 pH
DEALLTZ 2D EZ 2 DD, ERMZ W 5| Az L[E]
L7 E 08T 2K 13 1R, LRI Ca(OH), & H
WG, BOIR DR LD HERR T &7z, Ca(OH), Dy fiRH
FEIXIEELS, By R CHRINT 5L Ca(OH), Dt 3% 1 R AT
M pH MBS TWDIERBZLND, TDT=D,
Mg? % & Tp KIS 1T Ca(OH), Z IR T 2L HE BT
Mg(OH), % Ca(OH), DFEMEIIHTHIL TLEY, ARk
ElRiciesT=B 205, T, Bl K E OFEE 28
SHDHZETRIGED pH 1ZELRDIENHERTET,
NaOH Z AN e Reb BRI LTl b7 oz, — 77,
B IRE K OSKLAR 228 2 T W IS AR 7= AL Rk D XRD 734
— >} ¥ Mg(OH),, CaCOs, Ca(OH), ™ XRD /% —> %
14 1277,
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10 20 30 40 50 60 70 10 20 30 40 50 ~80 70
26/CuKa[degree] 26/CuKa[degree]

B 14 KGR 3 JOMERR A ZE 2 7o L& DR D XRD 734 —(Mg(OH),: JCPDS No. 07-0239, CaCOs: JCPDS No.
05-0586, Ca(OH),:JCPDS No. 04-0733)
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F517 XRD 732 —2 0%, AR Mg(OH), THHZ
PR TE T, F72, £27TD XRD /3% —27)5 Ca(OH),

DEHTE =72 STz, BOSRED 333 K LA LI,

20 =29.2° ITHHENT-E—21E CaCO; ThDHEEZD
15, CaCOz DIKIZKE T DI ML I RIRE DN <72 D12
NTIER T TDIENLINTND, EDT=0D, MISIREA
R EFTEZET CaCOs MIHTHILTZEB 2 HiD, IHIT,
CO, ITKIRIKF D pH BEAL$ 52T HCOY /21X
COZ LB ENIE SN TEIY, COLIIKRIEED pH 73
75 HEDIFET D, 37005, MIGIRED 343 K LA L
DO K 7 OB EE S 61 WivLd D SAELIAMT CO”
DEFLCNDEEZ ZBHD, T D78, CaCO; DR A%
PHIL, BOSIREE K O K 35 OALR A ZE b EOKEE
RO pH ZHIHI45Z21%, Mg(OH), Z &R A1
THENTELEHERIL 72,
SEBRFIDEWNCEDERINEL

BB % =AW D XRD 734 — %K) 15 (TR
. BUSIISOSEOKRED pH btz Iy, &
TOREFAIT Mg(OH), DA HER T&7=, £7-,
NaOH Z¥RIIL7-L=1% NaCl @, KOH ZEnLi-exi%
KCI DRIFTE —27 BB RS, B K 5T
NaCl :5L T KCI (T fnfRE Ll EITEFL T3, Ca
X EAFNIRE DL BRI L QDDA B 2o T2,

VLB DEEV NIV AER N LIZLE A BND, Tz,

BOGH O pH XSRS 1 BRI OFET NaOH >
Ca(OH), > KOH &720, 5 I DIRfL NaOH = KOH >
Ca(OH), L ER DFERTHY, IS HEDKIERRD pH Xk
RN EIEZ D ETRIND I ENHER T T, LA DF
HEZJRATIC pH 23 E<7e>TWnBEB 2B, TREHID
T Mg(OH), IFERTHZEHERIS LD, ZDFERR
TIEEHREAT > TBO T, TREFAI D T Mg(OH), 234
FLT=ET D8, IRBHI O fFRIT R D EZ 2 bD, £
DT, WIEHNZ LR fH EE AR 725 D TRISHE DK
TR D pH XL LT EHERIL 72,

FOGKER % 5 Rl e L7= 12, NaOH Z R THsnL
TR AR B L OZ DA R A i L TG s o
SEM %% H 16 (-7, 1570k sl OVES &1 TO RIS
77 i R Ot i\ BRI DEEEEAR M8 L COD D03 e
AU, ST ROFERIE NaCl, Bk dEREARIT Mg(OH),
ThoEHEREND, —F, HEEITHIZET, SLH R

i el 2 OVBRIR D BEER IR 1 3 RE TE72<720, BUIR DR b
DEIRICHEREL QO DT SRR C& o, YR A TOZ L
(20, BEFEITORNCHT L T NaCl ik i
THEZEZOLND, DI, FEIRORE T Mg(OH), Téh
HEHERISN, e a1 TOZ82ED Mg(OH), Dbk
WELIZEE 2T,
EBEIDEEDEVCLDERYOIERIIKEL

NaOH D 22 b SE 7= L E D AR D SEM it &
17 \RT, WERAIOREEZIEZ HZET, fhsnRix
SRIRAEIE, N7 S, BIREE L ELTDTE DR
T&72, NaOH DR 73 1.25 M ORI EHIRAEE O S A3
R TE, ZOLEDOREMITED Mg HE (Mg,(OH);Cl-
4H,0) THHZENEZBND ), £7-, 25 M ? NaOH /K
FERA IS U T L3R T7 SR O d D3RR STz, &
R DR SR TIR DAL LT= D1, JLEEAI OB E A bic X
2t i b B OV i R R R OB N B h 5 2 7= &
EZOND, —J7, FUSHOKEEED pH 1%, T ()
7.55, (b) 7.55, (c) 7.71 TH 7=, 5.0 M NaOH /KIEi & ¥
INUT2EED I, BOEHEDIKEERRD pH 13O SELDE
<7z olz,

4. %5

AR LT, mEIEAATIZE D KCI ORI &N
Z B ELT R R T o7, KITH L CEfEPED = KCI
1%, FEHRIZL > T Contact nucleation (2355 St HH 233
BlrEE %, FEBRCITH P NIC T D BB DX B
BAaIEZ, WERATEE) ) A HI#ET 2528, KCl ORI &
\ZEDIDRAZENTLHDMREEAT T2, T DORER, fiibh
O HIRE DO LB\, BT B 288004
HZ LTI RV EIR T 52 E0 nhoTe, Z
AU, FEFRATEE) ) OB Ao T 3 B s #Em
LIzZ LIRRT 2B 20D, LIch o C, Sk 2
HEBINSEHZEIZED KCl OF 2 EHICH S,
FOER T KCl OfE R BFONDZEN DT,

WAZ, PEHRFTEEE) ) OE M2 & D KCI D[R] B % ik
Lic, EORER, HEPEATIRo7REX, RIPEITH2h >
7oL Ex X0t KCI OEILEDK 2 {5 IMLT, —F5, AR5
WA %% KCl ORILEOENE, FBERIZE S
THEFRATEE) ) 258N, KCl ORI, —
5, FER ORIV T, 2 ek 4 feChbmeL L2
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NaOH lhour | | Ca(OH), I hour KOH ‘1 hour
—_ : - —— P T S — L S
I~ 5hours | 3. Shours | 5 hours
z pH =7.56 'g pH =17.26 il pH=17.56
£ | E =
—— s es S S ] N B
I NaCl NaCl I K
- i I n ' I — ! ey m
| | Mg(?H)z Mg(OH), | Me©H):,
1 I i | "I [ PR DN [N TN | S N - L i I N
10 20 30 40 50 60 70
00 32065(‘1.1‘]?(1 [dggree]ﬁo oo 20 %%.-’Cu%ﬂ [dggoTee] o 26/CuKa [degree]

B 15 1EEF| &L T NaOH, Ca(OH), LT KOH AL 723550 XRD /34—

e | ) 1M

<

S um

X 17 B722¥EE D NaOH K HA R L7z 5 0 SEM it

((@): 1.25 M, (b): 2.5 M, (c): 5.0 M)

5, EDOFENTIEN ST,

WIZ, i K 357758 Mg(OH), Oft S & a5 7 at
ADFEGNZ T TR E AT o T2, ARFFETHNTLIZME K
W O IR 13K 46 W% THY, #EKDK) 13 15T
T, Mg?EFE 13 39 glkg THY, HEK DK 40 ££, Ca?*
TREEIE 20 glkg THY, HEKDKT 59 [ ORE Th-oT-,

Mg(OH), fiti it Z AT HHESEDITIZKIAIE D pH 3EETH
%o it K # R E MK CHINT DL TR EAFIFEL,
pH 1 NaOH Z¥IN4 52 CRIFOREEIT-T2, D
FER, B K S5 O FE @< IRDIZ 2T, KIEIRD pH
FEHIC—EE o7, ZHUE, KR D Mg e
BN 72221280, Mg(OH), DORALEREE AHIINL =728
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LHERIS D, — 7, Bl K 35 ORERRAD T 51250
T, BISEDOKIERD pH KL 7207, SRRSO
TORET, IRENEBNERILHED pH 1T LT, S5
(2, BOSIREL I JOWE K &1 DA 2 bS5 2L T,
CaCO; OHFHZMHIL, Mg(OH), 2SEIRANICILET 5
TEDTRENT,

WA DIFENIZE D8 81T, NaOH, KOH B L
Ca(OH), IZ > W THFI Lz, WTFh oAl T
Mg(OH), D il A R XA 7243, NaOH Zfili L 7= L &%
NaCl DA LAY, KOH Z# F L7 & & 13 KCI D A 23 e
STz, ZHUE, KR T NaCl & O KCI AN 2 L
FICEFL Tl EE 265, £, A SEM
R X, E R A K CHeE T DRI T G R OFG i

(ZERIR DREER BRI NTZY, PEiE % MO S8
JERITHEREL TN D ZE D RSV, MK CUEH3 52
LIZED, S ERR D NaCl DEMEERES I, BOROFE
1% Mg(OH), 23~ 7= EHERIL 7=, ¥RAINL 7= NaOH /KIRiK
DIREE TS EHT L :;DEW%@F%%% IIZAEL,
REEDS 2.5 M DRI 7 b R DRt b MBS V2728
NaOH Z LA VT Mg(OH)z AT DI iwﬁ:ﬁ-&
OIS WAL BK L7 DT LML E e ST,

5. §&NDRE
1. KCl O#ES

EHEFEEIE LT, MEIETICED KCl ORI SIS
(AT TR R 2T o 7o, SRR 2 Wi [l 228
(ZEOEN RO ERSEIREE D, ABFETIENARE 1L
DS RIEE CTEREIT 720, SO — LTy
TEATOCA R E LU TR ES M ORTI N E END,
2. Mg(OH), D#ES

AV 2335 2 SRS L C, Mg(OH), DRI 7 rt 2
MG AT 7o 21T o7, Mg(OH), Z[ElI§~ 5L & D
BURORBETHS, R REINT 5720 D HIEITRE
TERDSTED, WA OFHCRELZ B ST 54
FOAERRIRAE A DRGSR DN IR DT L T80
T&T,

B A VT B3 &N TR ZRASE T, By L5
T OYRE A LA ST KEIRIZ NaOH % LRI NG D7k
WROREZE 18 ([T, 7L @ns T 7 IL(f)
(2R DI DIVTH A VD N EH OYREE RS EEAINL THY,

YT NAQ)DESIINTHEK, T NR)DEEIFHAIY
LEIHBHNBI TS, i RELT, BAVY LT O
TR MRS A2 DIEE KIRE LD AL CTODO MR T
ED, ZDTEND, BiAVT L O LML IR HIFE
Mg(OH), DRI F-EFITIRELRDHZENRES LD,

— 05, BAVY DG H A A R U 72035 T2 /KEEHRIZ NaOH
ZINZ CThAKIBEK LB~ 72, Iz 72 NaOH DO¥EEE I
D0, AfoOR 15 12~ 7718Y, NaOH 2Nz 7212
NaCl & Mg(OH), 23K T HZ LRI AL TND, il
WIEDLET T ) A=A —& — Ofcki A 3
R CTEDHENHTEFHLREN W25, E D70, BIE
1% NaOH 72 D KITseh U T i B o LB A & i Y
VAN HZ KD, A —4—D Mg(OH),
AL, BT D2 ENTEHEHER L THFEZED T
Do

. AR
vL"(e)‘_“

18 #efEDFRILDBA VY LGETHT NaOH [E A2 #nL
7% DK OB T

((a): 0 vol9%, (b): 20vol %, (c): 40 vol%, (d): 60 vol%, (e):
80 vol%, (f): 100 vol%)

HEE

AHFFENL, BT 0y = 7 Mg E L CFak 29 L
D 3 AER, ARSIEIE AV VR YA = AWFSE R DBl
A FVITWELT, o, REBRCTHEALZE T BEID
HFEWU'?A%‘H T A AR S AR AL T
TR EEL, ZICEKHBERLET,
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Measurements of Physical Properties, which is the Key to the Separation Process
Design and Optimization of Combined Process for an Advanced Recovery of
Unused Seawater Resources
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'Department of Applied Molecular Chemistry, College of Industrial Technology, Nihon University.
?Department of Applied Molecular Chemistry, Graduate School of Industrial Technology, Nihon University.

Summary

The aim of this research project is to develop new separation technology and processes for natural resource
acquisition using electrodialysis waste water and bittern in the salt production process as raw materials. The
sub-theme 3 of this study, a process was developed to obtain KCI in high yield from concentrated brine by cooling
crystallization.  Furthermore, another process was investigated for efficiently collecting Mg(OH), crystals from
removed K" brine by reactive crystallization.

In this study, the efficient recovery of KCI crystals by cooling crystallization using the concentrated brine
obtained as a by-product in the final step of the salt manufacturing process was investigated.  Furthermore, the
recovery of Mg(OH), crystals with high quality by reaction crystallization using removed K" brine as the next raw
material was investigated. A process was proposed for efficiently obtaining these two substances by making
minor improvements to the current salt production process.

When recovering KCI from concentrated brine by cooling crystallization, it is expected that the recovery
amount will be improved by narrowing the width of the metastable region between the saturated state and the
supersaturated state where KCI crystals precipitate. Therefore, effect of mixing was studied. And all glass
crystallization vessel with a triple-tube structure of an internal volume of 1 L was used for experiments. The
temperature of vessel can be set by a chiller unit.  As for the stirring conditions, two types of stirring blades and
one to four baffle plates were installed. The torque was measured at a stirring speed of 150 to 500 rpm, and the
required power for stirring was calculated. As a result, it was confirmed that the crystal precipitation temperature
increased as the required power for stirring increased. Precipitation of KCI crystals at high temperature and a
decrease in supercooling are considered to increase the amount of KCI recovered in a short time.

On the other hand, continuing from the past one year, investigated for efficiently collecting Mg(OH), crystals
from removed K" brine by reactive crystallization. The pH of the agueous solution is important for precipitating
Mg(OH), crystals from removed K* brine. The removed K" brine concentration was adjusted by diluting it with
water, and the pH was adjusted by adding NaOH. As a result, the pH of the aqueous solution became constant
immediately when the concentration of Mg?* in the removed K* brine was high. It is speculated that this is
because the nucleation rate of Mg(OH), increases when the Mg®* concentration in the aqueous solution is high.

The pH of the aqueous solution after the reaction decreased as the concentration of Mg®* in the removed K* brine
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decreased. The effect of the reaction temperature was that the pH decreased after the reaction when the
temperature was high. Furthermore, it was shown that CaCO; precipitation was suppressed and Mg (OH), was
selectively precipitated by changing the reaction temperature and the composition of removed K* brine. The
effects of different precipitants were investigated for NaOH, KOH and Ca(OH),. Although Mg(OH), was
confirmed in all the precipitants, product of NaCl was confirmed when NaOH was used, and product of KCI was
confirmed when KOH was used. In addition, it was found from the SEM image of the product that NaCl on the
Mg(OH), surface was dissolved and removed by washing the product with water.
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Outlook for the Future

Toshihiko Hiaki
Project Leader
Professor, Department of Applied Molecular Chemistry, College of Industrial Technology, Nihon University

Project members discussed how to incorporate the results of this research project into the current salt

manufacturing process. An overview of the process flow is shown in the Figure.
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Figure Overview of a novel process flow proposed in this research project

In the first stage of the salt manufacturing process, seawater is separated into concentrated brine and

diluted seawater (ED effluent) by electrodialysis. The ED effluent, which is discharged in large quantities,

can be used as a raw material for the production of high-purity Mg(OH), by adding alkali to the Ca and Mg

enriched water obtained from the nanofiltration membrane developed by Akamatsu et al. It has been found
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by Hiaki et al. in this research project that dilute Mg concentration solution is advantageous to obtain
Mg(OH), with high quality and large crystal size. The Ca enriched water with Mg removed as Mg(OH), is
further increased in pH by adding alkali, and Al is added to produce hydrocalumite according to Shirakawa et
al. Assuming that the annual production of NaCl in Japan is 1,300,000 t/y'-?, the amount of each substance
recovered can be estimated, 210,000 t/y of high-purity Mg(OH), and 87,000 t/y of hydrocalumite can be
produced from Ca and Mg enriched water obtained by nanofiltration.

On the other hand, bittern, which is the waste liquid after the production of NaCl through the process of
boiling down concentrated brine to crystallize salt, becomes the raw material for the following process.
KCl is obtained from the bittern by cooling crystallization. As shown by Hiaki et al., the recovery
efficiency of KCl can be improved by optimizing the mixing operation, and the bittern without K (removed
KCI bittern) contains high concentrations of Ca and Mg, which can be used as a starting material for the
studied by Shirakawa et al. and Matsumoto et al. In the study by Shirakawa et al., hydrotalcite is produced
by adding alkali and Al to the removed KCI bittern, and then hydrocalumite is produced. In the research of
Matsumoto et al., alkali is added to the removed KCI bittern and CO; is supplied by fine bubbles to produce
dolomite, which is then doped with rare earths such as Tb to synthesize phosphor materials. The Ca and Mg
emissions determined from the amount of removed KCl bittern (300,000 t/y)'? discharged after NaCl and
KCI recovery from seawater are 28,000 and 87,000 t/y, respectively. ~Assuming that the annual growth rate
of the phosphor market is 2.8%>%, the estimated demand for phosphor in 2025 will require 76,000 t/y of
dolomite, the base material for phosphor. Therefore, 76,000 t/y of dolomite can be produced from 58 % of
the removed KCl bittern, 42% (12,000 t/y for Ca and 36,500 t/y for Mg) can be used for hydrotalcite and
hydrocalumite production to increase the efficiency of the process.  The bittern without K, Mg, and Ca is
used as a raw material for Br> production. The liberation of Br» is produced by supplying Cl to removed K,
Mg, and Ca bittern. By Wada's studies, hypobromous acid is produced by supplying O; to it with fine
bubbles.

The alkali required in these processes is obtained from NaCl solution by electrolysis to NaOH. The
Cl, obtained at the same time is used for the production of hypobromous acid. The CO; required for
dolomite production is obtained from the exhaust gas of the boiler used in the evaporation process.

By incorporating the results obtained in this study into the current salt manufacturing process, new
environment-conscious and energy-saving chemical process for manufacturing new products from unused

resources is proposed.

References

1) N. Ogata, “Nigari-no-Hanashi”, Monthly Food Chemical, 20, pp.12—15 (2004) (Japanese).

2) The Salt Industry Center of Japan, “Data Book for Seawater Science and Salt Production”, The Salt
Industry Center of Japan, Tokyo (2006) (Japanese).

3) JOGMEC, “<DOE Critical Materials Strategy>-no-Jukyuuyosoku”, Mineral Resources Report, 40(6), pp.
871-890 (2011) (Japanese).

4) A. Tanaka, X. Huang, S. Kojo, “Rare-Earths Crisis and the Business Strategies of Sogo Shosha”, Annals of
the Society for Industrial Studies, Japan, 31, pp.27-39 (2016) (Japanese).

-94 -



SEEXREAHR BHHDONHALER (NO-~ -noro)  BHEN O M X PV #E U Qe K R E K S I # & &

(0]

SER JLEEFHLNRL P YvHAXKEREE



TuYxr MRS E (BT
Project Research Report (Physical Science, Engineering)

202143 H
March, 2021

NIEAFEN YV N« VoA =0 ZBFFERFH

The Salt Science Research Foundation

T106—-0032 HEHHEXARRT—-15—-14 HELL
Engyo Bldg. 7-15-14 Roppongi, Minatoku, Tokyo 106-0032, Japan

Tel. 03-3497-5711 Fax. 03-3497-5712
URL https://www.saltscience.or.jp

I SBN 978—4—-902192—-55—-1



	空白ページ
	空白ページ
	空白ページ
	空白ページ
	空白ページ



