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Fig. 1. Membrane structure of (a) reverse osmosis (RO) membrane, and (b) charged mosaic (CM) membrane, and concept of

desalination process using these membranes.

THs RO WK E DEKREMIEL T, HAMIZR
BT LL EOE 1 ZEINL TRy 128 R I BB S5
ZETHIBA REM) ([CB W TR ESGDLERFTH D,
—J7, RICEBHTIZ LA LS ATREZ2 I E L T A
faf # (Charged mosaic) [52038>%, Z4UZ Fig. 1 (b)IZ/RT
Jolz, AnrERE (N JE) EMERE (P J8) 2R Mkt
L CUWHNTELHIL, JEH 1 2 AVE VDA 7 A WA FE
NEBL CWAHEEEZ AL TS, ZO X7t k05
A NIN JE%, AT P EERIFHIER T D8N
HRECTHY, Donnan T L0 ZNSDA A A5 D x%f
A AR EITANIE R KOG IEE I Ei <l D78, FEEM
BHICRL CEMEZ BINMICE RIS ELZENATHETH
%o CM JEIZHWTH Ky T OFR X EME L0 B
23, MK H (35,000 ppm NaCl #H24) DK 5y I XE AL X
DHR 100 15 Z<IFAEL, FlZ1E 1,000 ppm NaCl #1240
Aok (IR FEHEK) IRV TR I EME J0b
3,000 {5 Lh EZLIFAET D, CM 5% A2 AKAKIECIE
RO EEERD, FENC RO EMEMEEAN B E T 528
T, WmEROEEP RS D, DT CM B K
HEDY 3,000 53D 1 LU EOBMFETEHREFTHIETHE
BHTIZEOD A KD BRI A BEE 725, Zhuns CM %
W OJFEETHY, CM BT 1381 Dk
{EBHIFFSIL TG 19,
1. 2. CM BRI EBELEREERE AN

JE ) 750 FE 752 BN ) & L C CM I Hp & B A 73 55
T HEXEULIEER B LT OZNE# % Fig. 2 127

T o ZORNTRTINCHAA v AU BREREIL N
JE& P JEEE T HEXIT, JFUKMAIEZE A OEIR A &
DI TR R BRI ND, O R EILO KEIIE
JERAR, ZEEAKE, P JE, N BOZNE O (R,
RIp Ry, R) DEFHEDO W HIZLFIL, FEER E NS KX

EEEME AN ELIRDI0, EEMRE RN A
T5 CM KT ()2 SOREREICBITHE M EEE,
(b) K, (¢)PJBE N BOBREIFEA/NSNZERRKDS
N5,

(1B B (11558 8
tEk  CMEE sk

IR EfRIchiin 58 [ g

AA AT (K o) K

1
RI+RII +Ra+Rc

Fig. 2. Circulating current and equivalent circuit in a piezo
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dialysis system with a charged mosaic membrane.
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Fig. 3. Preparation process of a CM membrane by ion track
graft polymerization: (a) generation of radicals inside an
AEM by ion beam irradiation, (b) formation of cation
exchange domains by graft polymerization using the
generated radicals.
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Sodium p-styrenesulfonate [SSS : ¥/ — (Ff)]

Potassium chloride [KCl: F 747 A7 (k)]

Sodium chloride [NaCl: 4747 A7 (££) ]

Sodium nitrate [Na;SOq: T HT7 AT A7 () ]

CEMalcium chloride [CaCly: T H7A47 A7 (KF)]

Fumasep FAS-30 [FAS-30 : FUMATECH BWT GmbH]
2. 2. EAFVE—LBHETSTNESR

AWFFETIT Fig. 3 1R T IO AEM ICEHAA U E— L4
ZIRH U TR DTNV E RS, A4 A ks
ATHE/~—IlZDRARIESE T/ I7NEGEITHIZ
ET, Ht nm OEARIRO N B%2 AEM NIZIERRSE 5T
& CM A ERE 2,

F 3 5EHE (Fumasep FAS-30) %, 40 [°C], EZE4—7
NTT 24 WFEEZERS 7212, BRI HEIRII TR B TR
i i IR B IS AR GE AT N O Jiti 5% T DA A IR AT 5
Jifi 5% TIARA (Takasaki Ion Accelerators for Advanced
Radiation Application) PN 548k it B2 45 P 3R 24 &
Wizt kL, BEZESM: TIZT AVF (Azimuthally Varying
Field) A 7ahn THESE 7oA 4B — 22 FETL
oo ZOBE, A4 FIZIT ¥Ke2 %2 HV, 7V A&
3.0x108 [ions/cm?]D 5§ FCAA B — LRI EZ{To 72
%, FELTET VIV OWHEIERE B T D 3B A 71 5 Adlis
TR Td 580 [CCIDHRIE TIRTEL T,

RIZ 20 [wt. %]D SSS KIERE Ar T AFEFHK T TN
TV T LTz, L CIDOE )~ —IBRET V7 VEITAN
A, ZOHRITAF L — LE B LT3R ME L AL T Ar
FHE T T 60 [PCCUIBWTHNERMZ 77 NEAETT-
7o D, T IVENDEZRHL, BRI E
L CWAKRERYw—%MA4 L K CTSEIY, —BriA 74
VOKITRES A Beif Uz, YEid#, ERIL7- CM i
HWHIL 0.1 [mol/L]? KCI I IESHARIF LT,

2. 3. BKERE

TERILT- CM ED B KEAF N 572012, 7T 7 NE
CROROTIRER W [lalfllELis, £z, BE 18
ff 0.1 [mol/L]?® KCl IZIRESH, HER : W, g2l
ELT=, WIELT Wy, WaZFWE KR  H[%])Z22 (1) H
BRHLE,

H=2"yx100 (1)
w-

1
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CM Ei%, P & N BOm FOfEREE AL W52
b, A VEREDFELVENG P 8L N JBORE LD
INTGUADPELKE, IEENIL0[mV]ZRL, FEEMEIC
KU TEWEMFEEIRFE RS SEHND, 20 CM ED
TP Z T4 57212 Fig. 4 |45 B 2 O
BAEZAT o7, TANF AT CM % 2 2Dk
NOMNZERI, F 5 DOEZIE 0.1 [mol/L]D KC1 IR,
B T OEMZIE 0.5 [mol/L]1D KCI IEiZAE A, Wit
IVOPRFEE =5, PIEIRES 25 [°ClEL, BB O
B AL AT E LT, SR EALIE I A LR L
7z,
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VERLL 72 CM IR D faf B G AR I & iR S D70l
Yett A To7-, £T IR (FAS-30) & CM D G H 4>
724212 5% 10 [mol/L]D AF /LA L P /K ERIKIC 1 B2
BT, TD%, AF VAL DKIBRNHZ NSO
ZH|& EIF CHEREERY, BAA K THIIZBERTE,
5x10* [mol/L]DAF /L 3A AL MKIIRIZ 1 RFFIRIES
i, ZD%, AT NASAF Ly KR OIEZ 5| & B
TEHEHEEZRY, ZNHOEENLFIRE CM JEO A B
IR,
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Fig. 4. Apparatus and experimental conditions of membrane
potential measurement.
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VERLL 72 CM fi5% 0.1 [mol/L]? KCl /K i % AN iz
TV IRIESE, MINOIEES 25 [PCCNIRELZIE
IEIREOFENT 24 BFHRESSH T, ZD%, T VA
DSIEE T UBEA A KIC 30 4y RiR s S S 21T
o7z, ZLTHE% 0.5 [mol/L]?> NaNos /KA 100 [mL]
ASTWDH T VEICKEL, HE, MNOEEL 25
[CCUIREE LI EIRIREOBEN T 24 FEfEIIRED ST, 24
REfI % P E OB E 750 [uL]Yo 7V 7L, A
o oa< NI TINTHNG DAT 2 e A AF 2 D
BEZFE U, ZOREMTEAOAT L ZHRE&E
TECations TECanion 7 (2) INBHE LT,

¢, 100

W, > 1000 [meq/g] (2)

IEC ATV AW B [meq/g]

C i AF v ra~w T I7nbEBoNT- A4 BE
[mol/dm?]

W EORERER (g

IECcation & IECanion %ﬁﬁ WT IECcation k IECanion @J:I: A [-]%f
KB BRHLT,

1= IECcation
IECanion
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2. 7. [EBHEER

Fig. 5 \OR 335 @E4 AW CENRBIOEFEN T 21T o7,
ATV AR ITHERIL 72 CM -4 2, (ECEARN, e e A
DE—H—|ZZNZH 500 [mL]?D NaCl /KIEiEZE ATz,
F7o, W5 OE —H—|fAE#EEM (HORIBA 3352-10D)
Z AL, ARER] 0.2 [L/min], @& 9.9 [mL/min] i,
J£ 1% 0.4 [MPa]OSAM: T CHEEN T E21To72, £ L TIRE
81 - & AR O RN AR EZA L ORI EEATV,
ORI OIRIRIR AR LT, ZOWIRIEEL H
vy, A(4) 0 OIEFE TR« Js [mol/m? s]& R H L7z,

_VAC

s = SAr €))

V :Cell IDiAA L /K& [m’]; d: FEE [m];
AC :Cell IOYEFE [mol/L]

S AMEERE [m?];

At RIERFHE [s]
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Fig. 6 (ZHEHBOBEHT R CREH L2823, 2ol
TETIETZ ANHITERATE CM [ 2 DDV DI,
Cell 1 1A >7K 100 [ml], Cell IIZ 0.1 [mol/L] o>FE %
B (1-1 BUFEME :NaCl, KCI, 2-1 RIEAE : CaCl,,
1-2 BIFEARE : NaySO4) DIKIEEIE 400 [ml]Z Adv, /L
TAL—T — TIPS REL LA LT, £ L TR R
(HORIBA ES-51) % T Cell 10> fiR/ET i OB R 28
LA RIEL, BREEEHR J [mol/em? s]& = (4) DR H
L7z,

CM membrane
A High pressure tank
B : Low pressure tank
C : Magnetic stirrer
e D - Electric balance
€ : Elctric conductvity meter
J, F:Col
W P Pump
L IS
o

Fig. 5. Schematic diagram of piezo dialysis experiment
system.
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Fig. 6. Apparatus of permeation experiment
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3. 1. EEEHLEKEDER

Table 1 ([Z/ERLL7= CM D757 MR A IEL G KR
(H) %7t GKEITZT7 NEARERIAEE 25 L 04
HEMNZ STz, ZIUTT T NEEIZLVBGA A A3 ik
DNEASINIZT2DIZ, ZDIRFE L OED I U 75 5
ThHEEZD,
3. 2. #MAEEE

Fig. 7 |24 2B AT L 1% O JFUEE (FAS-30) & CM D 5
AR, Yt FRATOFEE CM BT IIZE Tho
7o ZNBEAF N AL VRIRICIRIES DAL U
27Ty ZHUIATF AL DN RETHY, AT
TEIA AT DI JFRE I O CM D A A A L D %)
AF L ELTENIZ SN RTHD, RIZTNHD
B2 AF N SA A Ly NEIRICIRIBE S D L i B4 1 v
D EETHoTN, CM BRIV EIZR ST, Z
AUTEE VIG5 A A AL DAFAE LN T &5, M
PEY B CHDAT VA F Ly MIENIZ S ELE 72\ D
2L T, CM ISR A A R 4572, Zhic
AF VA F LIRSS T, BAILR-ST2EE 250
5o ZHEVER L 7= CMBEIRF IR 5T 4 5 L Uiz fad
AU ATHRILN N Z CEHAA LTRSS Z 7 NEATEIZIVE
AF A IEDNBASITNDZ LI LT,
3. 3. CMIRDAAURBRE

Table 2 [ZJFfEE CM D N JBOA A4 A A &
(IECeation) & P JEDA AL M (IECanion) , IEC DEE ()
BLOEEMOKEREZ R T, JRIED [ECuion 1% 1.7
[meq/g] THDHDS, CM FED TEC cation H3HH 2.5 & HAZ TECanion
AL TOVD, ZHUT IEC A3 1 g DRSS 1-DITAFAE
THMEBERBETERSNTNDD, FIT7MEASITLY
BoiA AL A HAFE S BN TN S A2 RO I EE & A3 BN
T BT, BT E TECanion R LT2EZ 2 BID, Z
D IEC DFERMNOHAA RS T 7 NEAIEIZEVEGA
AU R HIEDNBASILTONDENHIA LT, £z CM-1
TIEADILL T CTHOZENDIEAA AL LG 2 A4
VIHRILIN S AFAEL, WIIZCM-3 TIE A ML ETHD
ZEMBIA AL BRI IFAEL TN D, ZDIDITT
FIMRMEEZDZEIZLO, BAT L R HIEEDHR
% CM IEPMERICEHZEVHIALT,

Table 1. Graft polymerization time, ¢, fluence, Fu,
monomer concentration, Csss, and water content, H, of the
prepared CM membranes.

Sample b , fu : C””j’ H
[h [ions/ecm?] | [wl.% [%4]
CM-1 6 | 30x108 20 32.0
CM-2 9 | 30x10°8 20 59.5
CM-3 9 | 30x108 20 62.2

Base merbrane, FAS-30 : moromer, 555,

Dyeing Base cM
solution membrane membrane

No dyeing

Methyl orange

Methyl violet

Fig. 7. Photos of base membrane (FAS-30) and prepared CM
membrane before and after dyeing using methyl orange and
methyl violet.

Table 2. Ion exchange capacity of cation- and anion-
exchange domains, /ECeation and IECanion, respectively, the
ratio of IECcation/ IECcation, A , and membrane potential, Ag
of the base membrane and prepared CM membranes.

Samp|0 lECCatiOﬂ IECanion A [ﬁ:\’;]
[mea/g] | [mea/e] | (-]

FAS-30 - 1.7 - -38

CM-1 0.33 0.47 0.69 -21.1

CM-2 0.43 0.34 13 0.82

CM-3 0.49 0.25 1.9 22.3




3. 4. CM EDA AR BRELEB L OBER

Table 2 (ZJFEEAERLL 72 CM FED BN DS R 7R
o A RIDOEEN T KCUAREZ AL CIREL =5, |
TEIREE 25 [PCICHRIEL TV D, ZOSRMIZI VTR
72 AEMCEM DIEENIZZNZ1-41 [mV], 41 [mV]TH
%, RO BN IE-38 [mV]THY, A2 AEM (23T
VMEZE R LTz, —J7, CM-1, CM-2, CM-3 DJEENITZ
nZn-21.1 [mV], 0.82 [mV], 22.3 [mV]&7e~7=, Zhk
D CM DA A A HAIL B LA A AL B O b, &
OGN EFITIEBAL OB EINT 522 HH LT, Fiz
Fig. 8 |2 CM EDIEENL L, [2AA L A3y b D RIfR
Lt ZORIEAF L R BILE DG A A ARSI
BB AN \Hj% OFED AN 1 KNPSO CIIEEN T A D
&R0, W Ilzw—%zh/sai‘ﬁﬁﬁiwifﬁ/x?ﬁﬁégw
ZUME, OFED A 2N 1 LU EORECIEEEN A IEDEE
L7z, ZHBHDOfE I, KCl %ﬁﬁwﬂ%é‘é&@ﬁﬂm?‘é;
LT CM EDRGA A L B e A 7 AS L D L

ERANC TR RECTHDIENVHIBALT, A4 23t
FEBLPEATA AT HIL BNV E LS BB A7 CM RIS
725728, CM-2 MERILT= 3 #20> CM oD HE C et BRAR
H972 CM BTy M B IEZ A L TV VD,

EEHDFER

Fig. 9 |2 CM-1 2 L7358 OEERICB T 55
JEARI AARIERIOD NaCl 2 E ORI Z{LE /R T, ZORD
AR OPREAIE RO A AW BB R ET 2K
KtOZEEZ RS, OFY RO FECTIXEITKDEEMD
{&Eﬁua:%ﬁha‘é’e Z R & AN oD B AR R I B S HE N
L, EERNIRIE MK ISV RN E BT 5, —J7 CM
5% ﬂﬁnﬁ (2N T IRE [ & 3 (2 g FE AR
DOIREPMRTL, AR OREIMT 5, ZAUTES
ZEINT5ZE7T NaCl 23 SR ERNC Z<BEhL
et 2O, [ENCI0ARBIRERICEEIT5
2, CM EOBAITIE RO LV EARE OZia M3 I

[ZEWT2D, BERITTIIKOBENC LD B DR E

FRHIVY, EBREOBEINCLDEEK TR NREL
7257 BRI TCO B X5, RERLE &L IR E
ZACDBEEME T LTODA, 2L CM RO s
K CTOE ﬁ&FE:/;;%r“ﬁ)o;%f# SR LY @< Ie DT80,
fRE DOBENDMEL 2D, WIKITIRIBEZEICLD, PIHX
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Fig. 8. Ion exchange capacity of the charge mosaic
membrane as a function of Membrane potential.
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Fig. 9. NaCl concentration change with time in the piezo
dialysis system using CM-1. @: high pressure side; O: low
pressure side.

8.8 00O fo)
iy o O

8.75
3 oo
E 87 | o ©
E‘ 8.65 o
o
- o
g 86
c [ ]
2 8.55 °
c L]
o 85 o9
O ® o

8.45 | Ceo.

LY °
8.4 . -
0 50 100 150

Measurement time [min]

Fig. 10. NaCl concentration change with time in the piezo
dialysis system using CM-2 @: high pressure side; O: low
pressure side.



DHIREAA~DOBEN N K EL /257272 EE 2 s, Fig
10 |Z CM-2 ZAE L7 8 tirktiiia, $72 Fig. 11 12 CM-3 &
FERHLREREZTRT, ZROHORKITREND LI CM-1
~CM-2 Tl Fig. 8 |IT/R T LN JEE P EOAA 2L
REIENDDDS, EIREOERNTHE RITITREZE
BB, Tl L7 EARE A NaCl THY, BhA
F oA DD 1 {HTHDHIEE, F-NJEL
P JBOAA L AR ED I M RE /BN D2 N R
HLTWAHEEXHZ D,

FIZOFERIIEAA RIS T 7 NEAIECTERLZ
CM JEDSEBHTIZMi 2 HALD ORI 2 A LT
HZEERT, TR~ —T LU RE, B, L —Y
—7 77 NEAWE, I7aERIRT E, I7a o BEERE
DHERDFETIERIS 2 CM IR A A AcHafeiak &
BEA A ARHBEI A i A RE A TR STV
7202, [EJ1 &N 5EZ OS5 E TR ID D
[ZRILC, AFETERL - CM T AEM ([ZEA 4
— LEEESE I EXICELDT I N E N4
R IEAER D/ ~—% T NEATHDIC, P JE
DOWFOHIZ N JBD B H A BB L TEARRITIER T D,
ZD1=H P LN BA AR A THEIXNAT- DI Tl
DIZHEBEITICH A DDA R L2 A T 2L B 2 b,
3. 6. BADEREBRREERALLILHBENICH T 51

HEIRFE B

CM B3 3 D) dEAk s L BAE A TR T D014
LREAF L DAL DBERZHETT 2729012 CM-1, CM-
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Summary
Piezodialysis process using a reverse osmosis (RO) membranes has been widely used as a seawater desalination.
On the other hand, there is a charged mosaic (CM) membrane that has potential application to desalination. A CM
membrane has a structure in which a negatively-charged layers (N layer) and positively-charged layers (P layer) are
arranged in parallel with respect to the membrane thickness direction, and each layer penetrates both the surfaces of
the membrane. As other transport properties of CM membranes, they are able to easily control the valence
selectivity of ions by arbitrarily changing the ratio of N layers to P layers.

Many methods for preparing CM membranes have been proposed such as polymer blending method,
laminating method, microsphere gel method, and microphase separation method. However, these CM membranes
have low bonding strength between the P layers and N layers, and when pressure is applied to the membrane, water
leaks from the bonding portion. Hence, there have been no reports of CM membranes that can use for piezodialysis
processes. Therefore, in this study, a CM membrane having sufficient mechanical strength to withstand the use of
piezodialysis was prepared by heavy ion bean track graft polymerization, and desalination of low salinity solutions
by piezodialysis using the membrane was investigated. In addition to this, three types of CM membranes with
different ion exchange capacity ratio of N and P layers, A: CM-1 (A = 0.69), CM-2 (A = 1.3), CM-3 (A = 1.9) were
prepared to examine the relationship between the membrane charged structure and the electrolyte permselectivity.
Permeation experiments of a diffusion dialysis with the CM membranes were performed using various solutions of
electrolytes that consists of monovalent cations and monovalent anions (1-1 type electrolyte), divalent cations and
monovalent anions (2-1 type electrolyte), and monovalent cations and divalent anions (1-2 type electrolyte).

The CM membranes prepared by heavy ion beam track graft polymerization had high mechanical strength. In
a piezodialysis system consisting of the CM membrane and 500 [ppm] NaCl solutions as the initial concentration,
the salt concentration at the high pressure side decreased and that on the low pressure side increased by applied
pressure of 0.4 [Mpa]. This indicates that the CM membrane can desalinate the salt solutions by a different
mechanism as a RO membrane.

In a diffusion dialysis system using various electrolytes (NaCl, KCI, CaCl,, Na2S0O4), CM-1 has ca. twice
higher 1-2 type electrolyte flux compared to CM-3, on the other hand, CM-3 had higher 2-1 electrolyte selectivity
than CM-1, indicating that CM membranes can control the valence selectivity of ions with changing their charged

structure.



From these results, the CM membrane prepared by the heavy ion track graft method can be applied to
desalination processes in piezodialysis and highly selective separation of electrolytes; hence, it can be applied to

desalination of low salinity solutions and purification of pharmaceutical raw materials.



