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NoEXZDERBDOEDTHD, ~7 F T LD LEH
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B, £D MgChL JREL THL200, ERENT I
BOTREIZEIZETHHKTHD, BEAKIZIZI Mg 23t

HZEIRFEHES LTS, BRI OO R E Mg D[EIY
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DRERART U VEFD D, LINLIRMRG, B =LK
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T) OEELERADZET, SFUE A 2SHIFLNES
DAZ AL = VR~ — DO IZEZ I EIZ 72 2T 2 A A,
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FEAM, 3. R CNT Z W= L FFIEOBI %, 4. KK
JE7F X~ CVD &MWL ~D 7T 7~ Ot
1T o07,
2.1 RYMFZHEEZALV- PF EOES

(1) RVAIRSAERFEEL T, BT P BLR2—ELy
7 AD L AUE A Iz, ZAUBEIBEORIFLARIE 300 pm 35
LN 100 um THY, B DAY 7B L OV THEEE
Table 1127597, ®HREL CTRY=F Lo S LB %
U2 GREFLES 200 um) . ZALE A ~FH Iz Tl HIH
REL CURsL, a7,

Table 1. KU A I FZABEHED ALy 7
(R Y = —D 5y A K OHIFLEE)

PID PI® PI®
s E“%;%n ‘ﬁ?@%’“@“’{%n
UPILEX
300 nm

Kapton

MFLR 300 nm 100 nm



(2) Fig. 3 ICKKUET FA~ AL E O ELA R,
100V, 50 Hz ORFHEIREATA X v 7 L5 Edm (L iy
T A IR=H XA NT A MS 100 V) EFWTK SkV
FREECHIE LT, T T A% 2 Limin Ot & THiL,
FEEANT IHE ST KON CHRIELZEELEIINTS
ZETRRIET TR w RS, RUAINSALUE R
FHU7- (RS RIBE : 1 mm, 75158 10 mm/s, i f 2
) o ZHUC KD ZAUE AL IS B AR T > I VA A
ST,

(3) (IZBWTRRET TR~ BE LT- % LS
M, 2-7 70N TIR2-AF L7 a /Xy ALk g
(AMPS £/~ —) 10wt% /KA FITIRIEL FUTIRIEL,
50°C, 2h SE 772, RRETTA=IZEDIBELE
BAET O NV E MG RELCT I 7 NEA SN ELD,
ERRGTHNDPEERIZIDIGEL TLEIZEERICTE
W, 77 NEAIZHWDRIZ 10 min €/~ —{ERD N,
IN=UEATO, BPHREREEL CRUGETT o7, RIS,
KBLOTH ) — VKIEHRIZ LD Fe o3 72 e A AT - T2 1%
VMR (7T 7 MK, 777 NEA IR COERZEL, K
B B L OV FT-IR (ICk > T I 7 MO DR AT T-
Too FT2, 777 MEICH L TALE (Mrmy — AF 1 rm
AFH 50050 IRAY) R RGRE TEERL,
DEZFEEIEDOREEAT -T2,

EEEAIER h R5AL Y TiE
| (mEmER)

— ArhHR
BEEEAIEE
F—2
HIRE
75X ——

Fig 3. K&E 77 X~ HiiE o
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WIRWBEIRITA RS, F72 ERRICERENTIZE > T NaCl
DIEITRSNDIERENDDHTET, Natl CrosyBEaGE
L 7=, BERHTRIE B L OBRBH T2 THHEE 2 58RL T
VWNRUNZD, WK ERIFFERTRR D 1 /1245 T2 B ORIE
wAToTe, Fiz, BIEEEIIEEE A HEL, Na' Cro
FAEREL,

(1) TAROBGA A setfils L o2, 1 CERLZZ 57
MEDFEEHTZRIE L, Fig. 4 (2780, [H%2 2 >OF
¥ 3—="THeZ, 0.5 M NaCl AKIRIE Cli/= L7z, BEDi{]
(AR EMABLE L, BRIHIHES (HIOKI # LCR A
— 4 —IM3523) 128D [+ R D& ARHTARIEL 72,
ZO%, Fro N\ —ZERHBT CEE R R ERE, 7
F 7 RAE(0.5 M NaCl D) DFERISHIARIEL, £ D72
L5 [ EC KO R 7o, BT I AR LD #s AL
{107,

(2) BRENTEEEORAIXZ Fig. 5 1R7, EEEIZIE
PR ELIRMEENRZAIZ 10 By MESEEE L TERY, &
AT L AL B A 7 AR /U CTUND, SRR B ARIE
(2, IMEEEIC 0.5 M NaCl AKIEIRZETHT-L, =X
0.5 M NaCl ZKIEIRE GRS WD, Bl Ao RV E i
T T L E TR DI E 41D NaCl AKESIR DY L2
FHIT 28T, B> NaCl JAfEMEREA ML 7=, & HIRRE
TOREZATIT=OIZ, FEBRLED D 2 FERIZE e i
HREA T TR I G BN DDV TN oA ToT2, T 7 %
JVREL THIIRDEA A 225 (ASVN, AGC = v=7
V7)) BEROGAA L AZHFE(CMVN, [FlR) 2 &b, 5
AT MDD — % 2. TCHERIL 722 T 7 MBI AS L 7=
560> NaCl DR MR L7z,

(3) Fig. 6 |~ @il @ 2 1 ERL, sk
V2. 1TTHERIL 72 256 L € Nat & CroBhsi=R o 4
To7-, WEPEHORMEL T, MfAv amb
Ag/AgCl EfAERIL 72, 5 cm x 10 cm DOFfERAY > = (40
Avz, #&0.15mm, HBAE 0.505 mm) 25, H4etk
Zfzhnl LT 0.5 M NaCl /K H T 500 mA, 9 h i##ET S
ZET(HEBACRIART a2y HZ-Pro),
AgCVAg Ay 2 EBDVF AT T2, Fig .6 (23 b,
6% 2 DDF x>/ N—"CTHx, 0.5 M NaCl /KIEHE 100 mL



T O T LIz, MRIZEHE U CRigRAY v = Bi%, &
TofERRELC Ag/AgCl Ay 2 TR ELE L, 40 mA DETE
Jit% 400 min L7 (HZ-Pro) , EEHEFIINFI CORZMH D
Witz 0.5 mLEIL, XSS (HORIBA : WQ-310C-
SHZED NaCl REDRIEETT>72, Na Oz 1(Cro
RN 0) ThNE, BRRICB W THBS BT e
NaCl 73 7 H D& —L (3725 NaCl RS E5-
T%), Wil CLo@=)s 1 (Na* DAY 0) THIUE, NaCl
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2.3 RRCNT ZAWV:-BEXFEDRR

(1) EERFER BEEREDLTRMNV VTR
RA—RrF)F2—7 0.5 mg? B, iRz [ 48,
Zafh Ag/AgCl EMiEL, NHBFs | M KIEKRT T
1 mA OEFRZFILCTEAERLAR T alin sy
A4 NHZ-Pro), £ R CNT OB FII LA T 72,

(2) 10ml HMiAKFTER CNT OBEFLILEEIT,
SR I T, ZOBRIZ (1) OE R CNT OESLFH)
AL DO B, JAK~DORT IR VR ET R
U 2 (SDBS) DWINDOA HEIZ LY 4 FEHO Y 7 V%3
LTz, ZZTIHER ONT &% 0.5 mg ([ZZAZ TER
EAToT=, B A%, 4000 rpm C 60 4[5 L5y i
AT o14%, RBAEED UV-vis ZHlELT-,

(3) (2) D EWAHEER (KR CNT 3 8iR) 2L,
R B —Rp— R UD AL T LT B — b~ B [IEE
XHHIET, TNH— EIZER CNT OJfiBIEE ERKL,
FE-SEM (H 37.: S-4500) (2 L0 Z NS0T 7 v D 3K ik
EOBEEIT -T2, ZOLX, CNT O &L I
72T HIET, ONT ZFEESERVIRIEZ LB, CNT
D BREEIZ W CH B AT o7,

ATV T AN — 0y 8RR CNT B30 TV
DR A~ Aar—4—"T 5 JHEL, ZOVEHHEDE
PHRER CNT BEOREAEZF ML, K\ T, EFETHD
ATV T gNH—DI% NMP TS, fikyEs
THZELIZEVER CNT O A1 7-, BR CNT AL
B U C IR E R AT o 72 (T — =R A —
AC-200N) (0.1 mm/min O E 5| EREBR TOIR ) — O
A HARE TS , £z, HiIROMER CNT, £R CNT OE
AL AT, % OR R CNT B (BRIb 1L,
Wi, 742 —FrEH%) © Raman 43 ) O HlE
(HORIBA : LabRAM HR Evolution) 21772,

2. 4 [IEFSX< CVD ZRAV-EHEHME~DT ST+

TIRXIBNCE DT T TN, IRFBIR LD HDKER
FBI &R EERLSICBIET OB EN D TSN
THY, KBFRAFE2FT-/20 CNT DOXH72h—R bk
ML NS LTI T 7 IR, 22T, Mk
RAOHEAELTHBHAWDNLT LIT (ALOs) 2L
T, 777 NAlfER B E KEUE 7 A~ CVD IEIZ LI
THIET, RRIETTA~/ 7 VB & W heL T 5Tk
DR EIT T,



Fig 7. trimethoxy(propyl) silane (TMPS) D43 {1

(1) 7= LM% 9.5 mol%DiEEEH 2T, HiRT—
FIRESECRLZET, Kz ALOs DRBIHERE, ik Al-
OH ED U AEAT T2 (7 VT RIFIOREE)

(2) TN FTA% 2 L/min Ot C trimethoxy(propyl)
silane (TMPS) (Fig. 7) T TV 7 SHC, 2. 1(2) LlAlkk
\CRRET T AR EAL TRRUET T A E %
S, TARI=T MMRICHEH L7 (R&UEZZ X~ CVD),
Fig. 3 LDOFETIT VAL % TMPS TRT VT EEDHEZAD
IR T%, PE DT T RNA[RECHHIEND, T /LF VHED
BRIGZ A NRE LTI 2 &30 > TlsY, TMPS 1%
CVD #%H 7 VX VEAE AL TD, ZOZEMND, TMPS %
KEKIET TR~ CVD THZ XD, MEEEHIZBIGET >
IWDTERRS D EN TARENAD,

(3) EFCT CVD WAL T-T- T VI= LA, AMPS
10wt% 7KK (NaOH ~C pH % 4 | Z3RPE) HIZIRIEL, 50°C,
2h T ITNEAREIToT,

(4) 777 NEEDHIETT AI=U LKD XPS ZHIE
L, #Hliz1 o7, £7o, TAI=U LROREIIvA/BE
ARy VT 2.5 uL OffiKEEEfiS & CEIBUKEO 8152
1To77,

3. BRBIUER
3.1 RYASFZFAERE LV PF IED/ER

E/~—Th% AMPS DIRER SDS DIREAET S 5HZ
ET, RUAIRSZALBERE MK LT, BIR R TR T
56.7wt%DIFEEEOHINZ AL 72, Fig. 8 K777 Fid
ZAVERE CIIBUK M THY AR ZI TN TRENRODITRL
T, AMPS R ~—2F7 MEDBEIIKIZIRILTRY, BK
PEATERFL QDT L, iz, R F LU S E R T
T TS A IR KO AT 2 DI, RVUAR
RZAEFANC T T 7 TG A M s T,
RVAIN ZFUERED i\ AR RS TD T
3ot

Fig. 9 12777 b4 DIED FT-IR DAV Z 79, 17 R
BEOR2—EL I ZADOBHITH LTI T7MEIZ AMPS 7R

U~ — I TRHEARE — 73BN T D ZENHE 7 T 7 NS
DR ML T2,

Fig. 10 (1327 F7 MRIZKR DIRO IRt D 24,
BT, WEHS I EBER CHDHZLIERS NV, 7T TN
SR FEZEME RN 2L, ZAUTIEHIFLAS T T
FMRY=—IZXVBAZEL TODZ LA FRNIBL TUVD, REZH
BN NSNS AEFEM DI (PIQ) DI, 7T 7 DV )N
ST LLBAOESHIFLAS PAZEL 097\ MElIE R CHRD Z &8
TED, ZIUIWERR e it — L Q1D 2721, (A4
DHEMTIILT, [FEED 7T 7 MROPE I TH TS
ZRHDLZENDHY, ZIUTEDO L —MERFEL TDHET
LTS, SBIVE 27T MR ~— 2 L0 AfLE P
FESEDHINDEFEND,

F7=, PIQL PIIL[FIL Kapton HISEDIETHY, HIFLAET
PIQD 7V INSWN2th, HERHFEN REWNTH DB T,
777 NEITHIFLEEDS R E NS D F7ARE, AU I
HUITE /) —IRERPMRATECTELT, 797 MR+
SIUTCU VRN AR TS,
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|
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3. 2 PF [EQRIEMHEED 5T

FEAED A AL A2 B (CMVN) (2B W CiE 2.0 Q em?
FREDREIRHLIChHoT-DITHL, AR 15~35%F2FED
7T 7RROMEIE 0.20~0.35 Q-cm? FLE LKW IEEEHT O
iz L7 (Fig. 11), — 5T, Z77hENR 3.7%DHD N
JEHRHS 4.7 Q-om? & R HTAZ R LT, 797 MZLY,
JEDSBUK ML A A B A R L, BERPIAME F L
ZEPTRBEINTWDR, 7T 7 MRk TR —
EDANIFONTIH T, Bl CIEBAM 7% R,
HE TR0, 2T, 3. 1 TR AR EERLD ) — A
JFERTHHZENRTIEIND,

F7, Fig. 5 DEXUBHTEEEIZ LD ED NaCl e
BRoOfE R %A Table 2 {Z7R97, 0.5 mol/L DJFHRIZRIL T,
BT Tl 2.6 mol/L £ TIRMES LD DIZHL, 7T 7 M
TIX 0.7~0.9 mol/L F2£FE FTUMNIEMEIIMERRINIRD >
7o B D IONTEHEFLDS NEWITH )b b T, 208D
(IR T OIS T-H I OW T, ASRIZB A4
RHBELL T Na DAa il XELIA, CIh L T
LAl REPEAVRIBE LT,

N W
°
°

-—

EIEH[Q cm?]
o o o o
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777 FE[%)
Fig 11. RVAINZFLE (PI®) DHIFLT AV F D7 Z 7k
KRBT OBIR

Table 2. RUAINLFLE N (PIQ) DAMFLT AV T HED T Z 7
R, L NaCl JHaaERRE B (Reference £LC

T )
ST RE  BHER
7 7[076]'" [???5?2] e [mol/L]

1 24,2 0.14 0.72

2 152 0.27 0.72

3 29.0 0.28 0.82

4 25.0 0.39 0.72

5 37 4.69 0.86
RS 2.60

ZZ7C, Fig. 6 |ZR"T Na'k CLOBENVZRIE T 57200
HRAIELEE A ERL, Natt ClOBROREETT-7=,
ZORER, BEEDGA A AZHE (CMVN) Tl Na O
TR 1.0 EFEHIN, A VEROIEIE 100%% Nah3
STWDDIZHKIL, 7 T7ME(F T 7R 8%) O Na* D
LI 0.6 LFHEI, Nat LA CIBEIL CLE-
TWDBIEN T2, ZIUET T 7 RRMEVIREE T,
JEANFLAN FE I ZEL TR W Z LSRR L TWHEE
R HiD, BRI TIL, TR ERR AR DA A L 28 HiL
BEDAERIZ B L TR TIEdH D73, DEDITIE
RRET TR~ T NEGOEMSIENRE T L TR
59, BERIEEEDICE > TOVRWI L GREEL T2
Fonsd, £72, 3. LITBWT, 797 MR ~—n#)—I|Z
TIT7RNCERWVED DY, TNEMRRT D0 NHD,
3.3 RRCONT ZRAWV-EBEXIFEDORK

FR CNT % 1 mA OFEER CEXULFHIIELEIT-
7c&ZA, Fig. 12 13850, % 1.6 V vs Ag/AgCl D
N CRAL G S AT+ B Z LD R S Tz, B b IT K
BN EEB L 2o ToZ D, A — IR b X
JEDEITL TODZEDRIBEIL TS,

35 10

i [mA]
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FRFFH] [s]

Fig 12. &R CNT OEEFRALHE (BRI 1ZB15 5
ALK AL



BE W HAEAT ST D, BR CNT S BiRsM el %
S OfE R % Fig. 13 3L Fig. 14 (239, RALFL(F
SALFEHIERLIEL, SDBS 72L) OB AT Bk O W%
FEITIEEA LB TR, 2L, R CNT (il
FHIANZHRW vdW JJTREEL TV D Teb B2 D, 2
UKL, FEiETEAITHD SDBS ORI LI ESAL
FHIBALZAT ST A T BN ATREE 72D, SHITILM
FaREICEA LS AL, B 0L
NTCEBRD AR U, RBAEEIKD UV-vis 12X
0 53 ORI B -8 RIS E L7 & 25, Fig. 14 107
TIEY, WEOFRICEY, EBLN I OB
LT, 55 Lo Bk Lo T,

oyr USH N

Fig 13. &R CONT OME R 31, 20RO LB AVEIR
DI
FEPbOERILFEEE L%, FimiEiAl SDBS AY,
QEZALFIEE LD I, @SDBS DI, @ARALEE

- 1. B#{t+SDBS

- 2. b D A 4 C/mg
+ 3.SDBSD # 0.5%
- 4, RALEH

_\

340 440 540 640 740
& [nm ]

Fig 14. &R CNT OB &8, 15057 BEt: O _LE KR
@D UV-vis AT ML
OERL R, RGPS SDBS Ay, @
SALZMIER LD F., @SDBS DA, @FRULFL
(Fig.13 1Z5T)

Fig 15. £ CNT D53 #uik#8D FE-SEM Gl (A7 174
BT ST R R CONT %70 B L CfER)

Fig 16. £ CNT H 7z i FE-SEM 5 &

AHFFET A NHaBFs KERHFIZ 1T 5ELL T
IBRILD TEIL, bEbETT7 7 A OB RIFIBEC LS
FT7 2 AR ARERIO -0 D FIEE L THIZ SN 3,
CNT O/ASURIVIERS VT 7 7 A MO J@ RIS T B & [FRR
(2, vdW JICOEEIZIVBRBISI CNDIEND, Al
OF¥E%Z ONT ([Chi 3528 C, #F s figksing
ZE# -7, Fig 15 1%, XL IR+ SDBS (28>
THEFWAFEL7- & R ONT iz, &AL 7L
CIANE— |\ FEBS =Y 7 VA FE-SEM TRLZE LT~
FERTHY, CNT OAURANRIEE T, D Ll ik
IZ um A= —DEIPMRIZNTNDIEND, HORRE
CNT D5 [ R ST /S RV 7R & T Z D30
%, BRALFHIRE{L +SDBS Ushnth O & LB L0,
W OBE W B CIEBO N E R CNT 2201
W A BT B LTz,

Fig. 15 3R R CNT S HiRAE AL TV T 42—
BFEHSE YTV THLOIZKL, Fig. 16 1$ER
CNT % For iS5 0% FE-SEM G H Th
D, BR CNT NEICHEET52LT, LA EMEEZTEK
LTCWBHZENATHERND, £R CNT EIEML = 121355



BL7eW—FT, EETHHA TV T4 NE— TR H
— ARSI RS TEY, MLz AZL->TEMEL,
PRETDHIENTED, TANVH—DHERIRIERET
HZEIZESTRER CNT HEOERIC I, £ D
SMBLIE Fig. 17 OXH7 BAFENEWERLL 22~ 7, (R
L7z CNT EDJEIA L 12 um THY, HERDE L
HeAT—Hr A AED Z BT RN LTz,

F7o, TIKOE R CNT, BEXALFHIERCALERTO K
JUCNT, B BEALL 7 & R CNT (BEXA LML, 83
ARG T8, 74V 2 —FRZ3E) O Raman 43 O FE R
% Fig. 18 |Z/~" ¥, 1300 e ' 135D D AU RIZZ T 7 7 A
MEEDELILE R IR 32—, 1600 cm™ T
G NURNIETT7 7 AMEER RO —7ThHY, £Dr’
— 7t I/l IIAEEREOFGERL TD, £R CNT
IS IR EBIZ B W CH TR R CNT 12k~ T
& R M DOEIGREL, ZNANERAL A ER AL ERE R
HTZEIZHY, SHITHEE R EE <G TBIIC/2 DT &0
BHL7=,

Fig 17. £ CNT H KO/
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Summary

As one of the most valuable resources and the lightest among practical metals, the demand for Mg is expected
to increase significantly. A promising source of MgCl,, which is a major ingredient for Mg, is the wastewater
produced during electrodialysis for salt production. To obtain MgCl, at high concentrations, an efficient separation
membrane for Mg?" and Na' is required. For this purpose, fabrication of a membrane with high content of
immobilized anions that can strongly interact with cations is necessary. In the present study, a membrane with a
high density of immobilized anions was prepared using atmospheric pressure induced plasma graft polymerization;
a polymer with sulfonic acid side groups (immobilized anions) was grafted onto the pores of a mechanically strong
polyimide porous membrane. The resultant membrane did not swell, maintaining its anion concentration inside
even in water.

To separate Mg?" and Na*, Na* should permeate through the membrane selectively. With the cooperation of
The Salt Industry Center of Japan, the membrane resistance and NaCl electrodialysis performance were measured.
The resistance of the fabricated membrane was around 0.2-0.4 Q-cm?, which was lower than conventional
membranes. However, the NaCl electrodialysis performance was found to be low. It suggested that, Cl" ion was
permeating along with Na*, which was not desirable. To verify this hypothesis, the transport numbers of Na™ and
CI- were measured. It was confirmed that the transport number of Na* was lower than that of conventional
membranes, indicating that the current grafting rate was insufficient to fully fill the pores with sulfonic groups.
Increment of the grafting rate is expected to enhance the Na* transport number and lead to an efficient separation of
Mg?* and Na™.

Another critical issue for increasing the processing rate is the "thinning of the separation membrane. " A typical
thickness of conventional membranes are tens of um. Ultralong carbon nanotubes (CNTs) with high tensile
strength was fabricated. By dispersing ultralong CNTs using electrochemical oxidation and fabricating membranes
through filtration, self-standing membranes with a thickness of less than 2 um were fabricated. These membranes

exhibited a permeability of approximately 2400 LMH/bar, indicating sufficiently porous structure of the membranes.



