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Fig. 1: Scheme for the preparation of our nano-structure controlled ion exchange membranes
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Table 1: Overview of our ion chromatography systems

for cations (K*) for anions (CI")
column DIONEX® IonPac CS16 DIONEX® IonPac AS19
pump
conductivity detector DIONEX®™ ICS-1500 DIONEX®™ 1CS-2000
injector
autosampler DIONEX® AS DIONEX® AS
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Fig. 7: Relationship between graft polymerization time and
the degree of EtSS grafting at different fluences of 3.0x108
(®) and 1.0x10° ions/cm? (). The data are compared with
those of the conventional CEMs prepared by y-ray grafting
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Fig. 8: Relationship between graft polymerization time and
the degree of CMS grafting in toluene (@, M) and water
(O, O) solvents and at different fluences of 3.0x10° (@,
O) and 1.0x10° ions/cm? (M, O)
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Fig. 9: Relationship between the degree of the EtSS
grafting and the ion exchange capacity of the CEMs
prepared at different fluences of 3.0x10% (@) and
1.0x10° ions/cm? (H). The data are compared with
those of the conventional CEMs prepared by y-ray
grafting (A). The solid line represents the theoretical
values of the ion exchange capacities, which are
calculated on the basis of the assumption that the
hydrolysis reaction occurred quantitatively.
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Fig. 11: Relationship between the ion exchange
capacity and water uptake for our nano-structure
controlled CEMs prepared at different fluences of
3.0x10% (@) and 1.0x10° ions/cm? (H). The data are
compared with those of the conventional CEMs
prepared by y-ray grafting ( A ) and a
commercially-available Neosepta CMX membrane

(O).
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Fig. 10: Relationship between the degree of the CMS
grafting in toluene (@, W) and water (O, O)
solvents and the ion exchange capacity of the CEMs
prepared by at different fluences of 3.0x10° (@, Q)
and 1.0x10° ions/cm?* (M, [O). The solid line
represents the theoretical values of the ion exchange
capacities, which are calculated on the basis of the
assumption that the quaternization occurred
quantitatively.
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Fig. 12: Relationship between the ion exchange
capacity and water uptake for our nano-structure
controlled AEMs prepared by the CMS grafting in
toluene (@, M) and water (O, [O) solvents and at
different fluences of 3.0x10° (@, ©) and 1.0x10°
ions/cm?> (M, O). The data are compared with
those of a commercially-available Neosepta AMX
membrane (O).
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Fig. 13: Relationship between the water uptake and
membrane resistance for our nano-structure controlled
CEMs prepared at different fluences of 3.0x10% (@)
and 1.0x10° ions/cm? (H). The data are compared
with those of the conventional CEMs prepared by
y-ray grafting (A) and a commercially-available
Neosepta CMX membrane (O).
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Fig. 14: Relationship between the water uptake and
membrane resistance for our nano-structure controlled
AEMs prepared by the CMS grafting in toluene (@,
@) and water (O, O) solvents and at different
fluences of 3.0x10° (@, O) and 1.0x10° ions/cm?
(B, O). The data are compared with those of a
commercially-available Neosepta AMX membrane

(O).



4.%F &,

AW TH LT R E CEM, AEM OPERE[M)
FICEBEZROX, 7V R TELRVELTH2ETE
T EMBEORMEZR T THY, TORDII 4 s
LSRR Y T DI ETRIF O KT 0 R AR 205
THD, 560 MeV 129Xe?0"t"— 1% ETFE IR L= X,
Katz 59> Chatterjee (VI LATREMEIEE T /ML AUT,
1 kGy ZHrEL X\ MEE L CORBRERRIE 250 nm F2EE LG
HEND, ZOENS, LA TFORE AWV TR ETRIRO (KR5S
R (R END RI- L& OBy R AR 27 EL
77

KR E =1 (pxe /21 % Pion 3

oxe: ETFE 235175 560 MeV 20X e28* O IEAETH
B (nm)

. [JEZR (-)

Pion: 7IVTL A (ions/cm?)

FERITITZ LT R 3.0x108, 1.0x10° ions/cm? TEILE
10 14, 48% ootz ZOHIAIN% Fig. 15 [0R, 7
VT RINT T T NRD B ER G R ERIT RIE TR
X, ZOMEEESTEZDEDLT W, B2, 3T
18iCH 723917, 7/ 1.0x10° ions/em? IZBi1T5
757 NRO i ElE 3.0x10°8 ions/em? DA EHERL T
3G THY, ZOBRIIEESBOELITE T D,
FIHIEIHITIE, A4 REBROEACITITHE K
FOWRKEN, vy T T7MNEEGOERNST LT A

(a)
° : :.oo. i
O.o...o:. o..o:o

1.0x10° ions/cm? C 1/3, 3.0x10% ions/cm? TiX 1/5 IZFT
REIKFLTEY, EESEOHEINCEY @515 R
DEFENTHIL TOERT-D M TH D,

5. SERDFEE

AA e — LS T T NEGIEEOIH LN TEICLY
FREERIE CEM, AEM O/ RRIZRThTHEEbiC, &
OO ESALF RO TN ZITOZ LT, BRENTICH
(A BT L R N R CE D B L2157, L
ST, WIRDBPELLC, ERFMOERHEIEZXHZ LI
Fo T, BEFFBELVARVEST (<3 Q om?) & iiss (>
0.97) %4 3% CEM, AEM DOBF% D 5, Fiz, b1
72 CEM, AEM ZEXBNT /WAL, 57 /LK
D EfERER A T T D,

6. X K

1) T. Yamaki, Y. Kozone, A. Hiroki, M. Asano, H. Kubota
and M. Yoshida, ECS Trans., 3, 103 (2006).

2) T. Yamaki, Y. Kozone, A. Hiroki, K. Hosoi, M. Asano, H.
Kubota and M. Yoshida, Electrochemistry, 75, 175
(2007).

3) For review, T. Yamaki, M. Asano and M. Yoshida,
Current Developments of Radiation-Induced Graft in
Membranes, T. Xu ed., pp. 1-49 (2008).

4) For review, T. Yamaki, J. Power Sources, 195, 5848
(2010).

(b)

L L
@ oc0co 00 00 ° @
.o: e’ 00 @ o0’ 08 0%
o0 0% o ..QOO'
oo %moce o 08.00
[T o% o, ' W XX
0% o ¢ 00 % ."“3‘%t
°

® : (AUE—LRM(ETFEEDP D560 MeV '2°XeDi5 & :250 nm)

Fig. 15: Scheme for the distribution of 560 MeV '2Xe ion tracks per unit area.
(a) 3.0x10% and (b) 1.0x10° ions/cm?



5) M. Higa, M. Goto, T. Yamaki, S. Sawada, H. Koshikawa
and A. Kitamura, Bull. Soc. Sea Water Sci., Jpn., 71, 37
(2017).

6) RREICME, 7 MG T T NG EICLS T
W12 RO TER, (1A KPR FBEEE T4 58
BHE L7 T (2017).

7) T. Yamaki, M. Asano, Y. Maeckawa, Y. Morita, T. Suwa,
J. Chen, N. Tsubokawa, K. Kobayashi, H. Kubota and M.
Yoshida, Radiat. Phys. Chem., 67,403 (2003).

8) T. Yamaki, K. Kobayashi, M. Asano, H. Kubota and M.
Yoshida, Polymer, 45, 6569 (2004).

9) T. Yamaki, J. Tsukada, M. Asano, R. Katakai and M.

Yoshida, J. Fuel Cell Sci. Technol., 4, 56 (2007).

10) H. Ben youcef, L. Gubler, T. Yamaki, S. Sawada, S.
Alkan Girsel, A. Wokaun and G.G. Scherer, J.
Electrochem. Soc., 156, B532 (2009).

11) J. Chen, M. Asano, T. Yamaki and M. Yoshida, J.
Membr. Sci., 269, 194 (2006).

12) FHE—, R, REHEE, S8, 527
X, 63, 149 (2006).

13) R. Katz, K.S. Loh, L. Baling and G.-R. Huang, Rad. Eff.
Def. Solids, 114, 15 (1990).

B

14) A. Chatterjee, Nucl. Instrum. Meth. Phys. Res. A, 280,
439 (1989).



No. 1623

Preparation of Nano-Structure Controlled Ion-Exchange Membranes by

Ion Beams and Their Application to Seawater Concentration

Tetsuya YAMAKI', Shin-ichi SAWADA', Hiroshi KOSHIKAWA', Mitsuru HIGA?,
Nobutaka ENDO?, Diego MESSANA®, Enrico DRIOLI*

"National Institutes for Quantum and Radiological Science and Technology,
2Graduate School of Sciences and Technology for Innovation, Yamaguchi University,
3Institute on Membrane Technology, Italian National Research Council,

4School of Engineering, The University of Calabria (Italy)

Summary

Until recently, many researchers have been developing better ion-exchange electrodialysis membranes for
applications to a seawater concentration process. The present study deals with the preparation of
nano-structure-controlled cation- and anion-exchange membranes (CEMs and AEMs) by a so-called ion-track
grafting technique. This new technique involves irradiation of a polymer substrate with a MeV-GeV heavy-ion
beam and the graft polymerization into the resulting latent tracks. If the ion-exchange groups are introduced only
into the nano-sized cylindrical tracks, the surrounding substrate matrix without any modifications is expected to
mechanically prevent any excess swelling, thereby improving ion transport properties.

A 25-um-thick poly (ethylene-co-tetrafluoroethylene) (ETFE) film was irradiated with a 560 MeV *Xe ion
beam. The irradiated ETFE films were immersed in grafting solutions of ethyl p-styrenesulfonate (EtSS) and
chloromethyl styrene (CMS) and then afforded to hydrolysis and quaternization of the grafted chains for the
preparation of CEMs and AEMs, respectively. Not only the EtSS and CMS grafting reactions but also the
following hydrolysis and quaternization proceeded quantitatively, resulting in the preparation of the CEMs and
AEMs with controlled ion exchange capacities up to 2.0-2.5 mmol/g.

The water uptake and resistance were lower for our ion-track grafted CEMs and AEMs than for the
conventional y-ray-grafted membranes, and strikingly the transport number was also comparable to that of a
commercially-available membrane. This would be because local and high-density energy deposition due to the
ion beam enabled us to control the membrane structure in a nanometer scale. The track diameter was
theoretically estimated to be ca. 250 nm, and the volume percentage of the tracks was only 14% at a fluence of
3.0x10% ions/cm®. A key for success here is to achieve high graft levels in as small a number of tracks as

possible.



