B AT e R

T a7 ML

(2011 —20134E %)

MK AR 7 vt ZARICEBIT 58 MLy 7 B E O KR

‘EIH

Studies on Bottleneck Problems in the Process Development for Comprehensive
Utilization of Seawater

The Salt Science Research Foundation
Project Research Report

SRk 2 TH 3 H

i ~Im BT UN
. Ve AT AWZER






Tnvx=7 MgHEE AR

I S bl

A~ 13A MR AR 7 1k ZBIRIC 31 58 L% v 2 WU OBt

FRANE

(11A1—13A1)

AT TR (BRZSJI IRICER) oo 7
27— R W AKREEF A A2 B LTS EI LS T L« v T3 7 ADEIY L
Eihi b (11A2 - 13A2)

;{:/L\\ZK E%D (Ejij('?) .......................................................................... 21
AT RGBSR & L i XOB TS E & DR Al AE72 U A 7 VU AT LD
REZE (11A3 — 13A3)

1 K& E oA 7Yy FRBEZREBELEE (PV/MD) OPERERHM

$T{§E %Dﬁﬂi (‘:F'y%j(’?) .......................................................................... 35
. 2 WESKBHT (RED) ¥ AT LD & FOHEMEDFER
tt% E‘E (LUDj('_%A) ............................................................................. 49

. 3 ATV v REEZRREELEE (PV/MD) & WEKENTERE (RED) & ZHAAALT
KR 7 1 2 OF O
*T@E %Dﬂji (EF!QU(?)\ tt% jﬁ (LU gj('—%‘») ........................................... 57






CONTENTS

PROJECT RESEARCHES OF PHYSICAL SCIENCE, ENGINEERING

ITA — 13A Studies on Bottleneck Problems in the Process Development for

Comprehensive Utilization of Seawater

Forword

Shigetoshi Ichimura (Kanagawa Institute of Technology) «=«««x«rresreemremreeeen 3

Membrane Fouling in Integrated System for Complete Usage of Seawater Resources and
Applicability of Nanofiltration (11A1—13A1)

Shigetoshi Ichimura (Kanagawa Institute of Technology) «=«-«-rwrrerreesreemreeeee 20

Recovery and Upgrading of Calcium and Magnesium for Scaling Prevention and Ultilization of
Seawater Resources (11A2 —13A2)

Masakazu Matsumoto (Nihon University) ...................................................... 33

Processing of a Sustainable Recycle System with a Hybrid Solar Distillator and a Concentration
Cell by Reverse Electrodialysis (11A3 — 13A3)

1

Evaluation on a Solar-Driven Membrane Distillator Hybridized with a Photovoltaic Panel
(PV/MD)
Kazuo Murase (Chuo University) ................................................................ 47

The Development of a Reverse Electrodialysis (RED) System and Evaluation of the Feasibility
Mitsuru Higa (Yamaguchi University) .......................................................... 56

Integrated Sea Water Technologies with a Solar-Driven Membrane Distillator Hybridized with
a Photovoltaic Panel (PV/MD) and Reverse Electrodialysis (RED)
Kazuo Murase (Chuo University) , Mitsuru Higa (Yamaguchi University) «--ooee 6 4






FRINE

ks EiE

T )b —
o) | TR K A A B S U

WK &R T 2P 3K, B8 22Tz
Do RAKALTITHEKR DK 40%D 7K % B CIIfEAK h
D7 DFI 30%%E B L TV, BURTIEEnZEnn
MSZUCEASNTEY, AKABERD TR &5y
MR ESNT= ARSI TS, ZOXLH70k
KLEBIE T o ADAAT Vv A& T DL, FH
B4y DR % 5 D 4 1% OV ARG IR O Al RetE S &
FLHDEBEZLIND, LOL, 2HLTeAT Yy R etk
AERHELIHET DA, TNVETREBNCEMR L T
7o G LI RIRY T2 iR T REFE DN DR
ESND, KTy =7 MIFZE T KRR A7 m

TABFEIZB T DR Ry ZHIE DR, §70b b,

W7 7DV TR A —Vr 7 %R TH 2B ) 2R
T 272 DR F —F A HAM IOV THRETE21T -
7

TR, 7 7oV 75 e T (1) AL B it~
TV T EBEDO BT H 20 | WK O R L L CH
FADEEIL TODIEE AR (MF 159 (2% LT3 L
HoFHEERFLIZ, MPC RU~—D—FTH5H
PMSi91 Z W\ TEIIv7Hl MF ROFEAHZIT-
Tee A WBRIE S ASAF T 77V 7% U T Ot
TR LTc, SO EM A RS D720 R E AP S F
DEBERFLIER, BAMOK FIXALATZLD
D M7 7oV 7 HEMERF LT EEFLEE 50 nm DIED
AWy FB% UF BEL~L DO TR IS T2
LT, RN T (2) Mg AKALER~DF ) Al (NF i) D
WHPECOWT, A7 7oV IR e R —

Vo 7 kPR DN EIRFIZ FTREIT 72 D NF 2 2K O Rip
JLER | F KON NF Ji% FV /= RO JRAEE K O JLEE 248
FEL. TR NF BEOVEREFHN 21T o7, A LiEKIZED
PEBERTA Cid, B K> T T AliA A Tk 9Dk
NEAL LT, — 07 o N THEK 2 A5 L IR A L7 S
BAEOHEITEEHIZAr — VU T35 AL | IO MERED
K FL7z, NF IOz, £ B H D7 7o) 7%t
REAT — VPR DB LT D7 ERRBIEZ O DY FRIC
TAHiA A DSy BEERAE S L T AR THY, BESHh
HEBOTav AT DN TEDRREZIEH LT,
IARDIL, A=V 7 %R EL T, A7 CaMg D43
B - B R AN T D E S I, WEAKEIER A 72
Ca M. Mg OB, M b3 AT REe 7 m e 2D B
FEDIRRIEAT T, BHEHRMEIE KD CO, ~A7m/ T
NVDE AL S TEILLTZ CaCO; DV RE L OVKER
{EALBRIZ X0 T RAANEER A RS ED BT A B
F ORI K ~ DV - KA AERAATH — Be
BERAZDOWTRFZITo TR R, B TOT %Ak
HE7 AT, (1) BERAEEKIC CO, Kz
L7286 MgCO; IR T, CaCO; DAL TS,
(2) CO, [IBDIMLIZ LV T T2 F AR CaCO; kL
FDERNRIE KT D, (3) KBTI REw ST
CaCO; (X pH 73 7.0 TOVU ML KERAVALERIZ IV AR
BX T RZ A (HAP) IZHRH S LD 2L BT LTS,
— . —B T HAP 7mt AT, BRI
VP KRACALER AT ST 556 L KERIE pH 23 4.7 BL |
DOFEITIL HAP 2845 L, pH OHINAEVHAP D4



I 3 K OVHE It 3 B K -2 LA 1572, EH1T,
Ca [EIXH% OB IR K AR LI R~ 7 R D A
DEHTBLGIZ BN T, IREEA A DA T KB
pH 3B X OVKIEHRIRE DB OV TRET ZAT o 708G
R (1) CO, MR MRS T Tt bt R~ 7 R
U LA EIIIV YA X ORI B L OMRHIR G 1T
R L, 60 min TO CO, D ER LR ITITIE
100%IZ2 9%, (2) CO, i e fiin Tz, K
VAR pH % 8.0, /KIFIRIRE% 333 K £CHIMS AL
RS A BN G L, IR IR~ 7 R T LD
PR KT 5. (3) CO, IR bR I KD VL B
e~ 7 20 MR DI KN D T E DR S T,
FHBE ., WE B AR 272D 010X —FI| H
Fffic oW, K= —0 B R LT L
% [ IRF LG T C &2 KB TR L S kL LI R T i M 4%
BEEH AL ME AL LTZEEE (PV/MD) OPERERE
MZATV, ZOFEIEERET LT, o, AT Uy R
EOZNRN EOTDIC, EEEBE T, AR
DNEHRT DN R A~DIRE R E NS
FIVOTRTE ., & 1 KNSRI 1A 7= 8 %h B 2K B
EEODRLMF LT, TOMR, ZHEAbITEK
BHRIZERT DD OO, WSV HE O F B E 5
D LIz KEGEMO B EIR RUT LD WG R BTG
NeDT, B IS -V OEKMEREIXS DHDD, —
BRI E N il ThoTz, T2, AT UK
SETE DR OB 7R E R 2 R 27201, — Ik
TLOWE R OB SN LB R —vaET v
EREHEL, RIA—Z—DEEERF LT, Ebic, |
W B 7 e 2 B ARRI R 7 e AL O E AL AR
EL T, IR E O T BAUASE L L COBRMESRMIZEL
THEAEMENT I LG EA TV, B b7 Rk

i S

LNDHEREERT,

F7o, HElE, B RENT (RED) F8 )5 EHER B 242
TRNF —ZBINERT DD B Ha 2 D7 K
THRNR R EOWKIZB T HEM MR E W ERES
NCNBIEND, VAT AOFERKIZANT, 2 FEEOA
2 RN A TN TRE 2 D FEER G T CR B RFME T
ATV, EOHEIMEEFML 72, ZORE R, dilRAA
VAIHIEC, 0.58 W/m® D H ) BE R, It 5o
HINE | B EEEE ORI LY | B E RN 52
LRSI,

I, MRS EIX, WKORAEFIH 7 a2l
T, IRM3EE O ED it 2L1E O RO L OVED £ RO @
BEL7rEAL PV/MD &KUY RED OB &7 atEA
FAEYEZR L, ED & PV/MD & O RED PV OPEREZR HAR
L O R0 B IRIRAF R E L LT PV/MD OEfELRAS
H AR R/ — O[3 B B L [R) 55 00 = 0L —[E]UY
(26 Bi72 RED OEERIZREARE LT, PV/MD &
RED OMHBERHAMIZ Lo T, Ffft 7T HE T R4 ATREZR K
BRBLO= X —HI T aERELTOH DML
RLUT, Flo, RB=xAF =T oA L THALS
ERIZT T TiRbEE THL T AMERIZ AT T, I
B 3 R ME IR IC B 1T D EMERE S (b, PV/MD K O}
RED DA —NLVT v 7 7eE 5% DRy ~&REEE 12
RLTE,

K7y 7 MNZEY, WARBEFR A7 a2 AR F I
BRIy 7 HRRE 3 BEIC OV, AFEDOHERE A
Rond—F, ENENORBEIONWTEHITHRR S
REMEENEONERSTWD, TV MET %D
WFFEDRATICEY DD RE S MRS T, HEAK
DOREFIH 7 o ANE A LESNDZ LR IR SN,



Foreword

Shigetoshi Ichimura

Project Leader

Associate Professor, Kanagawa Institute of Technology

There are a wide range of industry including the desalination and the salt manufacture that are using
seawater. The desalination collects approximately 40 % of water in seawater and the salt manufacture
collects 30 % of salt in seawater. As each industry is independently managed under the present conditions, the
concentrated seawater by the desalination and the diluted seawater by the salt manufacture are exhausted.
The hybrid of the desalination and the salt manufacture process promotes to utilization of seawater including
of other useful ingredients. However, some new problems should be settled when such a hybrid process
would be built. In this project study, “Studies on Bottleneck Problems in the Process Development for
Comprehensive Utilization of Seawater”, examination of 3 bottleneck problems such as counter-plan of
membrane fouling, scaling and reducing consumption electricity energy use technology in the process, were
carried out.

Ichimura studied (1) effectiveness of the surface treatment of MF membrane, which use is increasing as
pre-treatment of seawater. By the surface treatment of MF membrane using 2-methacryloyloxyethyl
phosphorylcholine (MPC) polymer, the treated membrane showed a high anti-fouling ability. Furthermore
effects of the surface treatment condition for improvement of molecular weight cut-off ability were examined.
The cut-off level of MF membrane with pore size 50 nm, keeping anti-fouling ability and decreasing
permeability became equal to the UF membrane of ca. thousands molecular cut-off level by the treatment. (2)
For pre-treatment of seawater and concentrated seawater by RO using NF membrane for both anti- organic
fouling and anti-scaling, the ability of NF membranes on the market were examined. Permeability of the
divalent ion varied in each membrane in the assessment of efficiency using artificial seawater. On the other
hand, scale occurred with successive concentration of artificial seawater and the ability of the membrane was
decreased. There are problems for application such as fouling and scaling, however NF membrane seems to
be hopeful especially for separation of divalent ion.

Matsumoto et al. studied the recovery and upgrading method of Ca and Mg in systems for utilization
seawater resources based on the desalination and salt production process to prevent scaling in reverse
osmosis (RO) and electro dialysis (ED) units. As a two-stage process of Ca*" recovery, CaCOs generation
using the dissolved Ca®" ion in the brine solution and CO, bubbles, and conversion to HAP were examined.
Additionally, in order to simplify and facilitate the process, the one-stage process of HAP generation

including treatment of phosphoric acid and hydroxide was also investigated. The experimental results in a



two-stage process are as follows; 1-1) when CO, bubbles were continuously supplied to the brine solution,
only CaCO; was crystallized, 1-2) aragonite fine particles were produced by minimizing bubble size, 1-3) the
suspended CaCO; particles in the solution were almost converted to HAP with and treatment of phosphoric
acid and hydroxide at a solution pH of 7.0. Moreover, the following results were obtained by examination
about one-stage process of HAP generation, 1-4) When the brine solution was treated using with phosphoric
acid and hydroxide, HAP was generated in the range over 4.7 solution pH. Furthermore, the effects of CO5*
feeding method, solution pH and temperature on reactive crystallization of MgCOj in the removed Ca®* brine
solution can be summarized as follows; 2-1) when CO, minute-bubbles were continuously supplied to the
removed Ca®" brine solution, the produced moles of 4MgCO;*Mg(OH),*4H,0 was higher than that obtained
with milli-sized bubble method and solution mixing methods, and the selectivity reached to 100%, 2-2)
nucleation and crystallization of 4MgCO;*Mg(OH),*4H,0 in minute-bubble method were enhanced with an
increase in solution pH and temperature, 2-3) the production of 4MgCQO;*Mg(OH),*4H,0 fine crystals was
accelerated by using minute-bubble method.

Murase studied a solar-driven membrane distillator hybridized with a photovoltaic panel (PV/MD)
simultaneously utilize the photovoltaic and thermal energy of solar for reducing consumption electricity
energy use technology in the process. A double effect membrane distillator with a photovoltaic panel
(PV/MEMD) was also investigated in the laboratory test using a solar simulator in order to improve the
distillate productivity. The improvement of MD was a negative factor for electric conversion efficiency due
to the reduced cooling effect of cell temperature by MD. The electrical conversion efficiency primarily
contributes to advance energy saving efficiency due to the electric power generation efficiency for a
conventional power plant. Case studies of a single PV, PV/MD without flow rate, PV/MD without a phase
change, PV/MD and PV/MEMD with parallel or counter flow were experimentally and numerically
facilitated for the validity of hybridization of PV with MD. The optimal condition of PV/MD depends on
salinity and the flow rate of sea water. PV/MD is classified into desalination device but functions as a salt
concentrator at the low concentrate ratio for the emphasized electric generation. The integrated processes of
PV/MD with seawater technologies driven by electric power, ED or RO were estimated for the total
utilization of seawater technologies.

Higa evaluated the potential of commercial IEMs (ion-exchange membranes) and poly (vinyl alcohol)
(PVA)-based IEMs for application in RED (reverse electro dialysis). The basic transport properties for RED
operation: the membrane resistance and ionic selectivity of the IEMs were measured by using conventional
methods. The open circuit voltage of the RED system decreases with decreasing the concentration ratio
between the seawater and the river water side solutions () because the electromotive force across the CEMs
and AEMs decreases with decreasing ». The inner-electrical resistance of the system increases with
increasing r because the electrical resistance at the river water side of the system increases with 7.
Therefore, the maximum power density, Pyax of the commercial IEMs was 0.58 W/m” when » was about 20.
Pyax of the PVA-based IEMs was lower than that of the commercial IEMs because of the effect of the

internal concentration polarization of the support layer of the PVA-based IEMs on the decrease in the



effective concentration ratio between the seawater and river water sides.

Furthermore, Murase and Higa proposed integrated process such as ED with PV/MD, RO with RED and
PV/MD, ED with RED and PV/MO, and ED-RO with RED and PV/MD. PV/MD operating condition and
RED driving condition of each process was calculated. They showed the effectiveness of recovery process for
sustainable and recyclable of seawater resources and energy and also the problem for cost reduction that
should be overcome such as membrane deterioration in long-term driving PV/MD and RED and scale up of
PV/MD and RED.

By this project, there is the progress of the study about three problems of the bottleneck in the process
development for comprehensive utilization of seawater. On the other hand, the problems that should be
settled in each bottleneck more become clear. By the continuation of the study after the project end, it is
expected that those problems are solved and the process for comprehensive utilization of seawater is put to

practical use.
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Fig. 1. Surface modification with PMSi91

Table 1. Application of NF for seawater treatment

Feed for NF Product of NF post NF
RO
NF — low scal'ant and ED
Sea water — low organic foulant
NF
RO S Brine 5 NF — concentrate of divalent ions Cr

ED — dilute —

without SO,*
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Table 2. Solute for filtration experiments

MW diameter [nm]
P100 100K 18 *
( Shoi;‘f“};a;l ko) P200 212K 27 %
P400 380K 36 *
PSL
20nm STD e 21 **
(Thermo Scientific) nm
* estimated from MW
** nominal value and result by DLS measurement
Table 3. Nanofiltration membrane
NTR7450 NTR729HF NTR7250
Material SPES PVA-PA
MWCO [Da] 1000 300-400
L, [ms" Pa'] 2.4x10™"! 1.5x10™"! 1.0x10™""!
NaCl Ryps[-] 0.61 0.77 0.88
Table 4. Composition of Seawater
concentration [g/kg]
SO4 Ca Mg Cl Na K
Artificial Seawater  2.61 0.40 1.27 18.96 10.55 0.35
RO Brine 6.26 0.96 3.05 4550 2532 0.84
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Table 5. Results of XPS analysis

time Atomic Conc %
membrane . - N/P
[min] C o Si N P
0 19.1 657 152 0.0 0.0 —
46.1 40.1 13.2 0.3 0.4 0.8
front
. 37.5 41.7 152 2.3 33 0.7
0.2um 35.1 458 168 0.9 1.5 0.6
(flat) back
652 270 6.1 0.9 0.9 1.0
T~ front 259 51.5 19.5 1.2 1.8 0.7
back 299 486 179 1.2 2.4 0.5
0 0.7 824 169 0.0 0.0 —
21.9 533 226 0.6 1.6 0.3
outer
0 72.5 238 33 0.1 0.3 0.5
0-05um 194 557 225 0.8 1.8 0.4
(tubular) inner
76.8  20.2 3.0 0.0 0.0 —
T~ outer 653 27.7 6.2 0.5 0.4 1.0
nner 22.0 583 174 0.6 1.7 0.3
substrate MPC treated membrane
m
|

0 02 04 06 08 1
Distance [um)]

-\I J\f VWFL\/\ -

VA% et

0 02 04 06 08 1
Distance [um]

(b) MPC treated membrane

@ substrate 0.5um

B substrate 0.05um

O MPC treated membrane 0.5um
4| O MPC treated membrane 0.05um

() substrate
Fig. 3. Results of surface observation by SPM
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— 1.0x10™
|g ‘
_’>5 ox10° | - 1
.0x °
mOoO
0.0 u k k

0 10 20 30
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Fig. 4. Effect of surface treatment on pure water permeability
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Fig. 5. Effect of surface treatment on flux and rejection of 0.05 pm

pore size membrane
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Fig. 6. Effect of surface treatment and flow rate on flux and rejection of 0.5 um pore size membrane
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Fig. 7. Effect of flux on Robs
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Fig. 8. Dependency of real rejection on flux

Table 6. Results of pore model analysis

tpa [nm] e [nm]  tpa/ryB [-]
substrate 35 1.43
MPC treated membrane 28 1.43

A-layer B-layer

—

Fig. 9. Double-layer structure
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Fig. 11. Effect of KCl concentration on J, for PSL
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Fig. 12. Effect of KCI concentration on R for PSL
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Fig. 13. Effect of polymer concentration on pure water flux

Table 7. Effect of Debye length on particle size and pore size

) , substrate MPC treated membrane
KCI K Is'= D a e q
P P
[mM] [am] (s [nm] :
; (- D[nm] 'y’ [] 1p[nm] rs'/1p" [-]
1 9.6 19.6 40.4 0.49 40 0.49
3 5.6 15.6 44.4 0.35 40 0.39
5 4.3 14.3 45.7 0.31 40 0.36
7.5 3.5 13.5 46.5 0.29 40 0.34
10 3.0 13 47.0 0.28 40 0.33
- 0.0 10 50.0 0.20 40 0.25
1.5 - - - - 1.2 , ,
@® PMSi0.5%
B PMSi0.2% 1.0 ‘
= &l
e 1, 0.8 “e¥g /
K - &
P [ o ®eee
= 2~ 06} i
'TQ . <, Y substrate
= 0.5] -1 04l @ 05%,48h |
= 0 B 0.5%, 24h+24h
® 0.2%,48h
0.2 B 0.2% 24h i
0.0 ' ' ' ' 0.0

0 10 20 30 40 50
Treatment time[h]

Fig. 14. Effect of treatment time and polymer concentration on Lp

0 120 240 360
time[min]

Fig. 15. Results of fouling experiment
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Table 8. Performances of NF membranes for artificial sea water

MWCO Lp/ Lp() Robs[']
membrane
[Da] [-] NaCl* SO, Ca Mg
NTR-7450 1000  0.78 0.61 0.21 0.11 0.11
NTR-729HF 300-400 0.23 0.77 0.89 0.56 0.76
NTR-7250 0.50 0.88 0.99 0.45 0.69
* single solute
16- T T T T
|
- |
|
12 - i
@
£ sl W 7450|
'S A 7250
=
> A
- 4‘ A A -
A
0 A
0 20 40 o0 80 100
time [h]
Fig. 20. Time course of flux for artificial RO brine
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Fig. 22. Results of estimation of ion concentration. Left: 7450, Right: 7250 (broken), 729HF (bold)
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Membrane Fouling in Integrated System for Complete Usage of Seawater

Resources and Applicability of Nanofiltration

Shigetoshi Ichimura

Kanagawa Institute of Technology, Faculty of Applied Bioscience, Department of Applied Bioscience

Summary

Membrane fouling caused by adsorption of organic foulants onto membrane surfaces is a difficult problem.
In this study, (1) effectiveness of the surface modification of microfiltration (MF) membrane for seawater
pretreatment and (2) ability of both anti-organic fouling and anti-scaling of nanofiltration (NF) membranes on the
market were examined.

By the surface modification of ceramic MF membrane with 2-methacryloyloxyethyl phosphorylcholine
(MPC) polymer that is a well-known artificial biomaterial, the membrane showed a high anti-fouling ability.
Higher rejection by keeping original water permeability was observed. The change in pore size was estimated by
analyzing the flux dependency of real rejection with membrane transport theory. Furthermore effects of the
surface treatment conditions on molecular weight cut-off ability were also examined. The cut-off ability of the
membrane with pore size 50 nm showed ca. thousands molecular which is the same level of ultrafiltration (UF)
membranes.

The NF membranes used in this study had ca. a thousand molecular weight cut-off, which means lots of
organic foulants in seawater can be rejected. The performance, permeate flux and rejection, of the membrane
depended on ion concentration and ion composition. Permeability of the divalent ion of NF membranes varied in
each membrane in the assessment of efficiency using artificial seawater. On the other hand, scale occurred with
successive concentration of artificial seawater and the ability of the membrane was decreased. There are
problems for application such as fouling and scaling, however NF membrane seems to be hopeful especially for

separation of divalent ion.
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DV ETI 2T WL TREd AL TED, E72, Ca B DR AKE CO, LD FUSRHTIZ IS T, AT O din

B (R antsis, kg, Mk, W) 24 92 IR~ 7 17 A (MgCO,) Z B CE UL, A7 Mg DRI X OE Mk

b [FIR TR TE D,

Rk 23, 24 AEETIL, BHEEMEEK D CO, AIKIRDE AIZL->T CaCO; 2SS T-14 . 557z CaCO; D
— )R LUK LALER AT\ N, HAP 2S5 B mb 2, 3 JOVEREE KIS BE KR L LA TH—
B 7 a B ROV TR R T o7, TOREH, BT HAP fiE7 o ATl 1) FEEMETEKIC CO, RIuE AL
72356 MgCO; 134 E3, CaCO; DAARLTD; 2) CO, [IADIHMEICID T T2 F A M CaCO; kiDL k%)
KRR TD; 3) KIARH IR SET- CaCO; X pH 28 7.0 TOULRER - KERLALERZ LY HAP |ZHsifa s b 2 &% W
BT LTZ, — 7, —BTO HAP &7 e ATl IR K I R - AKER (UL ZAT S 72356 AKEEHK pH 73 4.7 LA
FOFEERT HAP 23 E R L . pH OHINNCES 720 HAP DAL R B 35 L OE A MRS K32 40 LA 457-,

SHIT, SR 24, 25 FEEE TR, Ca [EIUN 2 OFHEIRMEE K ZFH L7 MgCO; DEHTELSIZ BN T, IREEA A DG
FE, KA pH B X OVKIRIRIRIE DB OV TRETE T 7o/ R 1) CO, iR Ia s T CoXEiEk Rk~ 3
DU LEREIT VYA XDORIMEFE B L ONEARIR AT~ KL, 60 min TO CO, FHEDIRLRITIZIE 100 %I
T%; 2) CO, AT TICFUW T, KIAHE pH % 8.0, KIAIKIEE A 333 K £ CHYINS WD EE3 A 75 8 1 7 A e
L. MRV R~ 7 2D DOBPCEBIE KT D 3) CO MM RIEDREAGIT KO I R~ 7 1 LDORRIA L3 X
NHZ LB,

1.# 8

WKIZZ BOAA U EE A TEY, I, BIRIC
ZLL I FEN CQOSEBEICB W TR O 4
o EEIREL TR 322N TEIULIER ICH LT
b, ERELIN TWDEREKFIAZ a2 AL TEH
AACEBIE KT HID, YA TITHEAK DK Z W7
7 (RO) (2L THr BRI L | AR Z R L TD,

F7-, U IR P O 5% EXEHT (ED) CTiEAMER .
ARIERITICE > THEILL , ED (2B W TR ZHEH L
TWD, LTS T KM EBIORE o207
Uy RMbZFR R IUL, & % OFEFEIZB W TR
OEAEBRTEDLDEE 2D, IHIT, Ykl - Bt~
ATV R 7 v AT BTDHREAK R OF H A OlRHE
B, K EIEF A O MRS B ED, LinL, AT
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Uy R 7 ate A TOWHKERMALZERL, LA
(Ca) , v 7 30 L(Mg) EDRTIREZ RS EDE,
ROBLENEDIZEWTINETU LA — 7%
FRIBEMEA D
ZIT, AR TIE, A7 =V 7R EL TOWTF
Ca*Mg D5yHiE- [P IEE TN T DEEB I, HEKE T
HIZIIT 7z Calli, Mg HED A s JONE S AkIZ DU T
IRFSEAT T, IHETEK H OBAFE Ca DN RB972 57 - [B]
Ik EUTIL, R OBLE DD gk 3 (COy) &
FS gz ko THREEH L7 I (CaCOs) Z AR S H 5
ﬁfﬁi%z%mé CaCO; (ZIE, BERDTINH A, %
EMOT TS AN, REERD ST ZARD = DDk
aa%m (ZI) IMFIEL, 2K SOUR iR B 7o & D
WAL 2AOPEE 2N B0 D, CaCO; D EHT 7 BB ATIES

ED¥) LB X ORAEDOHML N L ENTNDHIENG,

fEm i EZ T A s TE ML AR NS, SHIT
CaCO; |2V 3 LOVKER LALBRAATHZ & C AR RR B}
ELTHYE R NARaX U T /8% AN (HAP) 728 DT 734 A
MELL CRNMLCEDAIREMDBD P, F72, B Ca
MR DDO R IRA72 Mg D3 BIELL T, CO,
LD RIGRATIC LD REE~ 7 R0 A (MgCO;) OFliE )
EZHID, MgCO; 1T, R L ORS S 24 3 D3
'@F—f@gvﬁ%‘yvm:iﬁ%%itﬁﬁﬁ%@ﬁ%@ﬁvﬁ“
RV LI TE HEMIRBE~ 7 22T AT
4MgCOs+Mg(OH), *4H,0, 4MgCO;*Mg(OH),*8H,0. ¥
LY 3MgCO;+Mg(OH),*3H,0. [EREE~7 R LEL
TIE MgCO;° MgCO;+3H,0 72X DRHUZTENEIET D
D 2SO IR FEYE OVRR L SOH B 72 & OB L R
RGIRIE, ZTEUZLIEORS SEE KT 528D
5. ZIHIEAAT T E A LA KNS, FFIT, TLR0T
FAF w7 HOFHEHF, EHE AL, BRRnF s
TSN TR R~ 7 1D ATl 0, &4y
BB WTLE LI RESL-DIZ L pm BLF~D
BRI LA EEN TN,

AT, BRI K~ CO, P& IEE A
IZE->THRTF Ca & CaCO; ELCIRIXL 7=, bz
CaCO; D—FZT —RELTHW, V@i LUK b
FRIZED HAP &S5 BRLE I OWTHRE 5,
bz, LREOMiFb-fii#Ea BfeL , 2B LR T3k
<L VBB KA LALERZ [RIIRE L2 75— B T D HAP fi&

DNTHIR D, F7=, Bl Ca JEHEHE/KEL T CaCO; fulfl
TEFE AR Y 45 Cati A& de Mg M KRG, IRIBAA
%Amk‘zﬁ‘iﬁiisotw’fd@%@ﬁ:f;é CO, m{@%f%’a\u:

B D MgCO; DEHTEZRIZ DN TR RS, 51T, KIE
1% pH BLOVKIEKIRE DRBIZOWTHIET D,

2. BiEE/KBhDAT CaMg D5 EE-EIRD RS RAF

— LB FVRERTF

KGR BT DIETE Ca BEO Mg [N O St A% —
LB LOHREN T4 N1 Fig. 1, 21077,

Process O B¢ Cod HAP Hi&

D-1 17 Ca CO, DS ERHTIZ & D CaCO; D H i
D-2 CaCOs; & B LT HAP O i

Process @ —EXT? HAP #ii

Process 3 Ca a4 DEFEHEK D HD MgCO; Bl

22T, BAREWNIZET DR HEOF M A E &I
1,300,000 t/y THY, HEKIHEHEZ B 7-#%I2HEH S
DB (793,000,000 ty) V235K 72 Ca DPEH Bl
#728,000 t/y (7x10° molly) 7%, Fiz, 7B ARG
HEHISND CO, BlT, BHROERER 1,300,000 ty (2%,
%7 1,120,000 t/y (2.5x10" molly) P THDHZ LN K
7x10% mol ™ Ca % CaCO; &L CIFIFE &R HIE,
CO, HEHH A 3 %fEEEHICE D, IHIT, CaCO; D—H
25 HAP #8352 L C Ca [BIE AN KD,
ZAUE, HAP & WD AR BT 34E 4 LKL TRY
B HAP O HiAIFE AY CaCO5 DF 200 {5\ Wz LT
K9 %, 3 70ob REAFEHENL T 5L T, KIS Ca
DA - F A I fEA L2 R R TE 57 m e A3
HTEDLEEZLND, F72. £ 3,000,000 ty OEHITE
FN5%9 87,000 t/y (36x10° mol/y) D Mg % MgCO; EL T
AEET UL, CO, PEHEAIHIT 14 %R EHIR TX
2o

3. EREEBEHLUVAE
3. 1 EHEEMEBKNSD Ca BIRES AL
3.1. 1 EBREE

Fig. 3 12 B L O AR uR AR > 19 24
IAATZ By KD SG EAT 2 & 2 7, IRIEEA A DAtk
FRTREL T, RO COy HA NTUATAELT N, #H
VN, PRSI 4R (1,000 min!) TAUHAEL AL
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Process @ 1B TORETO+X

G

@D o

CNaOH

Process| (G0 {co]] Gaold @FS> | ot
D-1

rrrpreong [ Gas phase
ubble size [dyy, ) = O Liquid phase
B pH adjustment @D @E O Sgﬁd p%ase

CaCO,)

A

Process -2 Z2BTOEETOEX

Fig. 1. Investigation items of recovery and upgrading of Ca

Process 3
Ca[alyr# DMg[Elfr 7O+ X KBTI RS A
MgCOs4
@ Solution pH [-] mggg: g:zg
g 4 Reaction temperature [K] 4MgCO; - Mg(OH), - 4H,0
4MgCOs - Mg(OH), - 8H,0
3MgCO, - Mg(OH), - 3H,0
> Bubble size [d,,]
OH CO,4 [ Gas phase
. O Liquid phase
NaOH O Solid phase
COREATES
pH adjustment

Fig. 2. Investigation items of recovery and upgrading of Mg

ON| N
©) |
@
QD
o ©

CO2 N2
(D Gas flow meter () Feed solution tank (Na,CO5)
(2) Gas mixer (7 Feed solution tank (Na,0OH)
(3) Micro-bubble generator  (8) Pump
@ Distributor ©) Motor
(5) Crystallizer 10 Agitator

(1) Thermostat bath

Fig. 3. Semi-batch type crystallization apparatus equipped with bubble generator
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F—O W AR U B R URTE 5 4% (Tech. Ind 1Y)
ZRWTHEASE 519, CO, B/AMKEHEE (Foon) 1
2.23 mmol/ (/*min) DGt T IERE (dyp) 23 40 pm
DORIBEGT=, VT ARXDEIE (dypy =2000 pm) [F57HL
KRR ERE AV TRAESE T, BEROMALEIT
20— 120 um, FHHHAEE T 800 min” TH 2,

3.1.2 ZEET®O HAP &5 (Process M)

a) A7 Ca & CO, DRIEEHTIZL S CaCO; DR E

(Process (1D-1)

BRI AR K I SEBR O RV AR Y T DR BT
FARL D, BT A (CaCly) | Hib~ 7 R A
(MgCl) 3L OGS LT RID A (NaCl) | Hf b Vo A (KCD |, &
{EF RV 2 (NaBr) DI IENEIL 725, 1309, 697, 903,
159 mmol/l Térd, SULIREE (Ts) 235 298 K 123V T, 650
mmol// D7 =7 (NH,OH) /KI&{E C pH % 8.2 |ZFH%E
U7 AR AR /K 2,000 ml 1 dyy 25 40 £7213 2,000 um
D CO, X% 180 min HFEHARL | IREEHZ A RS T2,
s BT O ZKESHE pH 13 NHLOH ZKEEHE D Fi2dkb 8.2
T—EBIZR-T,

b) CaCO; ZHFRH&LT- HAP O HE

(Process (1D-2)

Ts 7% 298 K O TFICBWT, A4 28K 50.0
mmol/l D CaCO; ¥y ARZUNU7=REIEE (400 mi) (Z/KER
{£F U7 4 (NaOH) 3 L OV % (HsPO,) KIEIR%E 90
min HHHLAE LT, HsPO, DFE/VHEEEEE (Fuspos) 1T 2.5
mol/(/ ‘min) C—E L L7z, /KEHK pH X 1.5 mol/l © NaOH
KD FIZED 7.0 — 11.0 OFPHT—E I~
3. 1. 3 —E&RT® HAP &% (Process )

CaCly, MgCl,, NaCl DIREENZNZFL 725, 1309, 697
mmol/! TR AR A TR 7=, Ts 73298 KIZI\U T,
FEASEI TR 200 m/ (2 NaOH 35 K0 HyPO, /K27
ALZEI 100 ml IRA LT, IBARTD H;POs /KRR
(Crzpoa) 13:0.10 mol// T—iELL | IRA R NaOH /KA
TEE (Craon) % 0.13 - 0.40 mol/l DHEIPH CTELSE T, X
JEIERE] (£) 12 0 - 30 min & L7=,

3. 1. 4 YBEIE

FTERFR O R EE AT o T2 1% . B HIIR B E 5|
AHiEL, 313 K CRIE ST, EEA DO EPET X
HRIEHT (XRD, RINT2100: Rigaku Co.) TV, RS54
O P E VL — W — B 37/ BEL 2ORL 788 53 A5 I 1 2 &

(LA-920, HORIBA Ltd.) 2\ TiTo72, F72, FEEE D
PERAE A% 973 K T 300 min DBERLE ©. XRD 1255
EMEEAT ST,
3.2 fi Ca BfEgB/K,hDD Mg EIURES &L
(Process @)

3.2. 1 EREE

3. THE[FEIERD -\ 5 AT AL & 2 Vo, Feor 28
11.2 mmol/ (I-min) D Z&H: F T diyy 23 20 pm DRIDE1H7=,
YT IV (it 23 2,000 pm) 1355 IS E 2 O TR RS
iz, BEROHFLRIL 20— 120 um THD, Tz, FHHE
HE X 800 min” THD,
3. 2. 2 EERIRME

bt Ca JEAEHEKIL, UG "DDIRAF Ca % CaCO;
ELTRML L 7= #4 O PR AR ICF S 32 I3 EL
T2 3 555D NaCl, CaCly, MgCl, Z W CRERIL 7=, M
Ca IEHEHE /K DFLALIE NaCl, CaCl,, MgCl, 73454 0.70.
0.005. 1.31 mol/l T 5, 2.0 mol/I-NaOH /KA C pH %
7.0 F720% 8.0 IZFHHE L 7o BUERAEEK 400 ml (T dyy 23
20 pm D CO, B ZHRHAAL | RIS A A= sl S 7 (DA
T, CO, AIATEIE) » Tsld 298—333 K D& TE(LE
iz, EEHTH O KIEIR pH 13 NaOH 7213 HCl KIAIR D
WINZ XY —E IR o T, FTERHE GRS 214, 5dh
TR AL 373 K CHEZEHIRSHET-, £/,
HRE LT B ERE VT do 23 2,000 pm DIV R0 E BEG
L7256 (LT, CO, VAIEE) | 1.5 mol/l-NayCO; 7K
&% 3 ml/min (FREBA > DFAFE T (Feos2) 15 11.2
mmol/ (/*min) ) CHHET 2556 (LA T AR A1E) 12D
WTbRRELT,
3. 2. 3 YEBIE

A DO EMEIE XRD {52 FHWTITO, &R~
73T AOEREIT XRD JIEICEVESN-E— 758
FEHMNBE I U, F7o, KR AR 1T A A A - B S
(SEM, JSM-6300: JOEL) % I\ /= &A1 L0l @&
L7z,

4. EBRHERBIVEER

4.1 A7F Ca DEUREE AL

4.1.1 ZET®O HAP &5& (Process M)

a) &7 Ca & CO, DRIGEMTIZES CaCO, D &L
EHREREELSEIZEDORBIEDBITER
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TR MEUE KT dop 25 40 E£7213 2,000 pm 0 CO, &3
RS L7255 6 O AR I B SO R 46 L OVES
REAFEIENED CO, /A B Ocop THEPRL 7245 5% Fig.
41 Y, R OBHE Qcor 73T T CaCOs (THisH
LIeH B OWEZ LT dy 75 40 pm T, Qcon 23 36
mmol/l £ C CaCO; DA MERR I AV, dyp 23 2,000 pm
TiE, 100 mmol/l FEHED Qcoy BT TH -T2, LD,
CO, THIRIRDE AT, CaCO; DRI R A KEH D
ZENDND, CaCO; DARZIZHTELR Ocor DIRIRIT I
DAL LW E BB B E 5 ORI O H B IO 1
I ES 729 R ATE SRR ORISR 5 L HEER S NS,
F72, dy (IS THSNTZ CaCO; ZIIET 73 A MDD
B ThoTc, EOIT, REFRSM T TIE CO, iaDHAs
128D MgCO; DAEFRITHER S I -T2,

EHTIAED CaCO; DHBRN I RIFTEHE

dypy ZEACS TG ORI 5340 D Lg% Fig. 5 1R

T, dypy 2340 um TIE, Qcon 25 54 mmol/1 1TV T

¢ [min]
0 50 100 150 200
500 —T v | p— T v T 0.20 AN du = 40 pm
Minute-bubble method // Minute-bubble method Qco, 1Id.)
= a0l : _ O 134 64
S 400r [0 Mgc0, 3 0.15 A 268 99
o CaCo, - B o :
2 7 0402 141
= 300t < ?E& )
= =010} [ KLY
& R P A1 |
g 200+ r A [ [3 %4
‘S // o ‘b 1
g " R
u 100 " ,//' ‘

""" Milli-bubble method / LS
e o 0CO, (d,)..
= B MgCO. % 268 1!312:
2 I |e caco, / - 402 26
2 300 ; m 402 263
: | =
g 200 =
£ o
S 100

0

A A 1 .,. L A - A
0 100 200 300 400 500
Qco, [mmol/l]

0.1 1 10 100
dy [pam]

B (dp) B3 3.5 um OBKLT-D3FHAL, dyy 28 2,000 pm
(dy=10.1 pm) (TP LT,

PORLF- D AE BRI . PO 7 S-S 1T C D Ry pinata B Fn o>
HRIZEDRIB MR EICRR T 5B 2615,
F72. dyy 340 um (I DRI 1T, SOGEERT O 5K
IZEBRWERIB~BATL PR s R IR 10.6
um/h Th-otz, FROFERLD | BHEHRARE K ~D CO,
KIABRDOWHIEIE Ocon 73 134 mmol/l LA T Clfsehr 14
FRIZF 59528, EOMAG TR Mk RA (et 3528
DRIB ST,

b) CaCO; ZHHFEEH &L= HAP D &iE

NaOH /KIEE DO FIZEVKEK pH 22 bSE 7
CaCO; TREIRIZ HyPO, /KRR A 90 min e fitfa L7z, =
TCL KITHRES D HAP OEREEIZ. KK pH 7% 9.0 1+
LT M R D2l KIS pH X 7-11 OFH
R E LTz, BT IL AR IE CaCOs 3L T HAP
RIBEIAR 20 20eE 2 HNDIEME Ch o, %R E

1000

Fig. 4. Comparison of time changes in produced Fig. 5. Comparison of crystal size distribution of CaCO;

concentration of carbonates
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T DT OBEREREEATO 5D AR D XRD /34—
% Fig. 6 139 'Y, KIFHK pH 2% 9.0 LLETI3EE
CaCO; BELW CaO ([TEK T D —7 DA DFER I,
CaO DAL CaCO; DBERIZEH 72O MR IR I K 35
EEZ B, KA pH 23 9.0 DL EOFEE Cldiiia Hc o
CaCO; DEUGIHIFEAEETIaNEHEERSND, — 7, K
YA pH 23 7.0 Tl 788 CaCO; XN Ca0 (212 HAP
DE—I G0z, ZZ T, KR pH & ¢ 3 90 min T
bN=A /LR EEOMBEE Fig. 7 (onT Y, EB¥
CaCO; FEEIT/KIEIR pH O Tz b7\ s 3 A )
Uiz, Zhud, KR pH O FIZEb 729 CaCo; A
FREEDHNNTER T 5B 2615,

B CaCO,
& HAP
® CaOD
Solution pH= 7.0

* e O

=90 min
T,=298K
Fispps = 2.5 mmol/(/+min)

A t}lutlon p

! Sjlt'IrH 10
Solutiop pH =11.
. l-..-.rrrﬂ‘ 2

| HAP
P Ill L T PP

| CaCo,

TR 11

20 30 40 50 60
20 [deg]

Fig. 6. Comparison of X-ray diffraction patterns of solid

Intensity [cps]

Ca0

products

4.1.2 —EBTOHAP &% (Process @)
FEFRIEAENE K I H3PO, B35 NaOH /KA ZUSINS
BHZ LTI A AR ST, 22Tl Craon 122 TRIE
% pH 225 ST~ Fig. 8 \ZSUGERHT 0 /K A pH O
WERZE bR '8, KIS pH I3 Craon DEEINIZES 720
AR D712 7R L, Craon 23 0.30 mol/l LL_EOFEIK Tl
9.0 TIFIF —ELRoTz, ZHIX, BIRETHEETD
MgCl,, NaCl 72 O ¥R L5 pH FEREHE IR T 54
ERHND, Fo, dtT ORI pH 13V T 1D Craon
IZBWTH 1 min LABECT—E E72572, Craon 21 0.20, 0.25,
0.30 mol// \ZFB W THLNI- I AL D XRD /35—
% Fig. 9127~ T "™, Cnaon 23 0.13 mol/l DS T ClEibik

=90 min B CaCo,
T,=298K @ HAP
Fipos = 2.5 mmol/(/*min) || @ CaO
8.0
6.0
2490
5
20t
0.0

920 10.0
Solution pH [-]

7.0 8.0 11.0
Fig. 7. Relation between solution pH and suspended weight

of products

100

| Con [mol/i]
O 013
L 1020
— 3'“. A 025
E‘ ® 0.30
a 60 m 032
g COO T L L I T T T I I T LTI 11 ] A 040
= 0000O0O0CO
- 4.0 B
°
7]
20+
0.0 : :
0 10 20 30

t [min]

Fig. 8. Time changes in solution pH
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Cyoon = 0.20 mol/l

0.25 mol/l

0.30 mol/l

f=1min =1 min

| I

—L T

T r"‘*“”'w

=1 min

Intensity [cps] Intensity [cps] Intensity [cps]

e Y T

=10 min =10 min =10 min
| | 4'
Canane L LTV NRNPN ) L T ﬂ....._,..,,,‘..»m it T S
=30 min t = 30 min t = 30 min

MMM M"MW'J

20 30 40 5020 30
20 [deg]

20 [deg]

40 50 20 30 40 50
20 [deg]

Fig. 9. Comparison of X-ray diffraction patterns of solid products

Cuoon [mol/i]
0.13
020
025
030
032
040

o
rpEO>O

s
[ 2
>
-

Cyap [mmol/T]

n
i}

0w " .
0 10 20 30 40
t [min]

Fig. 10. Time changes in produced concentration of HAP

AERRIIHER ST, Craon 2% 0.20 mol/l LL EIZHWT
HAP '~ DB INHERS I, Craon B2 BALSETZEIT
BT, HBo7z HAP OARSE/VIREE Cyap DFFEIZ L
% Fig. 10 12755 'Y, Craon PHENNTIE U T Cyap 23HE KT
DGR LIRS, ZHUE, KSR O OH A A YR EE D
INZEB72N HAP O fafnas il 72 2R 358
EZ25ND, EHIZ, Fig. 11 [ZKEEHE pH & HAP DE/LA4
FOEE B LN XRD B — 2780 ORI & RT Y, K
pH 73 4.7 LL_EC HAP OA A sS4, pH OHIINIZE
B2 HAP A= pGH FE AN KB A7~ LT, $7-, XRD &
— 78R ITKIRIR pH OIS C CTRKRDIENHS
IR Ay (el

g & & 8
L

Maximum Intensity [eps]
g

[mmol/(/- min)]

HAFP
tn

T

L

" AP . R
0 2 4 6 8 10 12
Solution pH [-]

Fig. 11. Effects of solution pH on production rate and

maximum intensity of HAP
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4. 2 B{7F Mg OEIRES RAzE
4.2.1 CO, RADBE AL LU HHEIEA MgCO; D&
HMRRIZRIFTHE

NaOH /K& & D R INE D LLES

Ts 73 333 K, 7KV pH 73 8.0 Tt Ca IRHEEAKIZ dyi
DD CO, R FET-13 Na,CO; /KR A 60 min H ek
#EUT-, BRIILTZ NaOH O BAfE & (Onaon) PFEM A L
Fig. 12 (T3, aFEICES T Oneon 1ZBUSHRF# O
HIMZ X0 R U7, 72, IVKTAIED Onaon [ FIRFHTR A
TEICHEARBAEITHEINL T2, &5 COAi0% 20 um £T
W LT DL T Oneon PHERTHZED DD, T,
SIADOWAMEIZ L 70 5 — IR S wEi A ds L O R RF[E D
HRIZED CO, DWEBE RO KRICER T HLHERES
;hé 22, 23)0
EREIVEEDLLER
i) KiB® pH LS EI-5HE

Ts 73333 K TOMGHRIAE, JVRTEE, BIOWRIHIR
BIEICEWT, KRR pH % 7.0 F721% 8.0 128 bsE 7=
B MgCO; DAERE ViR BE D IRF# ZE (LoD L% Fig. 13
\RT, T A3 333 K TIEW T KIEIE pH (28T
FAERMEL T 4MgCO;+Mg(OH),-4H,0 253517, £

7o RBA R TP NaCl N & ENAD T ED RSN, &
AU, KR pH OFREEA]TH % NaOH KIEROUSINC
EB729 Na A4V OISR T 55 2 Hb, KK
pH 73 7.0 TOPRFIEATETIX 16 min TEEIEAEZEL,
60 min T 0.22 mol// ® 4MgCO*Mg(OH),*4H,0 2R
L7z, SUKIRE T, KO BHABAE D 45 min H12E%

Supplying system  dyy [pm]

® CO, minute-bubbles 20

A CO, milli-bubbles 2000

B Na,CO, aqueous solution

1.0 -
Solution pH = 8.0
E
=
;
=
9 120

{ [min]

Fig. 12. Time changes in accumulation moles of added
NaOH

MgCO, * 3H,0
NaCl

i :4MgCO, * Mg(OH), * 4H,0 |

U

0 |[15=333K |

Micro-bubble method

Milli-bubble method

Solution mixing method

Solution pH = 8.0

00 tri=—H——H

Solution pH = 8.0

Solution pH = 8.0

Solution pH=7.0

Solution pH="7.0

- / ]
0.0 b = 0 o b

Solution pH=7.0

1200 30
t [min]

t [min]

1200 30 60 2 120

t [min]

60 2

Fig. 13. Comparison of time changes in production moles of magnesium carbonate
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FEAENFRDBHL, 60 min (230N T 0.13 mol/l D 4MgCO5+
Mg(OH),*4H,0 M E57c, KIADE AL DT AT
EHIOBIER L OV VIBEOK FiX, SV AXE
TAD N A RN R T2 D CO, I DI
IZEBLEEZHIND, dyy % 20 pm F T ST
HECIE, BERAF S 15 min £THEMESN., 60 min
TO 4MgCO;*Mg(OH),*4H,0 DAERLTE/LIEE 0.28
mol/l ETHIMNTHHEF L7, ZORERD CO, FEHEDEL
{EFITIFIT 100 % TH D, ZHULCO,RIADOBMIZED
IR HT AGEFRONEHEI TR T 5 E 2 HIvd, SHIT, KE
% pH % 8.0 ECTHIMIS 7644 F Tl W HdFIEIC
BWTHE R AR S AN RS, 4MgCO; - Mg(OH), *
4H,0 DAV EENEER LT, ZHUE, /KK pH O

BEIMZ D72 COTAA L IRIE DR RITEIN 5 L HESE
b,
i) KFBRERELZEILSE-IGE

KR pH 73 8.0 —7E FIZBWT Ts% 313 - 333 KD
FPH CEALS BT AR D MgCOs LT/ IEE D
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Fig. 14. Comparison of time changes in production moles of magnesium carbonate
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FEARD LI, BEEORRE X CO, KIBDE AR LU
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Fig. 16. Comparison of SEM photographs of basic magnesium carbonate
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Fig. 18. Produced map of magnesium carbonates in each methods
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11A2-13A2
Recovery and Upgrading of Calcium and Magnesium for Scaling Prevention

and Utilization of Seawater Resources

Masakazu MATSUMOTOY, Yoshinari WADA?, Kaoru ONOE?

Y College of Industrial Technology, Nihon University, Narashino, Japan
?) Faculty of Engineering, Chiba Institute of Technology

Summary

In systems for utilizing seawater resources based on the desalination and salt production process, to prevent
scaling in reverse osmosis (RO) and electrodialysis (ED) units, the calcium (Ca) and magnesium (Mg) recovery
and upgrading method was studied. From the viewpoint of solubility of salts, the synthesis of calcium carbonate
(CaCO:s) by reactive crystallization between the dissolved Ca®" in seawater/brine and carbon dioxide (CO,) can be
considered as an effective separation/recovery method. The obtained CaCOs; is able to upgrade to hydroxyl
apatite (HAP) with treatment of phosphoric acid and hydroxide. Moreover, the remained Mg”" ion can be
recovered from the removed Ca’’ brine solution by using reactive crystallization of magnesium carbonate
(MgCOs).

In this paper, as a two-stage process of Ca®" recovery, CaCO; generation using the dissolved Ca”" ion in the
brine solution and CO, bubbles, and conversion to HAP were examined. Additionally, in order to simplify and
facilitate the process, the one-stage process of HAP generation, including treatment of phosphoric acid and
hydroxide, was also investigated. The experimental results in a two-stage process were as follows: 1-1) when
CO, bubbles were continuously supplied to the brine solution, only CaCO; was crystallized; 1-2) aragonite fine
particles were produced by minimizing bubble size; and 1-3) the suspended CaCOj particles in the solution were
almost converted to HAP with treatment of phosphoric acid and hydroxide at a solution pH of 7.0. Moreover, the
following results were obtained by examination about one-stage process of HAP generation: 1-4) when the brine
solution was treated with phosphoric acid and hydroxide, HAP was generated in the range over 4.7 of solution pH;
and 5) the generation rate and crystalinity of HAP increased with an increase in solution pH. Furthermore, the
effects of CO,” feeding method, solution pH and temperature on reactive crystallization of MgCOs in the removed
Ca®" brine solution can be summarized as follows: 2-1) when CO, minute-bubbles were continuously supplied to
the removed Ca®" brine solution, the produced moles of basic magnesium carbonate (4MgCOs * Mg(OH), * 4H,0)
was higher than that obtained with milli-sized bubble method and solution mixing methods, and the selectivity of
4MgCO; * Mg(OH), * 4H,0 reached to 100%; 2-2) nucleation and crystallization of 4MgCO; « Mg(OH), * 4H,0 in
minute-bubble method were enhanced with an increase in solution pH and temperature; and 2-3) the production of

4MgCO; * Mg(OH), - 4H,0 fine crystals was accelerated by using minute-bubble method.
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Fig . 1. PV/MD (Typel)
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Case 2 : one way
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Fig . 2. PV/MD (Type2)

Case 4 : parallel flow double effect

Solar Panel
by >

i >

Inlet

Case 5 : parallel flow double effect

Solar Panel

=1|_
]

Inlet

Fig . 3. Flow patterns
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Fig . 4. A schematic diagram of PV/MD (Type-3)
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Polycrystalline Si PV cell [T¢]:
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pCECCP,CTZaCTGI_UCG(TC_TG)_UCT(TC_TT) 2

Back sheet of PV panel [Tr]
dT.
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dT dT
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Mass flow rate of Feed [Wo]:

—dWo =w,w, SwW,=8S,Ww, ®
dx
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RT N\ 61" +Z 0y ) Pout
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No. 11A3-13A3

Processing of a Sustainable Recycle System with a Hybrid Solar Distillator and a Concentration Cell by Reverse Electrodialysis

Evaluation on a Solar-Driven Membrane Distillator Hybridized with a
Photovoltaic Panel (PV/MD)

Kazuo Murase

Department of Applied Chemistry Faculty of Science and Engineering Chuo University

Summary

Renewable and sustainable energies for soft environment are indispensable for sea water technologies, salt
and desalination processes, which consume driven energy due to the separation or concentration processes. Solar
energy is one of the most practical natural resources by using photovoltaic cells or thermal collectors. However
Sea water technologies demand for the mega-scale device due to the low efficiency. A solar-driven membrane
distillator hybridized with a photovoltaic panel (PV/MD) simultaneously utilize the photovoltaic and thermal
energy of solar energy. The specification contributes to the reduction of a mega-scale device. The heat
absorbed by a photovoltaic panel is utilized for membrane distillation directly contacted under the panel, which
cools down the panel. The hybridization produces the synergistic effect of photovoltaic (PV) and thermal
application. The double glass amorphous- Si PV panel manufactured by Kaneca Co. Ltd. and the
polycrystalline—Si panel by Kyocera were respectively selected for water resistance and high conversion efficiency,
which depends on cell temperature. A flat type of air gap membrane distillation (AGMD) using PTFE membrane
by Nitto denko Co. Ltd. produces distillated water driven by solar thermal energy. The energy saving efficiency
was experimentally and numerically evaluated for validity of a hybrid PV/MD due to the various energy grades.
The optimal operational and design parameters depend on application for desalination or salt concentration. A
double effect membrane distillator with a photovoltaic panel (PV/MEMD) was investigated in the laboratory test
using a solar simulator in order to improve the distillate productivity. The improvement of MD was a negative
factor for electric conversion efficiency due to the reduced cooling effect of cell temperature by MD. The
electrical conversion efficiency primarily contributes to advance energy saving efficiency due to the electric power
generation efficiency for a conventional power plant. Case studies of a single PV, PV/MD without flow rate,
PV/MD without a phase change, PV/MD and PV/MEMD with parallel or counter flow were experimentally and
numerically facilitated for the validity of hybridization of PV with MD. The optimal condition of PV/MD
depends on salinity and the flow rate of sea water. PV/MD is classified into desalination device but functions as a
salt concentrator at the low concentrate ratio for the emphasized electric generation. The integrated processes of
PV/MD with sea water technologies driven by electric power, ED or RO were estimated for the total utilization of

sea water technologies
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Fig. 1. Schematic diagram of a RED system

Table 1. Characteristics of cation exchange membranes and anion exchange membranes used in this study.

IEC [meq/g] Permselectivity [%] Resistance [Q cm®! 9SD [%] Thickness [pum]
AMX 1.4~1.7 0.98< 2.5~35 0.25~0.30 160~180
CMX 1.5~1.8 0.98< 2.5~35 0.25~0.30 170~190
AK 0.8 0.94< 2.6 - 150
CK 0.9 0.96< 3.1 - 160

a) Swelling degree
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Fig. 2. Schematic diagram and photograph of a RED test system.
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Fig. 3. Open circuit voltage, Voc, as a function of
concentration ratio between the sea water and river
water sides, 7. Liner velocity was 1.3 cm/s. Number of

cells, N=10. The temperature was 25 °C. Sample
membranes were AMX and CMX.
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Fig. 4. Short circuit current, Isc, as a function of
concentration ratio between the sea water and river
water sides, 7.
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Fig. 5. Power density, Pyax, as a function of concentration
ratio between the sea water and river water sides, ». Liner
velocity was 1.3 cm/s. Number of cells, N=10. The
temperature was about 25 °C. Sample membranes were
AMX and CMX. The simulations: dotted curve, d = 1.0
mm; solid curve, d = 0.5 mm. Makers in this figure are
same as those in Fig. 4.
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Fig. 6. Theoretical power density, PMAX, as function of
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Fig. 7. Theoretical power density, PMAX, as function of
concentration ratio, r. The experiment: @, CMX and AMX,
the simulations: solid and broken curves.
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Processing of a Sustainable Recycle System with a Hybrid Solar Distillator and a Concentration Cell by Reverse Electrodialysis

The Development of a Reverse Electrodialysis (RED) System and Evaluation of
the Feasibility

Mitsuru Higa

Applied Fine Chemistry, Graduate School of Science and Engineering, Yamaguchi University

Summary

Salinity gradient power (SGP) is a renewable energy that is available when two solutions of different salinity
mix. The global potential for SGP is calculated to be 980GW when the flow of all rivers in the world is taken
into account. There are two membrane-based technologies that can change SGP into useful electricity: reverse
electrodialysis (RED) and pressure retarded osmosis (PRO). The key components in a RED system are
ion-exchange membranes (IEMs). This study evaluates the potential of commercial IEMs and poly (vinyl
alcohol) (PVA)-based IEMs for application in RED. We have prepared PVA-based IEMs from PVA and
polyelectrolytes. The basic transport properties for RED operation: the membrane resistance and ionic selectivity
of the IEMs were measured by using conventional methods. We have built a simulation method for theoretical
power density of RED by substituting the values of the transport properties into the equations of the simulation.
The obtained theoretical power density of a RED cell with PVA-based IEMs was compared with that with
commercially-available IEMs (Neosepta CMX and AMX).

The RED stacks used in this study consist cation exchange membranes (CEMs) and anion exchange
membranes (AEMs) that are piled in an alternating pattern between a cathode and anode. The cathode and the
anode were AgCl and Ag plates, respectively. Electrode solutions (3M NaCl), the concentrated salt solution (0.5
M NaCl, “seawater side”), and the diluted salt solution (various concentrations of NaCl. “river water side”) were
fed to the stack. The two types of spacer: 1.0 mm and 0.5 mm were used in the RED tests to control the
inter-membrane distance.

The open circuit voltage of the RED system decreases with decreasing the concentration ratio between the sea
water and the river water side solutions () because the electromotive force across the CEMs and AEMs decreases
with decreasing . The inner-electrical resistance of the system increases with increasing  because the electrical
resistance at the river water side of the system increases with . Therefore, the maximun power density, Pyax of
the commercial IEMs was 0.58 W/m? when r was about 20. Pyax of the PVA-based IEMs was lower than that of
the commercial IEMs because of the effect of the internal concentration polarization of the supprt layer of the
PVA-based IEMs on the decrease in the effective concentration ratio between the seawater and river water sides.

The development of a RED stack with high power density and high anti-fouling properties, and a

pretreatment system with low energy consumption will be essential.
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TBRENTIE (RED) 1T LR TSR 2RI T 2B RS . BRAL N SRS X B RBENT H 2 [R5 DO % <
I fEE K AR TEDET Tl =L F =&AL AT L E LTSNS, £Z2C, PVMD K ONRED %, EHEBLO
TRIF—[AIN T AL L TR AR EE A LT 57202, BT 22 2L, el
DD DET VORI AT T,

HEAKROBAEFIH 7 m AL T, IRHfFZE D ED RpitEdLE O RO KT ED & RO O# A7 v As PV/MD KT
RED DB AL 7 b AR AR L=, ED & PV/MD K (XRED PV OMEREA B L THME LB IRHENEEE L L C PV/MD
DOEAIERMC B AR RLF —OEMBERELFEO = RLX —EIUZLE A RED OEFRR RS ZREAE L,
PV/MD & RED OMHEBEFHIIZ L~ C, £t rlBE CHFE AIREZR MK ETRB L =L — B 7 aE AL L COH hiMEE
AP ZENTEI, S B3 NXF =T o2 L TEAERLEALICT Tib EE CTh D AR AMERUZ A
T, B HINERIC B IT DEMERES L, PV/MD KN RED DA — /LT 778 A% O TiiRT NS FREA R L
72

1. IEOEREAH BREICRE LA BRI 0 AOBEN RS LT
KB PR DR OPK T2 Tl A& RZ R 2,

TOHRABFIA T 0t AEHEET B2 I121T, WKDIRNE -
Oy BIEIEIIS 2l B g o 0 L 0 — B R A R i BEL SRR 3
DLED DD, TOT-OITIE, Fifit iTaER B AR TR /LF —
R AERERBET RN —2E AT RD5ND,

SO, MK E Rz A5 REIODO T AT AITLY

Rt vl RE 2 7 B AT B R — D H R H
RINETRUN, FRHTRBEEMS JOKES 25 a0 W5 %l
T&, /= LI E R ThH RGN F = AEA
SNTCND, BUEEI ChOMME 7 mERITH1T 21=%
JBEE (RO) SPBUE A 7 m e AT HEERZEHTIE (ED)
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i (PV/MD) OBRFs AL T& T,

— 5, UYL T m e A TR B G R
RSN TICRESIL TS, RO (CRAMAKEKILT
FURRELE T A EHIRIZ 35 Tl RO D EEIES L
DMK SRR SN CTRY ., IR O FQLEL, HE
HEREA AR RIS N T 5, g 7 o 2 THEHE
NAFR AR Z B 7 2 A CHF 3% ED-RO #H&
b7 av AER R 7 a2 S HEH « FEEES A i e
KRERUE 7 0w A THAHL, BREARO/NSVY RO-ED
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TEHE e ORI AT I TAY Y RASRE DS, BREL &
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IZ RO D3BHEHIS D IRARE K OB FFI £ ¢/
T, T E = VX — L PRV BT B R
TEDHHAMEL T, BARERRBE AL X —Hifi chD
2 EFH (PRO) S i 7256 7R - i U HT 1% (RED)
WFE HEN TR, B K EZIEH 35 RO EOEALT
a2 RERES N TS, PRO (ZRBIE-FLX —%
JEEY 22— /W KDIR =R — I TEHLL | E N E 7K

MEVD

IZEDIEB =X —|2, LU COREREEAL TENIC
WA DT | AN RE N, FTo, KT ERED
R E LB L35, ZHUZKTL T RED 3R E 2T %
N —Z BRI EHEER TR — AT D720,
AN ETAT RO R CTHAITHD, €2
TANIFETIT RED ZV /KRG HIH 7 m e ATHA A T
NREEE LU TRAILZ,

KIFEFNF—ZFI LT A TV R R E s &
O RUBHT I E ARG R 7 m e X EATER
VL Rt T RE TR REZRUE KR AR 7 a e A ERIC
RKWCHBERTE D20, AT B ERAT70n—% 2T 5,

2. HERAHE

WAREREFIH T DI, WKICE N TODHEATE
VR R CHEBK 2 <IEH 320D T, KOG - it - 5]
WML A G ENTAE AT m e AL D, DT,
BEfF O SR R 7 e AL PR 7 e R ATV R
JEZE RE Wi 1 (PV/MD) 36 L O T 25 & (RED)
DWW COMERERHA JEI AT A E 2 THEA LA
BRI D,
2.1 ED & PVIMD EDESIETOERE

PV/MD 3 KB5FEMIC ZDHEITMN R KEGEVE [RIREZ
[FIN L CHiEHDITIEAE D NA TV REEE TH D, T2 T,
RN LT AR TR ED MEEA~DE
IR EL COEEFITZTCT72< ED M OYEHE LD A BUE
KEPAEL CHAIHT 5 ED & PV/MD A6 Fig. 1
\ORT T A THD, PV/MD % itfiEE LTl ED

Concentrate Dilute
Sea water Sea water
h
16wt%~ f 2wt%
ED Genennnenss
3.5wt%

~| PV/MD

l » Discharge |

3.5wt% F

| Sea Water |

| Disti]la:edwater |

Fig. 1. Integrated process of ED with PV/MD
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RED D3&EMREITBREN ) DR EIIKTFTHDT,
FERRED D RO OHEHEAKAEFIH LI AL %% Fig.
21T, ZOTBEATIIROICEVHEAERIET D720,
[)1I7K% RED (\ZHHE T2 EIFERTIE R, 512
RED Ciif)IKkZZDFEEMEH T 5L RED A¥ 7 DN
IR RELZRD WINFR T 357280, @ O )KL
DE B OEKIR B OV A e T2 BN S5, 22T,
TSI AR KD VR IR EEZ G T DT
KAVEEKZ RED Offa/KkEL T35, flE7nt 2
IZ#17% ED [TRMICER TR X —2 48 3503,
WORERL TIE— I =L X — 2R 35D T, =
VXl —ia AL @O T A THD, RO Dl
W e A IEER T B EETHDH20, RED &
BELCEIUTHA TR B L ¥ —L L TRWIC
WFFCED, 22T O =L — G EL

T, PV/MD ZELITHAAATE T mERZEE LT,
2. 3 ED & PV/IM.RED M/\AJ)yR7OtADIRE
RED OFEENERBILIR E ZIKATFT 273, PRO J0Wbh
AR VK I L QN D, D728, RO THEHE L
DEREEHE K OMERZIZ RED LW PRO O 5 23 L TD,
AU, 22T AR ETIIKE DR EZEAFI AL Fig.
3 DD ED ITE AT HIRFEEE DMK A RED (ZfifG 7
DEARENRET D, ED 13K A 75720 &R
R TITRELB LU TR ALER N K E RS
V7R, ZOLG A IR L b B AL AL B D3 A %)
L7225, ED & RO EOALEE B 77> ED-RED & RO &
BAIT LI T& %, ED-RO D KOFBETHHIY
B x X —[ENRSH S0, RED THiET5ELThH
KRR T RREND, ZZTIHEE =L =T O
BR7uv A& MEL T, Fig. 3 DI RAX—HES
BB ADEANTIHe, BET 2B AOBEALLT, R
g/k% PV/MD Tl T 28 G b & 4257 %, RED 12
FBREDHEERIIGEUT- A — LT v T NERENDHH,
BRI A AT RE e = L — R L L TOR R KN
WA CE D, EH L, A ATRE TR AT BEZ R = LA
— T RTRET DD AN TRERREN D
DOTHBIMAETA LTIV 2 Ma Ry NI — 7 DREAL
HLE LD,

| DESALINATION
Discharge
Produced Concentrated Twt%
Water Sea Water
b
i Electric power 3
ectric power |
3.5W% e : ¥
——1_ RO [ RED
A
Sea > Pretreat I
Water ment H 3.5wt%
H \ 4
» PV/MD [« Diluted
N Sea Water

Distillated
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Sewage-treated
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Fig. 2. Integrated process of RO with RED and PV/MD
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Fig. 3. Integrated process of ED with RED and PV/MD
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Fig. 4. Integrated process of ED-RO with RED and PV/MD

2. 4 ED-RO & PV/IMD, RED M/\(FJV)yR7OERE

ED-RO #HALIZIAIFED =1V — 1% SO DR
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DEDLLOTHLN, BIEEROT= DA Al Re/e &1k
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HAAE~DRAEEL T, PVMDE L UREDZ 1VE NI B
RICHTIHIEY 2L — a2 AV CRE LS RE
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3. 1 PVIMDIZ&AEEILTOLR~DEHE

Fig. 1 ® X2 PV/MD % & & U CCide <Al
IKDYRAMEEEE L AR LT G LT m e AT DA R
BOFREF A Fig. 51077, (KRN ILO RV E
BHE 7RI AN R H F0 b 5724%, 500 W/m? LA
o A EICR L TSR IR BN AR TELD
T ERT m B A~OE S LEL THIFRFTED,
3. 2 REDIZ&AHREME
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#RIR 25°CRED LT 3ol —3ar 1ot g
VR B 20 TROKEEZRD | HKEREE O =
PME T3 50T, I O~ OBSIRIREEZ 31T
LR AL T MR ET KO FF O PR E 2 R LF
—ZRD | IEEBBELOHNSEEDREFR LI, D
fES, HKREIC LA R R B EOFBEZ IR T2
INTET, SAGTIRE EOHINNT LN T H 2 FE A3
T 5780, R T OIHE B 1B T HLENRHD,

Fig. 6 1V, 4G EDY 6,000 L/min FEZHK 2.3
W/m® DIEBRH B RS, 2,000 kW DR S1%E
LRI DA B R AAGHT- D\ TV B RED BRI
Ji A RE L7z, (Table2)

2 fEDPRMEHE KR E WD ESBHIZ 9 B THEAK S KD
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Fig. 5. Simulated inlet flow rate at the given concentration ratio

Table 1. Membrnae Characteristcs

. JESHEHT FELER AT 2

ETILIEM 2 3

Rm[Q cm ] Cx[moI/dm ]
IEM A*[Neosepta (¥k)7 ARL] 3.0 2.0
IEM B 0.2 1.8
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Fig. 6. Effect of saline feed flow rate on the gross and net maximum power density

Table 2. Operational condition of RED

ET VR RED 5% TR & —EB bl DR R
[-] [10° L/min] [L/min]
IEM A 96 48 500
IEM A 36 125 3,500
IEM B 90 45 500
IEM B 15 90 6,000
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Processing of a Sustainable Recycle System with a Hybrid Solar Distillator and a Concentration Cell by Reverse Electrodialysis

Integrated Sea Water Technologies with a Solar-Driven Membrane Distillator
Hybridized with a Photovoltaic Panel (PV/MD) and Reverse Electrodialysis (RED)

Kazuo Murase', Mitsuru Higa®

'Department of Applied Chemistry, Faculty of Science and Engineering, Chuo University
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Summary

Renewable and sustainable energies for soft environment are indispensable for sea water technologies, salt
and desalination processes, which consume driven energy due to separation or concentration processes. The
energy saving and the treatment of discharged concentrated salinity from the primary desalination process such as
RO should be mainly resolved in sea water technologies. The developments of a solar-driven membrane
distillator hybridized with a photovoltaic panel (PV/MD) and reverse electrodialysis (RED) are promising
technologies as electric power generations using alternative energy resources.

PV/MD directly composes of a photovoltaic panel (PV) for electric power generation by solar photovoltaic
energy and a membrane distillator for desalination by solar thermal energy. Direct hybridization reduces the
mega-scale installation area and advances the double energy saving efficiency of electric conversion and thermal
efficiencies. The dependence of a cell temperature on electric conversion demands for cooling effect of a PV
panel by MD and absorbed thermal energy in PV panel is recovered into distillation.

On the other hand salinity gradient power technologies such as RED and pressure retarded osmosis (PRO) are
largely respected for osmotic energy recovery (OER) and reduction of waste seawater effluent from desalination
process. RED has several advantages of equivalent ED technology and no additional device of hydraulic
generation compared with PRO. Moreover a new type of ion exchange membrane optimal for RED and an
alternative simulation method for theoretical power density have been developed.

The integrated sea water processes of the primary technologies such as RO, ED or combined ED-RO with a

PV/MD and a RED stack will be respected for the low consumption of specific energy and sea water resources.
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