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Abstract

Phase-separating porous glass (PG) has a jungle gym structure with cylindrical pores connecting
with each other three-dimensionally. This structural feature gives PG high surface areas and good
permeability, suitable for filtration processes or sensing system. Specific surface area is also based
on gel deposition in PG. Inner pores are covered with silanol groups bring it hydrophilic and
chemically reactive. PG had eagerly studied since it was developed by Corning Incorporated in the
1930s. However, there is a few research of PG in the present owing to the difficult treatment of gel
remaining in the pores after an acid leaching process as the gel was sensitive to the acid condition.
However PG has many remarkable characteristics from demands to the eco-friendly products and
acceleration of nanotechnology. Therefore, I focused on the well-controlled PG to be applied to
the research of an adsorbent and a sensing system.

In part 1, the removal of Cs” or St*" from contaminated water by PGs inherently having the ion
exchange function and the good permeability were examined in order to overcome the poor
permeability indicated in much of the conventional technology. The capacity of ion-exchange is
considerably dependent on the trace element (especially Al or B) included in the gel. The PG
having the highest capacity is comparable to the zeolite utilized generally as an adsorbent for the
decontamination of the radioactive substances. Therefore PG is an advanced material as a
replacement of the zeolite.

In part 2, the relation between the adsorbed water in inner surface of PG and the electrical
resistance was explained. This is important to elucidate the surface conduction in the purpose of
presenting a new sensing method using a glass material. In contrast with a bulk glass, a large
specific surface area of PG facilitates the electrochemical measurement. Reviewing the
experimental results of the reported humidity sensor, the followings were discovered. The multiple
electrode reactions related to the cyclic voltammogram and the dissociations of H' from silanol
groups accord with the increasing adsorption layers of water.
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Fig. 1-4-1 Schematic phase diagram showing metastable immiscibility regions with images of
phase separation texture. The spinodal decomposition and nucleation growth (droplet) mechanism
are denoted, respectively, as “S” and “N”, A. Yasumori., JCS-Japan, 121 (2013) p. 474
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Fig. 1-5-1 Production process of phase separating porous glass (Type A with gel deposition,
Type B without gel deposition), {1, <1fi, Vol.25, 3 (1987) pp. 184-194
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Fig. 1-7-1 PG are similar figures regardless of different pore diameters.
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Fig. 1-7-2 Differential pore volume (Av/cm’ g™')/Alog d as a function of pore diameter (d/A),
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B BAEM DI
2. R RO

20113 H 11 HICEZ oTe HHARBRIC LTI EEZINTERGAEORBETHD
BEFE R WREINERIT., OIS KEDBSFEYE % R S & ek 2755 L=,
B L7 E DIFE L A E1E Cs-137 & Cs-134 TH Y | 5 B 30 420D Cs-137 OFRHEH
BlE, RPN EERLRRET —ZICk D L. 1.5x10"° Bq (& 5 kg f124) (RT L4 - 14
LR T — 2, 2011), £1-. BB — A0 b DHEHEEEDES &, 3.5x10'°Bq (G.
Brumfiel, 2011) &9 7 —Z MG STV D, BEEE L~V @ - Ik Tk, 3420
P U724 C bIn e W K- R E RS KR SR E ST b, £, WEE —FRENTIE,
A LA O SN ORI EEE L £ £ 57, Hix OBRYEEE & ERIC/FEI L
RN, TBYKITTZ VT TV D, L TCHEF KA EIGYUKIRHSEE Z 0 . e
BRI T E VO REBEOFEREEZH N TS, 2 CHEROIX, B U AT T
< RN=FE T Sr-90 ThHh D, £, HRAKIZIIKEDO M) FULLFEATNSD,
ZburF LT LALD BEEA U AZBRTOBIRMEDMES . LIk HER
RLARTFHUENT 2=, KREOIGFA AU PREEZGET D E VI RENET TN D,

2-1 PG DOREME LTORAM

BREEKC IR B OIG YK AR L TV D BN M B 2 RET 2 721, RIS #0312
RINTWD, ZHIUIBSHMEWE 2 WG LIREECRIIRE T2 72 OI12iE, BRI L - T
ZOREENEN T, BEEENEH L22NWZ ERBE L SNDTDThHDH, —fRNRA A
VAR ERT & U CRIIER O b OMER STV D28, AW TIIBUERRRC X - TS
DUIFVEIE IR SN D72 REIRE IZIZM 7220,

W AEM DR TH, EORENROA F UFEITERIED H D O, A A 2 HbkRE
HOREX R ENRR SN TE R, G LTid, Ay T v 7 —nE&@ i o s 298
ELTHIBNTWD, £/, MARERBREE L THONSELF T4 MO I72T VI /2
r— eV TEREH S TWD, SPEITx LTiE, BIEMOH WA ITIZE A CH
HINTELT, F¥ =T ROWEMPNAMICHER S TWD (LF, 2001), LL, ¥
KFNE S ERET D701, WTHOBEFIC S A7 b OldRvy, FARTICH M
B D, RO EA T A MILZMIZN, R I DT-0T1 T MRS 5 &L KRE2FZ AT

12



T L. iR E L BBV, 2372 0 SARTRE S &2 0T 21 U7 5 TR TIER W,
FERIC TNV T TN —b MR THER SN OME DT, £ D FE E TITBEME?E L
INBZ 72D, BIMERE WS OO 3 X FRE L, REDIHYIKZ LT 5 DT ARmE T
o, FH=TROWEM S A MET, FHCHEE OJF R NG YK LR E (ALPUS) (2 fF
AENTODREMTESA R TRBELDRD DN TND, WTNOREM S —E—Fd 503,
HOELFEID T MEANTEDZETHD, — 757 PGITHHELRICIN TARS 72 7=
ﬁﬁﬁ@ihﬁ?bﬁﬁﬂkﬁéo&Wﬂﬁﬁ2®%4ﬁy%§@T%5V3/%W%%W
RIENZFOTD, A A ZWHEREZ /R T, REIEEA @\, BIMOFHEME T Z &
bHEETH D, Flo, MEWERH D720, BB X250 ETIZ< W, RUREGHT
Db, MRS & < — R U7 BUN B O 2l 4 2 2 L3 TE D, MBS

TADI, T ) BTN T T — e B ) BERARN DI, A REAIEDOEERE,
RO, Bk U U LEEZIERFEEE LTHWS 2D, RREALTA LY bax ME
MBN, LELIEWMENROND, LIFNI BDODERELT A MOV L - F/WETERS
NDHTTZAXVITITDENITEN T A N TRICAND Z ENAHETH D,

ZHNETOWMETIE, PG OEHE LHERE T VD3R T A A o 28tk LI, %

DA = X LDOIRRARLHRED 2 Fr— L ETITFR L 6N T ﬁﬂwt&%ﬁl%ﬂ F—
ETIE, ZOA T ZRHMERED A T = X O ZHERE 7 VP O ERMIZE B LTT 9,
O, ERMEOKEES, BUEBHMEME OBREM ORI E L THERH S TW D RAREA
T4 ML OPEREREL, BEREMM B CH D TN LT T —% PG ICHE SH SRS A
Oy THET 2,

22 Y UF NG

PG Z#HWe—# DA F o RERR AT H D720 . REBITIEOZ L2 W3 5 Tk
BRafTolz, BUEEZTIIHE SN TWDE TV /R UHEERR PG 0k U EEER PG IZxT 5
FERHT, FEREERE, A A4 ZWRRICH WD ET WEYOKROGME L | BRfrA TV RE
DERGIHIO 4 THHIZOWTRE L, BB IE OS2 7 T,

XU OIZT IV AR U ERER PG &R VEER PG OFRITIEZ RS, £ Eno I
JFUBHZ, Table 2-2-1 DiEY TH 5,
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Table 2-2-1 Row material compsition of the Alminoborosilicate-type PG and
the Borosilicate-type PG

SIOQ (%) B,0; (%) Na,O (%) A1203 (%)

Alminoborosilicate-type PG 62.5 27.3 7.2 3.0
Borosilicate-type PG 62.5 28.3 9.3 -

TV AR U EE R PG Ik L CIE 580°C-16 h, 8 w7 EEfESR PG (2%t L Tl 600°C 20 h @
BULBLZ N A ) — X )Vl ST, 0% O PG 100 g 12%F L C 90°C LA_E® IN-HCI %
500 ml W CE AR 24T~ 7=, 7272 L2 D7 I BAADOSME, 7vh U Sy (Na)yk R
e (B) 1R HT 228, MFLINIC S U I OV DHERET D 5:blc /e > T D, D72, 580°C-
16h OEMLBLCTIERIEN D T VX AR U EFESR PG OMFLEITIAK 15 nam FRE & S TWDH D3,
TONHEFET D722, Z ORI R ITMARIL S nm BL T & 705, [AERIZ, 600°C-20 h DFEL
SLBRCIERL S U 5 AR EERE SR PG OMIFLARIL 50 nm & SN TWDH, ZTHH ¥ L7
DITHFLRIEL Som AT & 72 %, HEREZ L O F725031E Si0, TH H 23, ZDIEh, H3IEE
Thod Al B, NaeEPbETHE L LTHEEND, —HEHS ERESN S0, THDHZ &
IFAEZR VDS, AL NaZg EOMERIEEA LRV, &7 I WV 24 % 72 PG ITMIK THE
% 130°C TREME L, EEBERARAER AT, TR R VHEEESR PG X 65.6%, & 7 EEER
PG X 66.9% CThH o7z, EHLLD PG LK 2B DEEIC/R ST, D) HHEREF IV LBk D5
DLEEIFFFEETENENN 1B TOEHDL (BVMRDERMATT A% 1 LT 58
ZNENL 13 & EHD D),

2-3 RS

AT A DRI N IREEIR A & | FEREEONT 3 & D, MREEITIE, RTALEE & & &5 &

WO 2BEICT B D, BB L LTT o AWKERRIC KD el A L3RBT YD

WZRDT VT VERBEA SIS, %n%hw\m&ﬁim231&mz3zpr¢

WO THD, 7 AKFEREERT 572012037 AALKEBRHEA DAY T 3—%ff21- K7

7 b BT T ALK RERBER O BB & D BERALBE S L BT T2 D TV Y RIS

HLTH, AGMOHMRLEIZR 5728, EHL0HEE b7 TR B & 3R Tl
ESY/IVNINE VAN (S R
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SiO, + 6HF — H,SiFs + 2H,0  (Eq. 2-3-1)

Si0, + Na,CO; — Na,SiO; +2C0,  (Eq. 2-3-2)

Eq. 2-3-1 HOA~F YT A 1 b A BRITHEHREEOME D72, StlTRIMNHEH SN D, £
ZNDOIFIETHE SN IWIR T D4 B A 4 O EI% ICP-AES (Inductively coupled plasma
atomic emission spectroscopy)<> ICP-MS (inductively coupled plasma mass spectrometer)’ & T4y
Fraind 2 Em&zun,

FERE AT CITEB O BB I B e < | 8O XMW EAT 5 HiER b 5, 7272 L, 2D
FEFERMICZ LS, BT - EESIT L LT SO0, Ml Lz
FOBHEPRELS RV EMHGMHBIC L R ORWARER S 5, £ 2T, TORESE L ICP-
ABSIC XD ERDHTITE DAADVHBI L TWA T IV AR UEERESR PG & 7R U EERESR PG N
DTNV =y LA U, 3R X BRI I OF el & U CRIA AMED> & 9 o fst
AT 2Tz, FNZENDOHAIT Table 2-3-1 12" Y Th D, ICP-AES TOHTTIE, BRIk
RBE ClEbnbaned, BRETCEOFHEE TR LI, 7 v {bKFEE TORILER & ARGy
Wrix=2~7 V777 J RS thcikiE L7,

Bt X MR E T, BRIRENL R P T v —i%E D JISX-3100RI =L A k77 A
P (AAREF) ThIFE 75 pm ~ 1 mm ORNIRY > T L TEZE R TOREEIT- T2, W
DAY MVEEREDEER%Z Fig. 2-3-1 (277, £72. TUENOY T kT 5
B S R DOFEM % Table 2-3-2 & Table 2-3-3 12777,

Table 2-3-1 Compositions of the Alminoborosilicate-type PG and the Borosilicate-type PG

B (%) Na (%) Al (%)
Alminoborosilicate-type PG 1.05 0.16 0.30
Borosilicate-type PG 0.72 0.07 0.01
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3.5+

3.0+

2.5

2.0+

CPS

1.00 2.00 3.00 4.00 5.00 6.00
keV

Fig. 2-3-1 X-ray fluorescent spectra of the Borosilicate-type PG (red) and the
Alminoborosylicate-type PG (blue)

Table 2-3-2  The details of the X-ray fluorescent measurement on the Alminoborosilicate-type PG

AIEBE © 2013/01/31 11:22:26

HEEH
EEE  30.000 kV BEM ©1.000 mA
DFILE AL o 102.36 7 TYERRALL 2%
SA4THA4L 1 100.00 g ES 1310 Counts/#
Tty bk D SA JA A L 100,00 #
IAJLF—EFE: 0 - 41 keV PHA E—F S T2
FH= © VAC
KEREH
al)yA—4 © 1.000 mm PRI . Open
EHER
SrocE: Na, Al Si
T4 vT 4 7% 01467

i)
idlled ;
N N

%
EERER .
=3 BHEY% EILY o HEHBRE KLyt Sqav
11 Na* nd K
13 Al* 0.0806 0.0839 0.1925 29 0.0001791 K
14 Si 99.9194 99.9161 0. 2305 66760 0.2182451 K
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Table 2-3-3  The details of the X-ray fluorescent measurement on the Borosilicate-type PG

BlEAE : 2013/01/31 11:07:38

BIESEH
EBE © 30.000 kV EER T, 000 mA
JZILEZ AL 10215 # TYFRAIAL 12
SATRAL 2 100.00 # HE-ES : 1194 Counts/#
PAESNS D SA TR AL 10000 F
IJ)LF—E0E: 0 - 41 keV PHA E— K : T2
FHEHR : VAC

KEREH
Yy A—4 > 1.000 mm 4L : Open

EHEFER
2HrE: Na, Al, Si
T4 T4 TR 0.1445

EEEH

EEER | |
(=3 BHE% EILY% o HEPRE KL A+ Sav
11 Nax nd K
13 Al* nd K
14 Si 100. 0000 100. 0000 0.2195 60825 0.1988436 K

ZORREIY ., ERESTHD SIODOHRIE- XD ERHINTEY, Naldlbn b
ND(@&F@T%OKObfﬂﬁﬁ%YWi/ﬁ?ﬁ%%ﬂhbM%ﬁ%bKﬁméﬂf
WD, BB TIIZRWIZD . INEURLUT D% A — 4 —TOE A RO I N T,
XA LD IR SITIFATE RNV Z LB R ST,

2-4 FEHHE

TR ) R UEEEE R PG & HW T AN, (825%) -BET ¥ (Brunauer—Emmett—Teller method)
& —RANBETIECTHE LN D REEOZ UL MR LTz, o2 s, ZaXOWE%R
LD IERERECM LR & RO 2 OWARIZN, KO DHE LD, — )
ETHONDRERNL L L R THIVUT, NEREEDF—0 PG IZ1E— miiE T ORIE A E
AT 6THD, WAESRBIZILIUPAC TED LIV 6 O (Fig. 2-4-1) B dH 5,
ZNETNORMIILLTO L I 5,

I % : Langmuir 8 & /300, WA EITIENOHME &L b2, HL—EEICRD, v 7=
HIFL (EAE 2 nm BAF) OIFEE R LT D,
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FETIE—

Fig. 2-4-1  Adsorption/desorption isotherm classifications.
Shimazdu Co. online, Wit 75 R4 (isotherm)

07 : BET A & ’piEi, 250 B2 aT DB S ORI CH 5, MFLOTFIE L s
2, Flld~ 7 vfifL (B 50 nm LU b)) OFEZ /R LTV 5,

7Y IAY & [RIRR I S0 g Wieg |\ H S A MBS OZRMB CTH 5, MFLOTFEE L 72
W, w7 B fiILOFEEE TR LTV D,

VA : W35 PRE 2 NER N (%) LCEOhaWasRky | FHiE2IEKEY (i)
T TCHELNDIWEREDRLRDLGE (EAT VA2 DLW )) OFERRTHD, A VM
fL (EFE 2~50 nm) DIFEE RS,

VEL IVRIERICS E AT U A2 S OHRMTH D, A VHILOFIEETRT,

VIEL : §ii /e 5 A 7 CHEBINAT SRAR & WFIEAL . MHLOTEE L 72\ R R~ Bel 72
Loy TIENA AR, WA FROFI 0K E ORI bID,
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OB E VAL L T—REIAME L SNTWnD, 7R b, Eq24-1 TREIND
BET 71 v FOW, CEIXBET EBEFHINDHD T, WAL L TS, ZOMHENAR
WAEFR AAMERA R 72 0 SBRAUTRET TS ER DD, M/ S W EARERT
OWAERNDR 2D M, VRIOIRERD L 5 Bk E & %, CHEPANESWEEIFIZH

725 INGCIEN 0TI TE R 725728,

—RIEDPBEIETERY, DED, —miEL T CHR

TR RESUAN OB TEDLZ L L, COIT(C-)=CTHD I EMBC-1)/VuC=1/Vy

SRR SEDT 81T,

—HLDV & PPyHIE TIREZIND V= V(1-P/Po) DEFRBAFRI T V, D

PREDZEERMT2HIETH D,

P _ 1+
V(Py—P) V,C

c—-1P
Vi C Py

(Eq.2—4—1)

Vi : B FBOWAETT A&, Py fARIARKE, P: U TNRADIET) V. 2 AWAEE

V (mmol)

2.5

1.5

0.5

0 0.2

0.4 0.6 0.8 1
P/P,

Fig. 2-4-2 Nytrogen adsorption isotherm for the Alminoborosilicate-type PG
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04 r

0.35

0.25

P/ V(Po'P)

0.15
y =0.7437 x + 0.0087

R? =1.0000

0.05 F

P/P,

Fig. 2-4-3 BET plot for the Alminoborosilicate-type PG. Closed circles
denote the experimental data in the relative pressure range from 0.08-0.23

where BET equiation is applicable, and open circles represent the others.

N,-BET Z A E 1 X R R B AGRIE R AR ZR Z BIEDEIZ T T o 7=, B X FE R
O RF LT > T2 W2, No-BET — S IE L. BIREN. KRF %~ Rli— 2z o

Wb L, TV EA L =g 2 ) =TT o Tz, SAREDY T MR, T
IV AR D EERE SR PG ORFEWREL 5 f5FH 4 dh &2 H 22 T 250°C C 30 min APABL AT > TH B
E LTz, —aUEOBIEIX, FERICT VI /R VERE R PG QGBI 5 (5B % 2@ N
D7 Lt — MERET 15 min DL EZEFEFFAK T 200°C (2 CHMLERZ (T > COLEE LT,
TV 0.352 g & W6 O 2% 5E OWAE SR & Fig. 2-4-2 1T 7,

DL S F3 0 BRETEDOHSE 1< TR B2k —7 2#< TR
AR S O N, FIZZE BET Y u vy MIE#T S L, Fig. 2-4-3 O X HiZ7-7,
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Table 2-4-1 Specific surface area of Alminoborosilicate-type PG by single
point BET nitrogen adsorption method

Sampling No. 1 2 3 Ave. S.D.
Sample amount (g) 0.1971 | 0.1762 0.183

Surface area (m?) 73.9 65.5 66.1

Specific surface area (mz/g) 375 372 361 370 6.0

HALTRLEET vy hON, @ 5E 0.05~0.35 2 BET 7' » b O & 72T, 0.08
~0.23 (BRFR) TEALMIZITV, MEMRIUEIE | M5 b, ERIEROBE L9
5. Vp= 133 mmol, C =865 KEV, WIZEHENFO AWM 0.162 nm® ZE/HT 5 &
TV ) AR UHEEAR PG DHEEMIL. 369 mig LT, FIEDREES, 353 mig &R0,
PR AL 361 mY/g, FEUE(FZE (SD) 1% 8.2 (n=2) & e o7z,

WIZ, — HEETHE LR & 7”9 (Table 2-4-1), HIE X 3 B[ T~ 7=, JHERAYIZ
—RIETHEOLND V BIZZAEL D /NS RDIT720, AEOREITRES DI
OGO EINRKREAFFEREORENTE TND LWV IHIFEmICE -T2, Zhid, ZAIET
BoNE CESS ML HLDLND L HIT, T R TERRPGIIN, & OWENREL
—RIEETH RSO H D REFAEIMTZ D Z LR TE 7o, £lo, A7 ix
B 5nm LA ML a FFoh o7 anTtesh . ZaATHELNL T RORAEER
FROTZRS Snm LV b/ S RMA RS A TRTE DR Lo T2,

2-5 A F AR DT T Bk S

A A R HARER T WA EMIFZEREAE (NIMS) Oy FHRUCHEIL L 7= FIETITo 2 & &
L7c. WAEM & 0.3 g 1okt LSRR 30 ml OEHREE 100 DT, 2l 25 £2°C FIZ T~ 73
F v I AR =T —Z R DL 24 W To 7z, REEBRE, WAEM LR E 045 um DA 7
LU T 4V —ToHlEL, WRTORFA U AREDOE BN 21T o 7o, WATERROFAMIL,
W7 =R (Bq. 2-5-1) & 0EdFRER (Bq. 2-5-2) TITo 70, 7o, WRIZIZ 2 FEOET AIEF5K, 1
ppm Cs B & 1 ppm Cs™ & 80 ppm Na®, 150 ppm K. 150 ppm Ca®>* @ 4 FEDA 4> D
IRATRIE 2 YENG LTz, B5A A > OPEFEIT CsTTx LT 500 (DB /L IRETEA S5, Cs'ic
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1% CsCl, Na'lZiE NaCl, K'IZIZ KCl, Ca*"i2id CaCl &\ 95 X 9 (2 THALREE (Fotit
FEA Y R EE) CIEE U721 ppm OAR#LE LT, Fli% 2.5 TR L7 BIfE, HURtE
WE DL VIR IZEEL SNTRIBICH 0 | BREKFIZEFE L7 U — DA 4 O
FEIE 1 ppm 1132 < MITRWRETH D 2 & FARICEREELS, THIT2 G K o Y
EINTRCTEGFA LT E LTHFELTESEATH, Tppm E WO REIZITZE LR L ITHEK
T 5, £l NIMS DT —F X=X L DN ES ThHHZ & bHBHDO—2ThHD, WiEA
FL, BERICHOSNET AL VER - TAh ) HHERE, 77— 7 BaeBEITRR
L7z, 500 f5DE/VPRECRE LI-BEL, 57 /v 7 AR VERER PG T 1000 ppm Cs' (%}
T HRHF AR E 2 A, WAERILI9%E REL FEIV, 21.3%EeoTe, ZIUIsH
KEZMERT D IEMERREBR TIX72\0 A, 200 ppm Ji57 D Cs AZHAZE BITFEF2AY, 500 ppm 43 1%
RWERRTZLENTED, FD70H, PGIC CSITHT HBIRMEN D D LIRET D L. IBRE
IR PR A B EORETER SND Cs DS DBA A 2 A U T, CST ORMBmNRAET
LR HMERT D ENTED LN SN TH D,

Co
R(%) =

x100 (Eq.2—5—1)
0

Co —
C

c Vv
K;(ml/g) = XE (Eq.2-5-2)

Co: MRMNMIIRFE  C: VAR Vi (ml) m: WEH & ()
2-6 TEEDHT

BAFA A & LTIHET 5 THA 9. Cs'™°Na', K', Ca" BIRENIT T& 0135, 4
BOICHEZET 2L, ZOMOT ALY LHHEESST AN Y &R, BB S FRHIRIE
TEXLZEBREE LV, TOLI Y U T MCKT D EEGT LS LT, W #rik
(AAS: Atomic Adsorption Spectrometry), ICP-AES {4, ICP-MS{EZERFIH STV 5, AAS I
HETHEEZR AL, SHICHETHEFAOREO 2 HZH I &5 & EEREDR
T Z UL U CRhERREICIER T DB O WL 2 & LR IR 2 W E T 5 o b ik
T® %, ICP-AES % (Inductively coupled plasma atomic emission spectroscopy) (X, 77 A<1Z
KV Jphid SN T2 e R IEERABIC R D BT S 2 & 0t LT IR B Ie R D ENE,
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FREEND BB EIT O Hi1ETH 5D, ICP-MS £ (Inductively coupled plasma mass spectrometry) i,
TR THER LA F U PEEEPIZHERAEN, A A L ATIR SN2k, BE
SRt CE R BT (m/2) IE C TR EN D T HIETH D, WTHOEREICH, Ml
ARERTCHRRER TIRIGEVDRH Y . 7RO~ b Y 7 ARELTFUWILRIT L - T
BEZT D, A AR D Cs AR 99%LL E&FAMT 5 7-DI12iE, JFHE 1 ppm & V7=
Be. BRIFCSTEE 10ppb L F 2 EETERITUER B2\, £D7=8H, Y7 ppb ~ % ppb
O Cs'IZHk L CTEREFEDOH 5 ICP-MS Z VT, W ARENE S D E iR T 5 Z &IicL
72

FBHEATHT 2-5 TR L7z A A 2 ZS kBt Ok & AV 7o, WM L VI % 0.45 pm O
AT VLT g E—THlET 2B, PGITHBE 2B ESECLE DI, 771
VEIDOWAEM B FBEL . £72 PG B b SAVTHIRL L 72 0 | ICP-MS ~D % 7 /LA
DEFZR T TA Y —%FEELHTLEINLTH D, Fo, ICP-MS W Tlx¥ > 7L %l
FRBEVEICIRRE T 2 2 L MBS LT D70, ERIRIERIHZ BB L CHARGEEZRE L,
MEER % 0.1 mol/l & 725 K HITIRIN LT, BARMIICIZ, Cs" BAMVAR & FAV N 72 A ik B % O VR
X 2 R, CsIRBTRIRIZIL S0 5O AT R A AV 2, 60-61wt%DIRANEEIL, 100 577
WRIZ72 2 L ITHIN L 7o, BERRO ST Table 2-6-1 IZ R T8 Y Th 5,

TS Lo THE DT RER O BIFR SR IE. Cs™ @ 0.9994, Na' : 0.9999, K' : 1.0000,

Ca’ 109999 TH 5, EDTHRICHLTHRY—FA L EOMBREAE LN, 2O/
BIRAEHWT, TV R UEEER PGIZEIT S 1 ppm Cs IRIRICX T 5 A A > A gkt o
VS T DFEAT Cs MR EEL 2.46 ppb (CPS: 2.63x10%), 1RAVAIE DA TTHEIT KT D FAFIEE 1T,

Cs : 17.04 ppb (CPS: 1.60x10%), Na : 1.88 ppm (CPS: 1.03x10*), K : 2.78 ppm (CPS:1.26x10%),
Ca : 2.97 ppm (CPS: 2.66x10°) & 72 5 7=, CPS (Count per second)ld 1 B247=0 D H 7 FAa 3
T, ICP-MS THiH &I 5K ICHE D blank D F 7 > MEIXIEHMEZ R 72 28, blank I 7E
P 5N D — RN 7R IR AL (30) OE & TR (100) DIENEWRAZFF 2720 E SN TVDH N
(B, 2010), MRIZAY S22 & FTHUXZENZEILOfEIE Table 2-6-2 D X 5172 5,

Yo T NHOKTERICKTT D CPS TN T IO ITRITB N THEE ~ T 5D o fHITHY
L. REZRMEEME FHAEEYERZE RSD A% F) TH o TERINTND Z &R ST,
{RIZ blank {7~ & & & FRRME 2 FHH T 2 FIEA#EE) CRvc LT, EHMED RSD 25 E &
TIRZFHI 2 J7 5 TIE,. 300 #0245 TRSD 230 5% & A H b T\ D 7zd, Ziv& kL
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Table 2-6-1 Calibration standards for ICP-MS

Elements Range of Stnadards (4 or 5 points)
concentrations
Cs 0~ 100 ppb Blank (0 ppb), 5 ppb, 10 ppb, 50 ppb, 100 ppb
Na 0~5ppm Blank (0 ppb), 0.5 ppm, 1 ppm, 5 ppm
K 0~5ppm Blank (0 ppb), 0.5 ppm, 1 ppm, 5 ppm
Ca 0~5ppm Blank (0 ppb), 0.5 ppm, 1 ppm, 5 ppm

Table 2-6-2  Limits of detection (LOD) and limits of quantitation (LOQ) estimated by

the values of the deviation (o) obtained from blank measurement of each element

Elements LOD of CPS LOQ of CPS LOD of
(30) (100) concentration
(ppb)
Cs 250 833 0.007
Na 15400 51300 0.8
K 88900 296000 4.2
Ca 324 1080 7.7

2-7 2EFE LD

PG DA A 2 SR & 7T 2 728
OSHTIE 7 ALK BERRLT V7 U YRTNS O R IREIE L |
WS LB Tl o7z, FEFEHlE
(W Cs™OWEA A v DRI
99.9%LL L &R T A DIz Homn 2 E iR S =, BLEIC

TH ICP-MS (T, SR DAL CHIEE S L/ o TV D ERIHTITH LT3 IR FTRE
ThdI ENHERINT,

(ZLBLIohR 2 R ITIE D2 V2 Wt LTz, FHAR
ICP-AES X° ICP-MS (2 X 5t
IZ N,-BET TP 1 flliE T+ Toh o 72, NIMS IZHERLL 7258
. ICP-MS OE& FRAEF L= LT,
O BB N T E T,
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BE IR
G. Brumfiel, Fallout forensics hike radiation toll, Nature News, vol.478 (2011) p. 435

T2 - LR T — & H23.6.6 [ ENIRASHEEE R R EHTOFHIC
25 1 5t 2 5N O3 5RO LOIRIEIZBE T 2 MW T ORTIEEE
(H23.10.20)

Simazu Co., Wi & %R MR (isotherm),

http://www.an.shimadzu.co.jp/powder/lecture/practice/p02/lesson04.htm (9/1/2014)

EARTEA, BHIRA & R TROE 2 757, SAHE,5(2010) 216

(L Ih, R A A L ASHAR 2 T T2 B IEEAR 7 5 D St Je T Cs D45 B & [E 21k, JAERI-Review
2011-027, p. 2

R I, HaEsh, AR, T O E A, 286, 95 (1987), pp. 1128-1130
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3. PG DA A ZHsEE

A F BT AE D—FE L Bt 57201, & OWIML PRI 22 258 13008 L RERIZER U 5
NAHGENRLZ, FREERIZZO—FITHDL, /o, —HNICERBEEHEROE Fa X
VL L BRRETRIRT OA & L OFZHSOGIT pHIC L DA K& 2T D, —HAA v
WSO TIE, A A BRI L W O A A BRI OBSE L AT D, Thid, BEEREGEH
RN A A 2 RFr T DGR R R 72 < L LS B Fr s L B B3 £ ORI
BIFEBIRFP OA F I FTHENI D TH S, LLFNTIEL, 7T/ ) RUEHRER PG
%= A\ PG DIEARN 2 A 7 ZHHERE 2 PRAR L 72\,

3-1 ZEEREX

AT U BRBIG AV TFRAE T D L. WEFRMEGDLZ LN TE D, WEDOHRIZ
WS ORI SN TWNDD, kb BAHA TEARPZRON, Langmuir DEGHTH H, ZHUILLT
D 3 DOHFHRDICITAEL Y S TV D,

1. EAFREICIZ, ABROWE HN (mol/g) 73 5,
2. MAERITNT NS ETEMTH D ([F— DU L7z,
3. A IR, FAEERS 2,

A(aq) + M (Ff) o AM  (Eq.3-1-1)

WA T D E S k. BAE T 2 HEER Ak & T D, Fio, BAIREM R YT
0 DA SHEN (mol/g), WEIZL > TEHDLNT-WEREEN,(mol/g)t+5 &, Fmik
BROIN/NTEESND, WEEEAL, AOWFE FHIREC, (mol/L) & 22D R O¥, N(I-
OB 5,

A=k, C,N1-6) (Eq.3—-1-2)
JhiAE S DIXR G S C.0 2T 5,

D=kysC,0 (Eq3—-1-3)
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VT2 DOEENE LW BA=DE L, 012DV THELS & Langmuir DSRS0
bh o,

e—KCe (Eq.3—-1-4) ZZTK-= Eq.3-1-5
“1+kc, © % —=C k= (Ea )

WAEREN,ZHNTREEET D &

N 1+KC,

N,  KC,

(Eq.3—1—6)

C. 1+KC, C,

1
KN N+ﬁ (Eq.3—1—7)

=

11
f—=—4-——  (Eq.3-1-8)

ETR0 L 1/CATKRIT D1/NE T 1y b9 2 L& 1/KNTUR1/NOEMRBERAE LD,
22 EITCREHE L7 I AV 26 L7 7 v 2 ) AR DV EERRSR PG LT L C, IRIEDRL S
Cs VAR % VN T NIMS (ZHEHL U 72 A A 2 23 HAERIER % O VIR T D FR AT CsTIREEN O | W5 ot

TR C, LR N, R, Fig.3-1-1 DX HicF oy hLT=,
F 72, Langmuir & (BRI 72 RS L L CTHA 7R Freundlich LA T D X 9 IcFk &
ns,

3=
Il
<
)
«©
™|~

(Eq.3—-1-9)

ZZTal BIEEKTHD,
Eq.3-1-9 1FRD L HICEETE S,

N, 1 )
logﬁzl—glogCe+loga (Fig.3—-1-10)

log N, /miZxt4 BlogC, %71t b5 Llogl/BTU A logaDEMRBEENEHN D, FIFE
DWW T — % % Freundlich B2 TiXH 5 & Fig. 3-12 D L H RSN D,
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Fig. 3-1-1 Plot of 1/N, X 10’ (mol/g)™" versus 1/C, X< 10’ (mol/g)’’
for Alminoborosilicate-type PG

y=0.416x-2.973
R?2=0.974

log(Ce) (mol/L)

Fig. 3-1-2  Freundlich isotherm of Aluminoborosilicate-type PG



W IRERSA A VAT H DI H b 53, Langmuir DZRIUCHED e -T2, Zhi,
ZHZ b DOIGENRY) ST Th D, ERHMEE LT, WEHLWET A FOET
BT —o T, 73 ) R UERESR PG OWAEMFEIZIX Fig. 3-13 17T X 5 201D
NOWEY A NBGFIETHETERINDTZDOTHDH, ZNHDOHA MIREZ RV —NER
7% FI2, LR EDAERT 2 LIRSV ENB X BND, AR T
Tay ML e AT EEFIGERTE S EEL H D03, W DO ET A ~ Ot
FOGIZ 72 % EHERI S, FE4UT Langmuir DIRE 272 SV e B2 bivd, —F, ERL
FEXAU S Freundlich OFRAUTIINE D Z & AR ST, o0 BITBERAVIZE N T ARET
720D, /N CIHRETRD U EHE LV, EREROMIT 0.00106 & 2.40 L7257,
WG B L ORI L OBIRIE, —fRAIIC Fig. 3-1-4 D X D IR S, B IS & s
B O & DN ZRES L5 BB < HEIT, B=11E D < MR D OWAE LW
BOBEEN/PNSWIGEEIC, E2 B<UITRAE DG AINREFIZTHGEICHR I LD, A
OWAET —H TiX, p>1 £720 WEMERR &EWAE-ED & ORIZIEW S| Mg Z &
Do T,

NH,* H
0L AN A NI
/ \ /Sl\ — NH; + /Al'\ /SI\
oo O O
" TAVRTYREER
O\ N ./O O\ Bo_ P
/AI-\ /SI\ — /AI\ /Si\
00 O 00 O
O HO. O O o. 0 O 0
WS B o W N D s
d od © d od o ¢ od o
EES LA ABESR

Fig. 3-1-3 Acid and base sites of Alminosilicate,
&S, il oo 1372 & &, 7 &, {L R (1988) pp. 47-67
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Adsorption quantity —

Equilibrium concentration —»

Fig. 3-1-4 Isotherm types: 1, Iland Il express the relations f>1, f=1 and <1, respectively.
HHR, A LAY A = A Vol.2 (2002) pp.275-281

3-2 pH&FEM:
B BEALITZ ORI OERERITIG U T2 MM E 2R, RKimICE Fr ¥ Ve Ff
DR M I,
M-OH — M-O" + H' deprotonation (Eq. 3-2-1)

M-OH +H" — M-OH," protonation (Eq. 3-2-2)

EHLDOKIED pHIZHESF L THE L S, zero point of charge (zpc) & FEIZAL 5 ik Lo
psitive charge & negative charge 735 L < 72 % [H4 @ pH IZH# L T, &\ pH T Tl Eq.
3-2-1 AT, KW pH IR Tl Eq. 3-2-2 23T, Eq. 3-2-1 28¢Te & F M 213 negative
charge 23R < 720 | BGA A U RBITH RN/ D, 1T positive charge DEFNZ 72D & BA A
YTERL BA AU RBRE R o X 9T D, TDRD, BA AV RBE RN LT DY
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Ay SRV pH FEIR CASHARG Z D 5 7= D121, 72 5 X <KW pH sl % zpe IZRFOWE 23 K
(D. L. Sparks, 2013),

TV R UEFER PG DA A U ARG R T D pHARTFNEZ T2 12 DIZLL F O T
oI elELL,

Sample preparation condition

Row material : Aluminoborosilicate glass
Heat treatment : 580°C 16 h
Particle size : 75 pm ~ 1 mm
Chemical treatment
Ratio of solution (mL) to PG (g) : 3
Chemical : IN-HCI
Treatment time : approximatery 3 h

Tempareture : > 90°C

A F AT Na', K. Cs'. Ca®*., NH," % 7.5 pmol/L (Cs™ 1 ppm OWE L) >
B LIZIEAREZ SAHZE L, 0.1 N-HCl Z T pH=1.46, 2.41, 3.37. 4.36, 5.63 [ZiHH& L
t%@%%mto%M%ﬂ®%ﬁ%#yprwkbto%ﬁﬂmmmﬂLfPGMg%
B L 25°C T 24 h fii#h U CORICE Lz th, WIRPICERGFET 57 V=T DS OB A A4
DWFEZ ICP-MSICTER LTz, TYE=T DAL K7 =/ —/Vik (JIS K0102) TH#T L7,
WAL Eq. 2-5-1 2 HWTHRIM L7z, pH 1WA R BRATE CHER AT o 72, ZHEERAT O
A F 2 DYESE (Fig. 3-2-1) 1ZT T 7.5 pmol/L IZFHEE L= DD, pH=5.63 & 4.36 (2T
KON KEL IpoTz, Tk, pHIERICIERE Y 73003 pH A — % —DH 7 AEME
BRI OVSIRICIRIE Lz 72012, B S K2 & I Lz &) A& I AR
JRRTH D, WAERBREDKA A2 ORI Fig. 3-2-2 128 Lz, BIKO pH=1.46, 2.41,
3.37, 4.36, 5.63 1ZTNEHRABRY% pH=1.51, 3.01, 5.18, 6.14, 628 2Zfk L, D pHIZH
HE LT Na' & Ca PR A A Uz, ZhUE, 7V /B DR PG O HICIT Si-OH (H
M T ) — NI OB TR, Si-ONa(Na il T 7 — L3 <0 (Si0),Ca (Cafil v T / — /L H)
PIFAET D AREMEZRIE LT 5, 209 5 Na i3 FA NIRRT 525, Ca DR AR 1T
IXo& 0 Ligwy, mEEMEE LTEX LD DIX, PG OFEM B2 ENT 5 BRI 3 2 15
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Fig. 3-2-1 Ion concentarions in the original solutions having different pH
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Fig. 3-2-2  Ion concentrations of the solutions after ion exchange reactions
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HH IR Lz C¥ B2 b D, MiA 4 &b pH AMEWIE EPEH R E < oo 7223,
AEEH SN TOARNETO Ca OHEHEIT Na lICl_RTEEERE L 1T oz, £z,
NH, O JE & FBRIX 100 ppb TH HIZ b 59, WIHIRE 25 03 X TORENE & PR
T Tholelod, FERITEEMIZLNEZ bNenb oo, pH=1.51 O 2 7L TIda) iR
FEL LRBREOBENEL o T LE 722 L ERWT, TOMOY > 7 LT pH 236
UME ERRASS N HETe = & SHERR STz, KT E CsTCHIARRIS, pH A IE EASHA S 23
ToZ EDHER SN, NH, & REEIC KT TH pH=1.51 [ZB W CHIHIEE L 0 & RBrik 0
EREL > TLEST-, TONH, & KD pH=1.51 IZBIT 2 WHHSITER Lo # 2
F—TaVEICBITAIATHLEEZLND, PEHMNAE L Na & Ca®', & LTl o
TEFEN L L7- pH=1.51 128115 K & NH," OfERAZRE . 2N EhOWERLE pH ORR
7oy b 5HE| Fig 323055127 o7, pH=3 25U, Cs'. NH,'. K'DA A&
HAPEREN TS H T 5 2 EDSHER S T2, Si0, D zpe DAEIE Fig. 3-2-4 |R"$ Xk 912, pH=2 1%
EThDHDT, ZOMBERYTHDLEELLND, pH=2 L F® pHIZxF LTH Csloxtd
DWAEMERRA R LTI2Z b, TV AR UEEEER PG D zpe 13 Si0, KV b L WK pHIC
DT ENHEEIND, o, NHOTEEMEICARERH D H DD Cs™>K™> NH, DJIET pH D
HEEZ IV ENWI R BRI,

120
100 8 8@
= &
X
= 80 *
=
e
c
"% 60 & Cs+
§ 40 L O NH4+
< o O K+
20
L 4 &
0 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7

pH
Fig. 3-2-3 pH dependence of adsorption rates (ion exchange reactions) of Cs", NH;" and K"
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e

Surface charge
[C/m?]

pH

Fig. 3-2-4 Surface charge of representative clay minerals according to the hydrogen
concentration in solution from ¥, K +-F+°%, Vol.41 (2001) pp. 26-33

3-3 A FUERME

A A BRI A AV RSN — RN DN D BIR T, A A Offigk, AFrER, &
ORI A END, MERKREWVIZERBIELL O —a VHEERBEE Y . AKF:
BRSNS WA A NT ERZHY A MTBSEIZE ST 5728 Téh 5, Table 3-3-1 ITREM 72T
N V&g, TR ) HERERBOKM¥EEERT, FEA A4 TS FEN/ NS WDIEE KM
PRNPKEL 2D, 3280 pHEFHEORBERNG, C" > K > NH b TR TE 5, iz,
k4% T A VU RSy OB A 3] L 7= PG DATHS S T, A A 2 BRI RIE AR
ZHE 9,

LN UEBRD A F AT, KFIA A 2RO BIHE D DT TIEARWO T, AZHG
ZEEMIZEY 9 72 OIITRIER 2 B 8 L 72 ude e, BIUEEIT Eq. 3-3-1 ~ Eq.
3-3-4 TRIND MR A 4V RS xE LT, Table3-3-2 D L S IZER STV,

Common Symmetric Exchange Reactions
Na“(aq) +K" < Na* + K*(aq) (Eq. 3-3-1)

Ca?*(aq) + Mg*" & Ca®* + Mg®**(aq)  (Eq.3-3-2)
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Common Asymmetric Exchange Reactions
2-Na'(ag)+Ca*" & 2 Na* + Ca?*(aq) (Eq. 3-3-3)

2K*(aq)*Mg*>" & 2- K+ + Mg?*(aq) (Eq. 3-3-4)

Table 3-3-1 Hydrated radii and hydration numbers of ions in water (approximate)

J. Israelachvili, Intermolecular & Surface Forces 2™ Ed., Carp.4, Academic Press (1991) p.55

lon Bare ion radius Hydrated radius Hydration Lifetime
(nm) (nm) number (+1) (exchange rate)
(s)
H;0" - 0.28 3 -
Li* 0.068 0.38 5-6 10°-10°
Na* 0.095 0.36 4-5 10°
K* 0.133 0.33 3-4 10°
Cs' 0.169 0.33 1-2 10"°-10°
Be®! 0.031 0.46 4° 103107
Mg 0.065 0.43 6° 10°-10°
ca® 0.099 0.41 6 10
AP 0.050 0.48 6° 10"-1
OH 0.176 0.30 3
F 0.136 0.35 2
cr 0.181 0.33 1
Br 0.195 0.33 1
I 0.216 0.33 0
NO; 0.264 0.34 0
N(CHs)," 0.347 0.37 0

* Number of water molecules forming a stoichiometric complex with the ion (e.g., [Be(H,0)4]*"). The
hydration number gives the number of water molecules in the priminary shell, though the total number
of water molecules affected can be much larger and depends on the method of measurement. Similarly,
the hydrated radius depends on how it is measured. Different methods can yield radii that can be as
much as 0.1 nm smaller or larger than those shown. Table compiled from data given by Nightingale
(1959), Amis (1975), Saluja (1976), Bockris and Reddy (1970), Cotton and Wilkinson (1980).
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Table 3-3-2  Frequently Encountered lon Exchange Selectivity Coefficients and Quotients
W. F. Bleam, Soil and Environmental Chemistry, 1* ed., Academic Press, Chap. 4, (2011) p. 124

Designation Symmetric Exchange Asymmetric Exchange
Kerr K¢ = [K*] " qng+ e — [Ca®*]-q?
i+ [Na*] K qeqz+ - [Na*]?
Vanselow e — [K*] " Nyg+ e = [Ca?T]- N?y +
v NK+ ) [Na+] v NCa“ : [Na+]2
Gaines-Thomas e = [~K+] Enat _ge e — [~Ca2+] S
T~ Exs[Nat] ™ 7" 6T Ecqer - [Nat]?
Gapon c_ [K*] - Ena+r . e = [Ca?* V2 Epyg+

¢ Egs-[Na*] " €7 Ecqe+ - [Na*]

Kerr D EARER TIXIAIRIEE X (mol - L7, EARE % (mol - kg~ ) TE L=, —F
Vanselow [, E/L5RN u+ (mol - mol ™) TR EFEA L TV DA A EHfoT2, LT, X
it~ % A%t + BV (aq) © A¥T + B (aq) & LT 7z,

it s

N ju+ = (Eq.3—-3-5)

ﬁ’lAu+ + ﬁigw
Njur =1 — Ngv+ (Eq.3-3-6)

7= Gaines-Thomas IZfE A LT DA A0 M E RO T < Bz EE LE ur (mol, -
mol, ™) Z{EMH L7,
u- T?lAu+

Eu+ = Eq.3-3-7
At u"i’?lAu++U'7’7le+ ( q )

Epu+ =1—Egv+ (Eq.3—-3-8)

Gapon D FEHUELUTFFE D43 B OFVFF T S 41, 7RI Vanselow X° Gaines-Thomas
DOIFPUERDAFIH S D, =D EAFSCF ¢ 1 conditional DBE T, ANRE jur OF o+ DIE E %
BRI ARNE LAY, HEAECIHIZITHEENCESLE ) LIEL, ZOMEERKE 1 &7
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HEMEEBERLTWD, Kor < 1TiE, BYY~DASHA D T Tx
Ker = 1Tl
Eg+ = Egoe & 725 1D (ML D3

£ ¥ TIT Table 3-3-3
BILIZ AN T 4 o HT K DVB IE AR HEREL
—ffi[F+CTlE, Cs"™>K" >Na' & 72 0 AKFna2d

DAL

P o TH D,

(TEED SZHSAFITIRAF S D, PG TIE
2 EVER) 22 BRI 0 B

EHTV,

34 3EELD

TV RY

BRERZRD HITITE->TEL T,

- B
A

<<,

HE S 78,

WIZKgr > 1Tl
AW L BVt OIS TRIMED 22 < | Equr = E que U,
L2 L EEWT 5,

\ZIREREA A A HARHIE Dowex50 DA A L AZHARPES 2R~ T, 42
THRGEDIEE CHH Y =1

BU+,\

%k i 5 Ca™" &
Cs' Tl Ca¥ >Cs'" THDHZ LW RENTVD, ZOENLHEHLNRE I, A A BN

IKFRHEEIT &

EEfRR PG DA A 2 SHASUGI IR 2 BB R B 2 TR T, A A ZZ A

o WAERSO—FEEIEZ D L, PGlE7 A v MY v e BOSEEWEZ R LTZ, £ LT,
FOSIFA F RO HIZRHIT, 7 —a VHHAEHO L S Bl EE TEENTWAHH

Table 3-3-3  Selectivity Coefficients of strongly acidic cation-exchange resins (Dowex50)

BRIE 5, A A A, S (1991) p. 10

lon B % DVB lon B % DVB
4 8 16 4 8 16
Li 1.00 1.00 1.00 Co** 3.23 3.74 3.81
H* 1.32 1.27 1.47 cu* 3.29 3.85 4.46
Na* 1.88 1.98 2.37 cd* 3.37 3.88 4.95
NH," 1.90 2.55 3.34 Mn?* 3.42 4.09 4.91
K* 2.27 2.90 4.50 Be® 3.43 3.99 6.23
Rb* 2.46 3.16 4.62 Ni%* 3.45 3.93 4.06
Cs' 2.67 3.25 4.66 ca* 4.15 5.16 7.27
Ag' 4.73 8.51 22.9 Se 4.70 6.51 10.1
T 6.71 12.4 28.5 crt 6.6 7.6 10.5
uo,* 2.36 2.45 3.34 Pb** 6.6 9.9 18.0
Mg** 2.95 3.29 3.51 ce” 7.5 10.6 17.0
Zn* 3.13 3.47 3.78 Ba>* 7.5 11.5 20.8

Notice: Dowex 50 A=Li"
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REMED D VI XA TERWE B BINLD, TDH, ZALIE &) AHLIE 44
VML RIFERBTHWD Z L LT, £ ) BT REEY D72 DERANZ zpe (zero
point charge) % 5, HREEMELIAN O I\ pH HE T EAFRBYA A Z8VE U5 = & R &
iz, ZSHROERIRRLIE, PG AHIEARBIRIEA B/ 77, BREER T OA 4 O
AT 2 2 NI TE DR L e o Tz,

BE W

LES A, A LA A = X Vol.2 (2002) pp. 275-281

Donald L. Sparks, Environmental Soil Chemistry 2"ed., Carp.5, Academic Press, (2013) pp. 183-
185

JIS K0102

J. Israelachvili, Intermolecular & Surface Forces 2™ Ed., Carp.4, Academic Press (1991) p.55
e 5%, K A%, Vol.41 (2001) pp. 26-33

RIE o7, A A A, G4 (1991) p. 10

HES % =, i3 6 &, 7%, L 7R A (1988) pp. 47-67

W. F. Bleam, Soil and Environmental Chemistry, 1* ed., Academic Press, Chap. 4, (2011) p. 124
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4, PGDAFTURHA =X A,

T3 AR VEHEER PGIC Al BB EICEA SN D T LIE 23 Hi Tk ~~7z, Rk b
DS Tl AL ERBOBEAEMEE L Z R IHESNTVWD, ZhET I I~
U7 2RO Si A AN [FRERA T 5720 T, AR 3 ARDFEE LRWIE T o Al 4 KEO
FEAICEFEZWGI L, OH M LD O DEFEEME 720, H(H L IIMOBEA 42 ) 235
NI D7 ThHD, AlTZITTIER< BUIREROIRZFRSEZE 2 b D, EDTD,
FUVEWAIRBOEAERELOPGRE W EWIMIEEL R L, CsRSE R EDEA F %

LT 2 h LS5, AR BIZEICTHILNOHERE S VIR L. A 4 o 25k

BBICHEELTWALDEEZ NS, ZZ T, AR B, NaE TR DA 4 L AT HkihE

DOEBEFARDLT-DIC, FTIXAIFETOLKZITV., RICENLOLDEHFEZHBHFT S
N el B el

4-1 TN KRUEHERER PG &K UVEHRER PG

A HEOEEDT= DI, AlEEATHT VI VAR VERRPG & Al ZEH L7RWE
W% PG DY > 7 ViHEE . KR T, REFENE., A A > iR 2 =IORTIE D 1247
7o ZSHGERBR DR R Eq. 2-5-1 DWAER R & Eq. 2-5-2 TR EN D EMRE K, TR L 7=,
REREEL (N 20 T2 E o R UIKITR LT,

R (%) =%« 100 (Eq.2 —5—1)
0
-c v
K, (mL/g) = Oc x—  (Bq.2-5-2)
Co: MRPIIAMRIE  C:IRTTEHIREE VAR (mL) m: WEM & (g)

WHIN D OB ES 12 X 51, B A7 A0 L S LB VT FE, BRI R 500
ml & 7VALER B 100 g DL (REL) Z RIS VA EF 5 LTz, bbb, AR UER
% PG X PG-b-hel5, 7 /v /A EEER PG % PG-al-b-hels & Kot 5, Vo 7 AAERISGAM:
ZLITFICE &, HAOHTRE % Table 4-1-1 (Z (Table 2-3-1 & DT — ) |
U EENE SR PG OREAFHIE DOFER % Table 4-1-2 |

TV /R
Z (Table 2-4-1 L FERDT—F) /R L, RUE
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k5% PG OFEFe% Table 4-1-3 (258 L7z, A A2 25HaakBR 1T 1 ppm Cs™ BAMVAIR & 1 ppm Cs™ %
BUIRGTRRICK LT T2 70, TN ENORERAERIL, Fig. 4-1-1 & Fig. 4-1-2 D@0 ThH D,

PG-al-b-hcl5 preparation condition

Row material : Aluminoborosilicate glass
Heat treatment : 580°C 16 h
Particle size : 75 um ~ 1 mm
Chemical treatment
Ratio of solution (mL) to PG (g) : 5
Chemical : IN-HCl
Treatment time : approximatery 3 h

Tempareture : > 90°C

PG-b-hcl5 preparation condition

Row material : Borosilicate glass

Heat treatment : 600°C 20 h

Particle size : 75 ym ~ 1 mm

Chemical treatment
Ratio of solution (ml) to PG (g) : 5
Chemical : IN-HCI
Treatment time : approximatery 3 h

Tempareture : > 90°C

Table 4-1-1 Compositions of PG-al-b-hcl5 and PG-b-hcl5 (N=1) (Data is same as Table 2-3-1)

sample B (%) Na (%) Al (%)
PG-b-hcl5 0.72 0.07 0.01
PG-al-b-hcl5 1.05 0.16 0.30
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Table 4-1-2 Specific surface area of PG-al-b-hcl5 by single point BET nitrogen

adsorption method (N=3) (Data is same as Table 2-4-1)

Sampling No. 1 2 3 Ave. SD
Sample (g) 0.1971 | 0.1762 0.183

Surface area (m’) 73.9 65.5 66.1

Specific surface area (m’/g) 375 372 361 370 6.0

Table 4-1-3 Specific surface area of PG-b-hcl5 by single point BET nitrogen
adsorption method (N=3)

Sampling No. 1 2 3 Ave. SD
Sample (g) 73935 | 65.53 | 66.09
Surface area (m®) 0.1971 | 0.1762 | 0.183
Specific surface area (m*/g) 421 411 418 416 4.2
Tl . ol ®
80 t % )
S 60 % Eloo L %% O PG-b-hcl5
) 40 | % Ngv % B PG-al-b-hcl5
20 / o
LR

Fig. 4-1-1 (a) Cs' adsorption rates (R) and (b) distribution coefficients (K) for PG-b-hcl5
and PG-al-b-hcl5, ion exchange reactions occurred in solutions containing 1 ppm Cs"
(a single element).
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Fig. 4-1-2 (a) Adsorption rates (R) and (b) distribution coefficients (K,) of each ion for PG-b-
hel5 and PG-al-b-hcl5, ion exchange reactions occurred in mixed solutions containing 1 ppm Cs’,
80 ppm Na', 150 ppm K" and 150 ppm Ca™".
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1 ppm Cs" BRI % LTl PG-al-b-hel5 TIEIEIE 100%, PG-b-hcl5 TiE 80%LL E DI
EENMFOLN, EHHDOPGEAVTHEVREDENEOND Z LR ST, 1GYK
DEFERAE R DOFEIE T 2 7y BlfrEiT, A M O£ KE < PG-al-b-hcl5 DFEMMEN RS
Nz, 72, PEAAVBERICH DIRAERT DO Cs', Na', KR Ca 501 A 2 5
TlE, PG-b-helS (T EDA AL DORHHIFEAEAEL T, R E KT 0ITEVMEE R LT, FF
IZCsIZBI LTI, WAEEN~ A T Ao 7208, PGAERI TR FHEH SN2 ERITE 2 b
RNTeD . BRI AT & B 7p Uiz, JRIRE LTI, S HTRTLEE O R CHEAFA 4 v D%
EMENEN T2 L EZ B D, PG-al-b-hels TiE, Ca’ lCBI L Tid¥ o 7L a0/ Hriy
DIEHOEDTD, WiEE D LRAE T THD ORISR WFERTIEH - 7228, Cs' >
K'> Ca® DIETAHMNA Uiz, Na' 13 S SRR S iz, BIRIEIROSA & il
HEREKDELRDLIEHLDOD, 155EA A A7E FTH PG-al-b-hels TIE Cs 12xH3 5%
HNRD BT,

PG-b-hcl5 £ ¥ PG-al-b-hcl5 TA A U AZHMERED @2 L AR SN ER & LT, Rifg e
WRITHEERA Lz, T /) —VEOBEERLELLOPGTHL—ETHILERET L L, &
A% PG-b-hel5 28 KR & WD BRI TIEZRW, HEOCHE T, METHE L LTEA SN D Al
B. NaMEffie LTHIT LN HDD, BOEARETHKLEZHFATE LTI H72ENR
R, ERE LTHRATED, BDHALENaDFESREZLNDN, ZOFFED PGHE
PEMTEHEERDELL THDL DI LN TE 722V, Nald L E PG R EiZ Nafls
Z ) =3k (Si-ONa) & L CHEET B0, HDWITHMIC Na D E L TIFEEL TS EE X
Db, T2 THEMOBMEIZEY NaBls T ) — L HEET XTHMY T 7 —/L K (Si-OH)
WZEHL L, [FIRFIZ NadEDOBREZITH 2L T, AL DYV 3T 2175 2 &I L, A TRT
IZ Na 72 ClidZe< . Cafils 7 7 — /LKL [(Si-0),Ca] DEH:E L Cath DRz FIFICITHOID
72, LV IEMICHERTREOTEEHA LN TELEEX NS, £72, PG-b-hel5 & PG-al-
b-hcl5 DIFEIZ: TOHERD 72912, PG-b-hel5 (2% L C B IILE 24T - 7=,

IBINALER D TRIZLL T DY THh 5, Na(CabEie) ORWREZHERT H7-0I1, 03g D
PG-b-hcl5 1% PG-al-b-hel5 12 L C, IN-HCI HZ{21E% 10 min #R & 5. 3000 rpm T 5 min
DIFELDSEERZR T, EBREET T — a0 ) —#HOBEL 3RV IR L, T0
%, WBRK A A A A HAKITRR 2 CIRIEEZ 3 [TV & L7z, IEINERALER ORI 1,
BSOS % 1 M R ORI TIT 9 FIRIZHE > 7= (W. F. Bleam, 2011) , BIIALEEZ 4T > 7=
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PG-b-hcl5 & PG-al-b-hcl5 % % #1LE 41 PG-b-hcl5-H, PG-al-b-hel5-H &7t L7z, o 7Lz
HIPNC 2-5 HHRTA A U RIS E AT o T2,

TRBVRIRIZ KT % S5 (Fig. 4-1-4) 110 . PG-al-b-hel5-H Tl Na' & Ca®* OHEHINER
Llpholeled, 7 ) —NEITTXTHREIZER S, BREOELETHRETELEE X
bNb, bebE NaDPEHA 20572 PG-b-hel5S-H T, BAMLERIC L 0 KA A izxbd 5
WAERNHEREND L IR0, TIH VRS DREDIBINT TRHSED A =R
LaE XML TED L)oo B s, BN CIBML O EIZHD 57,
SR TIE 80%FEEE, TV X AR W EERESR TIE 100%3TV R 278 L, 3EWITRE D H L7
/ro 1= (Fig. 4-1-3), IBAYANE Tl PG-b-hel5-H TiE, Cs">Na ~K" > Ca*", T. PG-al-b-hcl5-
H TiE Cs" > K> Na" > Ca® DEINETA A4 A2 #2558 S 7= (Fig. 4-1-4), $31Z PG-al-b-
hel5-H @ Cs'lZxtd % R % Hfed % & PG-al-b-hels £ ¥ HJ80 L7243, PG-b-hel5-H & L <
12 PG-b-hel5 KV (T2 720 RERMEAR Uiz, WEA A B FET 2R MR TH TV /R
U EESR PG IEE OFE M A Si-ONa 7 Si-OH B2 63 A A OB E T T2 Lk,
ZHMERRIZIZ AlOFEN R B RELS NaDFEIT AL LY /NI Z ERWALN LR T2,

80 PG-b-hcl5-H 0O PG-b-hcl5 Gl PG-al-b-hcl5-H & PG-al-b-hcl5
100 100 -  ——
@) (b) [ 1ii::
g0 o g0 [
60 60 |
g ] S
« ] x
40 F 40 ¢
20 | 20
0 == 0

Fig. 4-1-3  Cs" adsorption rates (R): (a) for PG-b-hcl5 and PG-b-hcl5-H; (b) for PG-al-b-hcl5
and PG-al-b-hcl5-H, respectively, ion exchange reactions occurred in solutions containing 1 ppm
Cs' (a single element).
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10 -

R (%)
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0 PG-al-b-hcl5-H PG-al-b-hcl5

(b)

20

15 ~

10

R (%)
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Fig. 4-1-4 Adsorption rates (R) of each ion: (a) for PG-b-hcl5 and PG-b-hcl5-H; (b) for
PG-al-b-hcl5 and PG-al-b-hcl5,respectively, ion exchange reactions occurred in mixed solutions
containing 1 ppm Cs”, 80 ppm Na*, 150 ppm K" and 150 ppm Ca*".



42 FUHEEER PGITBIT 5 BEDHE

RITEIIZFVN T, PG-b-hels TH 1 ppm Cs'™ (ZxHT 2 RHIEREN S D Z & AVRE T2, PG-b-
helS IZALNOHERE 7 L HIZ ALIZE R Lanb 00, i ik E LT B 2 5H LASHMEREIC
FHELTWDEEZXLND, REITILZOBE&ZHENEE, KHMEEED B &KFHEEZTIRD
N DY

BEZEMSEDTFIEE LT, ZAAABOEE, PG # AR 100g (x5 L CTHAHZ & 220mL
(2215 102D L OICHEE LT, ZAUENa DT A U R BEHT 5 DIb LRREE
HDWRENZ DT D, RUEERBTRIRA T 7 218N TH TV I TR TEERBBI A T 7 2120
Th. Na &I NaO 15 T 7.2~93%EH N T 578, Na,0 + 2HCI — NaCl + H,0 DX
JEAMHET 72121, 100 g D PG 2% LT, IN-HCl DX EE AL 232 mL ~ 300 mL & 5 &
N5, WHERRLRIZITO, Na72i) Tlide < B2 oigEcR oE it £ Tl 5 72
DI, LEREEOKRNFICADE, 220mL TUEETHZ L& Lz, BIdfELY Hiv L A
RICE o TR EN D72, BONBEREIIERTAD VKD NaDOGHECTRED -7, &
VI IANERGAFEE UL TFICE & Tz, MBOHIE =8~ T UV T T 7 ) BERSHICRIE L 72,
A o ARERUTATE & FIRRICA TS TRl L7, BB DWW T b [FERIT T 72,
FZHIETO PG-b-hel5 & PG-b-hel5-H 25 & MEREZ bl L 7=,

PG-b-hcl2.2 preparation condition

Row material : Borosilicate glass

Heat treatment : 600°C 20 h

Particle size : 75 pm~1 mm

Chemical treatment
Ratio of solution (ml) to PG (g) : 2.2
Chemical : IN-HCl
Treatment time : approximatery 3 h
Tempareture : > 90°C

o T IVIREE R D EERATRIL 68.6% L 720 . FILOHEFED PG-b-hcl5 D 66.9%IZ TR
Lo T, MROHTORER % Talbe 4-2-1 DY TH D, - VEERER PG (7 /VHEREHE @A)
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B DA A R HRBROFE R % Fig. 4-2-1 & Fig. 422 (R, BIMLEA Y O L O % PG-
b-hel2.2-H, &L D D% PG-b-hel-2.2 L HE L7z,

Table 4-2-1 £ 0 #EFE 7 /LD B &4 3D PG-b-helS IZH#E L TR E 2o TS Z & DR
ENiz, A A AHEOGTIE 1 ppm Cs 1% LT R=100%% 7% L, BNV DA 8 CEEV T
B olz, BAWEDA A v ZBOSITEB W T, PG-b-hel2.2-H TiE Cs™ > K" > Ca®* |
PG-b-hcl2.2 TiE Cs™ > K" ~ Ca™ TARMAFUGAHEA TS, JBANALE TS24I Na OHEH 23] T
X 72712728, PG-b-hel2.2-H (231 % Na lZxi9 5 53 H 3580 b e o T, Cs o4 %
BINAEAEOZETH DAR ~ 20%5 Na DHLIZEBEZ BILD, IRITHIEE 558 & DOtk z
Fig. 4-2-3 & Fig. 4-2-4 12773, 1ppm Cs IZHf T2 RIZHKIL 5fFICHB VT H 2251280 TH

Table 4-2-1 Composition of PG-b-hcl2.2 (N=1)

sample B (%) Na (%) Al (%)

PG-b-hcl5 2.59 1.71 0.06

® PG-b-hcl2.2-H [IPG-b-hcl2.2

100

R (%)

20

Fig. 4-2-1 Cs" adsorption rates (R) for PG-b-hcl2.2 and PG-b-hcl2.2-H, ion exchange reactions
occurred in solutions containing 1 ppm Cs" (a single element).
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0 PG-b-hcl2.2-H G PG-b-hcl2.2
60

20

R (%)

Na* K* Ca?* Cs*

-80 L

Fig. 4-2-2 Adsorption rates (R) of each ion for PG-b-hcl5 and PG-b-hcl5-H, ion exchange reactions
occurred in mixed solutions containing 1 ppm Cs", 80 ppm Na”, 150 ppm K" and 150 ppm Ca*".

3 PG-b-hcl5-H i PG-b-hcl2.2-H OPG-b-hcl5 3PG-b-hcl2.2
100 . 100 -
< < 4 o
(b) <:<:<:<
T {}1}'::‘-:
80 | 80 | NS
{’-ﬂ’{’{
ER- -
b
60 - 60 B -c>-c><><
s < ieene
S -~ NN
I -
= w0l = a0 SO
- -
i
{:-ﬂ:{:{
20 | 20 | -c)-:}-:}-c
5
-C>-C><}<
-C>-C><><
0 0

Fig. 4-2-3 Comparison of Cs" adsorption rates (R) between borosilicate-type PGs prepared
under the different ratio of solution (mL) to PG (g) conditions; (a) for PG-b-hcl5-H and
PG-b-hcl2.2-H and (b) for PG-b-hcl5 and PG-b-hcl2.2, ion exchange reaction occurred in
solutions containing 1 ppm Cs" (a single element).
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& PG-b-hcl5-H & PG-b-hcl2.2-H

40 r (a)
30
20
£
[+ 4
10
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Na* K* Ca?* Cs*
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a0 |
?<}
20 | 0
g O e :-{:- - :-{:- :-{:-
[«'4 ::-::- |__'__' I—I—
N
-20 :>:>
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_40 - -c:-::
60 -
Na* K* Ca2* Cs*

Fig. 4-2-4 Comparison of adsorption rates (R) of each ion between borosilicate-type PGs
prepared under the different ratio of solution (mL) to PG (g) conditions; (a) for PG-b-hcl5-H and
PG-b-hcl2.2-H and (B) for PG-b-hcl5 and PG-b-hcl2.2, ion exchange reaction occurred in mixed

solutions containing 1 ppm Cs*, 80 ppm Na*, 150 ppm K and 150 ppm Ca®".
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IBHINLERIC K 2 BN o To 72D LR O 17% D 2Tk 5 Na OF i3/ &<, £
W oTETH L BENERIZEEZAOND, REMIIFUOLENH D DD, PG-al-b-hel5
L PG-b-hel5s DRMEFEIC 46 m*/g DFENH HIZ b b b, HREROEBOF BRE holz
7o MRS R E RBERTII ARV E Lz, BB OM R T, PG-b-hcl5-H & PG-b-
hel2.2-H B TR Hav7z CsIUTHT D R D 24%D 7N B BEOEMIEF L TV D EB LI
% [Fig. 4-2-4 (a)], PG-b-hcl5 134K E A T2 B BT Uiz A A 2 S HAFERESS Na ofthod 7 L b
U R K D HEFEN Ry D RMSOEE R L CHRIEE TR o 7208, EBRITR AR aTHe7e
LV ThoT, £72 PG-b-hel2.2 128 HIRGTEIRF OKA A 1Zx9 25 R Cs">K' >
Ca™ TIER< Cs >K = Ca¥ CRIEHHEATZ & b PRICK LTz, EEDOZHA T = X L)
FETDHAMREMEITH D OO, RPN AR L TWATDfEmOT 5 Z LIXTE 7220,

4-3 THAI ) BTERETE PGIZEITS Al RV B BEDOHE

4-1 HICIXT VR RV ERER PG D Al A A ZHAMERRIC R b BT 5 2 & Bk,
B L [ARRIC Al BHERE L HPICHE T D729, 4-1 i CIER S U7 HEREIG T8 0> PG D 1ERLSS
BTNV VR UHBARPGIZLIGHT 22 ENTE D, 72170, AIOGHEOAEST Z
EIIARFHRETH D, AEITIE, AL ONC B B2 [RIRHCHIN S, sctEfE OBt HE & (Al
KB &) IKGFHEEH~D Z Lz Lz,

Al EIF N B EAHIMS TS FIEE LT, EOFIEE RIS T VR R U BB T Z
A RS L, PG OF AR 100 g (ZkF L CHAIR R 220 mL (RkE 2.2 f5 & KFD) 12725 &

D IR CEAUCBR 24T o T, EREEMIEILL FICE LT,

PG-al-b-hcl2.2 preparation condition

Row material : Aluminoborosilicate glass
Heat treatment : 580°C 16 h
Particle size : 75 pm ~ 1 mm
Chemical treatment
Ratio of solution (ml) to PG (g) : 2.2
Chemical : IN-HCI
Treatment time : approximatery 3 h

Tempareture : > 90°C
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Table 4-3-1 Composition of PG-al-b-hcl2.2 (N=1)

sample B (%) Na (%) Al (%)

PG-al-b-hcl2.2 1.70 1.26 1.84

A A 2 AR BERERO BB LRI & T & RO FIE TV, SBILEA Y O PG % PG-al-b-
hel22-H, L Db D% PG-al-b-hel2.2 LHE L7z, O, Z2~T V7 LT 27 AR
FNTARHE U7, FRmfERIE T 4-2 S ClR_72BH L 01T - TWhevy, S AL O 25k
FRIT 74.6% L 720 . 7 VHEREDS PG-al-b-helS @ 65.6% 2R TR E L o ovz, MARDHT OfE
R1L Table 4-3-1 D@ Y TH 5, BINAHAETOT VI /7R T ERER PG (7 /L HEREHE58Y)
BT DA A o R OKE R % Fig. 4-3-1 & Fig. 432 1Z/R LT,

Table 4-3-1 & ¥ PG-al-b-hcl2.2 TIL 5 fHRHAICHAT, AlE BELLOERFELKE L
o TNDZ LR SINZ, A A ARG TIL, 1ppm Cs 124 LT R=100%% 7/~ L, B
TNAVEE D A 4 CiE TN /2o 72 (Fig. 4-3-1), IRBEK TlX, CsITx4 W ERMIIE
90%& 721 4-1 fi~4-3 fiz i@ U b @\ O AHPERE A 7R LTz, E BB O 272 < Cs' >
K" > Ca? CAZHAS IS 3 HE AU T (Fig. 4-3-2), Na OHEHICEI L Tid, BB TS24 Na Dk

0 PG-al-b-hcl2.2-H B PG-al-b-hcl2.2
100 - E—

80

R (%)

40

20

Fig. 4-3-1 Cs" adsorption rates (R) for PG-al-b-hcl2.2 and PG-al-b-hcl2.2-H, ion exchange
reactions occerred in solutions containing 1 ppm Cs " (a single element).
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[ PG-al-b-hcl2.2-H & PG-al-b-hcl2.2
120 r

80

Na* K* Ca2* Cs*

Fig. 4-3-2 Adsorption rates (R) of each ion for PG-b-hcl5 and PG-b-hcl5-H, ion exchange reactions
occerred in mixed solutions containing 1 ppm Cs”, 80 ppm Na", 150 ppm K" and 150 ppm Ca*".

£ PG-al-b-hcl5-H 0O PG-al-b-hcl2.2-H PG-al-b-hcl5 & PG-al-b-hcl2.2

100 T 100
(C) R R (b)
SRR
[REEERE SRELE
P 80
R SRR
Dl
P ST
A RN
A 60
M BRI
P
A
B TR 40
PRI RER
I CCRN
M AR
P e 20 F
SRR
P ST
R SRR
Lo ey 0

80 |

60 r

R (%)
R (%)

40 r

20 r

0

Fig. 4-3-3 Comparison of Cs" adsorption rates (R) between alminoborosilicate-type PGs
prepared under the different ratio of solution (mL) to PG (g) conditions; (a) for PG-al-b-hcl5-H
and PG-al-b-hcl2.2-H and (b) for PG-al-b-hcl5 and PG-al-b-hcl2.2, ion exchange reaction
occurred in solutions containing 1 ppm Cs" (a single element).
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50
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20

R (%)

10 -
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e
BRI

10 L
Na*t K* Ca2* Cs*
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120 r

(b)

80

40

R (%)

Na* K* Ca?* Cs*

Fig. 4-3-4 Comparison of adsorption rates (R) of each ion between borosilicate-type PGs
prepared under the different ratio of solution (mL) to PG (g) conditions; (a) for PG-al-b-hcl5-H
and PG-al-b-hcl2.2-H and (B) for PG-al-b-hcl5 and PG-al-b-hcl2.2, ion exchange reaction

occurred in mixed solutions containing 1 ppm Cs”, 80 ppm Na", 150 ppm K" and 150 ppm Ca*".
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H2M I T & 2o 72728, PG-al-b-hel2.2-H IZ351F 5 NalZkt9 2 RIFFRO LR -7z,
LU, Cs'iextd 2 BMAEA D% TH HAR ~ 45%1%, NaDHFH7ZL e+ LR T&
7=

WA 5 5L sh & O il % Fig. 4-3-3 & Fig. 4-3-4 (27~"$,  Fig. 4-3-3 £V, BRI
D7V 7R U ERE PG OWAERITKERLIBILEIZBIR 2 <. W HITIE 100% THh -7,
Fig. 4-3-4 (a), (b)ICHIF 5 Cs >K > Ca™" &\ 9 A A @M B INEIC H b 59 5 f5E
o b 2.2 (5L AL b Rk Z R L, ZAULRTEI O B &880 PG & b —E L7z, Btk
ERBLREEERED & TN YR OFENFGHNNE L 220 | KRR > T2 A A
VIRIRMENEOND Z EMNHER SN, ERWAERE LTICS, KL P onFhoA 4
SNZBWTH ALK OB &5 D PG-al-b-hcl2.2 X° PG-al-b-hcl2.2-H 7% PG-al-b-hcl5 <> PG-al-
b-hel5-H (ZHRTEL oo 72, £72. Fig. 4-3-3 (a) £V Cs 1T DWERDFEAR ~25%%
Al & BEEMOMF L 72T 2 LN T&E D, —F Fig. 4-3-3 (b)DZEILENITH RS LAR =
64% & D372 D REV, ZHUT AL B OB Z T NalZ X AHEER L H 0 ki
FRIICED DTl EEZLND,

4-4 Al ¢ BDOBE

KIZ PG-al-b-hcl2.2 . PG-b-hcl2.2 . PG-al-b-hcl5 . PG-b-hcl5 D Al & BDOERFE Nak
DT VIV By BLD BRUN 2 PG-b-hel5-H, PG-al-b-hcl5-H, PG-b-hcl2.2-H, PG-al-b-hcl5-H @
We 75 % (Fig. 4-4-1, Fig. 4-4-2) Z T, Al & B OB 2 et Ui, MR T DRSS,
Table 4-1-1 & Table 4-2-1, &KX Table 4-3-1 DT —H XV | JFAEFE 100% & L 7RO LY
R OE R/ N—& o MRE T Table 4-4-1 [2£ L 72,

WD PGIZRWT b A RS R OHERE S L OB/ S—1 o MIRED 3550 1 R
THDHIN, ZOFHD AL, BOGARITIILSIBETHD Z LRI, 1ppm Cs (ZxT 2%
R 1E PG-b-hcl5 DF 80%FEE T, & & d PG TIXIFIE 100%D R 3% H 7z, Jelcii Lz &
INZZAULIBEDZELZE X bD, SMREROEITIRAEIROK R CHMIZ/2 572, Na
ZER WIFNOA A2kt LT, PG-al-b-hel2.2-H > PG-b-hcl2.2-H > PG-al-b-hcl5-H > PG-b-
hel5-H OINET R 3 Uiz, A A > O@RMIE Cs"> K > Ca® Th - 72, PG-al-b-hcl2.2 Ti
Al 273 PG-al-b-hcl5 705 1.54%HM L, B &% 0.65%H M1 L 7=, PG-b-hcl2.2 TiX PG-b-hcl5 (Z
LT BEN 1.87%HM LT, ZD Al & BEODOT BN R IEREE Eh = LB 25
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R (%)

56

3 PG-b-hcl5-H [ PG-al-b-hcl5-H

™ PG-b-hcl2.2-H &4 PG-b-al-hcl2.2-H
100

80 r

R (%)

40 |

0

Fig. 4-4-2 Effect of Al and B on the Cs" adsorption rates (R) among the PGs from which Na
was removed, ion exchange reactions occerred in solutions containing 1 ppm Cs"
(a single element) (N=1).

03 PG-b-hcl5-H B1PG-al-b-hcl5-H & PG-b-hcl2.2-H & PG-al-b-hcl2.2-H

50 r
40
30
20
10 F o
T T i
b — Ll KRN, RO,
0 iy — o Ll s
RS
_10 L
Na* K* Ca?* Cs*

Fig. 4-4-3 Effect of Al and B on the Cs" adsorption rates (R) among the PGs from which Na
was removed, ion exchange reactions occerred in mixed solutions containing 1 ppm Cs’,
80 ppm Na', 150 ppm K" and 150 ppm Ca™".



%, Naldi#ilZ PG-b-hcl5-H > PG-al-b-hcl5-H > PG-b-hcl2.2-H > PG-al- b-hclS-H & 72> 7=,
H#: 23 PG-al- b-hcl5-H > PG-b-hcl2.2-H > PG-al-b-hcl5-H > PG-b-hcl5-H ThH -7z & b 2 5,
F#1Z PG-al- b-hcl5-H & PG-b-hcl2.2-H (23T, 1 N-HCl &\ 9 A A A3 Hakétlig o FA L FI
INDDITH3 7R EZ AV T Si-ONa BMFET D9 Z L%, PG-al-b-hel2.2 X° PG-b-
hel2.2 13 1 N-HCLEL EOFMEE A S £ DL PG-al-b-hel2.2 > PG-b-hel2.2 L& 2 B,
WIZH PG D B EHRIZHT D Cs &R (Fig. 4-4-3) % Fig. 4-4-4 (2711 v b LT,

TV AR RS PG & AR U EERE PG TlE Cs O WS SRIT Rk L TR 22 DI A DAL,
HH A NatesH 2 i3 2 72D OBILEEClE, FREHRL DT I~ FY 7 2o
AR BB IKGESND ATREMENH DT, Db DD BEAREZHN T RNWI DT 1
v MIdH < ECTRIENZRERCTIEH D, LU 4-1 81 ~ 43 ECBT 2BMAEE L T 720
PG 2373 Cs' OWAEMERRIX, B2/ AVHERER T, B I Al Z BRIV L0 ) B
Fig. 443 THRINTWDHZ b &E x5 & Fig. 4-4-1 D PG DEHFN b HFEEHERF S 4L
TWbHEEZBND, FITh D —2, ZOFRBHERNRERTH LML, oL

50
@ Borosilicate type-PG u

40
X B Aluminosilicate type-PG
.
o 30 - 2
.0
e
—
2
2 20
© |
+
)
(¥]

10 -

L 2
O 1 1 1 1 1 J
0 0.5 1 1.5 2 2.5 3

Composition of boron (wt%)

Fig. 4-4-4 Cs' adsorption rates in Fig. 4-4-3 as a function of the composition of boron
including in PG (PG-b-hcl5, PG-al-b-hcl5, PG-b-hcl2.2 and PG-al-b-hcl2.2).
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B BRI K o TR iR S 472 AL R B 3 H SIVTICER b0 O TR THLNIC
BAFT %6, £7o. B O AN R ERS R Z 7R3 4 RO Z 7 57 3 BN HAFAET
L%, MR HT ORI RN 2D DEZ G, RIREN R 2 KT R EO D% EfEIH]
Wi CX A WATREMER B B 72D TH 5D, T DFRMAHE DIT Fig. 4-4-4 03D IE, Csloxtd 2 W%
FEIBEARLTTITREL T, ALICKRESELZIT L LRSS, ¥ PGD Al L B
W B A i 5 & (Table 4-4-1), 7 VHEREE DD 720 PG Tld, WERDKER2T VI )
RUEERER PG DT, BHME h—Z L OWEENILIIREWZD, Al & B BEINTUE,
WAEMRPRELSRD VW) ZLDBHWTE D, —FH, FAHEEENRKEZ PG T, -
DEE PG & TV AR U EEE PG D b —Z L OWEENFESIC b HbD O, WAERIIT L
2 AR UEHFER PG DN KE, WEEDHTZ Y OWHNERE (Fig. 4-4-4 T/RE 372 Cs W5
) IZXF T HFIL. B 2% 124%/mol, Al 2% 330%/mol 720 . AIOZIFENB LV &< 2o
Too [FPREMFEOHFZE TIL, BEBRIICERIEEN AI>B THD Z ENAMLN TV (G.
Coudurier and J.C. Védrine, 1986), PG IZB W T HREEEOB GBI EHENE NS, Lol
Al & B DEWIONWT, BREMEECHAORE SRR S L CHRITZ VW, BifED L =
AAMEIE ZITHA LR > TE LT, SHROMETH 5,

N

4-5 4FEF LD

BLEEPETlX. Al & BOZENZENOM X 2 EEICKBIT 5 Z & 138 LV s E SR 2 7R
TETLENELSTVIAEND Z & T, PG OB R O EgEY 2 fe— L3452 L

Table 4-4-1 Molar amounts of Al and B contained in the 100 g of products
(data is obtained from Table 4-1-1, Table 4-2-1, Table 4-3-1 or Fig.4-4-1)
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Sample Al (mol) B (mol) Total (mol)
PG-b-hcl5 0.07 0.07
PG-b-hcl2.2 0.24 0.24
PG-al-b-hcl5 0.01 0.1 0.11
PG-al-b-hcl2.2 0.07 0.16 0.23




NTET, ZTHICHEELTSi-ONaBID > T /) — NN E L 72D Z L b b ipole, K
HAVEREIC BT 2 RO R IR ITR IR D L/ E o Tz, METFEORY ARITE
TR A 3 D ik i & W o VB R (R & RES) ITIRIE L, FAVHERED e b R &E <
Ho7 v R ERER PG Th 5 PG-al-b-hel2.2 TiX, #EA 4> THh5H Na', K& Ca®
B EICETIRATAERT 5 TH Cs' & 0%V ERTHRETE D Z EAMERI N,

BE 3R
G. Coudurier and J.C. Védrine, Pure & Appl. Chem., Vol.58 (1986) pp. 1389-1396

W. F. Bleam, Soil and Environmental Chemistry, 1™ ed., (Ed. E. J. Cash), Academic Press,
Massachusetts, Chap. 4, (2011)
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5. ZEA{kicmiIF T

PG DA AU A A = R 5 & BRI STz it > v Ao R4y e BE 11X
RENTo, WIZERBIZHT 2N O ORHEEZ B0 Lz, ETIIERAGIEO RE L
179, AN =AXLOEHOT- DI T & IR CORMABI, HRROERIED - 048
DOENHIFFELL R, TNEMERIZEE L, PGEMEIZIED THA 9 WBEIRD A 4 A Hh

MAET B MR T Do RITA A ZHWE & L THAN)SHIEHEEA THDH CEC
(cation exchange capasity) Z#H-3%, €D LT, Cs' 721 Tlid7e< . \EFH RT3 EFNT
FIREIR ST D Sr-90 DI ATEEN & 9 DnE et L7z\, Cs ORBR & [FEkIC, S o H
MEH L ST DOREA T LB Mgm R Ca® 2 G iR AR E NET 5, £7-, Cs' & s
RIRFIZATIET D 7 — A0, WK HLOZN 6 DRI EE L ER A i 5, —i@v
Ny FHRCTOZBEIERERA LIRS T2 8 2 AT, BT LHFROBRMNEITH, oD,
FH EREMIIM O ORI NSy F o 7S THERASA2TIER B0, Pk, B
M 2GR ARIZHA L, @ T EEEA 2 WGIRROTG YW E Z LI S TRV BR< (H D W
132 DY THIR A HERE - BEE(L) &) HIEEBRM TERWI & b2V, B E DT

TWEGRESIEEITY A7 HET IR, 2 A RSNV BERNTIE R, RNy F IO
ke LR, BEH IR TR ETICHE SN TWD 7T 2 FER) IcRFEESND LD
IRAEES (17 &) TR BRYBUS T KEOBREKD X 5 78, IKIRE ORI EDE % G
15U 2 BB T A RTRICINER D 7 4 LV F—TRIR (7 L3 RN T L b 0% 4
)y DbO, PKIEICELS OO LEFRRERFE LTHITF oD, 22 Tl b
(R TR TH D H T L2 RNARH L, @KOREEAERE L Cst e SEITx4 2 il ih
M RHE T 2,

5-1 7 IBZNAEORE

FRALERIZ Lo CRHEZ 2 hr— )L CX 5 2 L ZEITlR~Tz, FUEE L ToOMm 031
B SN DR 2 L7e 2y o 72 BRHIT, PG R FE D FBEAR-CR R AR 73 A HA S G 2
LWL S, ZORENMIWERE W70 TH D, L LIERITERIMED D,

WEE DB DS NER S TLREVERE D, D720, SAACEIC R 2 [FRE 22 BT & Bt
FEtRIT L 2 A HalE DL PR DT, RO L Uiz Huvi- 3 7 /R
AT o 7,
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PG DEREMHILL TIZE OB Th D, 225Kt & SEREDO b DO EFR LTz, A
U AZHASOS AT R £ T & [FEEOD 1 ppm Cs HARIAHL & 1 ppm Cs'. 80 ppm Na', 150 ppm K,
150 ppm Ca>" Z &1 IRAVANE O 2 Fli % IV T NIMS ([ZHEHL L 728w F HR T o 72, B
VAT S TERLVERL, 2.2 f5E O § DIZxt L CTZZ 4L PG-al-b-hso5, PG-al-b-hso2.2 & fif
517,

PG-al-b-hso5 & PG-al-b-hso2.2 preparation condition

Row material : Aluminoborosilicate glass
Heat treatment : 580°C 16 h
Particle size : 75 um ~ 1 mm
Chemical treatment
Ratio of solution (ml) to PG (g) : 5 or 2.2
Chemical : IN-H,SO,4

Treatment time : approximatery 3 h

Tempareture : > 90°C

100 r
80
60 -
g O hydrochloric acid

x treatment

40
& sulfuric acid

treatment

20 ~
0

5 2.2
Ratio of solution (mL) to PG (g)

Fig. 5-1-1 Difference of Cs" adsorption rates (R) between hydrochlonic acid and sulfuric acid
treatments, ion exchange reaction of aluminoborosilicate-type PGs prepared under the 5 and 2.2
of the ratios conditions occurred in solutions containg 1 ppm Cs' (a single element).
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40

(a) the ratio of solution (mL)to PG (g):5
30
O hydrochlonic acid
treatment
20 - & sulfuric acid
g treatment
[
10
0
10 L
Na* K* Ca2* Cs*
150
(b) the ratio of solution (mL)to PG (g): 2.2
100 -~
50
- 0
S
[ L
-50 O hydrochlonic acid
treatment
-100 & sulfuric acid
treatment
-150 +
-200 -
Na* K+ Ca?* Cs*

Fig. 5-1-2 Difference of the adsorption rates (R) of each ion between hydrochlonic acid and
sulfuric acid treatments; ion exchange reaction of aluminoborosilicate-type PGs prepared under
(a) 5 and (b) 2.2 of the ratios conditions occurred in mixed solutions 1 ppm Cs’, 80 ppm Na',
150 ppm K" and 150 ppm Ca>".



TV VIR UEIER A T A & HRFEE L2 PGIE, 1 ppm CsTRIEHF O CsTlaxf LT, =
AVE T & FRRICIRLIR D AT L D WITBN T, EDPGIZHBW TS 100%IULV R Z7R LT
(Fig. 5-1-1), {RAVETIE, SHHRIC L A 22 fFFHIC LA, Hilg CUE L7- PG 1, 55
NECTEDA A NTHK LTH R BEBALEED PG ITHRTREWVWEW I ERMNE LT,
FOEESNEIE, Cs">K > Ca™ &7p | FRERRASA A L @PWEIC 5 2 5 5 BIT 72 v o T2, Na
OPEHBEOFE RN D, FBEILEE L2 PG TIEE VW Z DO Na B TAFIEGFE LTV &
M43y 7= (Fig. 5-1-2),

5-2 C.E.C

WA A 2 A HAPERE O REA Tl C.E.C (Cation Exchange Capacity) &\ 9 FEREERBEBIZ I N5,
AAFE TG A A RBAERETH D, CECITmeq/100 g (WaEH 100g H7-0 DI ) M i) %
721% ecmol/kg (WHEM 1 kg HT- 0 DB FENALF v —) DHALTEEND, CECIZIFNL
ONDOMEFENH DN, b HALRDITY a— 1L~y —% (D. S. Ross and Q.
Ketterings, 2011) (JIS K1478,2009) Tk 5, HHET »E=7 LA TH U T NORZHILST X Tx
T U=y ARICER L, il T KCIS° NaCl TE#R ATV, W SN2 NH, B2 HIET 5
EWVWIHFETHD, LL I 2T, SHEO PG OLHEREE T MY ¥ ADOBEHE THA~
HZEIZLT,

C.E.C DRIEIZLL FOFIETITo 72, HEEEAEEZ L7z PG-b-hcl5, PG-al-b-hcl5, PG-b-hcl2.2,
PG-al-b-hcl2.2 & fiiBEALEE % L 7= PG-al-b-hso2.2 ZHEH D 0.3 g2 L, 1 N-NaCl H(Zi={&,
10 min#z & 5. 3000 rpm T 5 min D LoHE, FERKOT T —a L) —E#HD
BEZ 3V IR LTz, Tk, MR E A A4 2 2K 2 CRBEE 3 BIFTW RS & L
72o Na¥HiZ 1 N-HCl 2 FIV T Na & #i & FIRR D FIETIT o 72, EHE T 0O Na iR 13 ICP-
AES TE®R L7z, RERIZ 1 BT 21T 7=,

Table 5-2-1 C.E.C (Cation Exchange Capacity) of PGs

PG PG-b-hcl5 PG-al-b-hcl5 PG-b-hcl2.2 PG-al-b-hcl2.2 PG-al-b-hso2.2
C.E.C

0.0066 0.031 0.23 0.34 0.44
(mmol/g)
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R BT PG-b-hcl5 < PG-al-b-hcl5 < PG-b-hcl2.2 < PG-al-b-hcl2.2 < PG-al-b-hs02.2 DJIEIZ K
&< 7po 7z (Table 5-2-1), ZHiE, WMETEOEGHRITIKGE L CAHRIERENS M L L7 f5 R &
FRESILER D 5 SRR AVER L 1) b ACHAPERE S B £ DRGSR & A 80T 5, MR B % 2B RRI T
bhDRKY T ) —NVESEIRZ D & WEOTER (RI% etal, ST LR 40 FEREFE)
LIy TV THEIERNTER L PGRE DY T /) —/VIEEE () 4 pmol/m?) %
BAT S & REE 370 m® TRHETIUL, FH K& 7 CEC 2§50 PG-al-b-hso2.2 TH 4
T )= NVHEHED 0% Tholz, ZHIHEDND A MIBROLATWD Z ERTRINDHER
Liroi,

5-3 SrTHT B A URHE

SEOEIIZIZR T B U HEEB TH D Ca o Mg> DB &M< 25, £ T, 1%
U OIT SENCHRIT B SHEZ DB DRI 5 0 E 9 D OfeRR % 1 ppm Sr™ UM & IV THIT
WV, RIC Catt e MP R SR T DIRATERT O ST OBEERAT S Z LT LT,

4 7L PG-b-hel5, PG-al-b-hcl5, PG-b-hcl2.2, PG-al-b-hcl2.2 & PG-al-b-hso2.2 O 5 ffi %
HE Lz, WIRICIZ 2 O T T /Li58K, 1 ppm Sr™ HUAEATE & 1 ppm Sr™™ & 140 ppm Mg™",
230 ppm Ca* D 3 FEDGA A > DIRAVRIE & W LTz, &4 4 OWEIL STk LT 500 fi%
DENEETEREND, Srilid SrCL, Mg ZiZ MgCl, CalllE CaCl,, &9 Xk H iz~
THALWRIE e pisErt il Rpflatl) B Lo, A A RRHEIERIE NIMS O3 F 52
M L. R TRME L7,

1 ppm ST Bt F1E Fig. 5-3-1 D@0 ThH D, E0E CsITxT B AHEES N -
Y FVIBEICE A~ E 2 A, SEICH LT Cs™ & OB 235 7z, PG-b-hel5 D7
80%IRDATHANKL Z V) | Z DAt PG TIXIZIF 100%D AW HER TE 72, Fig. 5-3-2 L W IRAE
BIZHRN T, SIFRIETERL SN T2 PG TIEW TN A A28 LTH RIE 5%LL F TiEWIE
B emnoiz, 22 (R TR S 72 PG T, i b RHHED K % 72 PG-al-b-hso2.2 IZH W
T R=40%IZE L, WO PG ICH LT H A OEIIERE Sr** > Ca®* > Mg” T/KFIA A4
DR E SIURIFT DRER E Ip o7z, KFPERIZIED Table 4-1-2 0, KRB KEL L DHIEE
REPEN K E < 2 DB BENND A b —27 A 4% (Table 5-3-1) #5512, TOKRKE SO
HRERBLDZENTE D,
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100

0 PG-b-hcl5
__for E1 PG-al-b-hcl5
3:— OPG-b-hcl2.2
40 + / B PG-al-b-hcl2.2
% # PG-al-b-hs02.2
20
0

Fig. 5-3-1  Sr*” adsorption rates (R) for PG-b-hcl5, PG-al-b-hcl5, PG-b-hcl2.2,
PG-al-b-hcl2.2 and PG-al-b-hso02.2, ion exchange reactions occurred in solutions containing
1 ppm Sr** (a single element).

O PG-b-hcl5 PG-al-b-hcl5 O PG-b-hcl2.2

B PG-al-b-hcl2.2 # PG-al-b-hso2.2
45 -

35 ¢

25

R (%)

20

7

C a2+

Fig. 5-3-2  Adsorption rate (R) of each ion for PG-b-hcl5, PG-al-b-hcl5, PG-b-hcl2.2,
PG-al-b-hcl2.2 and PG-al-b-hs02.2, ion exchange reactions occerred in mixed solutions
containing 1 ppm Sr**, 140 ppm Mg**, 230 ppm Ca”".
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Table 5-3-1 Crystal ionic radii (r.) and Stokes radii (r5) of ions in aqueous solution at 25 °C
ion re/pm ro/pm re/rs ion re/pm rs/pm re/rs
Li* 73 240 3.3 Be”* 41 470 11
Na* 116 180 1.6 Mg** 86 350 4.1
K* 152 130 0.86 ca® 114 310 2.7
Rb* 166 120 0.72 St 132 310 2.3
Cs' 181 120 0.66 Ba®' 149 290 1.9
NH," 148 130 0.88 La* 130 400 3.1
(CH5)4N* 347 204 0.59
(C,Hs)aN* | 400 281 0.70 F 119 170 1.4
(CsH7)sN | 452 392 0.87 cr 167 70 0.4
(CqHo)sN* | 494 471 0.95 Br 182 60 0.3
(CsHy1)sN* | 529 525 0.99 I 206 60 0.3

KA, 1L one point 26 A A > DK, 5 4 F, p. 55, I3 HIAR, 1990 L 0

5-4 Cs'& S’ ORBFFEETICRBIT 2HFRIG

eI, HEHEAR b a rF U LB TR < £ OB IHE &

L TODRANEZ DD, FHIIEZBIHFET D & SNDHEHMEE T L L OB UL
ML U CRECAR D 2 EDEE LGS, AKFPERN D SPTOAHIT CsIC b TR <

W2 ERMERI SN D, £ 2T, B b ASHIEREDSE Y PG-al-b-hso2.2 2 VT, CsTE ST Y
L UL BICHFET DR EIE L, WuROWE T CORMNIGZRT <D Z L2 Lz, &
WX, FHRED Cs' & SO HMEKE 2 Fi L Z R L AREE TS, H5VIRYNETE T

IRARIAR 2 A HE Lz, B, PG-al-b-hso2.2 @ C.E.C =0.44 mmol/g LA DA A %%
Eie X 912 5 mmol/L & HHEIFRE Lz, IWKOFEMIL Talbe 5-4-1 D@0 THH, A 4K
BSUSIE NIMS Oy FHAUTHEIL L . R & WA & TRl L 7=,

JRF- I3 AT N D15 G

Table 5-4-1 Solutions to examine a conpeting reaction between Cs” and Sr**
Solution contaning Solution containg
a single ion two ions
Solution A B C D
lon Cs* Sr2* Cs* Sr2* Cs* Sr2*
Consentration (mol/L) 0.005 0.005 0.005 0.005 0.0025 0.005
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Table 5-4-2 Results for the experiment using solution C and D

conc:r?turgltlit:)rr:u(r;o|/|_) Exchange amount (mmol,)
[Cs*] [ST2t] Cs* Sr2+ Total
Solution C 0.0026 0.0040 0.074 0.066 0.14
Solution D 0.0026 0.0018 0.077 0.049 0.13

fil B % Table 5-4-2 (2R T, ATRIKICHW T CsITHRT D RIZ 72.2%. BIAEIZEB W T Sriic
%95 RIE362%E o7z, CECHHEMS 55 0.13 mmol, DAZHE L VIS o7z
M. Cs'A Ui, SETA 2l THEZEEB/ETHE, BB 0.10 mmol. DAL L TE
DR RFER LI, IBRARDBE Cs e SETOWEENSFHE SN DM EN, CHKT
1% 0.14 mmol., D TIX0.13 mmol. &£720, CECHHRME bNDRRAZHE L o7,
MEDNE D A F o X2 o YH T, A AU OFBIRVENY Y > X2 DBRE . BIREED Eq. 5-4-
1 NBE2, +J[Y ]2 > Exer J[XPH]DNRR D 2D, X2 =5r2*, Yr=Cste45 8, CIAIKITRL
Tl E%,+/[Y1]?: Exe+ /[X?"] = 354:1, DIAWKCIZE?,+/[Y )% : Exas /[X?Y] = 259: 10345 5
. CSITHTHBIRMER RV Z E2VR &Nz, £, SETORBITE 5T Cs' BUEA 4
ELTEBIHET HHATY S OB EL D Z LR SN,

[A2+] - E2p+

K ==————=>1 (Eq.5-4-1
GT E v - [BH? (Eq )

55 E~ b U 2 REERD D OBERETER OEIR OBE

JFAE I 1T D IR HIKIEIR O T2 O S LTz KEOWE KBS RIK T, BB O i1
LMWK EIIFLTND, LnbZOFERITTIEVICREY, &~ b 7 ABHK
M, BRE T D MEHEWE 2 R 5 72 DI2iX, WM N Z DA A ATk 2 @O ER
RO, RERWERE CTHEE) ZHO0DEL LN TH D, PG DA 4 HREREIX
BEAHIC R DOIKFIERRNARATET D25, ZCHARMNIAEIERY, ST PR 2R PR TR 72 70,
Z DT, BHE RO LD REEREDOYEFEICINA 2 2008 0X LD, £ T, i
b AZHAPERE S W PG-al-b-hso2.2 23~ b U 7 ZAiE 0B Cs™0 S©T 2 B ATEMN £ 9 v
Rt a1T 272,
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5-5-1 KD Cs'ZZHRBR

WKICER SNDA A & ZDOHIRIL Table 5-5-1-1 DY TH D, yH. WAETEREICHK

WEBOHDHLEXLNDERBGA A DN, Mg, Ca*', K'E BIIOWEE TH5 Cs'
T R CH LR CRETHE L, ATk E Lz, CsBEIIMORER & 0BAEEHES
7212, 1 ppm CTHREREITo72, Na' - Mg? - Ca®' - K OREIZZNZI 1.06Wt%, 0.13wt%,
0.04wt%. 0.38Wt% CTd 5, WAEMIE PG-al-b-hso2.2 & IV T, FRER[EIHL 2 [0 T NIMS D/
FHRNHERL U7 A A o Rl 2 FEfi L7z, DF Y PG & 03 g, k& 30 mL DOEHKH
100 T, 25+2°C DEHL FIZ T 24 h OZHSUE Z1T - 72, B D ICP-MS IZ X 2K D
CsSEDHITTIE, = MU 7 ZABENE WD, 105K LRI L, A > 7 A (In)
2R D NEEHERIE D ) O iR SEfE 2 B U7, AT R TR L 72,

Table 5-5-1-1 Seawater Composition

Che'm_ical Percent (wt%)
speicies

— 1.0556
= 0.1272
= 0.0400
- 0.0380
= 0.0008
— 1.8980
o7 0.2649
— 0.0065
HCor 0.0140
_ 0.0001
H,B0, 0.0026

68



Cs'lZHRT 2 RIT W) 55.640.74% (n=2) & 7272, Na ORI CsTREDK 61 5, Alal
AW TZB5A A v ORI EEITH 71 5% L JEBIINCMO A A BRZVERF 1D THRETE
THHE LT, CSIEIA A RBOBRERN R L@ BA A D1 >ThHr L, Ty T/
— VD Na" (T H) & Cs"ORMIFNIEL R L OO 7=, ~ R U 7 ZPRBEED RS
THA T VIBEOEBELZITIZ holcl ERBLLND,

5-5-2 B~ MU 7 AR D D S HBEAR

TR — R TR BTN O EBEOVE YK OBURHE L~V R A A VIRER AT ST
Do BEEL AL ERSND SCRELE, WHFEA A VIRENDEREZ AEL Y, &~
KU 7 AHOD S©TDBRENFHEN E 2 hORF EAT 2 7=,

H4 = U742 7 IRAVKOHER L 0 IESND CsIREE, SR L IEFRREAREE
Table 5-5-2-1 {2773, Cs'#EEIX, Cs-134 & Cs-137 & &8 T 2.35%x10"° mol/em’, Sr*' i
1.74x10"° mol/em® 72 DT, Z A& IERHFED Cs™ (5 75 132.9) & SP* (4 75 87.62) I0 & X
Wz 2B A ORI, FRER312ppt & 153 ppb & 725, LU SeEdikhiccc &
HENTVWEA AT, ZTOREILSppm BETH 5, £ EiEATF D HOIEIHE S o
Wk & SR S O RO SETIEIR B < A A U AHRSICBE D B 72, ST O IT 8 ppmta
AR TE D 10ppm AR ET H 2 LI LT, Cs BT SRS 1T~ T 1/1000 FE
PENKRE LS B Dn, AR SCTORFREMNGHE L TERTHZ LT L, £,
WHRERNTXTFH R LB EET S &, NaClEEE X 8570 ppm & 720 . Z AUdiEKF D
NaClREDK) 13 DIREIZHT=5, DT, HYIKO~ + U 7 TR 0359 13 D
FECIRIE L CWDIRIRE Bre L, E72BhA A v A O IWAKD 13 FREZHRE LTz,
Na“+ Mg™ = Ca® + K+ Cs" + S©” DI I1T ~ THALWRE 2 VT 5-5-22 0 X 9 ek
T LTz, A AV A8HIT PG-al-b-hso2.2 & VT, A THEKF D Cs™ D7 ER & [FIEE D )5
HECRBRE 2 BTV, R TR L7z, HT IR ORI Z 20 (AR L7= b O & Mok i
ETRD T, WM LR o 7,

Na™° Mg®*, Ca™", K'72MEKEEEE D 1/3 FLEE DOPRRE THAE L TV A IEGKF O SPEIcs LT,
W75 BRI 8.3 £1.0% D3RR S V7o, KRR (A h—27 A P1X) (Fig. 5-3-1) LV HEfl s b
A A BT IIT DRI, K >SPP > Na' > Ca¥' >MgH & o TR, SEIEmMEy b
B L TSN DA A TRV, KEOIEA 4 A7 T Tl S©™ ZCHIMEREDN F L
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Table 5-5-2-1 Water leak at the tank in H4 area in Fukushima Daiichi Nuclear Power Station
(TEPCO online, Contaminated Water Leakage from the Tank in the H4 Area)

Contaminated water leakage from the H4 area tank
(sampling performed at 4:00 PM on August 19, 2013)

Chemical speicies Cs-134 Cs-137 Sr-90 Chloride

Radioactive concentration (Bq/ cm3) 4.60E+01 1.00E+02 | 8.00E+04

Molar concentration (mol/ cm?) 7.17E-15 2.28E-13 1.74E-10

Mass concetration 0.96 (ppt) 31.2 (ppt) | 15.7 (ppb) 5200 (ppm)

Table 5-5-2-2  Artificial wastewater composition

Element Concentration (ppm)
Na 3519

Mg 420

Ca 131

K 130

Sr 10

Cs 10 (ppb)

<PHESIL. Hoo 1li-2 flio R[5 £ DOAHD -0 A A U 38E (= h U 7 ARE) D8 E
ZUTTAREELE 2 6D,

5-6 1 T LAFRITEIT 2 BIEE ORI REFNE

TR KAFRIC BT, REDTHY K ZWDNSHEIZAFE TEX A0 E W9 Z ENETHE
HEXNIBETH D, A A VKRISBEROEZEILIIIHE SN TWEOT, METIEZRW
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PG JEU DI RA A DEFEL | PG N TOA A DIEHRD & H BN HEHER M & 72 %,
%< OEA, PG ALOA A L REITHPIC L > TR SN DD T, SOSITEHAETH 5
ZEMEZ, IBUTREIC L > TRESN D, £/, TLEE CORRZERBEZE 2720
HRENELSTH L THIEBRMAZES T2 LR TH D, 7 LHFRTIE, A
FHDOA A ATHEECIE <, BEXIFIR S T2 L > THEAZTH LA 4228 PG B4

INDHZ LD, ZOEE. PGNEBIZAVIADT T H~BE) LI AW RA A2, £ D
FEMDOPG LS Z L, WL TLE D X5 2@l EIXRMBEIC /e D, WIREE X
NI ENROJLWVLHLL 72 5708, — T E L LIRHOMERECST20, DV EVD &
NERMEH LDBRETH D, o, BIKEEZRD D5 DIX PG ORETH D08, Kz N
EHDE, FLEE CORMBERAEL 25700, TRTOREBEZHRLFATE 2L
ROLFREMENR DD, EF EETLZ L LR IS OBBEICH LT, E9IThifaEn
PG OBIIEE ~DR B AT~ T,

KIEE WD PG DY > 7 /Vi#E % Table 5-6-1 12 F & 7=, 1 mm LU FORARITK L TIE, 3
h OZHACERTH437225, 1 mm~2 mm TR ET D AEEMERH ST, 4.5h DULER A
MUz Ny FHATOA A ZHRBROMER ., YERBICKRE RENRVZ E NGRS N D
D EAFRBRCHW -, RFMIX, 75 pm ~ 250 pm, 250 pm ~ 500 pm, 500 pm ~ 1 mm, 1
mm ~ 2 mm O 4 FfEE 7z, ZE N OREFFHO PG 10.0 g ZNEE20mm D2 v~ b7

(IR L, FEHE B2 5 15 15 em - 20 em [A] &2 MK 5@ S D DIZ B D W 2 2 b

Table 5-6-1 Sample preparation condition

Row material : Aluminoborosilicate glass

Heat treatment : 580°C 16 h

Particle size : 75 ~ 250 um, 250 ~ 500pm, 500 pm ~ 1 mm, 1 ~ 2 mm

Chemical treatment

Ratio of solution (ml) to PG (g) : 2.2

Chemical : I1N-H,SO,4

Treatment time : 3 h [75 ~ 250 pm, 250 ~ 500pm, 500 pm ~ 1 mm]
4.5h[1~2mm]

Tempareture : > 90°C
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Ty FCRE Lz, PIEIX 1EO PG FIEIZHSE 5EfT o7z, £o. ENEN DR
PO PGk L, FEEDRBR% 3 [\ (75 pm ~ 1 mm Sk LTI 2 [B) 1T 72, 3L, Rigeo
ADT AN D22 T L OIEIRREE 2 7 Lo |\ W I @I REE O SFEEEO 7 b s BRI

&mIERE I OFRBERARR 2 T, NN ORIRELFR T 2 Wik e ER A 5L & Table 5-6-2 ~
Table 5-6-5 |27k L7z, ¥|Z Table 5-6-2 ~ Table 5-6-5 D& F 4% Fig.5-6-1 [ZF L i, /-, =
DR Z R A T AEIT, BN n=3 OFHEZ & 5 & Fig. 5-6-2 D X 5 2B G 5
o, BIR L BmERFEICIINEBEBOMENRH VY | REDRKEIVIZE, BRI EL 2D
ZEDHER S LIz, MBI L W A DT UAEAY 750 pm LA R CRNRICEGEE N EL 72 H Z &
bR ST, 75 pm~ 250 pm MO PG Tid, BN PAEIND 47s L0 HIEDHNITERE
VBRI ZBE L LB ERRLEERTZO, BT DOBER T 4 V2 —OHEEE D 7>, el
PARF5r T BIROEICRA KBRS NHEIC R Te A EEZBILD,

5-7 BB

INETON Yy FHRORBRTITEHESOSEFIRT 270, 72 L 2 @MREORIR AR K
LHAWTSH, BEICIIPGCOHEDRE KRR AERZ WEG L Z LANETH D, EEH LITH T
LHRUICBT H2-EEMPRBBEICR D, Flo, BREOBEECREOIHFRE, 155K
OREHRELEEHE THD, oD CEC DI T AFRTHHM IO E ) D OMHRLED,
Cs'& ST AR A 5 2 L IC Lz, AW T, RRH SE 7 I KIC
X DR EATV, FEUORGR LT DILHOWHBE LR E S NOMERBITo 70, £,
BIPEEN D PG % FRHM I W ClRIEHE 2 3 D 72356 OGREI#RR A k| #Yeh 7 L5%
FroONENERRT L LIT L,

Cs' ORFIEFABRITRIAE 75 pm ~ 1 mm @ PG-al-b-hs02.2 % AT 2 [A], KifE 1 mm ~2 mm D
PG-al-b-hso2.2 & AV T 1 [E4T 572, S OREEFABRITRIAE 75 um ~ 1 mm @ PG-al-b-hso2.2 %
ﬁwfz@ﬁoho&1@5@%%Tiummﬂk@ﬂ%i¢ML R S TAHA TR 722
Do 72721, f#HE L C 100 ppm Cs VAR & 9 L ilig 7=, 2B H OREBRTIX, 100 ppm Cs’
Wik A 10 LR S 872, K 1 mm~2 mm CTORERTIX, 100 ppm Cs &k %2 13 L sk S &
BIBE DR A 7=, SP1 [ H ORERTIZ, 100 ppm SEWIE A S LIRS, 28 H Tl
33 ppm Sr* & 30 Ll SH7-, SETHOEEERO 2 M H D& 20 g D PG &, THLSORERT
110 gD PGZ @20mm D7 1~ 7 MIFHE UBR STz, THEN0ORBRICK LT
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Table 5-6-2 The time required for passing water in the column system filled with the PG
classified betwwen 75 pm to 250 pm

Experimental No. 1 2
Height of packed PG (cm) 4.0 4.0
The time required for water passing in the
empty column (s)

1 171 87.3

2 412.5 209.3
The time required for Repeting

3 863.3 115.8
water passing in the PG order

4 1431.7 1120.7
column (s)

5 2053 1791.5

Ave. 986.3 664.92

Table 5-6-3 The time required for water passing in the column system filled with the PG
classified betwwen 250 pm to 500 pm

Experimental No. 1 2 3
Height of packed PG (cm) 3.6 3.6 3.6
The time required for water passing in the empty column (s) 8 8 8
1 20.2 19.3 17.8
2 20.7 194 19
Repeating
The time required for water 3 20.9 19.9 19.4
order
passing in the PG column (s) 4 21 20.4 19.8
5 20.8 20.2 20
Ave. 20.72 19.84 19.2
Diffrence of time required between of PG and empty column
12.72 11.84 11.2

(the average value employed as PG time)
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Table 5-6-4 The time required for water passing in the column system filled with the PG
classified betwwen 500 pm to 1 mm

Experimental No. 1 2 3
Height of packed PG (cm) 3.5 3.5 3.5
The time required for water passing in the empty column (s) 8 8 16.7
1 9.5 10.8 17.9
2 9.4 11.7 19.1
Repeating
The time required for water 3 9.4 12.1 19.6
order
passing in the PG column (s) 4 9.7 12.7 19.8
5 9.6 13.3 20.1
Ave. 9.52 12.12 19.3
Diffrence of time required between of PG and empty column
1.52 4.12 2.6
(the average value employed as PG time)

Table 5-6-5 The time required for water passing in the column system filled with the PG
classified betwwen 1 mm to 2 mm

Experimental No. 1 2 3
Height of packed PG (cm) 3.4 3.4 3.4
The time required for water passing in the empty column (s) 9.6 9.5 12.7
1 10.7 113 12.9
2 10.5 11 13.2
The time required for water Repeating | 3 10.6 10.6 13.2
passing in the PG column (s) order 4 10.2 10.6 13
5 10.3 10.2 12.9
Ave. 10.46 10.74 13.04

Diffrence of time required between of PG and empty column
0.86 1.24 0.34

(the average value employed as PG time)
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No. 1
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Fig. 5-6-1 Relation between particle size and the difference of time (At) required between PG and
empty column for water passing (the average value employed as PG time)

10 - y = 1E+06x 198
R?=0.9985

At (s)

0 1 1 1 J
0 500 1000 1500 2000

Particle size (median value) (um)

Fig. 5-6-2 Relation between particle size (median value) and the difference of time (At) required
between PG and empty column for water passing (the average value employed as PG time)
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FELM O & & IBRGEE & ek U7s, @R 1T 50 mL OV AN @R ™5 O T L 7z IKefH 2
BEME LI, 74 —0FEE V%D N T T OVTFTEM D EJF 15 -20 cm B OEE O
W 2 E =2 — L7203 DAl L7-, #BRIT 23£5°C DBREE FCIT o 72, Bl akER o fk R
1% Cs"XId S OB R BT DI HIEEE 2 7 0 » b L. TR HBAASCRGE R, =0
HIBR O TR CREM L7-, IMHIREE X ICP-MS THdT L7z, 72 Cs'Ic L » THGBIZE - 72 PG

W2 LC MilliQ & iR S 7RO 2 el L7,

ZNENOROERER T PG Felim & & B HEE % Talbe 5-7-1 (2777, FEE SIEF
HEICK L TRFHGIT 52, BKEEIXIEO XN KREL o, 2, BEM BENS
7515 -20 cm IO @R 2 HEEE D OFIE L L TE=Z— L& 2 A, DEVIFAELT
AR A8 U CIE—E ORI EIE L7223, 2o CORRMIT R -7,
ZIUBIE, 75 um~1mm &V )ROSR K E | IBIRIRHLAS PG 10.0 g 128 F 405 AkL
FOEFICKRELKGFT D07 EEZ NS, Cs GRS 1 [B1H OfE R 4% Fig. 5-7-1 12, 2
@E@%%%FQSJQK%?QCﬂ&@@ﬁﬂiﬁ)ﬂ%wf\ﬁﬁ@ojg#%%iw\
0.7g TIEIZERRMBICE 7=, Zi%E PG 1 kg 2N 200mm DA 7 AZFEL 1%D Cs'
IR & B S BT GE BT 5 & Bl AT 50 g/kg (PG BEALE B H 720 D Cs i K& &)
LD, Filo, HHMEHGEOZD, CsTEMRR QEH) #f~7-E 2 A, I 05g7 b
WBED ., 09 g TRARBIBIZE ST, 05 g TF v U AT — Rl 234 UTe s,
ZOHT v 3 U T DMRE UBGR RS D iz, T2 2SN o T2 721, 522U Fig.
5-7-1 & —HUTET (Fig. 5-7-3), ORI AITIZADODLT T DL Z &R Sz, B
ﬁﬁﬁ%ﬁ%ﬂjgum@?~5ﬂ?¥19Vﬁﬁé@fwkﬂ%ﬁﬁ%<\%%K%ﬁm
Tz LIFEVTINARNA, RERE I U TORENFHIIE -T2 2 &b, #HT05¢
L0 FRNCBBEAGFEL T D AREMERH D, Loy LR 2 m1E 2 [l o & b FEE

Table 5-7-1 Height of packed PG-al-b-hs02.2 and flow rate (mL/min)

Particle size 75 um ~ 1 mm I~2 mm
Influent composition Cs’ Sr* Cs'
Experimaental No. 1 2 1 2 1
Height of packed PG (cm) 32 32 32 63 34

Flow rate (mL/min) 6.7 11.6 8.3 15.6 50.0
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Fig. 5-7-1 Breakthrough curve for Cs" (1); number in parenthesis expresses the experimental No.
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Fig. 5-7-2 Breakthrough curve for Cs’ (2); number in parenthesis expresses the experimental No.
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77



120

100
L 2 ¢ 2
* <
80
<
<
<

D

o
T
<&

Effluent concentration of Cs* (ppm)

.<>
40 r TON
& Breakthrough curve for Cs+
o> L 4
¢ (1)
20 | *°
<
¥
0 <> o o 2 J 1 1 1 J
0 0.2 0.4 0.6 0.8 1 1.2

Cs* amount of total influent (g)

Fig. 5-7-3 Breakthrough curve for Cs” comparing (1) and (2)

THBMZ MR TE 220, Cs'HEBAIE 50 gkg TH D LiEmST 5 2 EnTE i, M@
ML OE TR DIRIE T K > TEDOTRIRDBMIISE S LS B 5, FRIBICSI S BN B
B35, 2072, RN 50%ICE LTz & AR RKWER (60 gkg) &3 57201E, Ziuk
C.E.C 0.44 mmol/g 75 BAEL G HWMBERTH D72, Na EHE TR+ 25 CE.C DR
FoEETHDZ L NFEFFICHRTE T,

S RIEARER 1 (A1 H (Fig. 5-7-4) OFESIT, FERRH BN 125725 L @& ST
DL A= RGNz, WX 0.05gnbMED . 03 g TREARBHICEST-, BiEEH
720 ORAEEIHRET S L 5 gkg WA FREE WO RERICR D23, ZhE, CsTiE AL 50
gkg O TP E NS SERGE AL 16.5 ghkg 2 K& < FREI-72, 100 ppm St ¥AHE L, 75 pm ~ 1
mm RiEE PG 10 g D FEHITKF U TR DIRE N BT & TEBRANREYZ -~ 727291ic, BED
OER LY FRITIKRHAAE L2 b0 LEX bILD, £DH, 2[EIHORERTIX, W4
Ulehnoie Cs OERR EGMERMZ HT2DIT, PG EA AL OHEWEE Ui & 2 Mo ELR
BOBENEER LT, (87.62/132.9)%(1/2)=1/3 OIEEE, SF Y 33 ppm SE A ME L=, HiT,
10g TIER< 20D PGIZHESIEDLZ L E L, WREIZ6EEDIIOLEZHE L], 2HH
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O SIETEERER (Fig. 5-7-5) (X, AR H LY LRGBS OWER Ty b EroT-, I
X 032g DA E D, 0.55 g CHRARMIRICE 72, RGBS TOWAEREIT 16 gkg, F
ToREAS 1/2 & 72 D S COWERIT 22.5 g/kg L 720 Cs A & e RIS B ICAE 72 il R
DFFHITZ, Ko T, PGIIA A ISR 2 ReBMEITFE 7237, BT A At 1 Mk
DRELCTRAEBENREIND Z ENRHLNE o7, Na@HE)HRD HL7Z CE.C & DB
ROV L TND, ZD2ODFROENLGDOE % Fig. 5-7-6 1IZ~7, 72721, 1HHELE 2
o] H CiE7 — & OBFRIER R D720, TNENOT—4 Offfiliz PG 10 g O Sr™ A &,
FEHh I I BE (C) % SRR (Co) (1 [E1H 11X 100 ppm, 2 [A] H 1% 33 ppm) (2519~ % b CTHUS
fbLT7uy b&1T-o7-, i 1 EEOF 2B bbb 6, Bal iR 1 —7 25
MTIRHBAE T TS Z b, IV LI U7 X 51, FHEEMTK L TR OB E R
WY ELLZENFERNLEEZOND, 2O XD ITHRESMFLEUNTRIT T HIE, 2R
GG EAEDT AN Z EDRH BN E 7o T,

120
100 | ™
80 .

60 -

20

Effluent concentration of Sr2* (ppm)

o ] 1 1 1 1 1 J
0 0.1 0.2 0.3 0.4 0.5 0.6

Sr2* amount of total influent (g)

Fig. 5-7-4 Breakthrough curve for Sr*" (1); number in parenthesis expresses the experimental No.
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Fig. 5-7-5 Breakthrough curve for Sr*" (2); number in parenthesis expresses the experimental No.
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r & O Breakthrough curve for Sr2+ (2)
u u]
0 0.1 0.2 0.3 0.4 0.5 0.6

Sr2* amount of total influent loaded on 10 g of PG (g)

Fig. 5-7-6  Breakthrough curve for Sr*” comparing (1) and (2), C is effluent concentration and C,
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% 1 mm~2 mm TOMOEREBR TIX, FES SIE 34 mm & 720 K 75 um ~ 1 mm O 32
mm £V HETREL Ro7, FIEM B b 5 15-20 cm ] TR A8 U CEBITH -
T2 b ODOFE] 0.7 s (22 7 MRIRIFEIRE %) Th Y . mifi cR oo R e 1ZE KT 5,
F72. 50 mL OIFERZ BRI 2 012, I 1 min ORI A2 2 L7223, 75 um ~ 1 mm
BT D 4 [BIORE SR D4 DRI ] (e AR R C 3.2 min/50 mL) £ 0 $ 5o 72, i
RS- Cs ORARICHT 2 IRHIERE ORI Fig. 5-7-7 O X 9 (228 b LT, BRBAMGIE %
MOAECTZRIITEOBIB TIER<, BT LFMHECLDbDIELZEZ OGNS, Bkl DOE
Wins, rH ERNY 2RO HERRET DL, CGSTHER03ghHT-IVNLIEEEX
bhb, b9 —BEPE ERABIG A (CsSTEEE 055 2) BN DD X ) RIBRBHERTE 28, =

AUTERBROReME b sdife L 72 BiR 2 flkfe T & 9 — B 2Kk Lo 72l e b %,
FREDZ Lid, CSHEERE 1IgDRTHMRTE D, TO2HREAL—V L IT 5L, filiE
BB TR R — 7 2 i & 7208 DR 2 TR RUTIE SV TV AR F AR TE T2, 2D
T2, BAREW) —HEHMEICE DX D Z LIRS TH o722, CSRARE 1.3 g DR TX
9 R SRR & FIREE ORI HERR T & 72, AU SPGB O 1[E B L PR E o7z
N, EIREOVIR A MR S22 ERFRE T RN KREL o7z 2 LITERT 5,
KRN KREL DL, BEGEENEML, B> PG FULER~DEEIKR OYLEI 28 0/ 5 &
Db EEZ NS, EHIAK DY (Fig. 5-7-8) (2 & Y KifE 75 um ~ 1 mm O PG DA i
B OFEWITHA T, A UBGESIE 75 um~ 1 mm @ 0.5 g X 0 & Fri~KE < Fh, o
R BB ~KE PR, ML IS4 CRHE T, Bala 2 S 238k & Lk
OANLT= 72> T2, PREITMEFZIZRIES | mm~2 mm O PG O FBH WO T, ZOFEHZIEHT
57561, PGREEZZ LTURHEZ SHENH L Z LRI,

Cs M FAER Che K X W72 PG FREMIC MilliQ Z @i L. IWHNAE Ui E 5 o
BB AT o Te, WHBAETRWZ 1T, BB A L RIRE T 2720 DOVEHEE Th
%o PRBRITAREE BB T 1% O Fe A I ERE L C MiliiQ /K% 200 mL " 2Ft 1 L@k S+, [A]
I D Cs Y EE % ICP-MS I & » TRz, #ER% Fig. 5-7-9 1R T, ERBREZ OV
7V 7T, Sppm BREE T L TWAD AN, AT T ANEER PG JELICERFE L T
Cs' N EN=b DT, REOBEHEIIBREEZOND, 2 8 HLUKIL 1 ppm F2E OV
WCHEED . WHITAEC 0o T, —EWAE LT QWK A A 2 23l s P 2 R 3 R 5
KIZE > THUEREEFIZRE LW RS,

81



82

Effluent concentration of Cs* (ppm)
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Fig. 5-7-7 Breakthrough curve for Cs" of PG classified between 1 mm to 2 mm
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Fig. 5-7-8 Breakthrough curve for Cs" on PG particles having different sizes
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Fig. 5-7-9 Elution curve for Cs"

58 S5EFLD

FEACIC L E bk 2 7ok A Fof LTz, AE0E B RO EOIREE~DO LTI, A 4
ZEHAPERE SRR IR TR E o722 & T L0 KO BIROERIN AIGEIC 22 5 72, Cs”
2 TR SNSRI A AR HERE bR S, BICH TR ET DB T TO Cs' > SPE
S bR TE 2, B CRIBE L SN2DMW AR E~ b Y 7 2B 5> & O ESHEYE ol

AT BRI Tk, CsIEZ DA 4 U BREO B SO OEA 4L ORBEZ TOOLE
&%%f%%f%é:&ﬁ%émto&ﬁmcs: IWAERTIIE D b DD, VLR AR
LTkY, S%OBEEE 2=, EHH L, EEEA Th - aFHFmiT Ny FHATO
CE.CiHMii & B 7 L7 K TOGERER %8 L T KW EE 0.44 mmol/g BN BN E o7,

M A TR I T ETH o7, PGHEAIE RS-V O Cs B 50 g/kg &
% & FERANCIITREL L 72 O PE Cs™2359 100 kg D PG TR TE 5 Z BN hotz, 1277
L. FERBRBIBAD 720012072 0 FEBENTH D, oMzt 77 2 HFRERAT 2012
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B L 72 % FIEM ORI L IEROREZE OBR 2 M L, #aidhiR ORI HEGEF 2 U T
AHNETIRD T T DGR O—D%RT LN TET,

BE IR

Donald S. Ross and Quirine Ketterings, Recommended Methods for Determining Soil Cation
Exchange Capacity, Northeastern Regional Publication No. 493 3rd Ed., Chapter 9, The Northeast
Coordinating Committee for Soil Testing (revised 2011)

JIS K1478, 2009

A T, R SASE, BRIL TR, AR KRR, ROFI S, R PR, MRS T VEA, ZALVE S T
A HPLC FEHAI DR EER, IHTLF2H 40 F2EHFE, p.101

KIWEI=AS, {b.% one point 26 A A > DK, H37 HIRR, 45 4 F2 (1990) p. 55.

TEPCO, Contaminated Water Leakage from the Tank in the H4 Area,
http://www.tepco.co.jp/en/nu/fukushima-np/water/13082101-e.html (10/10/2014)
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6. fDRkE

RIS — R IR EAT LV ELBR BRI ST R PE E O T RRIC Cs-137 & Cs-
134 \ZX1 2 YR Bk L CHEM SN TV 5D, £ 2T, BEKTITIRITIAATGYY
BHOEWAHEE LTRERELT T A FEHWLHFENELLTWD, BXT7A4 MITALI ¥
U —hTHY, A7 Z hun—ABEAOHRRT v o v BRI &y 7 ¢ (%
W) 28T Dib G2 FFo, —MRIREEE LT, BA A ioxd 28 iEnm< . Ao
KB EDRE WD, BREM & U CIEFICENTZRENE AT 52—, KLimo iz
PERBY | 7 LOFEM E LTHWD LBIERMERE L AR\, ERBFICEER S 5
EVO KA Lo, TS VR EROEOEMESE LA EA T A A ER
L., fillft e LCTRIAT 2L ORENRINTND, 22 MOE T, KA THILIZMmO
ED XD BRERMELE Y BIRARS TH 23, RIE 0 MEOLRERIIHAE LR, Lol B
B 2 1Bt O R EE S I B 2 S SRS REIT eV 28, 2 A FOEND
Z DM EM DIBEZFF S 72 WBLR & 72> T D,

HAZIEEICEALT A MM (CaKyNay)  [AlSisOp,) 5+ 7TH0l, 7 U FFuJA
%0 (CaNay) [ALSi;O5) + 16H,01& W) 2RO E AT A "3 EH S NS, EALT
F A4 MEMOR Ta— RSN EHMEEE A L, CsIoxT Dm0 RIMERSH D & ORER b
BHbH, UL, CsTOKRE JER 0338 nm (Zxf L Cbl7e K& SOF ¥ 7 1 (0.4~ 0.8 nm)
EWNEAEEICR ST L ES TS, 7Y /7 Fr T4 MIHEU Ca— REN5EH
iExE b5, 10 BERHEE O KIL (044 ~0.72 nm) & 8 BERAEIED 2 /ML (0.40 ~ 0.55 nm,
041 ~047nm) ZHTDHZ ENHALNCEINTND, —F, GRELTA FE LTI R
B [ %=\ (Na,O * ALOs * 2Si0, * nH,0 (n=3~4.5))] L W9 ATIDVY AT A F (72— R4
LTA) BN EA T A MERITBWTEREL & L TlbIv b, TEMITIE, WERESO eV
H—L LTEHEbDILTWD, BUF, PG DAL LT, WEMEHIIEHEME (NIMS) D7 —
B RX—= NG RIRRDEA T A N TROWEOENE SNDARECAED 7 Y /) 7Fnr
TA M RREATA ME LT, PRI 1.5 um DL b2 B OKEEF) 25Kk EA T
A RELUTERAL, MR EROBIE &Sy FHRICET 5 ™0 SPcxh+ 2 W
PERESC ) 7 A RIS E T D1l % PG & OHHRIER & L CHRF L7,
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6-1 WX XBRERANECARELA T A S OMBESHT

CARFEEA T A BRIV R A2 E 4 Table 6-1-1 & Talbe 6-1-2 12" XK 512, T
R A= —IZ Lo THESNTWD b DOE AW, CAREES T A MIFAREF L EA
L. IV b BITKEEFROLOZPE Lz, 22 TIHMEAREEAT A - OMEOHT HiE
& LTEOE XBRIENZY Th D008 D InORGEETT - 72, MIEIIHIRE N Rt
VA —FRED ISX3100RI =L A N7 FZ7 4 F(HREHEHN, BRROY T L z2E
Zeh TRIEZAT > T,

HIERER % Fig. 6-1-1 l[ZHEFEAZ Table 6-1-3 1233, - HBERHITT H72HIZ,
Table 6-1-1 Z JTFHRHHE L 7-fl % Table 6-1-4 [ZR L7z, EAERORETRE OFEIE & L THEEZR Al
B 636%D L 2 A, DHMEIL 9.8% & EEMIT o T2y, TTHROER BIRILFHE CX 54k
ReEMpole, MEIXRITFETERD, A LFEEENE LI ThD R BFEET DLW
O R A FFOENE XBHIETH, %A —F—THARSINLHE T —7 L LTRHATETSH
0. BT A NOBEUKERTRE ZthOF & T 570D kL LTHEHTE 52 &8
bolz, -, CAREXYATA MYV b BDO YUY B U ORERKRTTEDEHEIL PG I
Hl L CREWNWT LN A= —DORREWL NIRRT — & LV fER S iz,

Table 6-1-1 Composition of Niki zeolite

Si0, 65.64 (%) MnO, 0.02 (%)
Al,05 12.02 TiO, 0.08
Fe,0; 1.18 HsPO, 0.02
Ca0 2.96 MREME R | 7.25
MgO 0.87 B 7K 7.75
Na,O 0.69 it hm 7K 6.83
K,0 1.93

Si/Al tb=4.8
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CPS

Table 6-1-2 Composition of Silton B,
MSDS of Silton B published by Mizusawa Industrial Chemicals, LTD.

Si0, 34.6(%) Na,O 17.9 (%)
Al,O; 29.3 SRR B 18.0
Si/Al kb=
Ca
3.5+ S
Sr Ql
3.0~ | l | H
| I
2.5+ 1 H
2.0+ J ‘ K |
r HM 4‘ |
1.5 ‘ | f\
| ||
| |
1.0~ | ‘H | | Ga T
L, L Ba Ti
NaNIg MN H ( ( \ I Ba Ba
0.5 Zr \H b H \ ‘ fﬁ i
JI‘ ’\I‘J L! j | J" \ lhn' Hl\’ F’l | o
0.0 LJVJI'W;LWW!"VA” "-%JW * Wy L’ I\u\{f L\M-JJ’ \W" i trf'l"”\fm*"#‘f“"l.r‘-fﬂ,v&"\}"w !
. ! | | ! | \
1.00 2.00 3.00 4.00 5.00 6.00
keV
Fig. 6-1-1 X-ray fluorescent spectra of the Niki zeolite
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Table 6-1-3  The details of the X-ray fluorescent measurement on the Niki zeolite

HIEBRE © 2013/01/31 11:35:10

BIEEH
EEE © 30.000 KV EER © 1.000 mA
D7ILaA4L 1 102.30 # :7:“) FRAL 2%
S4TRAL 0 100.00 rEE : 1285 Counts/#)
Ty DS54 T5 AL 100.00
IrJ)LX—EEFE: 0 - 41 keV PHA E— F : T2
FHER © VAC

HEREH
Ol A—A ©1.000 mm Z4IL4 : Open

EEFER _ _
SHrcsE: Na, Mg, Al Si, K Ca, Ti, Fe, Sr. Zr, Ba
49T a7 &% 0.1514

EEEH

EERR .
[d=a=o BH=E% EILY o BHrBRE KLid+ a4
11 Nax 1.2282 1.5972 10. 3710 37 0.0014361 K
12 Mg 0.6885 0.8469 0.4771 82 0.0011519 K
13 Al 9.8278 10.8891 0. 1654 3552 0.0222620 K
14 Si 69. 7741 74.2703 0.2043 45804 0.1497376 K
19 K 4.6804 3.5788 0.2334 2214 0.0089056 K
20 Ca 7.9914 59611 0.1768 5324 0.0163946 K
22 Ti 0.4322 0.2699 0.1110 400 0.0009703 K
26 Fe 4.3801  2.3448 0. 0552 8485 0.0153459 K
38 Sr 0.1088 0.0371 0.0487 509 0.0012099 K
40 Zr 0.1021 0.0335 0.0538 479 0.0013478 K
56 Ba 0.7865 0.1712 0. 2909 509 0.0034866 L

Table 6-1-4 Composition of Niki zeolite (Data is same as Table 6-1-1)

Si 30.68(%) Na 0.01(%)
Al 6.36 K 1.60

Fe 0.83 Mn 0.01

Ca 2.12 Ti 0.05
Mg 0.52 P 0.006




62 BAI7A4 bOLERERE

AT A FOREMAE TIEF Y BT 1 OV A X2ERE L CHNEICE 3 2 <URHlE 7
EEBRRTDMER DD, NSRFY T 4 ZFFOEAT A M CIIRAEFRMT T REZRL
ZEWETT N THDHBETHIEIIRME & shbd—F, IMEZRTEAT A MIILEIS TE
% (D.J. C. Yetes, 1967), & Z CHEERILARFEEA 7 A MIBNT, £aHD N,-BET TH#
EFE A RS L7z, F£72. Np-BET —RIIENSFIREDE 9 xORi bIT o 72,

% A N,-BET JIFE ORTEL & LT, FZEF 250°C OERIFN T 30 min #2f L 72 O %
Wi, PG EIRIBRIC, ZEEITBRUBE R ABER O B2 AV, HE & YK
EOMAFFELIEIE L7, Yo 7 LE 0209 g & AW 725 75 I3 Fig. 6-2-1 1279738 0
ThD, PAEMBIIKZR L TR, Zha BET 71 v MO L 7=fER 1T Fig. 6-2-2 Oif
D Tho, £z, BRIRENKRFZ 2 AM—B020 ZWhox, 2737 A4 =27 2xtfdE
Y =712 T— R N-BET JlliE 247 - 72 #i i & Table 6-2-1 127",

°
0.8 .
0.7 + °
0.6 ®

05 ¢ °

V (mmol)

03 | Lo
02 - ceoo*’

01 e

P/P,

Fig. 6-2-1 Nytrogen adsorption isotherm for the Niki zeolite
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35

25

P/(V(PO-P)

15

y = 6.0145 x + 0.2073
R? = 1.0000

0.2

P/P,

0.3

0.4

Fig. 6-2-2 BET plot for the Niki zeolite. Closed circles denote the

0.5

experimental data in the relative pressure range from 0.14-0.30 where BET

equiation is applicable, and open circles represent the others.

Table 6-2-1 Specific surface area of the Niki zeolite by single point BET nitrogen

adsorption method (N=3)

Sampling No. 1 2 3 Ave. S.D.
Sample (g) 0.0895 0.2872 0.2857

Surface area (m?) 2.81 8.16 8.44

Specific surface area (m?/g) 31.3 28.4 30.4 30.1 1.2
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WA SRR OTRIT, PG ICHARTRES TON S LR /A&, B4 T4 FEHEE N,
& OWAEMBAERRTHNZ En3bh-oTz, BET 72> MZBWT, /E0.142005 030 £ T
ZEMITT 5 & HBERE 1.0 235 b, EROMBE L8 LY V,=0.16 mmol, C=30.0 &
720 . EERERNE 75 mYg Th oo, AR TR E 723, 35 L <RIV VI & KR
DT LIFEELVAS, —EIETELN 300 mg LA RE L BRARDL ZENE, UL VRC
HWREFRBE ChHoT- bbb, ERONIEEZ Y 2 7Fa T4 N THARIIL DR R
TV HPERATA LB L THD L, WEFRMOBRIIERZR 2SS, R mAE 20 ~ 26
m’/g & W STE Y GEFE etal., 2001), (ARELA T A FOEIZIND &8 D 2 L4
Molz, BA 74 MOLREENEX, o7 NVOBRRICRE S BEZZT 5720 (B,
1985), BIALELZ: U CHIEZ AT o 24 BIOFERNBZZ Y0 E 5 hoseilidE s, LinL, o
IZPG LV b/ SREZRLTEBY . WAEMEREOENHRREICEL DO TIHR ., ZOE
FREHIZDH D Z ENWRBINDER L Tro T,

6-3 BAT A bD Cs KU STt 5 33 #ut i

PATA MIZHBIEREICEN D T2 OWEM & L TR L TW5, £ 2 CEBICAEL A
T4 bEHANT, Cs'& ST DA ARG E . YV b EAWT CSISxT 5 A A
VRSO H R T D Z LT Lz,

RIS 1 mm LU FOLAREEA T A MIFAEFLOVEA L, 2L b BIIAKEH RO
b D& UENE LTz, Cs'ITRT DA A L 2HRIE, 1 ppm Cs" BEARATE & 1 ppm Cs' & Z DA
7> 80 ppm Na', 150 ppm K, 300 ppm Ca®* (Na"& Kl Cs™ 0 500 i DE/LHEEE, Ca™ i
1000 % DE/VIREE) & GTRATIRD 2 TIT o7z, ST 2B, 1 ppm Sr* B
# L 1ppm Sr™ & 140 ppm Mg, 230 ppm Ca®" (ZALEHL St™ D 500 {5 DE NP 2 & TiR
B D 2 FliA W, ARHERERIT NIMS (ZHEHL U 72 A A o Sl a2 i L, &4 40D
W A5 R L Sy BOARECCRIAM L 72,

ZRBEY AT A FTlE. 1 ppm Cs" HIRRIFIT K LT Cs™ 1269 D WA 3R 99.6% & 4y BlfRik
23,700 mL/g 235 H 7=, IBATRIKICK LTI Table 6-3-1 (SR TI8@Y TH D, hEAS 4 17
TEFIZBWTH CsITxt LTEE 100% & mWVIREREZ R L, oA A AZBI L T, Bl Ao
D VM OBA A4 % UE Cs">NH, ~ K" >Na' > Li'oN, KN+ 2 EHE S
WEWH T ERER SN, o, RIROEL T A MINaB L7 o TWDHTD, 4 4R
HSSIZI T Na™ 23 S 7,
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Table 6-3-1 Adsorption rate (R) and distribution coefficient (K,) of each
ion for the Niki zeolite, ion exchange reactions occurred in mixed solutions
containing 1 ppm Cs", 80 ppm Na", 150 ppm K" and 300 ppm Ca®".

Na* K* ca® Cs'

R (%) -154.7 783 15.1 | =100

Ky (mL/g) -60 356 18 -

Table 6-3-2 Adsorption rate (R) and distribution coefficient (K,) of each
ion for the Niki zeolite, ion exchange reactions occurred in mixed solutions
containing 1 ppm Sr2+, 140 ppm Mg2+, 230 ppm Ca*'.

I\/Ig2+ Ca2+ Sr_2+
R (%) 6.71 34.5 88.8
Ky (mL/g) 7.14 52.1 788

Sr*" 1 ppm HIRIAHGIZ R L Tld, WA R 98.9%, iRk 8,550 mL/g 235 HiLi-, SrriRd

BEHRIZKRE LTI, Table 6-3-2 DY ThH D, Cs' OGEE LFEERIC, UiFEAAFETTH
ST RS D B O ASPERE (R=88.8%) &Rk L=, o> A A 12 LTid, Mgt L 6.7%.
Ca™ TR L 34.5% & A A L BIRMEDOZEN L Bl iz, ZHUXL VR EL P 2k TE 5
AIREMEZ BIR L T D,
PV R B ClE, 1 ppm Cs™ BUMPARIZ R L T, W53 98.3% nhcfREk 5,760 mL/g 23 %5
Nize IRBERDOEA A AT 2WAER & BB ORE RI%, Table 6-3-3 DIEY Th 5,
RATRET O CsZRH T 2WMAEFIL, 90%% FlE-7-b D0, KR Ca®', 1 TH Ca®’ ioxi s
DWAERPIEFIZREZI DS TR TYN P AR R Em 2R Lz, Zhid, 474 o
THWMERBNRKENI L L, BRICE S TA AV BIRENRR D Z LR ENHEEBE L THITS
o, £l [CAREEAT A FEOITIE, Cs'OWAMEREE V) BT, [CREELZ
A NOEPMENTEY . WiEAFTUHFET TOMDA A N T DIEDFEVITHRITS U
Rt iR Sz, MCEME LT, EH0H NaITHD Z &5 Na” OB HER S
72
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Table 6-3-3  Adsorption rate (R) and distribution coefficient (K,) of each
ion for the Silton B, ion exchange reactions occurred in mixed solutions
containing 1 ppm Cs", 80 ppm Na*, 150 ppm K" and 300 ppm Ca*".

Na* K* ca® Cs'

R (%) -306 85.7 978 | 885

Ky (mL/g) 74.8 593 4460 | 765

LLEORERE T CsT IR 5 ZSHRIERE & STt d~ 2 &SRR IS T 2 B A T 4 K &
PG D H#E % L 0 EIFIZ 5 72 (2 Fig. 6-3-1 ~ Fig. 6-3-4 T2/ 7 7t %#47- 72, PG I HaC
HPEBE DR PG-al-b-hso2.2 ZE- L7z, IRATEIRICK T 2Bk L Cs' £721E s oA
DR EIT 57, 1 ppm Cs" HARZAICHK L Tix, WIFNOWEM TH 100%3IT\ 5 F A1
LBNTEY, BEVNIRLNR»-T, EA A FET TR, CAREEA T A FTIECs D
WA FRDNEIE 100% & PG D 93% K0 b &< MDA A A LTI, FRTA A 5ZHaiF o 1
MDA A 2 38HRE Cs" > NHy ~K' > Na' > Li' O, K'IZkT5WAERELENE VD Z &R
RSNz, vV b T, CsITxT 2 WAENEREIL PG EAIRRE TH o 72pd, oA A2 D
K' < Ca®" . H1TH Ca®' (kT DA RDIEFICKE D572 4T PG &3 5 i £ R Lz,
Cs' OWAEMRED K TIX, CAELEATA MBRBENLTVWDEZERH LN E o7, SIS
BWTH, [CKRERA T A hOHMESHEIZK 3 WA RBITIE 100%TH D Z LIE PG &[FAk
THDHN, WEA T AFE FTIE, PGITEWT S WAERN 382%72 > 7-DITxt L, B4
T4 FTIE888%E KX Bipot-, A F 2 & DEHRTIL. PG A Mg™ 1I2%F L 12.5%.
Ca™ IZXI L 203%72 2 72DIZH L, BATA b TIRENEIN 6.7%, 34.5% & A 4L OEPRIE
DENIZVBLBNTEY, ZHRIEENEWIZERIVENIER SN DD EEZ LD,

6-4 EBAT7A bo@EME

YAT A FDO XD BRRESEOWE 1K T A2 REENICED AT EIEN AT D, 2070
WIRMENE L, BT L20OFEME L TCORRWARETH D, PATA4 MoK
DR IFE D REBIFNED B S 2 im0 % £l L 7=,
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120

99.6 98.3 99.8
100
80
60
40
20

Niki zeolite Silton B PG-al-b-hso2.2

R (%)

Fig. 6-3-1 Cs" adsorption rates (R) for the Niki zeolite, the Silton B and PG-al-b-hs02.2, ion
exchange reactions occurred in solutions containing 1 ppm Cs’ (a single element).

120
100
100
88.5 90.6
80
S
& 60
40
20
0

Niki zeolite Silton B PG-al-b-hso2.2

Fig. 6-3-2 Cs" adsorption rates (R) for the Niki zeolite, the Silton B and PG-al-b-hs02.2, ion
exchange reactions occurred in mixed solutions containing 1 ppm Cs', 80 ppm Na', 150 ppm K"
and 150 ppm Ca™".
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98.9 99.9
100
80 F
S
@ 60
40 *
20
0
Niki zeolite PG-al-b-hso2.2

Fig. 6-3-3  Sr*” adsorption rates (R) for the Niki zeolite and PG-al-b-hs02.2, ion exchange reactions
occurred in solutions containing 1 ppm Sr** (a single element).

120 ¢

100 -
88.8

80

R (%)

60

38.2
40

Niki zeolite PG-al-b-hso2.2

Fig. 6-3-4 Sr*" adsorption rates (R) for the Niki zeolite and PG-al-b-hs02.2, ion exchange reactions
occurred in mixed solutions containing 1 ppm Sr**, 140 ppm Mg*", 230 ppm Ca®".
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P20mm D7 B~ b AT LT 10gDEFTA FEPGEFIEL, 1sdH7 V) OMKDBIKEZ
R LTz, B4 74 MIMCKEEAL T A MOV /v Ry B TIERL 05T X THEIRZED LD
PR CE 222, FREEEM O TR R E LTSN TWDRLREAF A b (52
T V=TT RS 2 > 1mm ISRk L2 b O & F iz, PGITRIR 75 um < 1 mm %
W7o, @RS E a5 EJ5 15 ~20 cm B OZFE 15.7 mL OFIK S @i 5 D2 E
T HREHE & EFR LT,

Table 6-4-1 |ZfEH% . WIRTH O % Fig. 6-4-1 (239, BRE AT 4 b ORiRIZ PG LV
HbREWZHID ST, RO 7o DI @R ME B 22 DIVBIREE I 8 5D EX 52T &%
A bND, BEETIT, IS ARISITHIE SN D LOFKBEFRBRIGTIE LS /o T
— & % Table 6-4-2 |Z7R"T, BAMRENTIRFE RO JT DGR & BIK AR A BFR-S 1T % HfilE
D Z LT, Fig. 6-4-3 1 T/REIND HHIEE k (m/s) TH D,

Table 6-4-2 12X % & PG LB L MUEN DRPROME 2 DT, ZDOFEARET 107" m/s FLFE,
PATA NI R EMEN DR LSO, 107 misFRELT5 L, ZOETIIHNED &
WO Z kS D, ZHIE. PG T ImELOIZ 1s 2D & LT, BATA H T 1000 s 7
D EWVWIEFRIZR D, SEHAWEES T A MIb OBREOEKMEEZHIART 272012, Rtk
DHDEFIRUIZD, ZHPMKREES T A RV EBO L) i RIROS T e o7
e, PG L DEN MG EZ AT, 1000 fFREDEVNRHTHEL LI RN LR T
mansd,

Table 6-4-1 Flow rates of zeolite particle and PG (calculated from time required for
15.7 mL of DI water to pass through the 5 cm interval above 15 cm of zeolite particle
and PG packed in 20 mm column)

Packed material Flow rate (cm’ /s)
Zeolite particle ( >1 mm) 1.2
PG (75 pm ~ 1 mm) 9.7
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Fig. 6-4-1 Column system of zeolite particles and PG ones

Table 6-4-2 Soil and permeability coefficient, JIS A1218 (2009)

FEREREL k (m/s)

-11 -10 9 -8 -7 -6 -5 -4 3 2 -1
10 10 10 10 10 10 10 10 10 10 10
I =Y EFFER FEFEITEN & L =
I HEDEE L+ (C) BEAERD, > b B RUNE () N
-5 RiEE L (GW) (GP) (GW) (GP)
(SF) (5-p) (M) (SW) (SP)
(G-F)

BRREAERERE | BEREKTE | BAMEKRRE TERALIE AKRER | ke IRAL
T4k Pty | FHRKEEE
FBAREERENr | EERBERENLHE 72l BEL2EEUNEIT. RELETE (B) b
HIEETDHE FHE
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NN
dl-'_I'TIIIIIq

ZZIT, v AT O (m/s)
k : BRI (m/s)

" Ah

ks 5 (i=5p)

_l'l_"l"_l'lTl'f"llllllll|||||'<]

=7

Fig. 6-4-3  Illustration of permeability coefficient, JIS A1218 (2009)

6-5 1= AKE¥AFA b® CE.C

BBIC, BB E ORI D08, BT v E=U LEx AW AEEAZ A FD
C.E.C (cation exchange capacity) DR 1.27 mmol/g (FIUE, 2008) 1%, i b AR ED EW
PG?0.44 mmol/glZ tb R T3HIF EDENEZ R LTV D, REAFEN.0 mmol/giE H 7211 TH
PEREZEITER E L TRV, PGE DRI AEIC L o> TRBEEN I 2 HRWIEERmN T L2
#eEish s,

6-6 6EEL®

KKCATA NOLKRELATA N (Za ) FFusA b)) EAkEALIA Fo L b B
DFHfiZAT 572, Cs" &SP OWAERDFET, RERCWAEHZ KT 5 THIC K 5 Eikng
R, ZNH20NBENN D WA RITERT 2, CAREEA T A N EPGOLRHEFEDH
BT, HOMAREL AT A FORERESNE WD, S0P A M bR EEZS
DR, WEMREITY O R &> TV D, ZHUE, ®EXERTOMBIH 2 bR ST
L9 ITHER T B e O, FHC AR AETEREZ /24T 5 BRBRE 2R E L TV H 720
LHEEREND, VL R ORBERENT —Z TR0 DD, —fRA72 LR FER (<100 mY/g) T
BB ETRTIUE, CAREEATA b EDBEWNL, ZOMRICERNT L bDEEX bRD,
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OV N UBOMET — 2 BRI S STALITNL, FRUCk L, CAREEA T A R Tk
48L 7%, ZREEFTA FOHTNPAIDGHFRITE, ZDOAIRITZ I EWAEMERED
ERDEVIRTIT A ERBRREN Y —27 L 72D L) RERENMAET D0, b LI
REEAT A S OMOITTRESEERBRE I EE 52 TO LIRS EETE RV, £z,
Z Ot IE DV L > T, 3 F 5D WRIRICK VEEMICIGE SNDA AN R D 2
EHELTA FOREDID L 72> TWD, ZREEAT A b LPGITIZ, AEAWTZA A

IZXT B F 55 W RITHER STV, Cs™ &SP DR EA 4 A E T TOWE
ROZENS DI PREPSTZIFREIT, T 5 OKFIEER TRIE SN D A A o ASHal D RIR
PEICE D, Cs" OB L TRIBEINST o Toleh 8B X biLD,

W5 MERR RO B TR E DFET 25 E8121E, B4 T4 S THPGTH R < fif
M Ch ot iEA AL DERICHFET 2 TIE, Cs" 0S8t DBREBHFIZPGD 553/
Iol, BT A MEDOHKOLENG, ZIUIAIGAERITKGFTHEEZ NG, D
7ZOPGOAIGHHEEZ DD Z LI LV ERROM EARIAD S, £ LT, AR LEWERITE
DIFIBIRTIZ R, EINCE—7 MM HET 2 & PREND, BUE, B EIORIKIC XY
3.0%LL EDOAIZPGIZEFSE D Z & TE 2V, LarL, —HZA4L LIZPGHIFLNIZ 7 L
SN E ZRINICHERE S B2 FH OV o VGRITMRETH H L E R B LD, PGO RAF/i@
WHEZENTTZOIZS, ZHODORFHI LY BRDWAEMROM ERKEEEZ 2 bD,
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BE IR
D. J. C. Yates, Can. J. Chem., 46 (1967) pp. 1695-1701
JIS A1218 (2009)
MSDS of Silton B published by Mizusawa Industrial Chemicals, LTD.
1) W, B E5L, FA fR, bl Lptsems, 551285 (1985) pp. 69-83

HERR Pt S8 W B, O, (L, AR A, /R IR KRR, A MRS, Vol. 14,
(2001) pp. 6-12

TR B S /K i R Z i R FEMI D #7222 KIRE AT A D ONaCHAIRHIZH 1T 5
A T AZHIT BT D AR 2R, OTEC : 8 K73 L S RV B L & — 25U 2 iR
fE s 13 (2008) pp. 63-68.
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7. TN T T N—2HEESET PG OREMRE

Cs'IZxt T 2 BIRMEORm S TMBND TV T v 70— (PB) IX, JFRFHKD L 5 G FHIC
B DHBHMEE S T LOPIL L ~DRbGEE LT, A~DOHEH A HRYITWLS s, PBIEAH
F(ZALLI) ELEINLEBO—ETH S, [Fe(CN)]" (e.g. 7= 7 L AbH U 7 L)
EFe (e.g. EALSEIN), SUZ[Fe(CN)]* (7 = U > 7 oAb A U 7 L) EFe (e.g. HaALER 1) DA
HAOETERIND, B Fey[Fe(CN)); TR INDIRAIR b AW Th 5, RE 1M
L&Y L TR DRz RO TR 2 G bAMTH D, Fe'' h HFe ~OE M)
WL IR U CHR WV & 35 (AJT, 2002) (F5EF, 2013), PBOFESLIE, /07T D HL
&R TARITFY . A D PLIIFS LE L, Fe* L Fe’ [ A2 CN (7 / &) 73Fe*"-C-N-Fe* ™
EVICBEBT VY N Y A L 7> TS (Fig. 7-0-1), T DZEFRO K E 0.5 nmiZk
Ff£20.33 nm % FioCs 2B IRIVICHIFA CTE 5, LovL, PBIEMR - (KR) THLND -
D, EOMLMICHEDN & O REM L L TERMEAREELRWE CH D, £ 2T, PGOEIRME
EPBOERMEE AN L, PGEPBONA 7 U v M2 H T WAEM OER AT,

-
P
o
=
AEZEAAD @
Csf 7 0 st 4% é
(]
@ (@fsil
-..- . m

"'----_.___'I

#90.5nm

Fig. 7-0-1 Structure of Prussian blue
(AIST online, FERSAIF : FEW)R I o 7 BIGY) D BEHNIK 2 BrYe 3 2 5007 & S551F)
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7-1 PB At PG DfERL

IR E 725 PGIZT NV J RB T A & B kL 3 ~5 (50 I NHEfEZ AW T/
AN Lo b D& 2, PG OHERDFEMIE TICE &7, ILNIZPB 2SI E 5729
(2 3 BBt oD TR (Fig. 7-1-1) &7, #1912, 0.02 M ke () A% 30 mL % 50.0 g @ PG (T
35 S, Smin % PGEED LT/ — LD H (XL Na) & Fe %A 4 o35,
WIZ0.04M 7 = v 7 AL U T AR 30 mL 21235 S, FLINTPB 24 S 7, &
(ZFE 0.02 M OHEAbEk (D) ¥HE 30 mL ZiR1% S, USSR Y ZFRE Lz, & LRIIRGHE
—H 100°C THZEHBEEZIT-> 72, &iF ST Fe O &% 0.6 mmol T PG-al-b-hcl5 @ C.E.C.
0.031 mmol/g CEHE INDHT T/ —VEHI D bR R XL, Zhud, £m
FEBRRI-ND LI ICHE B DR PB ZHHEE 5720 TH D, 7V O PBBFLAIZAR L
TWRWNE S INORERITHH TIT o 72,

Preparation condition for PG as a PB support

Row material : Alminoborosilicate glass

Heat treatment : 580°C16 h

Particle size : 75 pm ~ 1 mm

Chemical treatment
Ratio of solution (ml) to PG (g) : 3~ 5
Chemical : IN-HCl
Treatment time: approximatery 3 h

Treatment temperature : > 90°C

PB f} PG DAMBLIZ Fig. 7-1-2 D1l Th 5, BEWHREFOD PB PCGRHFLNTZZ Lnb,
7SV D PBBMLNICHTH L TV DR 1372 <. PG RENTHE S FEMMENER LI b D &
Zbid,
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PG 50.0g

A4

AN

7

W5 it

™ 1 set

Vi

100°C E. 78 f7 fi:

pd
~
4

1 set

&
~
y

- 0.02M FeClly + 6H,0 1% 30mL

\

1 set

Fig. 7-1-1 The method for producing PB supported by PG

Fig. 7-1-2 The appearance of PB supported by PG
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7-2 PBf} PG DL EHEH

KL, FOREXIBE R FEARRZER Z BEOEIC T N-BET Z A IEZ T o7z, H
EN R A I T > T2 W, o7 i, MMg@HMﬂG Zxt LT 250°C30
min D EZEF IR A T2 H D & 0.343 g 12k LT 80°C30 min O BEZEEORTALEE A fE L 7= %

DD 2FEEHE LT,

250°C30 min D EL 22§ 1§ 54T - 7= PB fif PG 0 N,-BET He3 [HifE OW SRR (Fig. 7-2-1) %
BET 7’1 v MIZHT 5 & Fig. 722 D X 9127257, 250°C OHILEET PB B30 L T L %
W, BREICEALTLESTLODOZOEFMEZKAT Lz, WESRROFIRIL PG O
ZNERUTH-T2, BET 71w DS 0.05 205 0.24 B CEAIEL 21T 5 & FHBIFREN 1

BN G SN, Y SEE 2 S EHE V=133 mmol & C=87.3 23K b, L& g 354
m*/g SE T2, — 75 80°C30 min O ELZEHLIE AT 5 72 PB £ PG O N,-BET FLR HIfE OW 5
SEIRAR (Fig. 7-2-3) @ BET 7' k% Fig. 7-2-4 T/~ 80°C TIEAEIZAE U4, PBAf PG I
B Lholz, ZH 5 LWESRROTIRIL PG LAEET, BET 71 v MI43E 0.06 705

25

V (mmol)

0 1 1 1 1 J

0 0.2 0.4 0.6 0.8 1
P/P,

Fig. 7-2-1 Nytrogen adsorption isotherm for the PB supported by PG
(pretreated by vacuum drying at 250°C for 30 min)
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035

y=0.7420 x + 0.0086
R?=1.0000

03

0.25

0.2

P/(V(Po-P)

0.15

0.1

0.05

0 1 1 1 J
0.2 0.4

P/P,

Fig. 7-2-2 BET plot for the PB supported by PG (pretreated by vacuum drying at 250°C for
30 min). Closed circles denote the experimental data in the relative pressure range from 0.05-
0.24 where BET equiation is applicable, and open circles represent the others.

25

o’

15 .

V (mmol)

0 1 1 1 1 J
0.4 0.6 0.8 1

P/P,

Fig. 7-2-3 Nytrogen adsorption isotherm for the PB supported by PG
(pretreated by vacuum drying at 80°C for 30 min)
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04 r

0.35 T y=0.7911x + 0.0101 °
R? = 1.0000
0.3
0.25
a
n-o
g 02
N
(-8
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0.1
0.05
O 1 1 1 J
0 0.1 0.2 0.3 0.4
P/P,

Fig. 7-2-4 BET plot for the PB supported by PG (pretreated by vacuum drying at 80°C
for 30 min). Closed circles denote the experimental data in the relative pressure range from
0.06-0.24 where BET equiation is applicable, and open circles represent the others.

0.24 M % EAGLEIT 2 & HEMREGY 1 OEMBHE LN, Y LEELLRD LN
Vo125, C=79.3 L0 | FFHEHE 356 mY/g & 72572, ZHUE. PG O 361 +8.2 mg
ERFEMR L R LT LE 572 250°C30 43 DRIALER A Jifi L7 PB 1 PG LM% ThH o7z, &
(2, FLEEICATAE L7 PB BIZIZAD DT IINT, PCORERILEmMBEZIHKLT 2 Z LDt
ERViIThoTzEZEZ NS,

7-3 PB ff PG DA F L KZHutERE

A A A HERERIE, 1 ppm Cs BRI & 1 ppm Cs™ & 80 ppm Na“™ & 150 ppm K', 150 ppm
Ca™" 2 G HT IR D 2 F % AV, NIMS (ZHEIL U 7= 1 A o AsfilBh 2 920 L7z, il o
IMEFCTHML, PG L¥ATA b EDEEITo T,
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Table 7-3-1  Adsorption rate (R) and distribution coefficient (K;) of each ion for the PB
supported by PG, ion exchange reactions occurred in mixed solutions containing 1 ppm
Cs', 80 ppm Na", 150 ppm K" and 300 ppm Ca*".

Na® K Ca” Cs*

R (%) 0.63 0.06 -0.50 | =100

K, (mL/g) 0.63 0.06 050 -

150 r
100
50
_ 0
S
[
-50 | # PG-al-b-hso2.2
100 L M PB supported by PG
= Niki zeolite
-150 * b
-200 -
Na* K* Ca?t Cs*

Fig. 7-3-1  Adsorption rate (R) of each ion for PG-al-b-hso02.2, the PB supported by
PG and the Niki zeolite, ion exchange reactions occurred in mixed solutions containing
1 ppm Cs’, 80 ppm Na", 150 ppm K" and 300 ppm Ca™".
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1 ppm Cs" HIMPAIR 6 2 A5 0T 99.4%, /EdREkiT 14,700 mL/g & 72> 7=, 1 ppm Cs’
EWVORIREE . HOBMEHEIT 6 L CIEREZR < 99%LL EOAZPB R STz, ZHuLr v

R VU= RRPGREATA bEBRBEOFRTH -7, 1ppm Cs™ & Z DAt 80 ppm
Na', 150 ppm K, 150 ppm Ca™ % & Lol AR5 A A 2 ZS S OFEFIE. Table 7-3-

LIZRTHY Th D, Cs'ITx LT Re100%03F H AL, ZOMfiA A 1% LTiE Re0% &V 9
PB DFHECTH 5 CslZxt T 2BPEN T - & 0 LHINT, Cs OREITHRHA O L~

STeledd, DEREIIR® B o T, 1FIERIGHTIT 5 72 PG-al-b-hso2.2 L AMEE A

T A N EWAEMIZ ORGSR & T 2% & (Fig. 7-3-1) EWIEH AT, PGEDOH DB

F T A MILZHNERRD BN T2 DA F AR BAR e < KFER S TIRE S D EIRMEICHES T
TP ET DN Na' DO LY ICHEH S DA 4> b8 D), PBAF PG X PB D Cs (2% 3 2% H
H72BIRPEIC Ko THUD A AL DZHINT L A EAE U T CST OB EREATRER Z & A

e,

7-4 PBf PG DAHRE

CECOffiGORAY & L TEIRED Cs VR A FVT, EHRE 100, = T 24 h ik S
TECA F o RHRRE AT -T2, ZDFEF. 500 ppb Cs VAW L TASHE S 7= Cs 1% 0.017
mg/g L7257, FWITo 7= 1000 ppb Cs VAW IZ %4 2 RBR Tl Z{L&E2N DT )3T ICP-MS
(Z & DR & SO 1% DR O FE DN B T E 2R o Te e DIRIREICER LTz, £ 0
728, 500 ppb TIH LN -AHRIT CEC LIRIERES L B2 bND, Kb TSHBRERNED
PG @ PG-al-b-hs02.2 ® C.E.C |% 0.44 mmol/g D7=%, Z D&M TIER 7= PB i} PG DAH#
FEITFHRIRNZ EBRRO B, L LR THOW S PG OAZHMEEEIZ A L T PB1L

—BED F BN . AR LT PB OMWE N B AHEM N S 728, PBA PG D42
BPEREDS ZAUCBRIE S LD H D TIEZR WY,

7-5 PB {5 PG OBk

@Nmm@ﬁﬂ?%ﬁ?AKMNg@PBHPG%ﬁﬁL\me®1mmCﬁ@&%@%T
IR S ETBROBBGHRE & CS"IRED b AR LTz, Z O, KD 50 mL O@iE#%Iz—
B8R A%, SmL 72 5ozl o7 ) o7 L, FRREHES 7 L@ E VD
Fikw Lotz 2B O@EEEIL 45 mL, 3 [FIH OBEEEIT 40 mL (272 - 7=,
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Table 7-5-1 Flow rates of water passing through the column packed with the PB supported by PG

Flow No. DI water Time required for | Flow rate

volume (mL) water passing (min) | (mL/min)

1 50 4.0 12.4
2 45 3.4 13.4
3 40 3.0 13.2

PG DIRIEMEDHER; STV D E 9 D ORERRIE A 7 A N0#ER 218 L T b L7 @igoR
JEWCE WIS E o=, S0mL @ 1 ppm Cs IRIE & Wi S W25 OICE LR HEFFE S
721X Table 7-5-1 D@ Y TH 5, WKEN 1[EIHD 3EHIZ2 5225 T 5mL 320
DLt OO, BEGHEEIRIT E A EEER R0 > T, PG ORI IIEEER OFE R LV
6.7 ~ 15.6 mL/min DIFEFFO7-, PG OBIRMEITHERF SN TWVD Z EARBO LT,

1000 r
100 r
)
o
=
=
.0
=
(3]
& 10
[=
()]
()
[ =
o
o
n
(%]
1 -
0.1 1 1 1 J
original Flow No.1  Flow No.2  Flow No.3
solution

Fig. 7-5-1 The change of Cs" concentration accompanying Flow No., 1 ppm Cs"
solution passed repeatedly through the column packed with the PB suppoted by PG.
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Cs' DO FEBAITHER 2 D Fig. 7-5-1 © X 512k EN 5, 1 [EOEIK T 99.9%LL LD R T
PrRETE 7o, BIREESAHEZ 5 2 EICRERLE Lo TR, —ERVIAALT Cs' & ikt
THZ L, RERNNHDHIRVBRENARETH D Z &L BRI T,

7-6 TEELD

PG DALFINTIEM R RE ZISH LTc—flA "2 &N TE T, PGZDOHOTIH AR L Mo
BREEMEICH D TNV T TN — G5 2 LT, PG & PB OWEE A DER WY
BOERICKI LTz, PBAIPGEHWD & Wi Z o7 E E, CsITHtT 2 MV EIRE
THE GG K 2 b T2 Z LN TE D, PBALIC L » TTREKEFEMEIEITZ ERD L DD,
FEHRRBEMD 1 DI VIGD EEZBND, SO PBA PGIXPGREA T A Ik
T LT 0 /NS TR SRR B s LTo S, VBRI O CsIREIT HA % 0 7 = ) TR DE
HIFERE L~ BHUE S X IZIEFIT/N S W, mOVBRPFWEZ £ PB {1 PG I KX
IR RIIMNE RN E b s, 5%, HIKTHWD PG D&M EEUNTEIR L, PB O
Bharhn— L3528 T, LVERANZWEZAET 2L LABETH DL LB HILD,

BEICHR

AIST, FEFRIT : REM RIS MY & 0 DB Y D BERIIK % BrYs 9~ 2 Bl 4 4L,
http://www.aist.go.jp/aist j/press release/pr2013/pr20131120/pr20131120.html (10/12/2014)

NILIED: BEfE. #REtE R OIGH. (BR) o —= A3 —HiARL2002, 312p

& B AN, B E b5 THE CHEMICAL TIMES, 2013, No.3 (il 229 5-)
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BTIE kLY ~0iH
8. HIAMELE VY

T TV AT A, BIE LT WSROI (V) SRS, (§ S RiEEE R
EON—R7 =7 LEFRET NI AL EDY 7 Fy =7 THREND, DI TH 5
T UiE, WIESROWIER £ 7213 PRI b (B) 2 B 5B UE S I B L Y 72
A LTI THZ EBRROOND, EFITITRE, Fok, L, I~y T FIXE
IS A, BT ENE END, Flo, BRIEE L L UIBRUSEE CB(LE T EN
ERAVWOND, BRE(CEAIRBIEOENTHEZ D QM by v U VY FiEE LTHATH
b, ZNOOEFIIHEE  EESh, RRIICITERESICHR S THREbEhD, 22
Tl U OMEHE HAE SRR EHINUE U CGRIRS 2T ER 50, BIRSRERET
I3, MEECT AT ICEN - v v TR ORER S 5, HAOERIIRE TH 5650
VAT DOREMENRE, ELER SN DR, B EbMEOREERN L 2D,
B ZAXHT A gD X O 72 ppm A — X — D I APRFEZFRFNT D DIZ i ER D K 5 7oA X
Ay 7 Traflikg OREEIILE R < LS EEEFTIZRRE L7z /NI TR RS 0 5 23 &
WV, ZOBE. EERe b & N EAETE A O 8 2T TRAmRE B> B R E O @RS
AREAR A AT ANARTH 5,

UYL LTOT T A%, MRS LT, M & L TR Sh Tz, 22T
1T pH BIROD X 5 720 7 AFEIIR< . AR CIE, R 350 nm ~ 2 pm FREE D SRS ~ AT
~ ARSI 0T 2 BT RFE S DI FIIRHER A STV D, SEFERIRHEIT T 7 X
DRI U THRIA < HIBEI FTRE CTd D, B TITALFRIMAMESCTREE R B Sy, R
BV E L TEESNTE 2, TOM, T 7 A TIXIE T LT E R EER
DEMiE 'V TICRGIISHTE 5, 7 AOREIEREIHAEMEM B2 1 5 L 25
RIS DA 2 — T =— A L LTI R 7ol v, @BEEzRT-7I X
DO THE L DFERE( 0 Z WA OREZE{ . UTHRAT 25 Z et o3 (F
I et. al., F¥BH 2013-145137) K7 7 A X—D 7 T v RBICYRHT T AR v Ml O5EE
BALEFIAT DT A ERD D (B et. al,, 2009), FHESIZE > THIZES ., EE LY
ol HERKEAT =T P b ZD—>ThH D (JHHE 1993), /-, EiBICk->TH
HINT- PG LHOLAMAG ORI DNA T v 7 7 2w OISl E LTHEITHZ &
T & % (T.Tsukahara and H. Nagasawa, 2004), DNA F v 7' [ IR [E N K LR B AF 7R 4
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FRETHLHEM - PImA IRV TEREEAHI OMFIEIC b WV b7z (5 H, 2008) (H, 2008), 5
IZPG Z AW v v v T HIITER, T OLRERENOERDO T T A TIIEITE o
ToEKWIFHIAATRE L 72 0 | BRALFEMTIEL PG ZMAA LR IRE | W b R =2
¥ETHLEHLITBWTERIN (5B, 2012)

JEP AT =T B THOWLRIEH T AL PG TIEARWAS, FFRIC PG & D=
TRV —Ta b aREREINE AR L LT, BT A LBHFENORDLI B PO—D2L L
THEIT T D, IRICDNA F v 7 ORE AR5, BEE L HIZONTIE, EEPEHLOE
Bt R A& IV C PG OBEXIVFHEA GG L. FFIZ4 F TAR+5 CTh o T BIER O 40 4 ]
ST B,

8-1 NEXREHT  E=T kY

T =TT R TN TAE L D57 ppb D K 9 722 Z L EDIR 2 W0 B+ ppm D
KO I NMBRITSERR D R SR £ CIRIAS . TORBERBEILGINIIG LcE=4 U v 7R E
Thod, BROZLBRPOLMETHHIIERMTL2OITEH LV, Y7 ppp DE=H VT &
D EREO LWNEIIFA AL - FE Y T o 5HIEAMSIE), XYy ET o VXD
71615 (CRDS 1), JEEENEE OB 2 W e KAEEE DN VEE & 70 D (1L et al., 7 Y — 2T
7/ m—,2008), LU, #REARBLE &G 22 B 2 b oA as 2 B An Ik E T D
ZEIEFTERWED, MEMLEOBEEND T 2 —7 TRIKZRSIT 2 Z L1272 D, ki
PRWIEET ADEI S RE 20 IEMERRENG LRV R, AR WIEESHN
—KFT DR O R R F=2 U T ORBIIRELS D, D7D, /UL L ERGENR
B0 SEOYGENE D K 5 R A W T U= TR A N E TN (LR, T,
2009), JEEWE KA T =T & o ORI Fig. 8-1-1 DY ThHDH, Y —F T4
LDATA KA T ARBIALFERLIEE LTHONDA AR TH - TK Y v FOELK
2um D AT EER T D, aTEIIELORITERLIY 6P LREW, YV XLy T Y 7T
632nm O L —HF—HZ2 AT 5 ERITERF LN 6T L, O U XA %25 L THY H
END, BEHOBE, aT7EE s Ty RBOBERIZIZ=ARy 2y MERELD, =278 E
T =T HALRUS L TEHRE (HE) ICB T o aB 2/ L T &, EHERDORIL
HABREEIC b7 < . H ARSI & & 2iFm % vy MEOWIIZ X 0 iR 2N 5
THEUYEREETE D, ZIUTERMEE 7 vl U PEICHREES U728 38 ORI XT3 5 nlfidk
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Ammonia indicator dye

635nm laser

pn{i\\\\%7ﬁ //, /{

—,

Glass substrate K* ion-exchanged layer

Fig. 8-1-1 Optical waveguide (OWG) ammonia sensor

DOWHART NGB TE 2 (Ll et. al., {EF 2, Vol.51, No.8, 2009), L 7% i &%
TUE=TREELRBIBEN ST, TONL—YEUT 0 OHHEET AV THRE
MEERL T L TERBMOHLZE=FY U IRAREL 78D, VAT AERTIX, ~HE
(3R TH 200 mm X 200 mm X 300 mm DESEFITHE D | HHFZEEKITEBENO 7 I L7
A VB %38 LT TRBAR A I D T2 DM 1 OB T AR S S BT, SRR K A R
2% 2 &/l &R R RR 100 ppb & W 5 @RS A RIRFIZ R S L7z o Th 5 (1
I et. al., {2745, Vol.51, No.10, 2009),

8-2 Probe on carrier & DNA F v 7

DNA~A 7 a7 LA L HIHIND DNA F > 7d, —RINZIEHT 7 AR O Bt iz #
—7y MKk U CTHIMR 72 BlS & £F > 72 DNA A (cDNA °4 U = DNA) 2805 ~ 00,
EEEICAE SO TH D, ME2SEY L TTOEEWE Tk L TRV 7z DNA
RRNAZ T B =T ATV A RS EHNBRELZRET DL, F—7 v MIEENLE
HEBRHNOIERSL, Bl FEROMN, Bl FORBE, a2 —HORE, KOXF /A LIKE
DT FREIC 2 5, BT 2 L THEAENCH > Tc T —F — A A FEROEBO-D
(2, R CHEEICZ L Ta A RO RWEBETY —/L L LTDNA F v 7135 E L T
72

DNA F» FIZIE R 2 2OERGA N H 5, Zhik, F'm—7 & 725 DNA 3k B
AR LIHET % onchip Gk & A 7' & AHL - iR 7 DNA &2 FE BICEE(LT 5 AR
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DT AT EATD2OTHD, DNAF v TORGERFETHLRKEDT 7 4 A NY v 7 A
FIFTEMR B2 7+ FU Y 7T 7 ¢ OFANZFIH LT on chip &L A1T > TV % (Affymetrix ,
US 5,424,186), % EREHINHRBIC/R 503, —H~v A7 Z#ER L T L& 5 & K D%
ERREET, FEFIZTA NOLNLRIT > TWbD, —J7 Stanford KFAFHIE L7 AR >
7 4 > 7 J53 (Stanford, US 5,807,522) (Stanford, 5532 10-503841) TiL, HEEESI DL F IR
GIEN. @EEAGITREEC 22 > T\ D, TeI2ERIGIENR G 72720, Wiged ORI CIZA< A
WHNLTWD,

2005 AR \Z K [EFFFF23 AL L 72 Probe on carrier 8 DNA 5~ 71X DNA A& & LT PG 23
FIH S, BoZoET &R EICEENRT D L0 D, onchip BRIEE AR YT 1 7 )
A, 2 OOEFT & #2725k & 78> T b (Nagasawa, et.al., US6,897,021), Kifk PG i
\Z DNA GRDIGR LD ) V1 — 2B AT 5 Z LT, —ikiY7 DNA & ks 4 VT DNA
ZEBOEIASITHR SEL Z LN TE S, LbZOWELRMILOBINT T, G=R
F—HEEHTZY 99.99%I2H L0 20 A A KA T2 L EITIE. 9.8%DERBEL 2D,
DNA AR &5 PG T TR & LCHt2 WA, BFREEDeWTEA L
WiFE72 > U TR SN A VERDH D, TDTDIET VI ) BBM AT T ADOAFAFHETH
V. MILBRIT BUED L ZAKRK200mm IZHIRESND, ZD/H, Fu—TkORF—5 v k
HEFEDNA TV XA ZEMITFLERIDES U TRk S i il bevn, Gaia & 7o
T =T IEREEN OIS D Z L7 < | PG T EHNBMBEHORT A N7 A L1
CHZFEEKODIREERZ N TARy h&d, TORSE#RL TRBW -7 —4 >y b &
DA T Y EA R, R REE Loy —7 >y N Licth, SR8 5 2 & CRG%
MR35 Z LN TE 5, Probe on carrier 8! DNA 7 v 7 Cld 8 EAL-CHIL OIRMPE L W 9
DNA BFHIXT 2 @iy B B EEORRER) 2 A BEME 2 A0 LT RS 22 & PG DR8I A K
RIZAENLIZE o BRI TV D, ZO—HO K EE T IGE Y (SNPs) OFkH A3 Al
REIC7R D . R, BIEBLICX D &, PS3EInT &£ D SNPs Toh %S HSC-9, Ca9-22 D 3 FED
Tr—=7Zx L, ENENDOT o F R U AEE OGS E D & —HEEEW BRI S
7oo ZHAUX P53 IZIR ST pd50 s T- & % D SNPs Z W T H [REEEDFEREN G LN TND, —
J5 . B Bacillus megaterium (34 Bacillus fructosus) &\ 9 ¥ OFED FrE 2N ] RE/R S
B VIO E T VBRI T2 FR U BRERCEWARNT I 2 720 o0 —Hg B85 oD F2 8k
RAT-, Fo, WNTERBCPESWIE CREHE SN TWD AR T A 2D BHKOFRE %
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AN AR D TR ZAT o7z, BUEY Y DIEARRRRENARRE LT D05, VR, K
&R R ERE HIRT 28I FBWrY — W 5125 95 LS h b,

8-3 BRIALFEXRPGEERVV

HERRIR L B DIVTWDIRAT T AD LS 2V 7RO A TlE, REBEILIEFIT/NE
<\ S 72 M E RSB T Y 2R BRI R T X 22V, L Z DBEIIRER K DER 3 fED
HTHPIESNTE T, LALPGDO XS RUKREMOKE a2 HWS & KREBG 0L
RENd72d, BEXCFREREZ 0D, SH, AR OIT8EMmE R T 72Hk PG & 1
WTZDESICEREAMREIHERH L Z 2R AL, BEE & L THRIATE 5]
REMEZ /R LTz, LA LZOD A = X AT SN TRV, £ 2T, EENHLOE
BRiE R IOV TL PG OB LWk v o FHEIRORE 2 BRIC, £ O 2 NR I AA
KEFMEEDOBBREHOMITHZ LT Lz, RETIE, X UDICZE DO Z B,
WA FEBRAER D DE N D A T = XL EGAET D,
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9-1 HFZeEEH

Cumulative Intrusion (mL/g)

9. PG OESXHIFRE R

XA T2 PG IR o OEECR LR E ST 5, 550°C20 h TRUAIF A OT VI /
AU HNGR PG Z 8 mmx8 mmx1 mm OHCRIZEI D H L, = v F 2 ZRAFIZ TH AHER S & 7
VERESD 2 O PG MK ZMER LT, =y F U 7RI EL LDV T MK L TH,
F9°85°C LA LD 1 N-HCLIZ THEEL 200 f5FREE DS T C 2day D IZIE ATV, el ThRE M
(25t LT A 85°C LA D 0.1 N-HCI % VN THRELAK) 200 {5 D T TD 9 day DIR{EZ N X

0.20

o

ey

[
|

4
=)

Cumulative Intrusion

Cumulative Intrusion vs Pore size
Log Differential Intrusion

é/(zﬁ 0.2.3 m,Q/fi

0.7

0.4

(6w) uoisniu| [enuaseug bo

,‘,“ﬁ,kl. aTals

100 1
Pore size Diameter (nm)

Fig. 9-1-1 Spectrum using mercury porosimetry for PG without gel deposition
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Cumulative Intrusion
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Fig. 9-1-2 Spectrum using mercury porosimetry for PG with gel deposition

Cumulative Intrusion vs Pore size
Log Differential Intrusion

g
100
Pore size Diameter (nm)

Too WPEZITED B H 10 min DA A ZHKIZ L D88 & 16 h DA 7 ) — ViBE# AT
ST, BT IVTEELE 100°C ORI T 16 h 82 L7e, FREMICH L COXRAEZORER
DK 40%I 2R T, 50%LL ETHAUE 100°C OFEEERTIEMLEEZ i L=, Zh 2ol
PR, LA RES OKIER v v A — X ORERER (Fig. 9-1-1 & Fig. 9-1-2) 12X 5 & EH 068 2

DOE—I PR ST, FAHRGRO 1 HSDHOE— 27T 3mmZrL, 22HF3

nm (7R 2 2 A —Z ORERL) LT 27 L2, 13nm 2 PG HHEIC L 2MARICHTZD ., 3nm
EFEC Y D THERISND T VICHRT AR EZ R T B bND, — ., BREROE—
71X, 14nm & 4.9 nm (238D H 72, 4.9 nm 37 VORI E R T2, ILNICZ A0 R
L7cEBRZBND, BT X DHIALBIT S AV HERE S, & RIERD 14 nm 2R L, W& 23 U0t
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FMEOHLDEFNTGELE 72> TV D, THUHHIRD PGREIZE A/ Ny Z U 72T 5mm
x 5 mm OEMIEREZ1T -7, BRLHR PG OV % Fig. 9-1-3 1R d, SHbic kb &,
JEA3 200 nm ~ 300 nm OKE, b REREIRME 525 2 EDPHERINTWH 28 (Fig. 9-1-
4), A H ) 7 HEE (SANYU DENSHI, SC-701) % FV CEHAE 5 mA (2T 5 min A%y
2 T EATV, BEE 200 nm OEEMRA/ERL L 72,

PG specimen
8 mmx8 mmx1 mm

Fig. 9-1-3 Schematic view of the porous glass specimen having
Au electrodes at the top and the bottom surfaces.

0.14

0.12

0.08

Current (pA)

0.06

0.04 *

0.02 [

O 1 1 1 1 1 J
0 100 200 300 400 500 600

Thickness of Au electrode (nm)

Fig. 9-1-4 Current value as function of thickness of Au on PG, a distance of electrodes is 1 cm
and an applied voltage is 5 V. 3, &5 (2012) p. 11
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EERACFHRE L, BI%3E 488 (nF WF1973) & ART > v 3 A% > k (HOKUTO DENKO
HAL3001) % v 7=, (E3@ 1%, EXTECH INSTRUMENTS, 445815 CitékL7-, $ > 7LD
T R\ AR A B L. 500 mL =4 7 7 A =2|Z Table 9-1-1 TR HEOAAFIK

iR & N, 2O FEEICEMS PG A58 E L CHIE 217 - 72 (Fig. 9-1-5), HIELREEIL 23+2°C
(R T2, B & SRR OB X, EEMET R S U854 (CircuitWorks, CW2400) % U 7=,
PG RHE DM EK 2 K E T) DEBELRET HRMLEE L LT, 130°CHOFRy F 7 L— |
(CORNING, PC-300) T 1hAn#EA L 7=, BRULFRES DK OFf & EOWEILF URilitz
JE L7t o I FBREERICERE L, OV T OB EHINE B RIFCHER LTz,

Table 9-1-1 Relative humidity of some saturated salt solutions at 296 K, 25, {&7#4 (2012) p.23

Salt Relative humidity (%)
LiCl 19
Mng * 6H20 35
K,CO; 44
NaBr 56
NaCl 68
KCl 77
KNO; 87
\ _ aEim
W —— mmrE
BRIAEE — J\ D
P Y

Fig. 9-1-5 The experimental setup to keep the relative humidity, 45, &34 (2012) p.24
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I AIREAIC LD L5V ERILSVO =ML —FA 60s 12705 X olckEs Lz
CVHIEIZIRWT, FVBREM TS 7 /VHERES T b BERRRE (IR E) TldA— 3 v 7 2%k
ZR T CV MBIV, ZIIREE (BIRE) TiE, KOBMETCICHKRT 2 B — 7 28> CV 3
oIz, ATLERE S OV 7V TIERITIE & A S0, BEEH ORI H PG K
IRBETDZ LI Lo T, BIEMENSSL S B3 D Z ERRA SN, EHOER T, B
O EFBAMAFIZEB N TREKP B FEER STV D EGE L, PG OSURMEIZ KX 5K
FExE O THS AU E R H)O 2 RO AR & BREORMREZR Uz, 7 vbrEM L
T VHERE S DG D FE IR IERY 2R R, ORI O N TR S F DIEEODE & RO
BTV D, MxHEEE & BIRE SO IHRUE O BItR (Fig. 9-1-6) TiX, RIBEL O @R~ &
T EE D AR BE ~ZAE S B2 DK DO IAE T 7V OFEICHD O T A7 U AR L
oo Z L TCZEOWAEMBO 37 1 > b CIIEAHRE I L CEBRBERBAE N2
U RFLE L TORMMERED b,

1.E+08
atb5V
1.E+07 .
1.E+06 \}\
1.E+05 i <
— \
E 1.E+04
2 NS
- 1.E+03
i=
& e
1.E+02
¢ JILFHD
1.E+01
e VIILEL
1.E+00 . , . r .
0 20 40 60 80 100

FHF i BE [%6]

Fig. 9-1-6 Relationship between the resistivity and the relative humidity, %, 1€ (2012) p.32
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9-2 BRHEMHET NV

TNBRES, TAVHELO ELHICBWTHRENLIEICT T ) — LV RIZEBONBIKMED T2
O, RREDELS D BN AROBEBLULFINEB 27, 207, L0 & M Bl 7
NEREMICESEZH T, ZHETRE L TWERLFHFEEROMREZED 5 Z LI Lz,
13 U IZ PG DERMEATT V%% 272, PG TR+ nm 7> 538 nm O3E@ L 2 £
X 7Y L (Fig. 9-2-1 (A)) Th b, FLIFTXTHEREL TWDH 700, EBXRIIICIL Fig.
9-2-1 (B) D X 5 7 AT 0 Il ENTAEE L FEMTH D, £ LTI DOET LOEAMNRIKIL
Fig. 8-3-2-1 (C) D X K1« I N D, I Z TRALEMADT (charge transfer resistance), Ry ITIANK
HXHT (solution resistance) T 5, R ITZ DET /L CIINER OIS Z BN T D, FEEEIL, R,
AR K B, BRI R R 228, NRE EOWAE KO bR 29,
ZDOFRTIERAENREOESIRILE R L TEI X2, Wik OSEmIL, W& EOWE
KEFEL TV DHERG TEBIBSISII 0D Z &2 D,

9-3 EMEERMT

CV JIEIX, ZNBREMIZBWNT 2 EMR, EHELS.0V, ESIEE 333 mV/is DFEAZ AW
T, 77%RH D% IBEREE (Fig. 9-3-1) £ 7213 20%RH (Fig. 9-3-2) D HLERIREEIZ 1T 5 BEALFMY
ZE) ARt L7z, Fig. 9-3-1 TiX, 0.3 V O#IPHANTERDSIZE A EEE T, £l6VITE—

(A) Jungle gym structure (B) Folding sheet structure (C) Equivalent circuit

Fig. 9-2-1The jungle gym structure of the porous glass (A), its folding sheet structure model (B),
and an equivalent circuit (C) where R; is the solution resistance and R, is the charge transfer
resistance.
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7 B 75 pA D3BLIL, £23 V AHE VEDSHEIN LAEO DRV E T T AR LNTE, T
S EMA AN 3 R ORRBRAIR D CV (FHIEM, 1985) (RIS, 1996) 2B MR 5 Z
EINTE D, 03 VOHPATITER EE~DOFEE, £1.6 V TIET /) — R THMEOWSE, H
Y — RCEROMAE, £23 V UETIZEIL, 7/ — RCBEDOREL, 7Y — RTHEDET
LKRFBOBILENPAELILEZEZOND, o, BBEDIETICZ L » TEL 2mfbKkE L 2O/
BIRITHB ANV ZET T LIHELTWD LB bid, FITEMEREIL. SEMO IR K
DFEKE 400 pA/em’® (J. C. Hoogvliet,et.al., 2000) (S. Trasatti and O. A. Petrii, 1991) & B3 45
D E— 7 D S KD BB 27 LW B EEZ AV CHET S E 1l em® L7227z,
ZHUE. RN OBEMER 0.25 em® D 42 (FCHT-0 . T TR AT 77 X — (RF) 134 Th
D, BEMPREREKEEL TV DENT TORBMIISPEETNDHEZZHE, 20
RF fE X FAELL EIC K& v, —J5 Fig. 9-3-2 CITEFAE Fig. 9-3-1 ¢ 10000 73D 1 FLE T, A
v 7 BRIV CV MR BT,

100
. N
“’ /N
— 40
2 /
T 20
e B= 4
X /
~N 0 o
'E' //_
c
g 20 4
=1
O
-40
-60
-80 / (A)77%RH _
-100 /
-3 -2 -1 0 1 2 3
Voltage (V)

Fig. 9-3-1 Cyclic voltammogram for the porous glass specimen under 77%RH.
Scan range was £5 V, and scan rate was 333 mV/s.
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-0.04 |
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Voltage (V)

Fig. 9-3-2  Cyclic voltammogram for the porous glass specimen under
20%RH. Scan range was £5 V, and scan rate was 333 mV/s.

Fig. 9-3-1 & Fig. 9-3-2 OBR AT D721, ALERZ i L 7= 7 /VERZE AL & 80%RH FIZF
BIEL2.5V, EBIHE 167 mV/s THFEER L7ZFED CV ORRRE(L A i~ 7-, I

PR R D728, 2.5V L EOBERFOEISNT K > TA U D KEEFRE OWBFREIGEND
WAECLFHEM D H DM, FEAMITITLES V EFRRORLVZ 7T 20850605 EE 2 HND,
Fig. 9-3-312 & % & HIEBIMRIERL D 242 s TD CV IZEDOBEFEW AT D B — 7 1 3HER
ST AR O CV RO — v 7 RBIR T o7, —J7, 842 s IHBL LG T-
E— 7 3R AR T DI Lo TREL D, Ho, BV—ZALEIX 1.1V (CVRIZEA
EBEL72< 725 12842 s D CV 23R T B — 7 L) (2[R0 > TEEDORKZ W END/AI N
F~EZE LTz,

ZDOZENS, WAEKEDNDVROVEHII RARE WD, IREN/KEL 20 HINE
JEMREDOBRFEWNIE D — 7 IZBEL CWiRhoTz bS5, 7, FRHIKDOERS
fEHELTWRWEE X Hd, BRIEEAHE D DI SIi-OH B4 L 2 H T H,0 D24
ThDd, FEKESCHIMREICHT D2ERMEOBMRIIINO XY U T OREEKL TS &
Ez2 DD, TR E D & EHE AT AT 50%RH £ TIXIEE A EKROBEIER S LT,
50%RH ~ 85%RH CTHUE ~ 2+ ICE Y . 85%RH LA E TIEAMICEEA NS 5 = & o3@is
3TV 5 (I R. MacHaffie and S. Lenher, 1925), 2% 3k 50%RH CTOFEERFERIZ L D &,
O ENRERME L2EN TR 5T, Fig. 9-3-2 DFER L —H L T\5 (H. L. Crutis, 1915), /K

DEKULBEIZIIBIE 7 OWAEKPLETH L EZ 2 BD,
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Fig. 9-3-3 Temporal change of Cyclic voltammograms for the porous glass specimen
under 80%RH from dry to wet state: measurement made at 242s, 842s, 1622s, 3302s
and 12842s.

9-4 B L EAEKEDELR

N 30%RH DOBREL FICHHE L. £5V O =il % 333 mV/s Tl s| L7zRFD+5 V iRT
DOEAE & BIH > 7V TRIFFICHIE L 72 aE 7K EO I &2 REicxf LT v » bk L7z (Fig. 9-
4-1), WAEKEIIVNCKRE D ERD 01Tk LT, EifEix S FRICHEM L, B %8
MGEER LT, WAEKEILZSAmg TRAFILTWAD, 207 vy NEWAEKEITKT 5 EHR
IS 5 & Fig. 9-4-2 DX D272 %, WAEKED 21 mgll#ET 5 F CEIRMEDNLD

DX S ALY, WA K& & BRI B O BIRIZAR D ST 70 2 & DR S v, B
D BRI T, Ko FRMifEatEE Sz b Ok RS 572010 T RirfED
RAEY BT,
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Fig. 9-4-1 Temporal changes in the current and in the amount of adsorbed water under
30%RH. The values of current were sampled at 5 V during continuous cyclic
voltammetry (scan range +5 V and scan rate 333 mV/s).

Current (pA)
X

X
)?<>e<\ | | J

O LVAREVIREV] X XXX X

0 1 2 3 4 5 6

Adsorbed water (mg)

Fig. 9-4-2 Changes in the current as a function of the amount of adsorbed water.
The data are the same as Fig. 4.
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9-5 EREEDRHEY

BET TOFEJT —HZ It 0D, KR T o 2 — 2 AIEkEHR X 0 #dL oIk 28k L7
ROV LE LIz ETORBEOMAZEL Z LN TE D, FABREMO ML,
Table 9-5-1 £V 6.8 nm (7 /VNFEEICERES N TR WNED) DT, ThEBERLET 5 MM
D SITEMEI 233D 2 A5 25 mm® O FLARE 8.5 mm?® £ ¥ 2.3x10°m L EHE SN D,
Ko THIEOMERE 5.0 m* ZRAME & ARTZENTE D, Z ZISHEEEHT 18 MQem O
MUK SFERE L7 S RET 5 & KOWTEE 0.125 nm® (41, 2004) & 0 — @53 1T LE2 K D&
X 12mg &72%, ERMEO EABAERA > MBI WS KE 2.1 mg/100 mm® DR 25
mm’ /31% 0.525 mg £ R B DT, 2~3 B OKS FIBICHMS T 5, 130 °C ORTLET 1 ok
NFESTWDH T2 (Fig. 9-5-1). BF T3 ~4BOKGFREPMFETDH LI/ D, 1mmx5
mm D 2 — k3 108K 0 7272 -5 (Fig. 9-2-1 (B) ) 12 3 ~ 4 By DK F- A Hb)E L7-35
A KD TOEZ038mEHNDE, ES 1~14mmBEEDREICZ/ Y, HEPUEIT Eq. 9-5-1
L0 26~36x100QLFEEND, Fig. 942 LV 2.1 mg S CORBEREEZOND 1A
EVEPNDIPUE2x 107 Q LRBE LAY | AN FHETIE, 7/ —AEPLOH D
WEREA T ICHEE T, IHETBMKISEVEERTH L Z N EZOND. ZELT b > H
OB ET T2, RaOVNS KRV ERMESIHFONL L IR EEZBND,

Table 9-5-1 Relevant properties of the porous glass without gel
deposition from mercury porosimeter anlysis.

Average Pore Pore volume Porosity (%)
diameter (nm) (cm’/g)
6.8 0.28 34

l(cm)

R(Q) = p(Q-cm)

Aen®) (Eq.9 — 5 —1)
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Fig. 9-5-1 Porous inner surface structure after 130°C heat treatment. Silanols are
bound to first-H,O-layer by hydrogen bonds: hatched area is skelton of porous glass,
dottoed lines are hydrogen bonds.

%77 Fig. 9-3-1 XV REfEICBT 2 1EREZEDL LN TE D, KOBRGENAELT D 23V L
B DB BIREEOMEE LV 77%RH ICHIT 5 RAE 8.1x 10° Q 2155, PG (2 bILFAIRLRK
DI NAFA T ATIE, REFFEICLY ZOMITZ AN EDOARTOXTIHDLHLDOD, 5.2 %
10°Q~12x10"Q LW ) EAEHE SN THY (H. L. Crutis, 1915) (F. Deyhimi and J-L.Munoz,
1984), D DEEARFE Y — F A X ASEE)ICT D E, R—T AN T ADMEMEIT

10~ 10°FFEE L AL D 2 L T& 5, ZHILXPG LRSS TH Y . MIFLE & 25fLR L VKR
W 1= R & BIEEFRAED OROZREEPAETH O, JIE E DK TEEO SR
(2 — 8 OREREN T B T,

9-6 9EFLY

T AT SN HEFL LT, R =7 & ¥ & probe on carrier
DNA Fv 7, ZLTCPGREL Y ZHY EiF7-, B THERMNFETLOZ L~ 7= PG
& EBRALFHIEH 2 A G DRI E | BT D RERED A B = X L& RF LT, @
HAERRIRE LTI BND A T ANEHEIC/2 D Z L TRETEKEZI LIz BRIRENES)
([Zg oz, & 2 TIXFMELIT U Tix 2EBRIG B - T\ D 2 &0, FIRHEEE I AH
BI% b DR FE KR EAREOBMRMAH L N0 T2, T 2 TIEBUKMEDO R EIZ B A 1-03
WETHHBOIRIST-7, ZOF LWL v TS BB OILWSEIZ R D L E 2
bhd,
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ZIUEM B L BB OB 2 @ DR RO MMR—F AT T APG)Dx¥ T 7 2 ) B —

varuEiTol,

B TIE. THEWE &AL ENED 72 DI < s b BE MW E O BB IR & i
ENTERZ PG ZHIA L THE Cs" & SPPITkid 5 A A4 v SHlfe 2 37~7=, Zh % TPG
DA F U ZHHEREIT S STV, ZORA D= A KTER SN TI R0 o7, KX T
X NVHERR PG O CTHRIC S VICER SND A UHE, TAHI=U A, FRIDARED
PRy DHRIERE~ DR A TG Uiz T =0 AR U RIS A 57 & AAE L S
o EBUERN LT 5, 07D, REBERRIZZ NS DR REIKFE L TREL kot
Flo. VT = NVEOWHERT M) U A TEBINIRETOHNTH 21T L, L OHER
(220 BOSITHEIT LT, MEICHRE BT PG OZ LS TH HRRERIE e TH D, &
BRI R EITOFM AL . WU E MBI OB N BE L S TnD, KRBT TR S
NIEANZALINZEDF—HBERDEHED,

FETIE, BER IS INE PG ORERED A I = XA L EMR LTz, ZHET
BT AIHRREE B2 DN TELD, PG IEZ ORI RIERRBOBNF T, fi%2ELN
FHAIFBIC Y R RIAMZE A FEBLTE 2, AR TIRRE L VO Th, BRI O Bl
LD T=DIZ T VERER PG O ERMEZ VT, SCERE & FL L 72 2s HREURE D A 1 = X
BELZ LU, ZOME, WEICHEEZ b OREWEKEIILCTZRNLZES T LOMRE
REE L WEKBHOBEREZELS Z LN T& e, £ LT, PGIXE#IMNZE Y v 75k
ThDHEVIF—HERRAT D ENTET,

pE D3 VRN S 72721, WHFERRIC S D T E N DRI o T2 PG TERN,
FITr IR P=DRBICE > TENESHT Db M EL. AH%AIERLDFHEADE < M
LM SNTLDEB2LND, MLV, HECRLZWTIAHE LA TH Y, BERICK
L CARDDIRNWE TH D PG, RIS U — bkt e LGRS D 2 & 2 HIFf
T5,
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