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PAZ7A4 PZRLT, ~A 78R —TFRAFERHERITEZD I 1D,
MAARNICDALTWDIKRKSFERBER A A I, BF. B0 LHF
FBERHEEL TS, 2 b, B% . S5 RasHEoEF (BEAEN
IR LTHEBY  MFREIZLENOSARKOEMMEZFLEoH L TW
5. REANZFH (2008) OEFICER DN, O, XK &R T
DREBEMRERANSL, ZLO~vA 78R —FAFHICBVWT, KoFLR
BEBAA O ERBMNEBREZ SN TELT, MILANTOHE O &
CHEATOIH—MEBAELNLTWVWARY, ZOXIRFEFENLS., MILHNT
EACTCVWL2MHEEERHOFMREDHERBEORR L OBEICEAL T, 1L A
EAINTVWRVORBKRTH D, FIT, T LS 2HEEHAOKR
ETLDRBEBA A OFREREESEERELEOBERRIT. 140X
BHREECCHE/FER ORI ODOVWTELDL ETCEETHD, IO
FoW, v~ A7 R—F2fEFOMELTHRRTOLT, HaEEDER
IRBENRTFI R TH D,

2T, AMFETHRY ETFHAELAT A MELTARES T A b - F
¥ NP A N(EHBA)- 2 ) TFTFuif b FOMO~YA 7R —TF R
fhfm & LTCCSTR B L UGTSE L AMEKETZ v BEOKHBEEICD
WTHER T S .

121 ABETASA b (MosmPLeSheOss4] mH20)

ABEAT A PO REEE (L FHER, ZMBE Pm3n) % Figure 1-1a
WART, 2O7 L —LAU—7iEEIX, [45], [496%], [4'%6%8% 1D 3 FEEH O 1#
EHEM THER SN TWD, 209 L4 IFHEM D Y — % F A b (sodalite)
DEXREETHDZ &b, sodalite cage ® D VX B-cage (Figure 1-1b)
ELMEIER, TONMILVEAETFOSBEMOESRICH D, B-cage & D L
X, cage ZHEHR L TV 5 Si/AIOs MEAROTE SEFE O LEFIZ L - THESE
SN TWBA, Figurel-1 TIHMNARETE SN TV A4 (D4R & 5 VT
double 4-ring E bW IHI) Z N LAEERKE L THEINTWVWD, TDOREE,
KHFLTH 5[4'26%8°] (a-cage & H V9 ) (Figure 1-1c) B ELFE TH I



1 OIS, TOFIZKGFN2T~30HSsHA LWL, A BEFT A
FoEHIL (KM OADICHEE T Ha-cage DN EREBORERRZITN 4
A (Figure 1-1b) . & ® cage D NFEITHK 11 A TH 5 (Figure 1-1c), K #
R A A oKD TR EREFEEITa-cage & B-cage D FIZ o L T
WaEHEIR TS (K5, 1994),

122 Fy)I\OA4 b (M, ALSEO24] mMHO0)

Fy NP A b (EBH) O7L—2U—27HEE (Figure 1-2) 1. /N
#mFL o [4%6%] (D6R & 5\ 1X double 6-ring & H V9 ) THEIHL TEBV .,
ZTORR BMNETHEZY 120 KMIL[4126281 2K T 5, % [4'2628%]
. D SEBRBEBARXET A LICL T, BiET 2D 6 >D[4'2628¢]
EREHELTWVWS, ZHbD2FBEOMILNIC KD & RZBMER A 4 2
dHLTWD, Fx @7 v—7 (Nakatsukaetal., 2007) &, F ¥ XH A
FMEBEBWTINETARENTHTZMANTOMEOSGHEB 2K & FH
BEEOFRTICKI L, FOFRIZELDLDE, EREZIZBWVNT, 4 2D
THERS A A4 VR (Cal-Cad4) B X5 20Ky FHE (OWI-OWS5) OfF
FEENLOARAEMEBEEZHALNICIT S E LB, KE/FEEITT L
— AU — BB KOS TR THEFEFCHVR, KoF— Ko FHE Tkt
AR W2 Y MW TOKERFAERELHALLICLE, SHTKRED
T x O HFFE (Nakatsuka et al., 2021) Tik. ML RITB T 2 KD F OB
EENICHEOIBA A U BEOY A T I v s REB e XA EHLNICL
7. FEAHIZBESR © % ¢ (Nakatsuka et al., 2007 ; Nakatsuka et al., 2021) (Z
ZERHBN, TOXIIE, Fx AV MELTE, MILNTOR T M8
AERORBIZNZVBELMNCR > TETZ,

1233 22U JFFO54 b (Mon[PlShe O] mHO, O0< x< 72)

7V 7FugA bofEaEE (BR&ER, ZME C2/m) % Figure 1-
3WEAT 207 —AU—JEEII. E2a—F XA LREEED HEU



BB L. [4%5%], [5%82107], Wﬂﬂ@3@ﬁ@%ﬁ%&f%ﬁéﬂ1w
L5, TOEBEBIZBWT, [45EH> LR EFET DHZ LT ac @IZH - T
[“ﬂ@%%%bfﬁéoWﬁ@&ﬁbﬁSMMME@¢®Eﬁ%$%

HELTHEBETLZ2 2L T[40 HMEEHRLEZESERT v X
w&wym]ﬁmﬁﬁﬁbk105%%?y$wkﬁcmmﬁﬁmﬁb\
MEZLBO § BBRELZEAE L THEHBELTWVWDS, ZORKE, o fhICFET

BSBETF XY UVARADBDERIN, ac BICFEITICIER > 2 RITF ¥ » X
WY AT ABRERIND, RBHERBA A K FIX. Z0bF ¥ X
WA AL TWD (FE,2008), RARWCEHT S5 HEUREAX T 4 b D
296, Si/AlL A 4.0 REOBKET Y VELDIET2—F A b (EH
F) 40U EOHEV YV BDEDOLDE 7Y )T TFuTA MERRERLTWVD
AIFE L 150 °C RE CHEHE~MHER LWL EENI KW EAmbh
TW2 (F4£,2008), — 5, S/AlL kO RERBHFIXBNEEENE L,
N EF MBS L CoORAMHFEINL TS

124 ZIEEFYOEIE

e TOMEBOBENEMIZ., TiOs AmE L Sio WmEN ¥4 T A
FEUDZ7 L =L U = BEEZFERLTWVWDLZETHDL, B4 T
A MEFRIER, JVv—AL U=V HEEROTST AT LOMILRST ¥
VRNVARZRAKRGFRORBER AT B gL TWVWD, £hiZ
STRIEELLE 7L —ATY—JBEOEMMAEN 2TV
5, MEBEMZHEAEOKGHRAXOMEIKEFELT, 7V —27TU—7
BEODABWMEIRRD2DOT, ThEMETHZBEE M40
MEMEEMOGRRD LT RD, ZHMEET X BIEIT. TiOs N HE
L SiOyUEEHERDODEFBFHERNICI - THEINLTBY, ZNET
CST ® (Celestian et al., 2005) . GTS # (Dadachov et al., 1997) |
AM2 Bl (Bortun et al., 2000) ., ETS & (Nair et al., 2001) 72 & % 7&
HoOBEIATHRBRESN WD, 22T, RFFETHE Y L



5 CSTHIE GTSBIZESZHE T, MEFBOBENFHRICOWVW TR
&50

(1D csTH (M), [ (TROs) S1D4)] mH2O0)

ZHMETZ CBREIT. BEREREVWERELET 72D DH LM E L
LT, Z<DEBEZED TE, FIZ, CSTHRETF ¥ EE (crystalline
silicotitanate) (LLF, CST) (&, 1Rt h X BELZHFH L, TOMILNA

TIERBEGA A KRG FNFEET S (Figure 1-4), CST ik, HYK
NH Cs ZBRRMMNOELEDRICBRETET LA AR E L TEE
EEFE—FHEOHFLEKUEBCHERAIN TS, {EMA CST & L TRH#H
A Ay Nat WAL A2 5EF L7z Na-CST 2% F 52 L RXTE %, %

O FE AL KT Naa[(Ti203)(Si04)]2H20 ¢ Eb S B EITE Féa RIE
& Pda/mem, a=7.808 A, c=11.973 AJIZJ® 3 % (Celestian et al., 2005) ,
Na-CSTDO 7 L — LU =7 HBEDORKHEICOVWT ROELIICHHATE %,
ab AT 450D TiOs \NEEPEEFLT 1 DDV FAXAFZ—%2F LT
Wb, O IFAZ=E Y5 LI c#AMICTERLER L T—RTHEHRICE
L, TO—WIEEED LiL SioOs WK LETEAEARALTEFBELTND
(Figure 1-4b), Figure 1-4b IC R EN D L 51T, cHEICEEZ2F M ([100]
BLO[010)15M) I3/ 6 BEREDO N XD, c B FRAIZITRZ
RSEBBREDODINVAANDESTVD, BARIIAA U RBEIN DI
RPEINDAFT DAL RAZBERANIEHENDILERHY, 201D
WK 7V — AV~ BERIERANADPEEIN TV AILERL D, 7
WRERIAXEZ LD CsA A (A A BEE:VCsT=348A) TRH#H
TOH/E, K& CsA A VPMALEZBYVET CREANT 2K
VIR T2V ERIDLY, TOOICIFSERE (B 0474 ko
FHRERBERELOMILBOGFEENMLETH D, A AV EROB AN
H5.CSTTIE.CS'AM AU DI TE L0 cBiAmMICED 8ERED b
YRIVIZREND, TN, TCSTHE—KRE b2 AEEEs L2 L5
NOHUTH D,



(2) GTSE (My/ [(TD )4 SD4)3] mH2O)

— % . Grace titanium silicate (LT, GTS) X, X HF@RICET 2 KA
g7 7 —~=2335 74 b KFes(OH)s(AsO4)3-6H0 DHEHBZEEKR TH 5,
ZTOmBEEEL, SBUEBA AL LT Nar A A BN MIANESEH L
GTS % Na BEEF ¥ » EEH Nas[(Ti0)4(Si04)3]-6H20 (LL T, Na-GTS) % f
(Z L T, Figure 1-5 (2”7, 4 5D TiOs NHENELET L LIk -
T12DI7 F7AX—%FR L, ZDO7 F7AX—E5 LN SiosUEEKETH
BEBFBICL-oTHEBLTND L) ATIE, GTSO 7 L — AU — 7 &
DHEMERAIT EFL CSTDHE EEEL TS, L, Si0os UE K% I
L2 9 A2F—E5 LoEREMN, CST TIX[100]&[010]D 2 JFHEICIELE
LCW/olext LT, GTS TIE[100], [010], [001]1?® 3 FIEIZEEL T
WEETRLD, TORE., CST TIX[001]FHRICHOL §ERED kv 3
JVIRFE DS O L, GTS TIX[100]. [010], [001]® 3 Fm &t 8§ BERE
DRV PREDLZEERD, ZTOXOIZ, =KL b RAVEED CST
EIEXBEIC, GTSIE=Z=&K Tt h 2 EEE L2 LD, CST LD
MR THER CsREAICRVELAIREEZHD TS,

GTS DML WIZIZ, BEA T A MERER, Ko+ & Na" R K'g KL~ D
RHWMEGA AR L D50, ZBEBA 4 OB K > Tk
R DZ ENME SN TS (Behrens et al., 1996 ; Dadachov et al.,
1997), Bl 21X, Na-GTS X =5 % [ZMBE R3m, a = 7.8123(6) A, a =
88.794(9)°] I T 5 L HME I N TW DA (Dadachov et al., 1997), & D
ST L FRBICHEFICEL, LELEEBEL AR ELTREE SN
HZEBEW, —F ., K-GTS [K;H[(Ti0)4(Si04)3]-4H0] TIlL . A #Ha A
FrE L TKEEBIZTa N (H AT V)DEETHOREEMTH S,
ZOR@mEEIT, Na-GTS L X E 2V | L FH % [ZMEP43n, a =
7.76443)A] TR T 5 L ME STV 5 (Behrens etal., 1996),

Na-GTS (Dadachov etal., 1997), Sr-GTS (Spiridonovaetal., 2011), K-
GTS (Behrens et al., 1996), Cs-GTS (William et al., 1995) (&2 T,



HESEELDWVEHERE (V— bV MNE) X2 XHBESBESRENT D
TohTEY, TOHLFEMRELABE I REINL TS, T b 0®RE
& D & Na-GTS % Sr-GTS Tidk, BEtkFoExAf L (<111>E)
BT OB A A U EE SEREDIFETLICMNETLIBA A VHED 2
DDl o TRBMER A 4> (Na*, Sr?*) BNaof L TWnd &HES
nTwWs, —J., K-GTS X Cs-GTS Tk, #hE*h K'A4 A & CstA A
VIS BARBORLICEVEBA A CVEOLELEETHEVWIBEET L
TS T 5,

13 BEA (BXE\H) LTOVAMIP0O0R—-5XAEMR

FROBEABEEE LDV A 7RI AFBRHICBWVWT, BETLHR
Frolc, MILNO®RELZEREL 7L -2 — 27 RF LR B L OHIL
NOREMFRE) LOMEERAR, ~ A 72 KR—F AFEEHOHE L Y
MORBIZKELE-TWD, ikl LT, ALY —L L TE
CHIBNTWD Na-A BB A4 T 4 b NasAlsSisO16-yH20 X, 2Na™— Ca?* ®
A A RBIZLDEEKRFO Ca2" A A UBREICLY, REiEER o RIE
< BEEL VWD, F, ABEALTA NEZTDOAF U REBARIT,
EFNOOHTEDLERZRAL T, LENICITAMDMT R - KRBT
AR EDHBIREDOII DT ENHARIEN SN TS (HKS 1994),
TETIE, MARN~OFL2 R TZF A NPEOBEANR I DHBERR %
B L REBBE IV T TEBY, EF 74 F21I 0O~ A7 1R
— AR OMENFEN TR A A ERLLFET WD, TO—5 T, Ml
NICHFEET LK FESPEZRBRMGLZBEEEIC S W T, BRSO
AKFELTOFRAZBENWT, ZhETHOEIVRTINTZ Lo, *
T, BxiF, EFTAFPOHLVWHABESE LT, E— PR TEFEHIC
FATIMHEERRZIToTCERL, ELT7A4 b—KF—FFR T (B
TeE—F R TEMNER) X, B 74 M2 KEKOWREA &L THW,
KELKOWRPEZ X LX—ZFHAL THROER - MHAZTH EBTDH D
(Tcliernev, 1978), Figure 1-6 IZWEHZH Witk — MR 7o &X



(FH, 2007) 277, WEAy FIZ&EIE (70~300 °C) TITE i,
WERIIRALAERSEZLEEHT, ZOoBRKETFSTRI>20, KEK
ExEe 58S (FEREE) 2RET 5. WARKOZDIZ, ERBOICIT
BERCVTETHE - BelT25H56 055, HAKBE., KEIPEDL RV
X2, "7 20, Ny NZ2ERICHAT D (BZRII), GEIT A
L RNy FROKEKIEIZRD TIERLS 2D, "V T ZRIT2EKENDL
DAEFEEZFELLPOBRERITRE (KF) 2B 5, KEBIFHRERT
MALEBOEI), Ny FZREARTMASIND (BREBOE), A
L BWEAOKOEREB)VEBEA(EALTA NOBHABRT+JERENIZ DL S 7
WRT, E— R0 oEIREND (EHL,2004), ANLEAZZA b
D Na-A EF T A PDOISIT, GRKENEZLS, MWKz 21—
ELOEFT A MIEBRES (BAZHREN) BRE<, 100 CREOK
BEJRE (B2 IXTHER, KB 26800858 — A 7 HEBFHR
& LAELEEI N, BIC Mg A 4 Na-A B Y 45 4 FMIdE v EEL
R ZFF - Z E#s vz (Kasai et al., 1994, Mizota et al., 1995), L
MLIRBR G, Rl M@ RRBRORTITITOUL ol SHIT, 2D
MO~ 7B R=—TFZAFRICOHARERT., TUOLOREG A 4 2 L
EDOA A R EAEN L OBBRERD Z LT, EBHME LT
BLERMBEREEZTO ETREREEND D,

131 YA 2o0R—SAE8DOKMEETE

Bxld, KORBECEE LEZEA T4 FOEEEESN (BAZ#HEEN)
DREMITERP L KFBBEIZCL > TITW, TOREERE & LT T2
BOKERAKFNBES) ZHA W C& 7= (Figure 1-7), T OEBEIZ K> T,
iAKLZEAL T4 MITKEREZHEGEL, BRRAEZHET H, 22T, =
BIZBTD2EA T A M 1 kg YV OERFEELALTHERE Q L LTE
#ZL7= (BEHE.2001), 20 Qi%, BAT7A4 FOERBEAEZETHEETD
D, BRKELAKF= U ZALE—IZKEFET D [N (2)], LTIC, BrEE K
EEMEREFEZAOTZAMBREOREIZ OV TIHRRD,



(1) EASA bOKMBEZEEIRE(CDWNT

A I 2T LOYA 78R —F ARHOHHRELL, 7 KA
B Z2ERELTBLMERS D, 22Clk, BiROH2EBEECTHRAKL =
v A 7R —T AfEGRE,25°C (BR) ETHHAL, KEK»DBAK (K
) SERLELEEOBMEL 25CICB T 2KME LT 25, AR KEK KT
BEAEHYHAVWTEEKMAZAET 2 FELCOWTEERT 54, H#
ELEKFEAND K= 2 e —) 2HEHTABICKOERE
HFIEFICRODZENEETHY, 7—FO0—KEEHRO2EDICIE, E
BRI CTOBRKEKMOEZHBIZCT LS ZERAAXRTD D,

ESHIL, ?A7uR—F AFEHIT. FRKEPELLST VWO TEREL
RAEERBICOVWTHLHABICTALERNSH S, fAfELLT yE=T A
KBEREANTEZY Yy L —Z2FICEVWEZEHAERZ 25 Co—EiRE
WD (KBEREHBREOFEICL Y BIAEE 79.3 %, KEKDE 18.7
Torr T—E), B 74 "2 2O KERDO ELFICE X, HEEZBWTH
EFBEVIEL, BEXIN—FE (FERE) thoftZ L EMAL. WL
TEBRICAWS, ZOXLIRABEITo1EL T A4 PEIRROEKE L
Mo TWbH, ZTORBEEEREBLEERET 5,

(2) MRABKERIKIABAECH ITDEBORKNE ERKEDEH

Wr B R K R R KT BV E S OB IE X % Figure 1-7 12”7, T OREE %
Figure 1-8a 38 X WV 1-8b T~ d, AL, BAEFHON 7 XA 77 2 =
(Figure 1-8a) 2, M 025¢ =B L., U ALV RARTYaAf b (UTF
TaAfrhEBKT)ICLYVEZE=— KL\ T (Figure 1-8b) & BEfE L |
BT 2. MEEBEEER S TICLHER AT AICTVa A FTERL.
REOMBMICEEL CHR L., KEHBEEIFICH A (Figure 1-8¢) 7
D, BOENUOBRELET S T ACEIVEEL2 ETFBAKT 5, BEARE
wE, SAT7EFAL, EXFAPOROVEL, /X, BET S, MY HFW
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WEERLTHAVWVYEONEBICLLOIBRERZEZLZD RS TR E, MLOE
BExtho, REAZEF, a2y I/ fFfE2O0RIORVWLDERDLIDT, B3
SR RBOREBEMO 7 vy 72T A0k ETHY TTFTHET S,
IoXHIcLnE BREZLLOELBELLL, REBRENELD, B
EHIINTERIOES (HONPLHHIE) BB L CTRHREOMKE %
BT 5,

(3) KB EFIE

RE 7 72 a%i, MAB KEK KBRS (Figure1-7) ¥ a1 v
McEVEEFEL, EEHERT S, ARICKBE (Water Reservoir) b HER
LT, KIZEBRLETAERWTEL, REFOFLEIBIX, AE7 7 %
= (Sample), v =V fpEEHR e — % — (Heater), ¥ — I 2 ¥ —
(Thermometer) £ X O #+ (Impellor) ZWOLFE CLEICR D LD
CHEF L, 727 — T 400 cm’DKkELBICEY L, BEEZHELK
T2, arytta—F7usIhcky, BERE ANDLZA IS - [H
B ADBEHORETE - LYERESZEy L, AIEEXHEKBT D,
2T, BIERFORFF &IRE ORBEMK O —Fl% Figure 1-9a IZ77F, 1 [H
HOEERDBRELI KD TEBERX—ZATA UBNEZELEF T, =—
NLVTERE, KEKEZEALTCEAL TS M2 KkfnsE D, 5~15 5D
KM &EEE, SV T7E2HALC 5, KRMIZL2IEE LR IX Figure 1-9a ®
2 Bt B (Hydration) 2R TW5, e W T 2EHB, 3EHOEEZRD A
Ndfibh, BEXELS-HACEEECORENKDLD, BEX &R
EOF—2i%. Blzi3 20 BBXIc7ry ¥ —F 4 A7 5 OREHEIC
kSN d, VT EHALCLTT7 7 R2aFEZRIANSALTELICHEEL., ®
KEZRD 5,

@) B2 EXKF2

BiAK - KFMOBIZLEFEICKEL, FICREFHNOFAR T 2HRET

11



LHBEMENL, BAKITERZITIT 2RV, BHIX, HDHREL EHK
THE, RAOWEARTIHEENKEL, BREENLED T L0, BEH
BERTARICRDIBEN DD ZLICLD, 22T, GKE W (%) LT,
BEELSN(TG) FCt+omiE AR 800°CLL L) T, ZRITHAK L 2K
DEEL, ATAEKIKRE (25°CRAMENLT v F=U LKEBEKR ETHmik
BELAKpOfEMKEET D) ORXBBOEEm (g T 5 X—k T
RLELOTHD, ZOREFICEWTIE, fAfIE KREZ X — R TR
WL, oEMBIZ, TULOLOREBEAITIZ, KPEKTHY EEITHKLE
DODREFRNCBNWTEHAMZEKREDHANEZECEEFARERENSL T D,
ST, EWMAKEBEEICE T IHAKE Wy (%), KFE W (%) X, PLKEE
OE&Emn (g) LARKMEOCEE m, (g) LT, (1) TET,

AWy = (ms—ma)x 100 / ms. A Wy = (mn—ma)*x 100/ ms (1)
FEETARAEXEm &mld, EREE, LT L —8ET, —BIC m<ms
Thd, FIEEHOoHHWAKTIE, MERFMAOEBAANTIT, MAKLLE
DL TLLEE2IIIARMLEZEY (FEHD, 2004),

(5) RE#E - KMI>HIE— - AXMBEEDOEH

3EIOEERE L ZNIZ LD EFIEE (Figure 1-9a) 70 O 1R & % i <
(Figure 1-9b), 400cm®* DK A A WEEOIRE LH 2, 04K BBE DRI
., PO RVWEREUSTEL, T EZHWTKMEORE EF L VK
FEERNRE D, EBICIE.ET Y 2EHEERK (T vy E—F 4 X 7)
WML, T 2B T e A ERAVWTIOREERITY, BoKn=
VHEANLE—DEERD D EEIE, BAKEE - FHE - BKE - KFIESE %
HEICTS L TBMELND D,

TZTWOKITZ Y Z L —AHy, (KImol™!) &3, FEETHAKL -
REICOWT, BABH TAKRMEITELEIORAE g (J) 22X DL ETDK
18 Amn (mol) {(mn—ma)g/18.016 gmol''} TEI-7fE. +bbEY
ENLKHZ 2 NALE—THD, KOZFFE% 18.016 g/mol & L /=,



AHh:z%; e R EEREET
I, ARKSNTEEBAT A F~KDB 1 mol KFI L7 & & DFE DI
BZRT., BAFIR»PLH T =XV F—L L TATRTOT, AHh
LqlitbicADERZ L D,
ZOXIICLTRODEBKE Wy K XNV E—AHyZHAWT, ¥
FTANORARHBENERTHEEL LT, EKEL T4 PR 1kg XY
DoOBRKTHAERE QO (klkg) #RA (2) DLEIHICERT 5.

10xXWq |
18

T, Waldli/KE (%) ThHdH, KFMEF—MRIZTSHREDE VKM T
EE2IZToNZ2WVA, K LZENAHENICERIZEKXR (Kf1) T2
ERELIZEZOEICBAELEZEBAEOEEZ Q0 L EXELE (BH L,
2001) . ZOBRLZH#ERE Q (klkg) #HWVWT, v~ 7oK —F ZXFEED
EEAK L L TORENEITFML =,

Q =A4H, X

[
[

14 YA I90R—SAEROEFAHROEAES

ABRYPYAFITA MN2EILDEAOYA 70 R =T AFERDD 2L LR
HIX, AT VRBBICRELSKETLI220, BERERSIT P LETDH
5, BELEMOMEERSTICIE, EFR 7o —T~A4 207+ 714 F—
(EPMA) IC K 2EMEBE B —KH TH LN, v A4 7 2R —F AfE&H D
BE, EPMA THETHRBHICL s THAERBRRE R A -V i 2T
TIEMELYHINEEE TH 2 (Figure 1-10), =D 7= KB TIL. KT
WMAEEBLORXRABIZLID2EBAX ST ZHWE, FiZ, BEX74 R EX
RO A 7R =T AFEREOLICEERAENLET HROHITIE,
BFRHERBD TCAHEHTHL, LrL, SMBEREPORDODZERAT
VARWRINRWRE, EFETLIXREROTUHRIMEL 22546

B,

15 EESE—BRFHREFROBFRKORRK



EEE-REFHR»L 13 EFRELABRE, REERNTHEIRET 5
YKk ZHELMFE LKk (LK) O 1 BY 720 OoRAEDN, 2022 FI1TH
94 hrrtey BEHEEZNSAD TI00 & 28 o7 (U, FHEHHE,
2024-01-14), L2 L., ERKOBEEERF L LTV A ALK 90 v
W2BEITTVWD, SO, RREBNICHD 1066 DO Z 7 NICETE S
TWAHAEAK W132F ~v) O 75T, BodHEEZ LB S KN
MEE & TIEE EK) TH2DZ &M 2021 4 5 AICHEAL (HITHH,
2021-05-10) . A2 BIHERKLEBEOMBEIIRMBROETETH D, HHKIZ
GENIBRENEZEE TH D 2 MO HEYME (Table 1-1) O F TH
RICHMBEL 22 AEOKRSEHEIX. P PCs, PCs B LV 'Sr Th
Lo TDEPOBFEDEILZ. WIhb I 4EIIHD EFEHIE
Wy, BEENDNS VR, ZLOBMPEMENREENL TS Z EITKRE
BEETH D, BIE, HRKET, F¥y P A b, 7V TFrTA B,
FTATFA M, ABEAT A N, CSTHREFZ UBE, 7=xu 7 1t
Ml EOWMEREHNTHEKRNPOBAMEDE LR BREWVT WS,
FEREFEHICLIIBMEBENZLS LEHABE Y Cs & Sr 21X U O H 72 I £k
L7eGRARKRCUER EKRKICEENI2FEAOBFPAEYEZ LV EHEICE
W -BRET DDA T RBANORERE - ERUEINLTWVD,

16 FAHAXRDOEHWN - EREXMBX DB

YA/ R T AEBTRONDERRERNSA T RBRNI R EDE
NEE/FHEDOLZIE, 77— T =2 RF - RWHEBA 3 - Koy FDHE
BEERALEBIIEBALTVLI EEZ NI DL, A F U RBITL-
THINOERFNREL2LZZAIEDTNOEEEZAM ESE 2200
ENRFEO—DOTHDI AFRETRH. .~ 72 F—F 2R E L THEA
DEFTA MeEMELZIMET Y VBIEYRY LT, £ U K#H
EBR - LFoN - BBIE - XBREHFEERFEFEL LT, ZhbvA
sJaR—7 AEROERAFCHFETERERE L COMEETME D
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EREEMNERABRA T AL AZEBNE L, AmXiZ, 2tENLHHE
aEah Ty, REUBOBE2 L TICET,

BCECTH REFRAEB IR ETA VLA 7 8K —TF A
DOILZESTTREER EICBET 2 E21T- 72,
BZBECIEH, BELA 74 VoFH AR E LT, Th 2 EEBA (B
) CHWEE— bR 72T AOFERBICHET T, Na-A B ¥4
7 4 b (NagAl4Sis016-9H20) = F ¥ NH A k- 7V /) TFFun A bz
WY EF. 28474 MeEMOEKERER A 4 v RBERD) L EE
Bl L TREREGASCRBEOERR L T OREFLMEZIT - 72,
BEUETIEZ, B4 74 MELUHEEZ DO Na-GTS 28] Y LF, 208H
G L ERF~DISHOAREEBF L7,
BHECTIHE, TROEHA 4 ICxt 3 25 Na-GTS OB A A % i ff ik
EENICHEIEKREBIOCERBENELLEZ T,

1 fli > B A4 > ¢ Lit, K, Ag", Cs*

2 DG A A v - Mg?t, Sr?f, Ba’*, Co*', Ni?*

3 DA A2 Sm3t, Er’*, Eu’*, La’*, Yb3*
BARETCTT MANICBTIEBEA AL O DD 5HET VEIRE
LTy Ialb—yaryLlHmR X #EHF (XRD) ~F =& FEHO
XRD W& — 2 DML Na-GTS O K& A 4 o RRITEBIT D
MILANTOBA A FAICDOWTHRE L7z,
BLECTEH. A AORRBELTC.E_E~FANETHOLNEEED
PR R % ERH L7,
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Table 1-1. Nuclides to be decontaminated from the radioactive waste water.
174 ER 1% HIER

,,,,,,, 11370 L4 (Rb)-86 - EsH|| 2p U D L0 Ba)-140 | #9130
2(2 PO FHL(Sr)-89 #61H (| 33|tzL) Un{ce) 141 g8
3|2 FOFL(8r)-90 w09 || 24|tz U L(Ce)-144 #92808
LAy PUDLm-e | seasn| | | T5eA Unp-14 | 975
Bl v FUML(Y)-91 #3698 || 36| FSA UL (Pr)-144n PoTe
_____ 6| =7 = (Nb)-95 1 wssE || 37 FOAF O L (Pr)-148 IR
....... FoFFDu(Te)-99 | §9210,000%| | 38 3":'7‘*UL‘.&EE?!L?.,...‘...‘.’SF‘.'..,,“,.............,..:'éf.f‘!?f.%.
81T =2 Ly (Ru)-108 $9208 | | 39|F0 st FL(Pw)-1 68

T oD L(RU)-T08 | f i!.%.?PE..; A01F0AF O L (Pn)-1 49"* w2418
0[OV L(RR)-108m | ] £966%53 || 4197 U )Ly (Sm)-151 FRTE
11|33 Ly (Rh)- 106 &0t | [ 42|2mnes LiE- 152 B34
12)§R(Ae)-110m ol 250 || 43120000 L(E)-184 | ARF
13[H F 2 4(Cd)-113n 155 | | 44|20 L(Eu)- 155 S
14|10 F 29 (Cd)-115m #3458 | | 45[H F U =) L (Gd)-1 #2408
152 (Sn)-119m | #2908 || 46[TILED L Th)- 1 IBD %‘mEI
16 Rz(&ﬂms """"""""" #1808 || 47|00 F=0La(P)-238 | HI88E
17[RAX(Sn)-1 #7100,0005F || 48|21 F Z 0L (Pu)-239 | §924, 0002
187 ::,_{f{j{sw 24 | $9608 || 49 S k= ’Z'L'!A(EH‘I"NMD 598, B004F
19| 72 FE2(Sb)-125 CUERE|| 0| T oL Pu)-241 | §914E
201 Tl (Te)-123m #1208 )| 51|75 1 200 La(An)-241 FII0F
91 [Tl (Te)-125m 9580 | | 52| 75U 0L (An)-242n | #1505
22| F I Te)-127 #7988 | | 63| 7 U 2m3 2 (Am)- 243 | #7400
23| T ATe)-120m ) #1108 || B4lFauonn-2e2 | §91608
24| LI (Te)-129 §970%5 || 55|32 U9 Ly (Cu)-243 £0295
26| T (Te)-129m §934H || B6|F 2 7L (Cm)-244 e
(26|3F%(1)-128 | KI18,000,0005 || 5712 Al (Mn)-54 | #3108
272 L (Cs)-134 $224F || 68|$(Fe)-59 $9458
28 47 2™ L4 (Cs)-135 £93,000, 0002 | [ 59— §), F(Co)-58 9718
29[tz3/7 Ls(Cs)- 136 #9138 || 60|23/ )b F (Co)-60 6
30|12 377 Ls(Cs)-187 FI302E || 61| = w4 (NI )-63 fa100E
31|31 ™ 24(Ba’i-137m #9395 || 62|dB35(Zn)-65 #2408

References: Tokyo Electric Power Company
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Figure 1-1. Three-dimensional structure of A-type zeolite projected along
[[010] (a) and the truncated octahedron (b) and form of cavities in the
structure (c).

Idealized cell data: Cubic, Fm3c, 24.610(10) A (Gramlich et al., 1971) .
Chemical formula: Naj2Al12Si12045 « 27H20.

Gramlich, V., Meier, W.M. (1971) The crystal structure of hydrated Na N: A
detailed refinement of a pseudosymmetric zeolite. Zeitschrift fuer

Kristallographie, 133, 134-149.
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Figure 1-2. Framework structure of chabazite projected along [010] (a) and
[111] (b).

Idealized cell data: rhombohedral, R3m, a = 9.3943(8) A, a = 94.369(7)°
Chemical formula: Ca; s7Nao.49[Al3.39Si8.55024]-12.47H20 (Nakatsuka et al.,
2007).

Akihiko Nakatsuka, Hironao Okada, Keiko Fujiwara, Noriaki Nakayama and
Tadato Mizota (2007) Crystallographic configurations of water molecules
and exchangeable cations in a hydrated natural CHA-zeolite (chabazite).

Microporous and Mesoporous Materials, 102, 188-195.
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Figure 1-3. Framework structure of clinoptilolite projected along [100] (a),
[010] (b) and [001] (¢).

Idealized cell data: monoclinic, C2/m, a = 17.633(8) A, b = 17.9410(80) A, ¢ =
7.400(4) A, p=116.39(3)°

Chemical formula: Nai.66K2.56Cai.9(Als.48S130.52072) -19.16H20.

Smyth, J.R., Spaid, A.T., Bish, D.L. (1990) Crystal structures of a natural and
a Cs-exchanged clinoptilolite. American Mineralogist, 1990, 75, 522-528.
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" e  TiOg

octahedron

SiO4
tetrahedron

Figure 1-4. Framework structure of Na-CST projected along [010] (a) and
[001] (b).

Idealized cell data: tetragonal, P42/mem, a = 7.8082 (2) A, ¢ = 11.9735 (4) A.
Chemical formula: Nax[(Ti203)(Si04)] -2H20 (Celestian et al., 2005).

A.J. Celestian, D.G. Medvedev, A.Tripathi, J.B. Parise, A.Clearfield (2005)
Optimizing synthesis of Na2Ti2SiO7:2H20 (Na-CST) and ion exchange
pathways for Csp4Hi16Ti2S107-H20 (Cs-CST) determined from in situ
synchrotron X-ray powder diffraction. Nuclear Instruments and Methods in

Physics Research B 238, 61-69.
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Figure 1-5. Framework structure of Na-GTS projected along [010] (a) and
[001] (b).

Idealized cell data: rhombohedral, R3m, a = 7.8123 (6) A, o = 88.794 (9)°
Chemical formula: Na4[(Ti0)4(Si04)3]-6H20 (Dadachov and Harrison, 1997).

Mike S. Dadachov and William T. A. Harrison (1997) Synthesis and Crystal
Structure of Nas[(TiO)4(Si04)3]-6H20, a Rhombohedrally Distorted Sodium
Titanium Silicate Pharmacosiderite Analogue. JOURNAL OF SOLID STATE
CHEMISTRY 134, 409-415.
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Figure 1-6. Schematic diagram of zeolite heat pump.

wHELA (2007) v A 7 ukR—T ZYEORIGZ LIEH. Journal of the
Society of Inorganic Materials, Japan, 14, 369-375.
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Figure 1-7. Adiabatic vapor-hydration calorimeter.
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Figure 1-8. Sample flask (a) with zeolite powder and a needle valve (b) are
connected to evacuate the sample. The assembly (c) in evacuation is set in an

electric furnace to dehydrate the zeolite sample.
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Figure 1-9. (a) A trace of temperature-time relations for a measurement by
means of the adiabatic vapor-hydration calorimeter (a). The second step
indicated as "Hydration" is that by vapor-hydration, and other three steps are
those from electric inputs for calibrating heat values. (b) Calibration line

obtained from the measurement shown in the figure (a).
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Figure 1-10. EPMA image of microporous crystal.
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+8 "8 VM IO0R-—SRAEROILEDHFERMLEICEAT IHE

21 WHROE=

v R —FTAERD1DTHDHARELTTIA NI, 7vb—2U—7
HicLx b 2ZAMET VI ) ¥ A BE b 5 (Figure 1-1) , £ O
LARCE—RCEIKRGFERBEBA A RERLTWVWD, ABEL T
A ME, A CRBBFEESCHEREREORBHREEEZFAAL T, &
CHWLRTWS, $72, BE, BEE - EREERTRET HHRKIZ
GENDIHHEDEOREAREE L THOEHSINA TS, v 7 uR—7
AFERDEBENTHFEZRM DD, AT R L > THEELR LS
TE2ONRFHED—2THD, TOEDIKIE, A A VEBEL V- T2LE
ERICETA2ERPLATHY, BERILESHTIPLE L D,

EELLEDOILFESHZIT O ET, KR&EL 45T TEPMA 22 £ O E S
WeERFAEEE - REEREOEAXNSDHT A H L, —2>DflE LT, EPMA
E {8 (Figure 1-10) XYV, R2OPEWEEZIANETFHREY TREEITC.
v A7 R—TFTAERIBEFRICLDA AV EZT T, ER2SH N
RNEgETHd, 2T, TOR[LEBMIT L DA TIX, B T%NIE
BLOKXELLI2BXaTEHWEZ, FlIo, B4 N ERKO~
A7 R =T AFEROIICELBEEERLXET IR0 0TITIIEZ. KRTFR®R
HERBOTEDI THD, DMEOERSOEZE L TIE, 0 2 & 0
TR2E&RBILMO b —Z B, 1002 0.5% A NI HLNS,
L22L, 2OF—=Z V3, FC€BOEEICERAORENRELTVTSD
—HT585E6bH5, bI—ODHELE L THERMAI VADO—HRH
., BA T A MEEIX[SION*RAEFTZIX[AI] BHEALT=ZKRTDOE
BEFBRL, TOBBRBEII[ALSIO2 sy PERDTIENTED, A
MEATA MZBWTIXy=Thsd, — I, B T4 FTEHEHBOA
BERPRZBEBA A ICkoTHMah 2D T, RBHEBA A DODAE
mofmeE Al ORFEED—HTIOILEINDDL, LEN->T, BHROA
B DA EIT Al OFEFICELY, BEMAAT A (ny) FELTA b D
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AL 2 (M"y) ALSi:O2 (yizy) -mH0 (n: REEB A 4 M Ofi%k) &
EL<E . m=Emxly EERESIN, BENKKEm=1Tbd, L2L, £ F
YRBEDRFESTHBRICBENT, LELEEGTAAT AT EZ
ERBD, TORRANREFL LTERTIFRABLOEESITO ST EoRE
REELTTA VOO EREIZHD EEbDNLIEZDO T, AHETIEZED
FRZHRHALEZ, BRTFRAESH CEEEDEOTEHLIBEL 254
2. Wz, bFEFETIE., 7L—2 B TCOHOMTERNRE P IcLET
DIARNT T EHBBMAEMEERT DL ICL VR ME SN D,
ZTORBR, BRAENKRTTH2EWVIBEENEET L, £/, A4 LT
BT, ABFICREOT ATV E&RELE (Na", K2 L) ZEFEnTW
A, BMITEORKEINEL 2D,

22 WEODEM

(Na,Mg) -ABIEP AT A FOFRA L L TORITDOEANRTT LI
(Mizota et al., 1995) | BA A XEHRBDOD CTEETHY . BA 4R
BEBIOEL TS POMKEZERICKRODDIERMLELRD , T,
AWFTEOBIE, ABREF S A NOBA A ZHEREFRIB XK
DB L2EBETCEHEREOCGS VWO ELZ2H/LI LD DERFHEIZON
T.HETIBA ALV BLOBRA LT VT XTIZOVWTHEFNEZIT> 7., Na*
BLOKRZOWTIE.RFRAESH L VRAESTORERNRN T2 T,
AL ZEBALE, MOTHEICOWTEHEFRAESHT 24T - -,

2-3 ERAE

2311 2ABECASA MDERK

BEOKAEGRICEDERKREINS Na-ABE¥ AT 4 F (LLF Na-A) O

FEER R, BB I0pm LT E/hE VW, KREBRTIEZ, ~( 727 4
NEBLOARYAX U JH =EHT 5 HFE (Charnell, 1971) #HWT, T
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ELRITRERKED Na-A OERER LT, AW RE T, 703~
B rV UL, AEZTABTINITDLA, NI ) =TIV (FTHTA
TAHE, RE ) THD, TLVIVEBET NI UL 8gEAXT A8
FThrIDAI0gE ., ENEN N = Z 7 —/L7 I 2 10mL B X O K
(Milli-Q 77 A A7 A8) 70mL IZEME L, #EARAMYWE 2T K<
EHo2um DT 4 F (BRI YA —448) THBLE, %% 100mL
BT 7R CBRBIZAN, Ay NAFZ—FT65°C, 2RMEHL TEA
FA FATEER L R 2 EREMWELERSIELE., X7 LV 2A-O G
ER#HOPICT 7y HEFLLEBDIIKEANTZ %2 L,80°C TIHA
MEVLE Lc, A% SB OAKTHBL-H, BAKTHEE L,
40°C TAWHEBE L. EAX T4 FRAB OB KEZ —FEILT DI,
25 °C fafnE b7 v E =V LKBREANTARKERE—EL LEERAR
FHTCTHELEP RS 22FEFTHABZRE L, ZOoREZ, B4 74
FREOKFIREDOZERE L L (BIR 5, 1998) .

]

>332 ABUEASAMNDBA A RKIR

B LT Na-A OB A A ZHEBRICHWEZRIE L, MgCla-6H,0, KCI,
CaClz-2 H20, CoS04-5H,0, NiCl2-6 H,0, CuSO-5H,0, AgNO; (#h #h
Flifbz, RE/FERK) THDH, BA AU KBEROMBMIBE Cu (7272 L
M X Na', K, Mg?*, Ca?", Co?*, Ni%?", Cu’*H X " Ag") 1. CaCl, KRR
0.001~2.0 mol/L, MgCls, CoClz ¥ & T NiClx KE# 1% 0.05~2.0 mol/L,
KCIl, CuCly 5 X O AgNO3; KIEWEIX 0.1 mol/L & L7z, &A1 4 v a3 #HK
R 100 mL IZ Na-A 2.0 g # /% 40 °C T3EEME L 5 L, Riz, =
O BE— ¥ ZEBMARICEY 3 EE&VERLEZE., Na-A ERFEOLEC
FVEBA T RBEOKMBEREZE L, R\ x PEVHEICIT
LFRROBEZIHIZHEVIRL TITo7, £72, Mg, Co, Ni 2 ¥@m WA H#H
BRBOLNRDP > bDICOVWTIE, A A VREZEEI T TRB LR
BT, Na-A & M"A F U TRBLEHAEOMBEAE Nats (1.0 M" ()
AlSisO16-mH0 E R T EE, ZOMBRRXDO x 2 BRLEERL -,
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233 {LEDA

AL Na-A BEXOEBA Ao xBiE (LWTEAF T A4 B o
fRIZIX. HF, HCl £721X HNO: 2R L7z, BA A EREFZEDMHE
M L7t ¥%E % Table 2-1 IZ/”" 7, Table 2-2 [ZJR F+WJEE 21X K
BILL28BRTROEERESWEHE =T,

7 oM MIEMR] A BIEORTF RS HTICEH VT, Bernas  (1968)
T—FEoFr— b7 L-—TREHARSHZZ MV, 110 °C T 30~40 4 HF
MBS HZ LI LDV ABZEML, WICH:BO:s 2 MA T, Sizgir<
DEREBEEREREBR:E L., ZOBBERIOBEECELEZETREY
TTaFEEFRELTVS, 4274 FRBIZODVWTZOFEEFRHRFTL
FPHE, A—F7 Vv —T2H0VWT, 770 ERAELRT 65 °C T2 HH
MBWES 2R FRCERTDIEVOIRBRE2BE. T2bb,
A4 PR 01gZ2T 7 v BERBCAN, PEOBHMAK, HF 5mL
BLOHCI2mL ZMAx7=%, HHALT65°CIEARKNSIAETME,., &6
WM 25 mLEB XU H;BO3; 28 g # M CHAMLAEEKE, KUz FL v
A 275 2az2HNT100mL & L=,

R BE IC L 2 R Ca I T EVAIRIZ B VT HF & RS L CaFy & L Tk
TOFRERD DD, HClLIZ X bbb R T, MORRHMER 4
EAlDHTICEBWT S HCliEamit Lic, £E8A T4 FE 0.1g %
6 mol/L HCl THHEEM L%, »EEHEL., oKk e Lz, MEBICLD
R :AglE CIOBFEETHET 2720, Agrx#ELi-REHC>WTix, 7
mol/L HNOs TIEfE A1 L, IEIRF O Agh, APTB X O Na* % o #7 L 7=,
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<7 v BE-HR T 7 v BRIEfEYE, Bernas  (1968) > <7 v ER-IHBRIE R E>

F— o L —TRIEHE To7urEHEES
— ¥4 74 FRAE — PA T A B
*— 23 mol/L HE — 23 mol/L HF

<~ 12 mol/LHCI
110 °C, 30~40 %4y 65 °C, 30~40 57
IHH3BO3 I<—H3BO3
| Sixa LS O RENRERBEBR |

| |

57 0% St 4y #T | 57 0% e Sy BT . 4

>3-4 BEER

&R ORISR L, Table 2-1 1278 37 JR + W ¢ 4 41 A
EHER (EFE 1000 ppm) % Lambert-Beer B (&4 1991;L0 F LB Hl
CHEFET D) RAUTOREICHRNRL THB L, AT ORERIE
FAWVWENaBIOKOBRBESHFEILS~40ppm & L=, 7 vBE—HEBEIC
X DM TIX, HF, HCL, HsBOs # HH W5 72, EEROARIZIZ 3 D
DBOEEEZEBREL T{To7,

235 TGDTAB LUHMER <XFEEOF

YA 74 FREBOEKEE, TG-DTA #lE (v v 7 ¥ A4 x> X TG-
DTA2020S) ZMHWTHIELZ, AEOEIT10~23 mg & L, H&HA
BlA®., FIEEE 10K/min, > 70 > 7 /& 3s, Il EiRE&HEER~
800°C & L7z, RBOREICIXZ., vv 7 ¥ A2 MPX? 2B #HH KX
MEEEEZ A VZ, CuKaft (A=1.5418A) , /I 774 v X
B/ 7uA—FEMFERALE,
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24 RRBREREER

241 ABTCASAHAMDOEK

Figure 2-1 D EEBEEFHEMBEBL IV, X FEKO AREYAFT A bDF )
fEee (10~15um) AR TETCWDL Z ERnbholz, £7 . Figure 2-4
D XRDXF—2 XD Na-A XN FFRBFOHE—fHE L THEHFMTTE
=

242 ABEASAMDBA A RIR

a) Mg, ca’,ca BIUPNEAAKRBLCBITIZEBE A A>2KE

75 e =2 $8p
AR = E DEE

2 fli ® Mg?*, Ca?*, Co”* B XL WO Ni¥" M AV KIBROAHIERE (Cv) &L
fbEx® T, 40°C TI3IMERIIRE DL LB R % Figure 2-2 1277, Cwme
25 0.1 mol/L £ TIX Mg A A4 R E x RNAMITEMLE, Cug B
1.0mol/L DK, H K xfH 0.48 Z/R L7, Cca?® 0.1 mol/L F T Ca¥'A A&
VRBERxPBBWICEML, FAL ETIE xEIEN 079 TIRE—FE LR
572, Cco? 0.05 mol/L IZF W T Co? A A VU ARHE x NATKITHEML .,
ZALETIE xEIZR 048 TIZIE—E & 72 > 72,Cni 2 0.05 mol/L T Ni?*
AFURBR D033 F R LN, Cni BN T 5 & xEREA L. Cni
725 2.0mol/L TxfEA 0.1l R L7z, 22T, x=11%. BA A Z#D
BRFEETHD, Mg, Ca¥" B LV Co? "M AR TiX, CuBEEMT
DEEBICHBAAUTHBELEMLUEZN, NI AR TIE, Cni B
BT 2 EHIC N2 A A U RBE x DD Lz, £Z T, Nit'1 4K
WIRDOEEED pH 3~ 7=, Table2-3 X ¥ | NiClh K&E&E D pH L. Cni
NEBEIZRDIICHS TERTLEZD, NIV AU ZHBRICBWTH E D
MENELCTWHWDIAIEENBZ L LN S,
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B BAACKBCESITIHERLIBUEDOLE

Mg B X OV Co? " A A VU K x 11 0.50 I 7= 72 7> » 72, Mg2" 8B L O Co??
AF U RBERECENTIE, 1 BOHROZBALHE T, THBERNFH5EML
o ti, EENPAAUVERBTE LT LLERBEOKEIRICL DR
EOMBTHLHEN 2V ®H, 0.1 mol/L D& A 4 KEKREZ AW T,
40 °C T3IWMIRE S L, SHIIKRBMELEMIELBM T, [ UEME
Z2EEYIR L, Mg?, Ca?t, Co?', Ni¥*"B L N AgtA A v ko 1 [
HE 2B EDEBA A RHE x % Figure 2-3 /R LT, T HDOBA
FURBEICEWTCxEIXIREB LY 2EIBERHEMLEZ, Mg2' 4+ &
BiED x HIX 046 725 0.51, K' A A ZREAED x fHIE 0.42 72 5 0.66,
Ca’* A4 & U RED x EIX 0.71 205 0.83, Co*' A AU THED x fHIX
0.52 75 0.58, Ni2"A F U AZHAED x EIX 0.18 705 0.32, Ag'A A %
kD x X 0.84 225 0.88 L 72 o 7o, FFIZ, Mg?*, Ca®*, Co?™ 8 L ' Ni?*
A AU HE x X, 2 mol/L DA A v KBEBREZH W T | BIZZHEAEL
R LD xBEXAE< ok, REBRTELONLEERA 4 v O KRR HE
x X KYZ 0.86. Ag'lZ 1.0 (1.0 mol/L & A A B %= Hvw T 1 B
BB 24T > 7% A ) . Ni2'iE 0.33  (0.05 mol/L @ NiCl, KIEKR % H W
T1EZHBOLEBEEZIT-> 2% 4E) . Mg? % 0.51, Ca?"iX 0.83. Co?*iX 0.58
(0.1 mol/L DHEBHA T WERIZEVFEVIRLRBLUBZITTHG) &
72577 .Na-A TiX, —RIC pHS LT TIXEREEDEE S D REEN
HHE VbR TWAR, 0.1 mol/L ™% Mg?*, Ca’™ B L ¥ Co?* A & » KiE
WO pHIZ S ETH D7D, Na-A DFERETRZEICHETZN., Co>™D x
fElX 0.58 F TEH L7, NiCl, ® 0.1 mol/L K¥ER D pH L 4.67 ToH » 1=
W 2EORBIZE D ZEWEITER L TS, CuSOs D 0.1 mol/L KIE K
D pH X 4.15 T, ZWHEOBEHEOIFESIFE RS R2T O Cu?t A 4 v
TR x L0895 B, LirL., CoOMEOBHKXBEITIZIESE ¥
— i3 L, BAXAIT A4 P EEEIHBEINL VWD ERDD-
(Figure2 - 4 Cu ZZ#1) . Na-A OFEEMENLLZEICHRTND pHITZ S UL E &
WO TWD N, RERTIZ, BEEELHET 2 pH X 4.67 & 415D
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MIZHR &6 4u7z. Figure 2-4 10| &G A A4 ZHED XRD N F — 1%,
Cu M A U RBREERE, AV RBUEEZS ABREAT A4 FOKEHE
ERRTENLTWDE Do,

243 RFRADHBELURNAECIDITYVEIRD T VEEE D
rFoMER

Bernas (1968) ® 7 v —A&A U 7 vBIEICXD2RFER B X ORI
Wix, 7 A BEFOLZLELZ | EOBMBLUBIZLVEETEZSD, #
KA ZEEDER ECOZETELRXET LIR00WICIIBD THEMIRSE
EThHdH, LnlL, BT FoohERE2FEMICHBETFTLEEZ A, &
N TABWHREINTWVWRWEEPALONL, THOEENDH L EED
nNeo<T, £FT5BA AV BLIORBA A VT RXATICO2WVWTEDORITE
Tol, Naa BELO K'IZOWTEREASITOFPNEEIIR VWD TR
reEHLMOTRICOVWTIHREFBREETHIT 2T, TO/BE.
FELTAIBLYSi OWRLEIZRT 2 HF OB O FH, K O RIGoHH
B L TIE—®&ICEbLN TS Na (Willard et al., 1965) ® &7 53 Si
OHBEANHETH - 1=,

244 AIBLY SIODFECHBITIBEEDODSE

Al SIRHFLEZ7 vBE—F Y7 vBIEERZAML L, AlB LV SI
DERICBIT S HF, HCl B L O HsBO; IEE O EE % X7/~ , Figure 2-5
. W O HF #E (Cur) 25 0.64 mol/L 3 X U8 3.21 mol/L DA I
B2 Al EF-ITSIiBEEEREEOEBEE2 L, Figure2-5 (a) X Y,
AlDEE, Cur VM T 2 EWMHENKT L, LB AIEHERE LR 2o
TW5, Figure 2-5 (b) kv, SilcBLTH Cur DEEMIZTWNKE Z KT
SHBHEN, AL TEE T/ SV, KIZ, AL Si, HF, HCl B X " H3BOs;
BE*?—TELLZREAGEERIZE VW T HF, HCl 8 £ O H3BO3; % & L 1T
ML, ZNEFNOEEZEALIELIZLICEI T EOBEBFHBICRETR
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HEEZRIFILTWLNZBRF L, Table2-4~2-6 IZ R Lz &BD, Al
2.96 mmol/L (80 ppm) ; Si 3.56 mmol/L (100 ppm) — & & L 7= R4 IE %
BB WT, HF BE (Cur=0.26~3.44 mol/L) . HCI#E (Cuci=0.12
~1.27 mol/L) . H3BO3#EE (Cuiso,=0.45~0.61 mol/L) % &b &t TR
XEEZHE L R EEIT A4t BRI N . Car 2 Bfb SR 2845,
Ao IX Cur 2% 0.26 mol/L ®FED Al F 71X Si mE R OB SE | 41X Cur 2
0.26~3.44 mol/L DD Al 7213 Si EHEFRORNKETH D, “hbD
#E B % Figure 2-8 [Z/" T, Figure 2-6 (a) & (b) X V. Cur ®EIMICLE
W AlLB XU S O REEITmME & bR T 205, Al O 5% E
DBAHNREETH D AR E OB FRITHFRE & EHREKRIC
Cur 0.1 mol/LEEM T2 &, Al OWEEIL 2% AT 25 0icxt L, Si ®%
X 0.5%D AT & EF o7, Figure2-6 (¢) ~ (f) kv, HCl B &
O H3BO3 i2 2 W T H Cual B X Cuspo, JBEE & AL £ 7213 Si O % WL
FOBBRERANLED, HBEBI O HBOEEOEEITIZFLALR AR
Motz U EDORREL Y, mUEREREBKEERF O HF BERR 2D &
AlOZHEBIZRERBENA LD Do, —&RITT A BEERE
IZDWT HF-HCI EMEIC I VIR FREA ST EHE 2R T 28546, HF
IEBE LR T EELZ BB HBHEL VY, LER-T, R
BHEREBEERO HF BEICEDNODIHA L Z W Al 21X, Na-A O 54T
BT, REBREEEBROBEN T Y 0.64 mol/L & L72EE.
B /NT A ny=1.01 Tholeh, BEKD Cuyr % 0.64 mol/L, A EHE
D Cur % 2.32mol/L & L7255 G TCIE =144 072, BXF
A FORFBEAXGHTHICBNTIEAns=0.02 N2 2 L ENH D, np {EH
1L RELBENTVWDEEICIE, AlOSH FiE, FICHFEECEE
N TH 5, Table2-4 1Z1%, HF-HCI IAfREZ H WA E L CEE %A
WH D Cur % 0.64 mol/L IZ—F I THHI LzHE., HCLIEMRIEIC
BE.BIO, Ag R ABRREIZOWT HNO:IRBEIEEZ AW T O L
BE, TN ETNIZOVWTORHRERBIVTELNTZ ne DE%Z R L 72, Na,
Ni, Co 8 LT Mg=0.90 & 72 > 7= (Table 2-9) ., Z i CaF, D AR D
EBRHD7eHOEEZLNDDOT, Ca DWW TIE HCl EfEEZH VWD X
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ETH2D, L2rL, Z2OLHIRMEREZZRETNE I DOBRMBIFIC X
D SiZzEL L DTEEDH TEX D Bernas IBITFHTH D, BREFED
B:JR FE L E¥ HF-HCI & f#; HF = 0.64 mol/L, HCI = 0.12 mol/L, H3BOs3 =
0.23 mol/L, T E HCI & ; HCI=1.67 mol/L, HCIAEMIEIZH T 5 Si D
EiX. Si oS L&BBILD EKOEFHZEZ 100 »HELFIWVWTRD =,

245 REELCEID KOEECHITDFH

HF-HCI % MBEZHWESEEDO KA T U RBARELT T A4 FRAE D ny
=115 WVWI RERFELZR>TWVWD (Table2-9) . HHTKIZ Si & £ 72
WHCIBEMEZ A WESEEICIE. np=1.00 273 Z &1 XY, HF-HCI &
RIBIC LD K ORKESIHICEBWTIE, SiOFEN KIZEDOTFEHNET
TWhERBbhl, 2T, RAELCBIT D KOO EL EFTEDH
BREFAARDIED, KEERIZBW TS, NaBEZ2E(LIE TKOEE %
kg L7e, MAxOBRFEZITo/R. Nabk SiOmMENREEST L &0
Gimofe, =M Na & KOREDIITBWTIT, Na & KDIELFHEIE L
LTHONMET W Na R KOBEICEDEEL» 52213 mbNT
W5 (Willard el al.,1965) ., K OMEEICH T3 Na & Si0EFOFEET
LK IEEROEE 0.77 mmol/L (30 ppm) (&% L T Na #E 0~29 mmol/L

(0~843 ppm) EZfbxH CTEEL R, Figure2-7 (a) XV, NaijEE
R LTHERELTWDLIZ ERbholr, RICSIOEEBEZHARD O, M
HR > Si 1000 ppm fE¥ERK % AV T Si B E 0~3.56 mmol/L (0~ 100 ppm)
AR L, K OEEOEAIX Na BEMoOBAE L IS U-EEXED N
oL L 2O SIEEKRITRET MY U LARIK TH D7 Na B Figure
2-7 (a) ODHEELFELEEEND, RIC NaZFFER WV Si HHFEEREME
X3 5 72 % Si0, & HF IZVEME L C Si B E 0~2.9 mmol/L 23377 L 7z K iZ
EHRDORE 0.77 mmol/L (30 ppm) O KEKEZFE L /= (Table 2-8) .
Figure 2-7 (b) XV, Z®OKEK TIX Si#EE 2 mmol/L BL E TIiX K O
Elxt T 28BERANBEEICR 7, ZTOMi#E»5 HF-HCl B L R
BHEWR P2, 5 2.8 mmol/L (80 ppm) @ Si & e D T, KIXH 5 %
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T HZEHETLTWVWS, LERSTKORESITITEBWTIL, SiBE
2mmol/L (57 ppm) UL TICHB T 22 LT, £HFEXLFED Si OFH % I
TEBH2 P bhol,

25 &b

1) ABEFTI A FNOBA TR T 5 E R L O A # 4L B B #
@%%%%&koMy+cﬁ'mﬂxinW@4ﬁyﬁﬁmﬁwT\2
mol/L DA F v KIERZHAWT IEILELEZHZGEIZH . 0.1 mol/L K
BiREHWTHROVELEZBT 2 FREBA AR BExITELS o T,
EEEOEBEBWRNS pH =47 LTOBELZ TS THEICZIE, Na-A OF
BEEPKEINDIWMEEND D, RREEBROBWVWKEAN L VIRE
WWEYDVH COBAENEL, RBExNEKRTTLFEEND D, KEBRT
BlEEBA A DO RZHER x 1T, M2 % 0.51, KX 0.86, Ca®*iL 0.83,
Co?*1X 0.58, Ni?*iX 0.33. Ag'l¥ 0.996 T&H » 7=,

2) BAITANOBFMAT UV ADMEZRDDEDICEREZR Al O F
WS HTIZB WX, ®FET S HF OFER KXW, Al O E T HF
REICR UEMARAIZHAD U, H 5O E & (4/40) HF & E % Car (mol/L)
LT B L, (A4/40) —0.189 Cur+0.999 & 72 > 7=, Si O WK E 2§ 2 HF
BEOEEIIAION1/4 TH- 1=,

3) KOREZHITIZBWTIZ, Na b L ICSioEEEARS D, K
DX MERE (E/Eo) & L., SiEBE % Csi (mol/L) &9 % &, (E/Ey) =0.254
Csi*—0.602 Csi®> + 0.589 Csi+0.999 &t WHEENEGE LN, EFROTH
EETDHZ LI EEDAF U RBARELTA NOSHERIC
BWT, BRANAT VADBEEZL2%BINIZT HZ ENTE T,
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Table 2-1.

analyses.

Reagents used for atomic absorption and flame photometric

Reagent Standard
solution, 1000ppm

Salt / solvent concentration

Maker

Na

NaCl/ H20

Wako

Mg MgCl2/HCI, 1 mol/L N
Al AI(NO3)3/HNO3, 0.5 mol/L )
Si NaSi03/Na»COs3, 0.2 mol/L N
K KCIl/ H20 )
Ca CaCl2/HNO3, 0.1 mol/L fatayal.na Chemical
ndustries
Co Co(NO3)2/HNOj3, 0.1 mol/L i
Ni Ni(NO3)2/HNO3, 0.1 mol/L ]
Cu Cu(S0O)4/HNO3, 0.1 mol/L i
Ag Ag(NO3)/HNOs3, 0.1 mol/L H
Acid Grade / solvent Maker
concentration
Kat Ch ical
H3;BO; S. G./100% (crystal) ln%ﬁg’tar‘fi cmica
HNO;3 S.G. /61% ]
HF S. G. /46% Morita Chemical
T Industries
HCI S. G. /36% Wako
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Table 2-2. Measurement wavelength, gas pressure and burner type in the

atomic absorption spectrophotometry and the flame photometry.

Element Measurement Gas pressure Burner type
wavelength (kg/cm?)
nm Air C2H2> N0
Al 309.6 0.45 2.8 high temperature
Si 252.1 0.50 2.8 N
Ca 423.5 0.35 2.8 n
Na* 598.8 1.6 0.30 standard
Mg 286.0 1.6 0.30 n
K* 767.2 1.6 0.30 N
Co 240.7 1.6 0.30 n
Ni 232.5 1.6 0.30 N
Cu 325.4 1.6 0.30 n
Ag 328.1 1.6 0.30 n

*; Na and K were quantified by flame analysis.

Table 2-3. pH of NiCl> aqueous solution.

NiCl, aqueous solution, pH
mol/L

0.050 4.60

0.10 4.24

0. 25 4.15

0.50 3.71

1.0 2.84

2.0 2.42
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Table 2-4. The concentrations of HF (Cur) in the Al (2.96 mol/L), Si (3.56
mol/L), HCI (0.23 mol/L) and H3BO3 (0.45 mol/L) standard solutions were
varied between 0.26 and 3.44 mol/L.

Standard solutions

standard solutions mol/L HF HCI H3BO;3
Al and Si Al Si mol/L mol/L mol/L
Ao 0.26
A 0.53
Az 0.79
As 2.96 3.56 1.85 0.23 0.45
A4 2.38
As 3.44

Table 2-5. The concentrations of HCI (Cuci) in the Al (2.96 mol/L), Si (3.56
mol/L), HF (0.26 mol/L) and H3BO3; (0.45 mol/L) standard solutions were
varied between 0.12 and 1.27 mol/L.

stand.ard Standard solutions HF HCI H3BO;
solutions mol/L o1/l fial/T, mol/L
Al and Si Al Si

A 0.12

Al 0.33

A, 0.58

e 2.96 3.56 0.26 0.81 0.45

Ay 1.04

As 1.27
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Table 2-6. The concentrations of HCI (Cu.so:) in the Al (2.96 mol/L), Si

(3.56 mol/L), HF (0.26 mol/L) and HCI (0.23 mol/L) standard solutions were

varied between 0.45 and 0.61 mol/L).

Standard solutions

standard solutions mol/L HF HCI H3;BOs3
Al and Si Al Si mol/L mol/L mol/L

Ao 0.45

Al 0.49

As 0.52

As 2.96 3.56 0.26 0.23 0.55

Ay 0.58

As 0.61

Table 2-7. The concentrations of Na in the K standard solutions (0.77 mmol/L)

were varied between 0 and 29 mmol/L.

K standard solutions K, mmol/L Na, mmol/L
Eo 0.0
Ei 0.37
E» 3.7
E;3 0.77 7.3
E4 22
Es 29

Table 2-8. The concentrations of Si in the K standard solutions (0.77 mmol/L)

were varied between 0 and 2.9 mmol/L.

K standard solutions K, mmol/L Si, mmol/L
Eo 0.0
Eq 0.36
E> 0.71
E;3 Kedif 1.4
E4 2.1
Es 2.9
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Table 2-9. Compositional formula and charge balance of each cation-
exchanged zeolites obtained from two different dissolution methods using HF

and HCl (HNOs3; for silver-exchanged zeolite).

Compositional formula Charge balances
(0O =16) np
Nasz 90 (Al3.88Si4.12)O16°8.42H20 1.01
Na3. 90 (Al3.96S14.06)O16-8.48H20 0.99
(Mgo.96Naz 02)(Al3.86Si4.12)O16-10.68H20 1.02
(Mgo 92Naz 06)(Al3.92514.10)O016-10.70H20 0.99
(K3 10Naj.28)(Al3.82S14.04)016°-7.38H20 1.15%
(K2 60Nai1 40)(Al3 98Si402)016°7.46H20 1.00
(Ca1.58Nap 40)(Al392Si4.18)016:9.42H20 0.90*%*
(Cai.88Nap.42)(Al4.04S13.92)016-9.24H20 1.03
(Coi.26Na1.38)(Al3.92S14.08)O016-11.8H20 1.00
(Cor.32Na1.54)(Als.12S13.86)O016°-12.0H20 1.02
(Nig.s7Na2.74)(Al3.94Si2.10)O16- 10.5H20 0.97
(Nig.57Na2 98)(Al4.06S13.92)O016-10.3H20 1.00
¥ (Ags 5sNao 52)(Als 35513.62)O16-8.22H20 .01

*Values analyzed without considering the concentration of Si in the sample
solution.
** Affected by CaF» precipitation, ™ * Ag-A was dissolved by HNO3 aqueous

solution in the concentration of 1.10 mol/L.
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Figure 2-1. SEM images of as-synthesized Na-A. Synthesis condition: 7 days,
80 °C.
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Figure 2-2. The ion-exchange rates (x) of the Cation-exchanged forms
prepared at 40 °C for 3 hours as functions of Cm (M: Mg?*, Ca?*, Co?" and
Ni2").
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Figure 2-3. Effect of number of treatments for cation exchange.
Initial cation concentration, 0.1mol/L; Exchange treatment temperature,

40 °C; Exchange treatment time, 3 hours.
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Figure 2-4. X-ray diffraction patterns for ion-exchanged-A zeolites and Na-A.
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Figure 2-5. Effect of hydrofluoric acid concentration on the absorbance of Al

and Si aqueous solution concentrations in atomic absorption spectrometry.
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Figure 2-6. Effect of Cur, Cuci and CH;BO, on the relative absorbance of Al and
Si.
Concentration of Al and Si aqueous standard solution ; Al 2.96 mmol/L (80

ppm), Si 3.56 mmol/L (100 ppm).
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Figure 2-7. Effect of Cna and Cs; on the relative flame intensity of K in flame
spectrochemical analysis.

Concentration of K aqueous standard solution: 0.77 mmol/L = 30 ppm. (a)
Concentration of Na aqueous solution: 0~29 mmol/L, (b) Concentration of Si

aqueous solution: 0~2.9 mmol/L.
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BxOMEETCEHEALA TS POHLWARLELT, E— MR TFEE
FIWZCRAET 2 EREZITo WL, B T4 F—KFE—FRT (L
Te—hrKRy7EeMSR) I, EAT7 4 P2 KEIOBREAR & LTHWN,
KEKOBRPREZ XA —Z2FALTCRORI - FIAZTHO®BECTH D
(Tchernev, 1978, 1980) ., Kasaietal. (1994) 4 X Of Mizotaetal. (1995)
X, BWREAVEIOK R EVEF (FEHE - T, 1998) MW T 15%HK Lo
Mg A A Z# ABEAT A4 b (LT Mg-A & RT) OEHRE )N,
#) 530kJ/mol (K Imol H720) THLZZLtH#RWHL, RAEAL T A b
(7V /7 7FuaF4 b, FELTFALDL) O2FOEIANSD EHEL T
W5 (JEM,1997) . 2 E TOMA (Mizotaetal., 1995) (2L % &, 100
~200 CTHAKLEZEAL T A IR THKMT ¥ /L E—{1X-65 kI/mol
FEOPIEEF—ETHD, o TARBRENIZTLKOBECKEFET S, T
bbb, BEAT A4 b lkgHe OB LZHBEARE Q (kl/kg) 12, RAIZ L -
THREND, O=AHx (10 Wa/ll8)Z 21T Wald il « WE A REK Y EH &
NR—=F > FTH D, 2D NatA BN 1{HD Mg A v &+ 5 L
PAIA M ICHRBAPEEFNKOEKRKENZLS 2D, 20D, Mg A
FUORBEBAET L, FERAAAL L TCEHERERLOEZBEONDAREEDLH
D, I Mg A AT AKRMA AV ERPRENVTEDELSTA VO A X
VERBBRERAA T EEZLNT WS, HBEMAKEBEERD pH 28 4.7 L
ToBgEZTRTHELICIE, Na-A OBFKRBEELRHBESIND TEEN S D
(FEJR 5,1998) , Na-A O Mg>" A A v R{FE 2 L IF 57200 T, =
NETEAxDOETWE Mg M AV RBE x OF&EEIL, 0.68 Th o7,
Flo, CO'M AU RBABEALT A (LLF Co-A ERT) 2 Mg-A &
FIARICAAZHBRBE N PR E W & RHE S LTV D (Mizota et al., 2000) .
RIRICBVLETDF ¥ N ¥ A4 I Na-A L RBIC.ERKENRZ WV, S DT,
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RKAWCEBLFETLIEAIA b, ZO5HF~OEHE, LVEWVWE
ETHKTLIELT A NOBERE2ALT,

32 WMEODEAM

PAIA4 NoFezHlEE LT, 22 ERA (BAZHEHR) CHWE
E—bhRUy7 AT 20ERIZATTC. AL TALA FO—FBTH 5D
ABEA T A4 b (NasAlsSis016-9H20) R KA EBA T A FDOF ¥ X% A |
RV ) TTFaTA N EFERY BT, INLOKFEBEA A R EER
MOEBHK L CRBERBA A RBEORE &2 O RN AT - 72,

33 ERAZE

331 EH

A A OO ORENCIE, ABE AT 4 b Na-A (A ARLF T3
(k) B NA-100P) BIXI O MgX' A4 AR x N 0530 ARE AT A
(A GA-100P)Z AW/, T b6D0EAT A MTEHRE 2~3 um D
PR EO/NNE VWD TH D, £, LI (Kasaietal, 1994) O &K
L 7= Na-A') B3EL & Charnell # (Charnell, 1971) TH&BK L 72 Na-A?)
BEE S —HEEOZDICHAWE, 25O Na-A X, RiERN 8 um Dtk
MEIRERYAZXDEDTHL., ZhbDORB OLESIREREZ Table
3-1i2a7-d, &6, WY— (HR) "WEKF v ¥ 1 b (K-CHA)., =V
HEZV /244 0T 48 (Fut) BEQRTNVHTITEIZV ) XA 2T A b
(Bubx HWic, 2 b 0B OLFEDITRE R %L Table 3-2 IZR T, 4T
FEE, 7 vi-ERE (BR5,1998) 2 Wi, FHH L ZR_ESE % Table
31-3 KL w=9.

332 TASA MRARCHITDIKIMIREDZEHRE
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A4 FABOEKELZ —EILT SO, 25°ChafuEf” &=
UAKBEEANTAKERE—EL LEEHERNTEEE LB 2L 72
LZFTCHBERE L, ZOREEL, BF 74 FREOKKE D EHE
E L7 (BEIR S, 1998) .

333 ABEASHA MDD Mg AR

Mg2 A & v B EAT D oo, Mg¥ A & VKBTI EE . A AL ELiE i |
RHLEEER, RHBAERBH (BRL TLBETIEE) OFEBICHONT
EBREIT o7, AWEKEBERD Mg A 4 REIX. 0.05~2.0 mol/L
(MgCL K¥E#R) Th b, RHELEEEIX 25~80°C, RHAEEK T 1
~3[E, BEDIFEBEOH (F—~X{LFHEBHR. RHBEHAERIES S
EEHr— % U —FFA TAL-RSI2 B) (2 X D | 100 El/min, 234 H i H
0.5~7T R R EDFEHETITo 2, BKEIF 2.0g/100mL #FE & L THW,
B AW X - T 2.0 g/200 mL, 5.0 g/50 mL, 15 g/150 mL 72 & 4 A A 7=,
MgSOs % FH W 723 & X KIEWREE 0.01 £ 7213 0.1 mol/L., [t 2.0 g/200
mL, ZZHALERIEE 80 °C, ZRHLLEREER] S M, RHAEEL 3 E 0%
HCTiToie, BT, RAWEFHIZLED Mg> A 4 o RBEOMERR %
WE LR, ZOMBERK%E Nasa-oMgaxAlsSisOi6 yH 0 E R T & X Z O
R D x & Mg A AU RBRELFERELE, 22T, x=11F, Mg 1 &

VERBDBERIFERETH D,

334 Na2ad) CoA4 A>3

BAE T4 VOB A A RBERICHWEREL L O HEE X,
CoS04 *5H20 (0.5 mol/L) ., CoCl2-6H,0 (0.5 3 X T* 0.05mol/L) TH 5%,
Co?* A A4z TlE. NA-100P 5.0 g 1T 0.5 mol/L CoSO4 /KA 50 mL,
0.5 mol/L CoCly K& 50 mL % 72 1% 0.05 mol/L CoCly /K&K 400 mL %
Mz 25~80°CTI3RMBELILEBLEL. CNLOBELZIE/REYIRL,
WK 5y BfE-BEvE 2, 40°CT 24 REIRIE L 7=, B O N7 Co¥ A 4 v RHAK
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IZ2W T, K XRD BEX WO TG-DTA IZ LWL, b2, ET
WHAHICED Co' A A THMEOMBE K ERELE, ZOMRR %L
Nas(i-x) Co2:Al14S14016 yH20 LR T L X ZOMEKD x & Co>' 1M F &K
BELERLLE, 22T x=1 1. COH M AV RBORRHFFEETH D,

335 M Chabazite (K-CH2) D Mo - 74 > 32

A F% Chabazite (K-CHA) @ Mg?*'A A ZHICE L T, KHBAEEE
BIXOZTHUBEREBMOEEIZO W TH 7, 0.1 mol/L MgCly K ¥EH# 100
mLIZ K-CHA & 1 g% /%, 40 CT 3l & 6 FRI TR EOLMEL 7=,
60 °CTIL3~48 FFfHIR & D MHE L7, BEIRDBE—iE®%. 40 °)CT 24 K
MEELLE, Bohi Mg A A U ZHB|EICONTIE, HE XRD B LW
TG-DTAICKXDFHMLE, I b, RFRAESITICE Y Mg 1 4+ R#
EOMBERERE L, ZOMMRA%E Kiz (10 Mgex(Al12Si24072) yH20 &
KT ex, ZOHEMRKRD x # Mg A AV RM|ELERLE, 2T, x
=11F, Mg@¥ A/ A RBOKRRFEETH D,

336 ZYHEBKIUITILAY VE Clihcotiblite® NH, 1 A > X i

7L H U 7 EE Clinoptilolite (BL F Bul)d X U8 7 3 Clinoptilolite (24
T Fut) Z NH TA AR L, ZORABZ2ESMI 22 L1k »TH
A 4 ZZ# Clinoptilolite I2 7% Z & 28 A 70, £ 3. &M Clinoptilolite
B NHy' A 4 > R &2 1T > 72, NHa' A 4 > & #13. 1.0 mol/L NH4Cl 7K
R 200 mL (2, Clinoptilolite 3£t (Bul 3 X T Fut) & 2 g # 1 % 40 °C
T20FFHIRE DB L ERSEE—WEE% . 40°CT 24 e HZIB L 72,
Bo NHy A A BRSOV Tk, K XRD B X O TG-DTA (& X
DREM L7, &6, RFEEDTHITE Y NH' A 4 U KO BEEK %
WE L, Z 0K % (Na,K,Mg,Ca)s(1-v)(NHa)6x(Al6Si30072) yH20 & 5
FTEeE, ZCOMMBRRD x & NHS A AU RBFRLEERL I,
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337 H A AR Clhhootiblie= D #H &

NH."A 4 v 22 # Clinoptilolite (NH4-Bul 3 X U8 NH4-Fut) % T, H'
AF P RBPEZTHLOBRRIBEEZBRF L, NHa A F U RZEBRIZOWD
T, FEHEE 10°C/min, EIE~800°CT TG-DTA #1T->7=, AL =K
BE O FE I DWW TIE R XRD TEAl L 72,

NHs A 4 > R (NHs-Bul 35 & Y NH4-Fut) & TG-DTA % 1T - 7= f5 &%
FO, HEIZT 5270 0RMABIBEEL R L, £, BRAEL
RECT v E=2T R E> TRV EZHBRT 57O, FT-IR (35 FT-730)

BIEZAT - 0,

338 H'A AR Clncpotiblie® Na' , K ,Mg ' ,ca B XU s
A7 > A

H' A 74 > 2 # Clinoptilolite (H-Fut) OB A A4 > ZHEBRICH V=R
# L. NaCl, KCl, MgCls -6H,0, CaCl, -2H>0 B X O SrCly-6H0 TH %,
EWALH KIBER OB EE X, 0.1 mol/L & L7z, £HEALWKIE 200 mL
(Z H-Fut 2 g 212, 60°CT24FFfIR & 5B L, BERDBE—EE%.
40 °CT 24 BefMHcE L7z, LLF. BA A4 Z#AKIL H-M-Fut (7272 L M
X Nat', K*, Mg?", Ca?* B X QX St "4 A Thd) LET, BA 4 THAK
IIHEK XRD BL W TG-DTA I LV FFM L7z, &6, RFELDITIC
TV EBAF T BEOMBEAEHRE LR, 2T OMEK%E He-
OM™ (6/m)x(AleSiz0072) *yH20 (7272 L M IX Na*, K*, Mg?*, Ca?*3 L O Sr?*
AF L ThHH)ERTEE, COMBRRDO x &2 M A T RBREERL
oo 22T x=11F, M"M T VRO RHFFETH 5,

339 TGDTAD UMK xXFEE

P54 FRBOEKEE2 ., TG-DTA EE (v 7 ¥ A4 x> %A TG-
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DTA2020S) # HWTHIE Lz, AEtO &I 10~23mg & L., A@&RFE
e, FREE 10°C/min, 7V VK 3s, BIEREHHE =R~
800 Ct L7, RBIEXT T4 FOEBRA L LTORMETRS 20, L
TOFERMHTTG-DTABIEATR-7- (R &, 2001) . AEOEIL 15~
20mg £ L, B4 AR AR, FIREE 3°C/min, V> 7 U 7R 3s,
B EEE#KE =iE~400°C, REOREICIZ., v v 7% A x> X MPX3
SHBH R XBEHERZ AV,

AKFTEVE| E 1L, Figurel-7 (2 L7z W2 B K ZK KK Fn 80 & 3 (Kasai et
al., 1994; #EH - 7111, 1998) ZH W, UTOFIETIT-7-,. AEEA T
A M O025g 2B EFHORB 7 I A afITHERE,;, 7V A LVLATa A b
EFRAWT=— MRV T 2R BFE;, o — %) —R T TELESEEZ L
ML ERE (MAKRE) TIREEMEBARK ; V72D TEEY
BRLEEFFERICHH  BELE®R, AEFHICEEF L, DKL
BOESE, ML THELEZEROESAEREL T, BAKEZRD,
INZEREBEECEYBAE we (%) 2RO, KFIET, KFEHE
BB THEBOAST T TR - RNV T EVaar i
LEeESZHEL, Z22HH LRk, BEIZ, 0.0lmg ETHEL =,
AERFEOFEMIIARICA Lz GEB - Filr,1998) o BEHEFE DB DK
i, EEROKEPOEELEZKER LG L TTWV, KEHE (A~
TEBTTAKIMSE LR/ IZEF S min & L, KfMENRKE KM
AN NET 25803 H-720 T, @EKMER % 10 min, 15 min 72 £
I LTHEIELE (O 5, 2001) .

Koz o 2o — FBRETHAKLERABICOWT, BVEFF TR S ® 12
CEDORBME () EZOLEDOKMEAmy (mol) THI--ME, T7hb
LHEDENKIIZ X LE— (AH TH D,

A Hy, = q/Amn
ThiE, BMAKENTZEAT A b~ KB 1 molAKFIL72E &DFH DI
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BEYRT, BATRLPLEH TS X LVF—LLTATRTOT, A
Hhk gl biIcBETH D,

BCHMERE . B T4 VORZHBENEZTRTEDIZ, 8KEALT A MR
BrlkgE7-0 0B THEE QO (kl/kg) 1. 0= AHyx (10x Wa/18) XV
Ko7, T WalIBKE (%) THdH., B L 5T, Kk —M&IiC
5min REOEHWVWKM TRERIZIToNR WA, BAKLLENAHFRYIZ
SEERICEK (KF) T35 RELELEEOBEICHELE-EEEDOELZ O
EERELEZ (AL, 2001) .

34 ERER

341 Na2®d Mg A AKBICHBITD MgCLKBREE DR E

Mg A 4 v RHE (x) ICBIT D MgClh KIRTHIEE (Cvwp) DIKFMES
Figure 3-1 (273, AHWEKERD Mg A4 4 v EEITL 0.05~2.0 mol/L
(MgCly KIR#E) Th b, Mg> A X U ZHBAKEBRFT O Mg> A £ B 1L,
0.05 mol/mL 235\ T Na-A IZEFN DL Na" A/ A ZRHTE D Mg
AFELY 30%ZFENLT VD, ZLHAHEFR T 3 FH., Z#HOHE
BEIX 40 CIZB VT, Cme 28 0.1 mol/L ¥ Tl xEARF IcEML, %
NUETIE I 044 TIRIE—F Lo T2,

342 Na2D Mg A AKRBICHITIHEBRLUEHDZE

0.1 mol/mL Mg?*A 4 > KIE#E 100 mL 12 Na- A 2.0g &%, 40 °CT
3R OEL 5 A 2 EME L, Mg A Ao LR Izs VT, 1 [
HE2BEIBD xfEIZZENREI 046 & 051 - LT,

343 GA—LOOP®D MofF A AR ICH T DI RIPIUIBEFE D22 &

Mg A Vv RBICB T H5RBAUEREZBRFTT 572D, 0.5 mol/L
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MgClo K¥EH# 50 mL 12 GA-100PSgZ# M x ., 80°CTHR & 5> WE L /=, 0.5,
1,2,3,4,5,6 BLXMT7EERBICEWVT, GA-100P 2» 5 Na*+( 4 BNiEH
L7z MgClL KRR Z# 4% S mL 0B L7z, ZOKEKRF O Na“i» B Mg A
F ORI x RO, TORER%E Figure 3-2 1227, &AM D 0.5 KEf T x
ERAREICHEM L., 1R/ ETIE Mg> A 4 R x 138 0.67 TIXIE
— B E BT,

344 GA-1O00PD Mg A AKMBICHBITZIRBUBREDHE

Mg A v ZHmEIT I, RBABBEEOEEBIZOVTERZIT-
7o pH 7% 5.1 Z 777 0.5 mol/L MgCla K& # 50 mL {2 GA-100P 2.0 g % AN
Z. IREDMHEHEE 25~80 °CT, 3EMOERERL H>LHEL 2 FKERL -,
Mg2* A F > ZZ MR x (TR E 80°CIC B WV TR S E < . x fEIX 0.68
o LTz,

345 GAE1O00P D Mg A AKBICHITDE Mg 1A >RBIKBR
D HIREFEHE

MHE DS (1982) 1, Na-A IZ%F L T 1.0 mol/mL MgClL KIEKIZ X D 80 °C
T3FMEOIRESNEL TEHER LEZEZBERZITo MR, Mg2 A 4
VR 08I A/ T WD, Na-A L, A4 RBEH O pH »» 4.7 L0 F T
I. EENREND Z L E L (BBIR D, 1998) . Table3-4 2R L7 &
BV, & MgChh KIBRKROBE (Cwg) BEL< DL, pH IFEL 2o 7z,
INLORREZSLSEZT, AT, S LM AT U RBRE ET D1
D, MgCly KIEWR DO TH HER pH A&V 0.01 mol/mL ¥ X W 0.1
mol/mL ® MgCly KR Z VT, Mg (4 4 Z#% 1T -7, GA-100P2
g 12t L T 0.01 mol/mL MgClL K## (pH 6.1) ¥ KL T 0.1mol/mL MgCl,
KiEiwk (pH5.6) 4 200mL %z AW T, ZZHAHEEE 80 °C, A2 #h AL HL By
M5 FF %2 3E&gEE L, £72. 0.01 mol/mL X T 0.1mol/mL MgSO4
KA 200mL ZH W T, AROBIELZIT 72, T 6 DR R % Figure
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3-4 12T, MR XxMEIZ 089 %2R LE, TNHLOEROBETELNE
TATA MO ESITICL Y RDEMEEARX, Mg A A RBELLIOE
KFEZ table3-5 1R T, £, Mg A AV RBARETAL T4 FRABOE

TETHMER % . Figure 3-5127 7, x D 0.89 ® Mg* 1 4 LK
ZOWVWTHE, HBICAIENY, EMPCKERBICILSERALN
5, LU, Figure3-6 {C/R L7 XRD XZ — > L 0D . Wb N
Tl TWnadZ Enbnroi,

346 Naald C A A > KX

Figure 3-7 X U | 0.5 mol/L CoSO4 KIEWK % AV CRH L 72 FF, LA
HIEE 80°CT, Co>* M AV KT x X 0.88 TH » =25, Figure 3-8 [T/
LEBMRXRD RF = L) HREREPEBES RoTWL I ERbhrsl,
Co? A AV ZRHIZ CoSO4 KEMWREZ A WVWIHZE SO DHEENEAL T A b
DEEHREICEBL TNWDHEEZLNTZD T, 0.5 mol/L CoCly KIFWK %
AWNWT Co A F LV RBEREITo T, RBPAEIRE 80°ClcHB W\ T, x A
% 0.99 To - 7= (Figure 3-7) , Figure 3-8 IZ/R L 7= ¥ K XRD /8 ¥ — >
IV, 20 CH AN A URBEBIIBNDTHLRREENEL Ao TWBE I EMN
binole, BEAXA 74 VOEBRBEEZHET S pHIZ, 4.7 & 420/ & A
HBd (RS, 1998) . 0.5 mol/L CoCla AKIE#W® D pH ZHIE L= & 2
A, 42% LT, £Z2 T, pHN 4.8 ® 0.05 mol/L CoCly, KIFIE T Co?*
AF B EITo T, ZRHRALEEE 80 ClzcB W T, x fHIX 098 TH -
72, Figure3-8 IC R L2 K XRD /8% — > LW Z D Co> A 4 v ZH(k

DFEEEITHREZATWDE Z ERDbhos Tz,

Na-100P B L UO'F Co*" A A RO EEEFHMEMBR % Figure 3-9 I
T, 40,60 3B L 80 °CT Co?' A A v L 7B D SEM E 41213
HEREFMIZESEORDELNTL, ZOFEID., CITOoVNTITRHBEL
BEEXREIRDE COMM A U RBFRIIEMT M. EEPELI 2D
ZEnbhol,
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347 B Chabazie (K<CHA) O Mo - A >33}

Figure 3-10 X ¥, K-CHA ® Mg* 4/ & > I H T, 52 #2400 B EE
3~6 HER TIid, RELEEE 40°CL D 60°CHD A Mg?' A 4 K x
DEEMLUE, RIZ, ZREAEIEE 60 °CI2B VT, K-CHA ® Mg*>' ( % v~
CBWTIT. 6B E Cx@ENABICHEML 6 BRI E T x EIX4 0.49
TIFIE—E L o7, Figure 3-11 /R L7ZHKR XRD RFZ— L Dh ., W
THNO Mgt A A RBEICEWNTHE/REEFREZL TV,

348 ZYHEBSKIUITILAYU FPE Clincotiblie® NH, A 7 > 3K iR

Clinoptilolite 3 Et DMK %2 Table 3-2 IZR"T, NHy A & > ZHAK D
NHs A A4 > ZZH#R x 13, NHs-Bul 28 0.85, NH4-Fut 7% 0.80 TH » 7=,

3-4-9 H' A A >R Clncotiblie D i &

Figure 3-12 ® NH4'A 4 > 2 #t Clinoptilolite(NH4-Bul 35 X T NHs-Fut)
BT D TG-DTA DR LV, WFh o NH A F v RE|EIZBNTH
BB LZ 60°C, 400 °CE L 700 °CfHLIc DTG ¥ —2 2Lz, 2O
FEERMND NHaA 4 o R E H A 4 RERIZT 5 BT, NHa A A
VAR & 500, 550 B LT 600 °CT 1 BRI BERRMLE 21772 » 72, KRIT,
500,550 3B L T 600 °CTRERCALER L 7= k%, FIEEHE 10 °C/min T TG-
DTA |l & #1772 » 7= #& B % Figure 3-13 {289, 500 °CTHERL L 7= NHy-
Fut 35 X O NH4-Bul TiZ. #E»IZ 450°CfHEIZ DTG B — 7 BB H 5D
23, 550 % 721% 600 °CTHERK L 72 NH4-Bul 3 £ O° NH4-Fut TlE DTG & —
7 WK Lz, WIZ, BERRALE L 72 NHs-Bul 8 X OV NHs-Fut 23, H+A A
VRBARIZR o TWH I EHRT D50, FT-IR #lE %17 » 72, NH4"
kD E— 20k, 3335~3030 35 & U0 1485~1390cm™ T&H % 7%, Figure 3-
14 @ 500°CTCTHERK L 723K T #7212 NHa" D WU (1485~1390 cm-1)
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MABH LALLM, 550 £721F 600 °CTHEERL L 723 EH Tk, NHa O R IIE
BRIS N2 ho>7-, 2 XY, NHs-Bul B X O NHs-Fut X, 550°CLL k£ T
TUE=THMBEL, A A7) ) %4254 (H-Bul BXW
H-Fut) 2725 Z & bi-> 7z, Figure 3-15 12 R L 72K XRD /X & —
XV, WFThoBRBETERKRLEABIZCOWTOLEEENRHREEZENLTWVWS Z
EDB o T,

3410 H'AADKEE Clncotblite® Na', K, Mo, ca H LT
sriq/A> R’

H'A 74 > Z# {8 (H-Fut) 83 X O H A 4 > Z#HE (H-Fut) 2 AWV T%
A A RBEToTZRHEB OB LB A RH#E (x) % Table 3-7
R d, H-Fut 2 M"™ A4 F v Tx#H|LZHEAEOMKRKX%E2 Heu-
IM” 6/m)x(AleSi30072) - yH20 (M: Na®, K*, Ca?*, Mg?"& L I8 Sr?%) & &R
LE L ZOMBERD xE M"A A U RBRLEER LT, Na™f 4 RH#LE
x 1X 0.36, K'A A4 U ZZHE x X 035, Mg?' A A R#EFE x 1% 0.11, Ca*’
AR E X010 LIS AU RBE x1X0.13 2517,

35 TGDTAIIC K BFEM

3 °C/min OFREEIZEL D TG 2, EEOE — MR 7O RKIEREIZ
BITL2ELIT7A FPOBRAKELIZIE—HTL2DOT, E—FRUCTITHWE
HEOEL T4 NOAKZHRE % TG-DTA (v v 7 %4 = X TG-
DTA2020S) IZ K 52K ERFEIC LY, BHEICFMTE S, TG LY DTG
MfrEzRD, EAT74 FPKOKREOHEEIZHAWE (R H,2001) . DTG
o =213, MAKEEOMRMELZRXR L, DTAHBELEEBLHUL, €47 A
KD R LX—REEZRT,

351 ABYASAHA MDD Mg A A IRHIK

64



K Mg-A lZoWT, EEOe— "R 7OlKEE LWHEEBEOH D
(B 0 fth, 2001) FHEFHE 3 °C/min THEIE L7~ TG, DTA £ X O DTG
X, BY o HFEPRBO LN, B, DTG KZhAB LB TV S,
Figure 3-16 2/ L2 & BV | Na-A |L, 100 CELSIZE %2 b 20, FiC
200°CIZE— 27 I D TRBSITONE Mg A 4 ZZHE x 28 0.38~0.68
TIE. 100 °CH X 200 °CHHITIC B — 7 &2 H > 2 B o i K 12 BAFE I 4 H»
NTWBN, xfEM 0.89 TIEL, 200 CULFTCHAKTHKOE—27 DI b
EIEA O — 7 NAEMIICKE < 257, Figure3-17 121X, TG 1 H R ©
EKE (y) BLXODTA OWE L — 7 BE L Mg> A & T#HER (x)
DEBRERT M A LTV RBBxOBMICHE > TEKEYy DML 72,
INE NatA A IV ATV ERONE7 Mgl A A DI L7272,
HMANTAKOGFRERTDIAR—ZARENMLEZEDNRREEZOLN D,
F7-. DTA I LD Mg 1 4 v RBEEOHEIMIZ LV, 100°CE 200 °CiE
CIEBEFS2EY— 27 0RENELS RHIEME TR L,
Figure 3-18 IZR 72 5 Mg 4 A U ZZ#FE (x =0.05~0.89) O Mg*' 1 4~
RHARIZ DN T, BEAKIRE &BHAKRZEE L2, 90 °Co KR E T,
Mg? A & 2 ZRHE x=0.17, 150°COBKIEBEE TlX, Mg> A 4 ZH R x
=044 i b REWHAKEZ R L, 200°CE L O 300 °Co it K R £ T i,
Mg A A U R x 12 0.89 BHE b REWHAKEEZRL T,

352 A& Chabasie (KCHa) O Mo - 74 > 32K

Figure 3-19 ® DTG #i#t L v . CHA ® Mg> A > Z#HAL L. 200 °CHt
I — 27 BNBbiv, Mg A4 &V RREZE x 2 0.49 O Mg> 1 4 AR
T, BEBAORAKE—27 NREZLE, -5 T, CHAIZBWTH M2t
FURBR x BN T 2L, 2 00RFH A N HHT LI LERbro
72s K-CHA ® DTG /8% — > %, 50~250°CD B TIL < 7 W\ il K fE 1 %
L. 230 °CliZiVWw v —27 28 b £ 3,

Figure 3-20 {12, Mg>*" A A VTR x NE D Mg> A4 A UK (x =0
~0.49) [T DWW T AKEE & BKRZ H#E L7z, 100 °CoO KR E Tk,
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CHA (x=0) DEbREWVWHAKEZ R L, 150 °CE LT 200 °Co it 7K
BETIE, x fE2 021 © Mg A AU RB|EPE DRI WHAKEZ R L
72 300 °C3 LT 800 °CD KR CTlk, x fEA 0.46 © Mg*" A # I #h
EREOREWVWHAKELZRLEZ, LEOFHERLY . Mg-CHA IZB W T
E— bRy T7OBRKBROBIFREIZL - T, B4 7 A4 MK O K72
bOEBRBEVLENDDLZ EN DN T,

353 HAADKE Cclihcotiblie D& B 1 7 > XK

H-Fut 8 X X H-Fut D& B A & o ZHKIZHOW T, FIEFHE 10 °C/min
THE L TG D fER % Figure 3-21 ({278 L 72,800 °CIZ B 1T 5 Bi K & 13,
H A 4 > R #AR (H-Fut) 2 13.5%. Na*A 4 > Z#AE (H-Na0.36-Fut) 73
11.8%, K" A4 > &2 #a{& (H-KO0.35-Fut) 2% 11.3%, Mg?*A( #* > ZZ #a (K (H-
Mg0.11-Fut) 2% 13.9%, Ca’" A & » R #i{k (H-Ca0.10-Fut) 7 14.1%, Sr*”
A A v ZHAR (H-Sr0.13-Fut) 28 13.6%% = L7, BA A B IL, 2
ML 1 MOBA A REERDOFNRKE VDR, 800 °CIZ 1T 5 il K = I
I flEE Y 2B A A4 REBIEDOFNRKEL 2 >7-, Table 3-8 124 0.1
mol/L ¥t /KR D pH & H-Fut OB A 4 > X #1% O _EELKERO
pH R LTz, EBA A THBEO EERZKERTIZ., pH 2.4~3.5 2 L
oo THIE, H-Fut ZEEBEE L THW TN ZEE2TRBL TS,
RIC . Figure 3-22 [ X F IR E 10 °C/min THEIE L7 TG ® DTG #h#f % 7=
9, H-Fut, H-Mg-Fut, H-Ca-Fut 3 X (8 H-Sr-Fut T{X. 72 600~ 800 °C
112 DTG B — 7 2358 B 41 % 73 (Fut, H-Na-Fut 3 & O H-K-Fut ® DTG
B fR CTlX, 600~800°CftiL® DTG B — Z XA 572\, ZHif, H-Fut,
H-Mg-Fut, H-Ca-Fut 3 X O° H-Sr-Fut @ 800 °CIZ B 2 LAKEMN 13.5~
14.1%% L & 3, Fut, H-Na-Fut 3 X O H-K-Fut ® 800 °ClZ FJ % it K
FiX, 105~11.8%TH D Z &2 b, 600~800°CHird DTG ¥ — 7 [T ik
KEBRKRELLRDEBNDZEBTEET D,
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36 BMFMACKBARETASAMNCBITI MgRBEDELLE
B IZHEE D

Mg A4 F i A BEF T4 NI, O TRERARHEENZ H O
(Mizotaetal., 1995) 28, Mg R EIZ L - T, ToOHENEILT 5, £
T T. Mg0.38-A, Mg0.53-A, Mg0.68-A 35 L 8 Mg0.89-A 1=\ T ik iR
AR % TKMEEIE Z1T - 1=,

361 MiKE (wl) ERKEREDRER

ik B & BKIEE o B4R % Figure 3-23 (a) 23, ZiF /S0, &
WIREE . BRI LK IR EE 100 °C T ik Mg0.38-A O AKE A KRE W, L L,
LTV EBIZRDE Mg A AV RBEOR VL OIZEBAKENIEIL 7=,
DTGEBOEY—27 1%, MAKEEOHMMEEZ 7L, DTABMBRLEAELL, L
MWoT L TA KO FLF—IREZ KT ,Na-A ® DTG #i# (Figure
3-16) IZBWTIE, 144°CHITDH—~E— 27 ZHON, Mg ( 4 v T E
MEMT 2 &, 90° CHITICE — 27 N8I, Mg>' 4 4 v RERN X 5|28
25 EBMBMOBLAKE — 27 BENT ORI %L(n@m3m
Mg0.53-A IZHlR) . Mg0.89-A Tk, 151 CREDOH - — 7|22
Do LT o T MgRBENET L, TTHEHFICELTHWY A & E
WH A MZiFEoEDHHL, RWT, OREY A FRETLEEZON
Do ZTOXIBRBAKEEIT, BAKOETLELELICHEALEZLDT, ¥4 5
A FBRF+ZAKMLTVNDEEZ, 2T LHbKOZ X LT —REN2ED
HZEEERET, MAKIZHESs TESTEKSTFORBER M4 20 HE
BELTIAKBRECTEER-EZb0THD (O S, 2001) ,

362 BROKMI>HILE— (Ar) EBKEE&EDOBEGR

Figure 3-23 (b) 12Xk 5 &, Mg0.89-A @ 160 °CLL kD BiK % BV T,
MEDz 2L E—=—DETNRYV/NELS, £1.5 kI/mol OHFHIZ T T
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MAD, LU, 20O Mgifapkiz X 25 ZILRT O Mg0.53-A @ & il K iR B
BT 2BEDIEL > O#E (£1.5kl/mol) LV 2BREREREXLAR
RETHDH, —FH. Mg0.89-A @ 160~200 °CHiAkFKE T W TIZAKfI=
VHEANE =N Mg ZBROBENE DD KREL 720, 200 °CHLAK T 73
kl/mol IZZ T %, Zihix, DTG #hi# (Figure3-16) (23T, Mg0.89-A
TiX, BEM (151 °CUE) O =7 BHEMHICRKEL LoTWVDHZ L
RIS S (A B, 2001) .

363 BMxxME=E (9 EHMKEE EDOBEGK

BTA 74 F—KF—FFRr7OEHRHF L L T Mg-A DK EREEGE
FITEIBTH D, 0= AHx (10x Wa/18) [AHy: BHE/NLKIIT X
NE—, Wa: BAKE (%) [IWE-> TROE-AXTHEE QE % % Mg X #
R OREBICOWTHKIREICR T 57 2 v b % Figure 3-23 (¢) 127
T, 100 °CTIX, Mg0.89-A L1V Mg ZX#EOEWE DD Q EN KXW,
160 °CLL LD EE O PLAK TIT Mg0.89-A N K< 720, 200 °CHiK T 1
Ml/kg B 2, MIEETICHARNTEEATA VOFTRRO QEEZR LT
(0 5, 2001) .

37 F£&o

ABILA T A DO Mg A T ZBIIHKT HEAHKIBBERORE., #K
LE#H%, THOABEESLORHBABREHOHRIC OV TR AL, Mg
A F R HBITB VT, 2.0mol/mL ® Mg A F IRk Z A\ T 1| BIALE L
AT, 0.l mol/mLBERZHWVWTHR LABELEFRZTHBEBITEH
< 72> 72, 0.1 mol/LMgCly ¥ ¥R . ZZHL AL FRIERH S el | 4R L [B14% 3 |l
RHAEEBE 80 CORXRMBEMHITB T, KD M2 %X # =K x = 0.89 %
B, MgCLBEWRD® pH B S U EEL@mhozZ B, MBTCLHEEZ
WEETHRELT, RBFEmMLEICEZEBEB LB D, £, 80°CE
WOBWIRE TR ARKBBRFTORE Mg KA £ OENRRELE L
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Y ABELFTA PFADBRBAZEZHIILELEEZEZLOND, Mg? 1 F
R x=0.89 D Mg* 1 F Kk (LLF Mg0.89-A) D& KZE (800°C
BT ABAKE) 1T 30%% R LA, 90~150°CIZH W\ Tk Mg?' o1 4 v
TR x = 044 O Mg¥" A T U RBEOBPAKER S o & b KREL R o7,
Mg0.89-A D EFEKRKEIZTREWD KT HICITLIVEWVWRENLETH L,
BlEDZ & Xy b= R TORKEBEDOEFIREIZ L > T, Mg-A I
BWTHLES TS MARKOKRERLLDDOZEBESEMLENH DL Z EPARAL L
Bof,

“YHEZY ) TFu T Ak (Fut) 1T, 1.0mol/L NH4Cl KEHR ., 2ZH#H
MFERE 60 °C, RAHEKH 24BHORXTHFITEBNTT VE=U LA T
VR, BEAULER 550°CIZ B VT, HAREE x 13 0.89 O H R fF %
Bl HEEZYHEI Y ) 7FFaF A4~ (H-Fut) THA A RBET7
ST FER, KIZBExPN 0367~ L, bobbEWVWxEEZRLE, BK
B E 800 °CD ik Ri%, H-Ca-Fut ® 14.1%3 & b K& WA, 100~300°C
B WTIiE, H-Mg-Fut "\ b R&EZ2MAKEFL R L, ZVHEI Y 27
FaoiA MZEBWTHL AREAFT A FEREBEIR, IMEY 2D A4
YTRBLEEIPELATA PRICHRBEABEENKOEKENELLI R D
ZEWbnolk, BEAT A4 FOBRZEAE T ICHE Y T 5B HE B ILINE
RFEOBKELKMZ I A E—ITEKET D, MEOCHMENPLALZTHBEER
ERFESoTERE, Mg-A D9 b Mg ZZH#13 x=0.89 O£ (Mg0.89-A)
BDOEBLTA P EHITrRVEWVWEELZ LI EZHALNITL L,
FRlo, 150~200 )CTlEB TEmWEZHAEE (91 Ml/kg) 273 2 &
5 . Mg0.89-AZERA L L THWEE— MRV VAT LEHBETE
i, BEFEAEFRAShDI LR BEESA TV THEARSL KB
BD XD 200°CUTOUBHKIEORIRZEDFATE 5 ML=
L7z
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BZED Tabed LU Fgur

Table 3-1. Structural formula, water content ratio and Mg?*-exchange ratio
of A — zeolites such as Na-A!", Na-A?), NA-100P and GA-100P, used as

starting materials of the Mg?"-exchange.

2+ _
Zeolite Water Mg
Structural formula 0 exchange
sample contents, %
rate (x)
Na—Al) Na3 98(Al4,128i3A92)016~9.46H20 23 000
Na-Al) Na3_90(A13 9osi4 10)016'8.42H20 21 0.00
NA-100P Nays 14(Al3 96Si4.00)016°8.74H,0 22 0.00
GA-100P Naz,ongl 12(A13 ggSi4A02)01()‘ 109H20 27 0.53

Na-A') : synthetic sample by Kasai et al. (1994) ; Na-A? : synthetic sample
prepared from Charnell's method ; NA-100P and GA-100P : nippon chemical
Industrial Co. Ltd.

Table 3-2. Structural formula, water content ratio of zeolites such as K-CHA

and Clinoptilolite used as starting materials of cation-exchange.

. ; Water
f:;hi[: l;rr::uctlon Structural formula contents
P (%)
K-CHA K10.63(Al10.69S125.32)072:30.39H,0 17.3
. ) ; (Nao.32K1.82Mgo.42Ca1.23Sr0.01)
Glinopsilalite Bulgaris (Als.12Fe0.265129.84)072-20.29H,0 40.3
Clinoptilolite Futatsui (Naz.76K2.0sMgo.12Ca0.25) 13.7

(Als.42Si50.53)072-16.75H,0
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Table 3-3. Reagents used for atomic absorption and flame photometric
analyses.

I:Oeli%?ggasfggg;gin Salt / solvent concentration Maker
Na NaCl/ H20 Wako
Mg Mg(NO3)2/HNO3 0.1 mol/L U

K KCI/ H20

Ca Ca(NO3)2/HNOs 0.1 mol/L

Co Co(NO3)2/HNO3 0.1 mol/L

Sr Sr(NO3)2/HNO3 0.1 mol/L

Al AI(NO3)3 / HNO3 0.5 mol/L n

Si NazSi03 / Na2CO3 0.2 mol/L N
Acid Grade / solvent concentration Maker
Boric acid H3BO3 S.G. / 100% (crystal) Wako
Hydrofluoric acid HF S.G./ 46% n
Hydrochloric acid HCI S.G./ 36% n

Table 3-4. pH of MgCl, aqueous solutions

MgCl; aqueous solution, mol/L pH
0.10 5.6
0.50 5.1
1.0 4.9
2.0 4.4
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Table 3-5. Chemical compositions, Mg?*-exchange rate (x) and water contents

of various Mg?*-exchanged A-zeolites.

Mg2+_
Water
Structural formula exchange 5
contents, %
rate(x)
Naz 54Mgo.78(Al3.94S14.02)O016-10.06H20 0.38 24.7
Naz 14Mgo.84(Al4.00S14.04)O016-10.46H20 0.44 25.6
Naz 0oMgi.12(Al3.88S14.02)O16°10.88H20 0.53 26.7
Nai 44Mg1 52(Als24Si4.08)O16°11.40H20 0.68 26.9
Nao 44Mg1 88(Al3.90S14.02)016-12.84H20 0.89 30.1

GA-100P : nippon chemical Industrial Co. Ltd.

Mg?"-exchange rate : charge exchange ratio on 2Na*—Mg?* exchange

Table 3-6. Structural formula of Clinoptilolite and H-exchange Clinoptilolite.

Sample Structural formula
Bul (Nao.35K1 82 Mgo 42Cai.23Sr0.01) (Als.12Fe0.27 Si20.84)072:20.29H,0
Fut (Naz.76K2.03Mgo.12Ca0.28) (Als.42Si30.53)072-17.12H,0
H-Bul (H4.74Ko0.25Mgo.30) (Als.12Fe0.27S129.84)072-16.23H,0
H-Fut (Hs.00 Ko.27Mgo.08Ca0.08) (Als 42Si30.53)072-15.98H,0

Bul: made in Bulgaria, Fut: made in Futatsui, calcination temperature:550 °C
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Table 3-7. Structural formula of Clinoptilolite, H-exchange Clinoptilolite and

its cation exchanges.

Sample Structural formula Cation-exchange

rate (x)

Fut (Naz 76K2.03Mgo 12Ca0.28)(Als 42Si30 53)O072"
17.12H,0

H-Fut (H4.74Ko0.25Mg0.30)(Als. 12Fe0.278120.84)O72-
15.98H,0

H-Na-Fut (H3.02Na;1 92Ko.23Mgo.11Ca0.08)(Als 56S130.44)072° 1 0.36
6.51H,0

H-K-Fut (H3.11K2.00Mgo.15Ca0.09)(Als.60S130.40)O 72" 0.35
15.25H,0

H-Mg-Fut (H4.41K0.33Mgo 30Ca0.08)(Als 50Si30.50)O072° 0.11
17.96H,0

H-Ca-Fut (H433K0.26Mg0.16Ca0.27)(Als 45Si30.55)O72" 0.10
18.16H,0

H-Sr-Fut (H4.04Ko 26Mgo 10Ca0 00810.36)(Als 308i3061)072-1 0.13
8.30H:0

Table 3-8. pH of 0.1 mol/L chloride aqueous solutions and the chloride

aqueous solutions after cation exchanges for H-Fut

pH
Salt : :
0.1 mol/L chloride after cation exchange
aqueous solution
NacCl 6.3 2.6
KCl 6.4 2.4
MgCl» 6.1 3.5
CaCl» 6.4 3.0
SrCl2 6.3 2.8
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Figure 3-1. Relations between Mg*-exchange rate (x) in initial concentration
of Mg?* of the exchange solution.

Sample : Na-A"), duration : 3 hours, temperature : 40 °C
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prepared from MgCl, or MgSO4 reagent.

Sample zeolite : GA-100P 2 g / 200 mL ; exchange conditions: 80 °C ; for 5

hour for each exchange.
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GA-100P (x = 0.53)

Mg-A (x = 0.68)

Mg-A (x = 0.89)

Figure 3-5. SEM photographs for Mg?*-exchanged A-zeolites.
Particle size was not changed, but some surface roughness is seen for Mg-A(x

= 0.89).
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Figure 3-6. X-ray diffraction patterns for Mg?"-exchanged-A zeolites and Na-
A.
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Figure 3-7. Effect of exchange temperature and initial concentration of Co?"
of the exchange solutions in Co?*-exchange ratio. Exchange : 0.5 mol/L CoCl»
400 mL, 0.05 mol/L CoCl2 400 mL, 0.5 mol/L CoSO4 400 mL for 3hour
Sample zeolite :NA-100P
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Figure 3-8. X-ray diffraction patterns of Na-A and its Co?*-exchanged forms.
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0.05 mol/L CoCl», 80 °C (x = 0.98)

Figure 3-9. SEM photograph in Na-A (NA-100P) and its Co?*-exchanged forms
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Figure 3-10. Effect of exchange time in Mg?*-exchange ratio.

Sample zeolite : K-CHA, 1g ; exchange solution : 0.1 mol/mL MgCl, 100 mL ;

temperature : 40 and 60 °C
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Figure 3-11. Observed XRD patterns of K-CHA and its Mg?"-exchanged forms
prepared at 40 and 60 °C.
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Figure 3-12. TG, DTA and DTG curves of NH4+"-exchanged forms.

Heating rate 10 °C/min.
Sample zeolite : (a) NHs4-Bul, (b) NH4-Fut
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Heating rate : 10 °C /min
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Figure 3-13. DTG curves of Clinoptilolite made in Bulgaria or Futatsui, its

NH4"-exchanged forms and NHs -exchanged forms at various calcination

temperatures. Sample zeolite : (a) made in Bulgaria, (b) made in Futasui
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Figure 3-14. FT-IR transmission spectra of Clinoptilolite from Bulgaria or
Futatsui, its NHs -exchanged forms and NHjs -exchanged forms at various
calcination temperatures. Sample zeolite : (a) made in Bulgaria, (b) made in

Futasui
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Figure 3-15. XRD of Clinoptilolite made in Bulgaria or Futatsui and its NH4"-
exchanged forms, NHs -exchanged forms at various calcination temperatures.

Sample zeolite : (a) made in Bulgaria, (b) made in Futasui
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Figure 3-16. DTG curves of Na-A and variously Mg?"-exchanged-A zeolites.
Temperature and dehydration percent are shown in each square bracket of the

DTG-peak. Heating rate : 3 °C/min
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Figure 3-18. Comparison of dehydration temperature and dehydration ratio
among variously Mg?*-exchanged A-zeolites.
The dehydration ratio at 800 °C shows almost perfect dehydration for each

Mg?*-exchange A-zeolite.
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Figure 3-19. TG and DTG curves of K-CHA and its Mg®*-exchanged forms.

Heating rate 3 °C/min
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Figure 3-20. Comparison of dehydration temperature and dehydration ratio
among variously Mg?*-exchanged CHA.

The dehydration ratio at 800 °C shows almost perfect dehydration for each
Mg?*-exchanged CHA and K-CHA.
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Figure 3-21. TG curves of H-Fut and its M-exchanged forms( M: Na*, K*, Ca?",
Mg?* and Sr?*). Heating rate 10 °C/min.
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Figure 3-22. DTG curves of H-Fut and its cation exchanged forms.

Heating rate 10 °C/min

97



30§ I I | | | | 1 !

25k

20f s 8 500

ISE

Wy %

Mg0.38-A | 3
Mg0.53-A | 3
Mg0.68-A | 3
Mg0.89-A |

10E

[®
e[>010

T4 (b)
72 3
70
68
66
64

62 f | | | | | | | 1
1000 E

A H,, kJ/mol

>
[ 2
ora
oo>
>CO e
O
O

IRUPETTIRETTARSR T FRTRIRTIR TR RRTRARTRRIRTACARSTINTTI FRTTARTIRANTY

L L L LR L L L) R L e

T
~
(@)
N’
o

1

800 F

T[TTTIT[TTTT

600

0., kJ/kg
0) 2
P>
)

8
. E
o
2!

200' 1 1 1 ] | | | 1
60 80 100 120 140 160 180 200

£15 0

400

TTTT

Figure 3-23. Dehydrated amounts (a), hydration enthalpies (b) and heat

exchange capacities (¢) of Mg-exchanged A zeolites at various temperatures.

98



HBINE

GTHIZ LM T D BIR([CH I D EMEF DR
BRI & U CORET ~ERITE ~



FSME crs BSANMHFICHBIBELCBIIARFZHEOEREERA
& U TR ~ZBBE~

TR X—MEOMBPEED 1 2& LT, 200 CULTOHRAEZFAT S
E— MRV URTLAIZEEPEET - TEBY, KEERXREE— MR 7H
OREMICHTIEFEEREET-> VD, BA T4 MIRESND A7
PAR—TAfEEE LT, ZLOMBRHEI N TV D20, filt SR M A
FUORBMBICET L2600, KRFICHATLIHREITD RV, FAY
RN X =72 EOKRMETIZT. EF 74 F-KRABERXNE — MR T HE
Altsnhoobs, EHALVATLORERELTITARMEALS T A4 b
ENfEHINTWS, £/, RN TITHEERE > A7 LA0HAFHO 7=
B, 100 CULTOHBARFAEKRL VAT LAOBRFTLITRDOAL TV D,
YA R —TAERTHD GTS ML A MET ¥ VBEIZ AREL T
A MEEULE=ZRITWR N XVEBEEZR L, X F&REH T 77—~
25 F 4 b KFes(OH)4(AsO4)3-6H20 (FERDOV et al., 2004) o #% 1 37 {2
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431 NaXK mB & s B 2 1 & & F 54 > B 18

[ Na,K,H)sTLuS1t016 yAH-01DE X
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- T, Table4-1 (a) IR LIfEiAMERKEIZE- T, LTO@BY AREAT
ST, W SiO ¥R (Merck113126) 0.99 g |2 NaOH-KOH & & /KA %
133mL 22T 2 FTHELLE (BK A) . RIZ, TiCla KEKR (K
FRF Z =17 A 1838) 0.23 mL & H20 6.67 mL Z /%, 35 °CT 15 E#
L7 (BB . RIT, BIRA LTEWEBEZIREG L T25°CT 40 /M
BHE., COBMBKERZ 25mL OMERIFICHE L. 200 °CT 24 K[ K 2L
WP 21T 70 o 72, fEiAAFE R (Na;+K1.;)20: TiO2: SiO2: H2O = 18: 0.75:
10: 675, {(Na;+K1.;)20/TiOz = 24, Ti02/Si0> = 0.075}, & » 7 /L7 U {5
E X Na/(Na+K) = 0, 0.5, 0.6, 0.8, 1.0 TARK L=, & o=k E % Bk,
Vet L., 40°CT 48 BEREEL I X 7=,

b)) TIAFEKLIL : Nag+K 2)>0: T, : S1O-:H-O= 18: 32: 10: 675,

{ Nax+Ki )0 /T, = 5.63, TD-/50.= 032 D&

Table 4-1 (b) IZ/R L2 AR ICHE > T LT O@Y A 21T » 7=,
BT R Si02 By K (Merck113126) 12 NaOH-KOH {E & KER =Mz H#E L
7=t TiCla KIBWCEFRF ¥ =7 & 1838) &Mz, 25 °CT 40 o [E#E#
Lic, TORBEKEKRZ 25mL OMERZHKICHE L, 100 °CE 721X 200 °C
T2 FRIKBLE 21T o T2 A B M 1L (Na;+K1.:)20: TiO2: SiOa:
H,O =18:3.2: 10: 675 { (Na,+K.;)20/Ti02 =5.63, Ti02/Si0>=0.32} |, % %
7 v U #A AR He 1% Na/(Na+K) = 0, 0.25, 0.5, 0.75, 1.0 TA R L 7=,

4-32 NacTSHZIAMEFYIOEBIEDERK

a) HIAFHERKL : NaoO: TO-: S1O-: HO = 12.8~44.8: 32: 10:

675 NaxO /T, = 4~ 14, T, /S = 032)DHE
Kostov-Kytin & (2007) O #&E L D, B O Na-GTS 1%, A Akt

Na»O: TiOz2: SiO2: H20 = 18: 3.2: 10: 675 (Ti02/Si02 = 0.32, Na»O/TiO; =
56) IZBWT, 100°CT 24 B KBVILE 24T 5 2L THEMRTE D, &
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HIZKEWRED Na-GTS 2 & 57, BER L O A AMAKE 2 E AL
SHTERBREZA AT, Table4-2 (a) IR L7 HAMBKICHE > T, LT
DBV AR EIT > 7=, NaOH K{E#K (NaOH 2.4 g + H,0 13.35 g) IZ&E 5
B SiO2 ¥y R (Merck113126) 1.0g 2 Mz ER L. TER2CERMEIEZ (K
B A . RIZ, TiCla KEKR (HHF % =7 2 1838) 1.00mL (1.55g) &
H,06.67mL /M x 15 oM@ LE (BFBERB) . RIC, BIRA LERB
ZREGELT25°CT 60 nHBHLEZBEBKERZ 25mL OMMERHFICH
L. 100,120,150 B L X 200°CT 24 BRI AKBVILE 21T o 7=, B
B Z s B, Ve L, 40°CT 48 FFFHFL 1B S ¥ 70, LA A A AR EL 13| Na2O:
TiO2: Si0O2: HaO = 12.8~44.8: 3.2: 10: 675 (Na2O/TiO, = 4~ 14, Ti02/Si02
=0.32) THEMLT,

b) TIAFHFMBKLE : NaxO: TO,: S1O-: H-O = 154~251: 0.6~ 8.1:

10: 675 (NauO /T, = 31~ 25.7, TD-/510,= 0.06~0.81) D&

Table 4-2(b) IZ/R L2 AR ICHE> T U TFTO®BY G EITo 72,
BB SiO2 R (Merck113126) I NaOH KBE # M2 HE L., B2
WIS EIERA & TICLKIBEKRE H0 22 15 pREH L% . 25°C
T60 nHBRELEBEBLZREASLEBBKEREY 25 mL O ERZHZIC
B L.100°CT 24 Br M AKBVLER % 1T 72 o 72, {132 K 13 . Na,0: TiO::
Si02: H20 = 15.4~25.1: 0.6~ 8.1: 10: 675 (NaxO/TiO2 = 3.1 ~ 25.7,
Ti02/Si02 = 0.06~0.81) TAR L 7=,

433 K-GTs BIZ I MEFHI IS [Na,KH),TLSHEO16 3H-0O1D
&

B SiO2 B3R (Merck113126) (2 KOH KER =N 2 1 # L 7= %,
TiCly KIER (HIF ¥ =0 A 1838) #MZ . 25°CT 40 p B L =,
TOREBEIKE 25mL OMERLZICHE L. 200°CT 24 B KBLE % 1T
mole, oML mRE. BEiH L. 40 °CT 24 LIRS 72, (&
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AZrFERE X, Table 4-3 (a) ~ (d) IR L7cftidfpktbicfe- T, &
METo, (a KO RO SO HO= 7520 25 10 65
(FROTHO—3- S HYSO— , (b HOBO: SO HO—
G4 416 32 10 65 (KO'HO—5 hHyYyYSO—AT- ax2 |, (4
KO RO SO HO=16 32 10~ 2 650 5 4 (KO BQ=58
0 MHYSO—MTr- Q32 5 L0 (d KOTROE SO HO=—168
Q7 10 6560 % 46 (FROBO=—245 L 0 "BRQYySO=Q07

4-3-4 MEXR XFELOIFD KU TEM
a) M KR xXER L

AR LEREOBEMEIT B X ORE T, HNEOODSKER By K B 41 4&
E (HGELH®) Az (& B Gah=1L.540A) , &+ 400
REE 200D 70 v 7l OQRddEsS A F v VEE 20
defrm)
b) ZABEFEME (TEM)

THEVE AW ETFMEIT -7, TEVEBIZ L A2 K TRE O
P, BRI L DR OFEM . HXXKZ X 2 FAATE 2 ko8, %
FRICLI2RAEEOTEMEIT R - T,

4-3-5 {EZEDH

AR L GES B 27 vl 4 (FF HIER) THM L TR TF%
ik (RAEE—~HFBREDHNER) 2T, F&B2EELL
(RS, 1993
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436 GISEZAMEFAHICEBIBEICHITIKMREDIZE

AT PREBOEKELZ-ERXT LD, D CRMELT VE
U LAKBREANTARKEARE-EL LEEARGSATEEL LN 2L
RLETHBZHELLZ, TOREEZ, 4T A4 FREOKIREE DE
e Lz (BREG, 198983

43—/ TG-DTA

a) B/KE2. RAKREDETE

TG-DTA (= v 7 % A4 x> A2 TG-DTA2020S) = HW THE O & K&,
AKBELZRIELZ, REOEITH 20mg & L, ASMRKE AR, A&
B 10 °C/min, PEEEE 20 °C/min, > 7V v 7R 3s. B TR ES
P =R ~800°C& L7,

) 200 CUTCTHREET DKICHITDHK - RIKEF

200°CLL R CHiAKT 2 KICEBITHMAK-WAKZBZRADL72D, EENO
200 °CE T TG-DTAMIEZ1T->7, REOEITN20mg & L., AL A
B a e, HEEE 3 °C/min, BFEEE 20 °C/min, ¥ > 7 U » 7R 3s,
B ERESFE EE~200°CE L7c, ZOoORABZ2MBFOERICEET S
FT 25 CaFIE(bT v E= Y AKBREANTKRKERKE—E L LEE
ABNTHRFLLE, ZOBREL2 TEKEVIEL L,

Figure 1-7 (278 L 72 W BAVAU K ZX S K Fn B & &t (Kasaietal., 1994; {&H -
i, 1998; Fujiwara et al., 2010) Z ., KFARE 21T > 7=, K0
TUANVE—OREENREZRAEL, E— MRy THER L L TOMEREZE
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AT, WERAEICIZI0KDERESMELF OV —I A X REFH*H
Wiz, iK1 Figure 1-8 DEEXH W/, 7 U ALV A ay 7 &0 E
% (SAMPLE HOLDER) (2 Afv7= GTS s B0 025g 2, EZE R 7T
KL RA B 40, 60, 80, 1003 X OF 120°CT 1 BEfEIMEBA LT - 7=, LK
RABOASTLERABEBEEARAEHICB L, BRAICHREHF VAT A%

P¥

=N

[LT, B ZBEREZRELZ, I50HICKBONOGH T ABEZBELT

TSHEICKERZEAL, KMICX2BELREZ2HRE L, BE LR
CHEENELOBEFREFMALT, AERUEOTLDORAKZ X LX —%
RIE L7 (Figure1-9) EEFBHKAMIBZOENLHIA L EREELMEL
TRO, KMATBROEEZEZEZENLLKTIEZRD T, KA ¢ (J) X, XK
FMOBEBEHENLOEESGSLNTZ, TOHIIKMBAOEAE S L T—HKIC
YA FTATRBEIND, KFUE Amy (g) X, KFATE OB ZRHEE Z
ERELTRDZEZ, LER-s T, oEA K2 rEe— (LT, K
fim v 21—, (AHy) BFRO LI CHEIND,

q=<18.016
1000xAmy

AZWMERE GISEEF Y VBEORATHBEN 2RI I, &K GTS
MET XY CBERE 1 kgeM - 0OBRZHEE QO (kKikg) X,

Q= A Hyx (10x Wy /18)
ZZwhidkinE (%) Thd,

)

AH = nol)

44 EBRBEREEE

44— NaXKES GIS BZLHAMEFAHIUEIE [Na,KH)/TLSEO e

YO 1D =¥

a) AFHFBEKLE : NaxO: T1O-: S1O-: H-O= 128~ 44 8: 32: 10: 675

NapO /T, = 4~ 14, T, /S0 = 0.32) DIFE

Figure 4-1 |2, Na/K #ipi RN E 72 24 7L XRD N¥ — v &2 RxT, H
fH D GTS 1%, NafhiA# A% z=0.6 (Na: 60%) IZ2OWVWTOAELNT, Na
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AR (2) X 08B LV 1.0DB A . HE2HELTETS4 IR,
NafthiAf L (z) B OB IV 05 DB A, GTSHOEY — 7 ZBE I T,
AM-2 X B B 72, NafhiA#E ik 2z =0.6 (Na: 60%) @ GTS tH D ¥ + &
BiX, a=77TABL P a=889°Tho7c, =7 —OXEHWVWT 100
— 7@ LRO IR FH A XL 102 nm TH Y, & 51T, Figure 4-2 O
TEM 2BV THEHWREY A XTI 10 nm ©F ) ki +EA5ENAE
ENTWDH I Ehbhosle, RFRXEDHICLVIFEMKZ ML 2
& Z A NaftiAfpk z=0.6(Na: 60%) @ 3 kX Naz 7Ky 4Tisz 5Si35016-yH20
Tholz, KD Na & KOWEEL E Na & K OfEAMBLITIZIE
—HLTWD, 2L, TIKEERTT AV EBRAbDT NICRZ LT
HEAEE. HAF U PRV AERLTWD Z & 2T,

P EIAFHFEKLIE : Nag+K 2)-0: T, : SO, : H-O= 18: 32: 10: 675,

{ Na+K, )-0/TD, = 5.63, T, /S0 = 0.32) DIFE

Figure 4-3 |2 Na fE3AM K z = 0, 0.25, 0.5, 0.75, 1.0 (Na: 0~100%) T
AR LIEREBO XRD NF = %2R T, T _XTORBICHOWT GTS B
ELTCHEEMITHEEL, ZFRRELTRDERTER o B L OHNK
FAREVIZ, NaftiAfpk (z) oBEME L BITHERLE, o« OEITK 89°
Th2D2, Nafthid#lpk z = 0.5 DF, b /NS 2> 7 (Figure 4-4)
YT —ORXMNLROTERZEIT, NafbiAMEK z=0 (K: 100%) O E T
ITHLEA) 8nm Z 7R L Na (LA M % (2) OB AW IZIETEFFISHEM L,
Na fEIAM AL z=1 (Na: 100%) O E TITHRZER 13nm 27~ L7 (Figure
4-4) . NafbiAfpk z = 0~1 OB OV T, mHFEASIT LV RO &
AL % Table 4-4 12", WThoREHIZEWTH Si NBEIZE T h
TWE , ZZ2C R BOH—MHE2FM 572D ,2Si-NMR % #ll & L 7= . Figure
4-5 1%, NaftiaA#ipk (z) =0 (Na:0%) ,0.5 (Na:50%) B L 1.0 (Na:
100%) DRBHZEIT D PSi-NMR ZA27 b &aRT, bFET 7 %
ELTCSigFxazAvnie, WThoRAEIZEBWT, -85 ppm fFiflcE— 7
D BT, Figure 4-6 @@ X (Mari Lou Balmer et al., 1997) #Z& M L
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TRER., TUOLOEIX., Ti B 4EAMLE Si ofbFv 7 MEIZIERIEL
T3, ¥7--78 ppm EICHEFEICHFWVWE — 27 ZRr L7z, Nafpkit (z)
OEMZEV, (LZFE 7 FREBESAICY 7 FPLTWLIEINDN ST,
B, RRICOIERE SiONE-> TWDHHAE, -100~-110 ppm fTiT 12 &
— I PBRELNBEN,. VWTRLERLERBICERKIED SiO 12 L5 B —
IR b7 o 7z (Figure 4-5) ., &% & LT, Figure 4-71 X7 v 4V
TRETHITI—CTHERINE NafbidA#at (z2) =0 (Na:0%) & &
W 1.0 (Na: 100%) OB D 2Si-NMR 227 hATh D, Zh 5 oRE
TIE, -73.87 L-81.82 ppm I TN ENE—27 BN R LT,

442 NaGTSEZIHEEFIBIEDE K

(a) AAHFHERLIE - NaO: TO-: SO-: H-O = 12.8~44.8: 32: 10:
PN
[ |

675D 15

Figure 4-8 ICA K L7258 E O XRD /X ¥ — > 29, & AR E 100 °C
D FF, Nar0/TiO2 =4 B LV 5.6 128V TCHIEOD Na-GTS BEK T X 7o,
Na;0/Ti0, =8 B L9 Tk, AM2 DOtV — 27BN R ohic, ARAHEIERE
120 °C D B NaxO/TiO2 = 4~5.6 |28\ T Na-GTS O v°— 7 I X Ofth ©
FEUBMBOY— 7 BREELTVWDIN, E—s N7 —FKhikd, E
NEEETH o7, NaxO/TiO2 = 8 TIE AM-2 ® ¥ — 27 | NaO/TiO; = 10 T
T CSTOE =7 PR LN, AMRAEIEE 150 °CO K Na,0/TiO2= 5.6~
8 T Na-GTS ¥ — 7 BRRARLhEBT e — RNV —27 %2R L7%E,
Na,O/TiO2=11 BL P 14 T AM2 DO — 27 BN Abh7-, ARAEIEE
200 °C D B, Na,0/Ti02=5.6~8 TiX CST ® &'— 7 28 A 5 172, Na,0/TiO
=10~14 CTlX CST & L W natisite D — 7 BN R b7z,

(b MEAHFERL : Na&O: TO.: So: HO = 15.4~251: 0.6~

8.1: 10: 675 (NapO /T, = 3.1~ 25.7, T, /S, = 0.06~ 0.81)
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Dz

Figure 4-9 X 0, ARAEIEE 100 °CIZ B\ T, Nax0/TiO2 B X O
Ti02/Si0; # Z b s TEBRZ 1T > 7=, Ti02/Si02 = 0.06, 0.18, 0.53 ¥ &
O 0.81 ®FETIiX Na-GTS & AM-2 D v — 7 N A 572, Figure 4-10(a)
IZ Na2O/TiO2 A ML AR LE 12 35 1 5 iR B (K /£ 1% . Figure 4-10(b) IZ Na20/TiO:

AR EIC B I D TiO2/Si0r LA K FHE O E KK 2~ 3, HiH
? Na-GTS X, & A EIEE 100 °C, NasO/TiO2=4~5.6 8 L ' Ti02/Si02
=32DRVWEHIBITER TS Z & bhroT,

443 K-GISEZIEFYOBIE (KH(TOD): S1D4)s] SHOYDE K

Figure 4-11, 4-12 B3 X Q' 4-13 |2, 4-3-3 (a) ~ (d) OftEiAfkt TH
L 723 EE D XRD N & — &2 T, fHIAM B TiO2/Si02=0.25 1B W
T, K20/TiO2 = 3 TIHFHFEEZ R L. K2O/TiO2 = 3.5~8 T IF AM-2
8 & 72 o 7= (Figure 4-11) , fE3A M AR Fb Ti02/S102 = 0.32 128 VT (K,0/TiO:
=2, 3B XN I13 TIEFEEZRL, K:O/TiO2=4~6 TILIZIE AM-2 1,
K>O0/TiO> = 7~ 10 TIXE M O K-GTS #/~k L7z, K20/TiOy =11 8 LU 12
TiX K-GTS Ao v — 7 BREE Iz (Figure 4-12) , A Bk b
K>0/TiO2 = 5 8 X U8 24, Ti02/Si0> =0.07~0.32 Ti{X, AM-2 8 & GTS #
IR L THELE S 7z (Figure 4-13) , Figure 4-14 (2 f3A# BX b K20/ TiO:

BT B (A AR TiOy/Sio, DR BFEHEZ T, B D K-GTS IZ2W T
t . Ti02/Si02=0.32, K20/TiO,=7~10 O VFEIKL TCL N ER TE W E
Nohol,

4-4-4 GTSH Nap -Ki 4T 581k 5016 V0D TG-DTA
TG-DTA|: Figure 4-15 IX, Naz 7K1 4Ti3.5Si3.5016 * yH20 (z=0.6) » TG-DTA

BLXODIGHBEZRT, 13.7 mmHg D KEKET (25 °C) THRELE
B DTA AT, 90, 210 B X W 270 °CfHF B — 7 23R LT,
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TG H#1X 600 °CE TEERMAD L., 600 °CLLFEIZIFIE—~EIZR >, TG-
DTA "D AL --=RXRESZVOKIZ, 14 FThHo, KIT,
Naz 7K1.4Ti3.58i3.5016* 14H20 OBZ EM 2R XD 720, £ £ 4 100, 200,
300 35 X Y 400 °CE T TG-DTA #IE (FiR#E 3 °C/min) #1772, TG-
DTA Bl E#% IZEIU L 7= ko XRD /X% — > % Figure 4-16 {Z7~7, 100,
200 B LT 300 CCTHEALHE L 72 EHIFERERREZNLTWD A, 400 °C
TEWME LIERABICOWTIEHIEREILRD I EDB o T,

Wik — Wk k28| 200 °CLLTF O THHEB R EREERICHE TTVD 2 & »
b, INZHANMHATL2D0FERK L LTHEZLINE I Bt T 2
7o, 200 °CLL T CTHi B3 2 KI1C2> W TH 7%, Figure 4-17 &
Naz 7K1.4Ti3.58i3.5016°14H20 (2=0.6) ORBEHC T 5 =EIE~200°CE TD
TG-DTA #h# (7R & X OVF& IR 3 £ (X 3 °C/min) % 7~ 3, TG #Hi# 1% 200 °C
ETCH20%0EEH AL Z L, DTA iz 78°CCr7r— Qv —7 %
AL, WIZ, 20O TG-DTA M EH ORE ZMEARTOE & ICEE T 5 F
TARZERE—F (13.7mmHg) & LE-EHERBRNTHRELEEOHEEL L
Z Figure 4-18 |2/ 9, EHEITHEMALUANICESHICHEM L. K 20 KE T
MBRTOE B ICEE L, A TG-DTA BIE R L /K AE % 7 [E #
WL 7-HD TG-DTA Hi# % Figure 4-19 1274, TG #ifgiz. %1 7 L
D7t ATIZERUBMKZEZ L, £, 7 BOBRK—KFD Y
A7 NVEBBVELEZRBO XRD RXZ —VICEHALLZREWVITRA LR
72> 72 (Figure 4-20) , fHeatE & Ok o 72 AL AY 22 K Fn — K o 7 L 3
R I,

445 GTS gg Na2 _5K:|_ _4T:'g _9ng .2016 szO EB A: U

Nay 3Tk sS1.1016 30 D TG-DTA & K F EVAI TE
[TG-DTA}: Na HiA#8 AL z=0.5 (Na:50%) # X O Na fHiA# KL z=1.0 (Na:

100%) OREHIZHO>WT, TG-DTARIE (HFEB X OBRIEEE 10 °C/min)
AT o I=f& B % Figure 4-21 1279, NafttiAMAk z=0.5 (Na: 50%) @
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BT, 100 °CfFiEE LT 200 CHITICABLEERAS VPR O S,
600 °CLL ETIZIE—EDOME (FKE 26Wwt.%) - L7, 600 °CETOE
BERAVEZETKAARKICESAZ2 DO THDL EIRET D EK 114 HFFIZHY
T %, DTG Hi## 1% 89°CHk L X 215°C, DTA #ifgiL 97 °CE X O 219 °Clz
E— 2 &R L7z, 666 CfHiTd v — 2713, BLKIZE Y AR L 7-IEREM
DfmibIZE D EBEZ BN D, NaffiAfEE z=1.0 (Na: 100%) @ EHZ
BWTH, 100°CE 200°CHEICRBREEBY A2 BNz, 600°CLL E
TIEIE—EDOME (FKFE 32 wt%) &8 o57.600 CETOEERDZ 2
TAKFMAKIZEDZ D THDERET D LK 1435 FICHEAT 5. DTG H
#R1Z 95 °CE L T¥ 240 °C, DTA BifRIL 101 °CE X TV 243 °ClZ ¥ — 7 & 7R
L7z, 668 Cffd v — 7%, MAKICE Y AR L-IESHEMRORK RIS
rdLEB2 b5,

Wik -7k Fa| 0 40 °Cx & 120 °CE C 20 °CRIBE THLKE B 2 B S ¥, &
KIBEIZRB D AKFAEHEE %17 > 7= (Figure 1-7,1-8) . HlEwATIC, ¥k
Z 25 °COfIF1 NH4Cl /KB CHML L 72 13.7mmHg O KA K E TIZ AR
L. (1) AEE2SBMAKERECTBAKLE®Z. (2) KFEENE CHE
EARFESERLE, 3) BHARBCRAFAL, Atz REBICTDH, L0
IV AN E20BVRLEZBGORABONK-—KNIZLI2EBEELZ
3 (Figure 4-26) . I ERIOE &% 100%E L C . MAKBEOEEZTO],
KMmEOEEY O] T7uy bLk, KFMEOBEEIAKMEGBE., K
| FEBEOETHL, BMKBEODEELE KFIBOEEDEZZ KIE L LT,
BAKEEZY A 70D 1EB E2EBIZOWTHIRE EFICHE VBT HE
MmU7z, ERAKEEIZE W TCAKME X, NafhiAMHEK z=0.5 (Na: 50%)
DRETITH 10%, Na LA K z=1.0 (Na: 100%) OREHIH 12~13%
BE CTh -7 (Figure 4-22) , Figure 4-22 IZ T KA F OKFnEE & b
W HE, 2 BEOKMAKNEFEET DI ENTRINTE, KT 5KIC
. BEERT IS gUARCEHRIZKMEIND DL, 24 FFENIT TW o
KV EKRKMENDEDTH S,
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Pk = > # v & —|: Figure 4-23 IZBLKIRE ra (°C) & kFa= > &L —
ORABRERT, ZZTWH K=o Zre—¢ld, FBEETHAKLER
BrlizonwT, BAEH CARMEIE L LXOBELEL K=V X LVE—ThH
L, THix, AR SHELZFEB A~ K2 1 mol K L7z & & DFEY D HE
BEx FT, NafbiAfpk z=0.5 (Na: 50%) 5L z=1.0 (Na: 100%) O
AL, 80 CULETEZEHEIT L. K55 kl/mol DKFi= o Z LK —
#R LTz, Na-ABIB AT 4 Mk, 80 °CLL ETHAKT % &, K 63 k/mol
DR ZNE—%RT ZERHE SN TWD (Mizotaetal., 2000) ,
AREBOKFMZ U ZArE—F A BE¥AETA FEIDBLEWVWEZRT N,
25 CIZBITH2BEHBEKDEFRT  Z )L E— 44 kl/mol L Y IZ&E VWIE % R
TN bhol, UEOREPLOKERIE—E L LEEHRARRN TR
Ff L7 Na-GTS T ITZ 3 EBEOKNFEL, EZEPER 120 °CLLT TH K
L7z, KFILEKEKRKFI Lo /KO2EENEFEET D EE 2
S5b, NafbiAfpk z=1.0 (Na:100%) OREO TGHIE LEHERE ML

KOZK 1435 FD5 bHEMEEENGFHETSH L. KFILEK 6.1
5 FIE 5SS kl/mol BEDO K= U XV E—&FRTKAEDT, GTS BiKiE
EICRAELEARKTIERWWNEEZLD, o, KL o7oK 42 5
Tz oW Cix, AEto TEM @4 (Figure 4-2) Xk v . Bkl + ORI KX
HBLELORDDZ ENERINTCOT . T/ RFHEICEET ML K,
EFLRERERELZAKTERVNEEZONDS, EZEHER 120 °CUL ET
KT DKAGFIT, RBEMEBA A ICEMLEKRKESZONET, 2
DEF, BEMT LIV, Na" ICENM L TWD H0 3 FOERKEN, 6 5
FROT, REREERDNLS,

: Figure 4-24 I[Z B KR 14 (°C) B AZE Q (kl/kg) @
ERERT, GTSHET ¥ VBERBOARHBAEILN (2) Lo TK
Wiz, Q% NafbiA#pk z =0.5 (Na: 50%) B LV z=1.0 (Na: 100%)
DRELE Na-A IZOW TR LE, WTFhoRBIZEWTH, BKEBED

WHEWATBRAENRE S R o7, BAKEE (14) 100°CTIE. Nafk
ﬂﬁﬁzzosmmﬂm)@Q@ﬁ\ﬁ3mkm%&f%bbb Na {&
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AR z=1.0 (Na: 100%) @ QfEIEX. % 380 kl/kg BE # L7, MK
B (ta) 100°CIZEB D Na-A @ QfEIX, 475kl/kg TH Y | #iZF3&F
LV LEBERERARLRVENT ERbho T,

4-5 F&H

HAH @O Na-GTS 1%, & RRAEEE 100 °C, LA AL FE Ti02/Si02=0.32,
Na O/TiOr =4 B LU 5.6 DFEHTHER TS, £72. BHMHD K-GTS 1%,
A AR ER R BE 200 °C oD B, fHIARE AR BB Ti02/Si02=0.32, K20/TiO2=7~10
DEBETHAMRTER, T LY, Na-GTS B L O K-GTS TR WVHEE T L
mAERTERNWZI E DN bhMhom, EEM 10 nm © GTS #
Naz 7K1.4Ti3.58i3.5016° 14H20 & R . HARE 79% T, 25~200 °CO E
A7 NVEBTLIAERNZBAKE KNP BEE SN, GTS B
NazsKi14Ti39Si32016-11.4H20 ( Na fE A M & z = 05) H X O
Nas 3Ti38Si31016 14.3H20 (Na AR z=1.0) 122>\ T, 40~120°CT
BEZEHFK L THEAKLERBOAKMBAZHELEZ, 08K 2.,
Nas 3Ti38Si3.1016-14.3H20 (Na fEiA# L z=1.0) ORB T, EF T 20
1435+ D 5B 1035 FDKSFREZEH KT 120°CTHEEL ., KFn
BRUEOBRBTCEZORBAZKMALBLEFBR, 6.1 2 1F0Kg L~
BAhkTEF, ~HERBELEZKDFIIAMBICE2ICERABFICEKRL A
W ERG o, RBERA A Na'l BICiEK 6 0 +2AEA L T
H52LEEBETDHE, ROSZTHEEOREDOKNFELET DI LE2TRBLT
W25 :OEZEHESKT 120°CLL ETHEEL /AT OHEHTRVIKS
REER A A > Nat i L TWD KM 457 ; QEZEH KT 120 °CUL
TCTHBELAEFEE OB THWAK T, Na'lZBRAL L TWD KK 2 oF
Mz, Na"iCEBEMETICHMILANTT L -2V —JBELEKEREESLE
KK 4154 QR UK EEZYKF 120 CLLFCTHhBEEL KT, F/#
A FHICEEERO D WVWIETRERE LK 420 F . E2EHER 120 °C
ETHAARNICHEEL TneK (EROICHIET HK) OoKFfaxz 2 Z L E
— & 55 kl/mol TH V. HRABFIZEFENRTWD KD T T AL
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NIZRESINTWD ABIE AT A4 FOME (8 63kl/mol) & RBEBETH -
oo 2T Na-GTS B RKREBICE W T EROIZKHET H2KOFEDORZY
HEERLTWD, ZOXIICHMILNITEESINLTWVWRWVWKDZK 30%z £
NTWD Na-GTS B REEHZT, ABRYF T4 ML TEEN LG K
ENENZER Do, ROTZKFMBLEKMEA»L EENLATHE
BAHET L. BAKEE 100 CloB I 28X HBmAEIT. Na-GTS TIiX
382 kl/kg, Mg0.89-A TIiL 557 kl/kg THV |, BIEFILHE LV L EEGESD
W VIBEWZ ERbhrotz, 2D K HIC, Na-GTS IZEBAI L L CTHRE
CEEARVIERDbo T,
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Table 4-1. Preparation composition ratio of Na, K-GTS.

Composition ratio (a) (b)
(Naz+K1.2)20 18 18
TiO2 0.75 3.2
Si0; 10 10
H>0 675 675

Table 4-2. Preparation composition ratio of Na-GTS.

composition ratio (a) (b)
NaO 12.8~44.8 15.4~25.1
TiO2 3.2 0.6~8.1
Si0- 10 10
H>O 675 675
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composition

ratio (a) (b) (c) (d)
K>0 7.5~20.0 6.4~41.6 16 16.8
TiO2 2.5 3.2 3.2 0.7
Si0» 10 10 10~32 10
H>0 675 675 675 675

Table 4-3. Preparation composition ratio of K-GTS.

Table 4-4. Composition formula of as-synthesized samples [Na atomic ratio
(z) = 0~1.0].

Na atomic ratio (z) Composition formula
0 K4.4H10Ti3.1S13.5016-yH20
0.25 Naz 3K3.1Ti3.4Si3.3016-yH20
0.5 Na2 5K1.4Ti3.6S13.2016-yH20
0.6 Naz 7K1 .4Ti3.6Si3. 5016 yH20
0.75 Nay4 0K1.2Ti3.7S13.0016:yH20
1.0 Na4.3Ti3.8513.1016°yH20

Ideal composition: AsTi4Si3016-yH20 (A: Na, K, H)
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Figure 4-1. XRD patterns of as-synthesized samples (z = 0~1.0).

o : GTS (A4[(Ti0)4(Si04)3]-6H20, A = Na, K), A: ETS-4
(NagH2Ti5S112038-8.5H20), m: AM-2 (K2TiSi309-H20)

Synthesis conditions: TiO2/Si02 = 0.07, (Na; + Ki-;)20/TiO2 =24, z =0, 0.5,

0.6, 0.8, 1.0, Tuy = 200 °C. The diffraction indices are labeled assuming the

pseudocubic structure.
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Figure 4-2. A bright field TEM image (a) and an ED pattern (b) as-synthesized

sample (z = 0.6).
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Figure 4-3. XRD patterns of as-synthesized samples.
Synthesis conditions: TiO2/Si02 = 0.32, (Na; + Ki.;)20/TiO2 = 5.6, z =0, 0.25,
0.5, 1.0, Tuy = 100, 200 °C
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sizes as Na" atomic ratio (z).

Synthesis conditions:TiO2/Si02 = 0.32, (Na;+K.;)20/TiO2 = 5.6, z = 0, 0.25,
0.5, 1.0, Tuy = 100, 200 °C.
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Figure 4-5. 2?Si-NMR spectrum of samples as Na* atomic ratio (z).

Na® atomic ratio of samples: z =0, 0.5 and 1.0.
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Figure 4-6. Experimental 2°Si NMR chemical shift as a function of the number
of titanium neighbors surrounding each Si tetrahedron for titanosilicate
standards, CsTiSi20s 5 and ETS-4 (Engelhard formulation) (Mari Lou Balmer
et al., J. Phys. Chem. B 1997, 101, 45, 9170-9179).
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Figure 4-7. ?°Si-NMR spectrum of samples
Academy of Sciences. Samples: z =1 (a), and z

Na® atomic ratio of samples: z =0, 0.5 and 1.0
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Figure 4-8. XRD patterns of as-synthesized samples.
Synthesis conditions: TiO2/Si02 = 0.32, NaxO/TiO2 = 4~14, Tuy = 100, 120,
150 and 200 °C. The diffraction indices are labeled assuming the pseudocubic

structure.
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Figure 4-9. XRD patterns of as-synthesized samples.

Synthesis conditions: TiO2/Si02 = 0.06~0.81, Na2O/TiO, = 3.1~25.7,
Tuy = 100 °C
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Figure 4-10. Fields of crystallization of the as-synthesized titano-silicate
phases. The ordinates in (a) and (b) for Na-GTS shows Na>O/TiO; atomic ratio,
respectively. The abscissas for (a) and (b) show hydrothermal temperature

(Tuy) and TiO2/Si0; atomic ratio, respectively.

127



K,O/Ti0, =3

Ao - l\l,. sl KO T, 3.5

K,O/Ti0, = 4

K,0/TiO, = 5

K,0O/TiO, =6

K,O/Ti0, =7

Intensity (arb.unit)

K,O/TiO, =8

l L J b o ek § ARGTS
JMM@AM-Z
pa gl o by by a b a o by o by p by g o by by iy

10 20 30 40 50

2

Figure 4-11. XRD patterns of as-synthesized samples.
Synthesis conditions: TiO2/Si02 = 0.25, K20O/TiO2 = 3~24, Tuy = 200 °C

128



K,O/TiO, = 3

A K,O/TiO, =5

K,O/TiO, = 6
K,O/TiO, =7
K,O/TiO, =9

K,O/TiO, = 10
K,O/TiO, = 11
K,O/TiO, = 12
K,O/Ti0, =13

[ntensity (arb.unit)

K-GTS

A AM-2

201"

Figure 4-12. XRD patterns of as-synthesized samples.
Synthesis conditions:Ti02/Si0; = 0.32, K20/TiO; = 2~13, Tuy = 200 °C
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Figure 4-13. XRD patterns of as-synthesized samples.
Synthesis conditions: Ti02/Si0O2 = 0.1~0.32, K20/TiO; = 5 BL T Ti02/Si0;
= 0.07, K20/TiO2 = 24, Tuy =200 °C
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Figure 4-14. Fields of crystallization of the as-synthesized titano-silicate
phases. The ordinate show K;O/TiO2 atomic ratio. The abscissa shows

Ti0,2/Si02 atomic ratio.

131



TG, %

DTG, ug/s

DTA, uV

100 200 300 400 500 600 700 800

Temperature, °C

Figure 4-15. TG, DTG and DTA of GTS-type Naz 7K1 4Ti3.5Si3.5016'y H20 (z
= 0.6). The heating rate of 10°C/min and the cooling rate of 20°C/min were

employed.

132



As-prepared G1S

After heating at 100 °C

Intensity (arb.unit)

After heating at 200 °C

After heating at 300 °C

After heating at 400 °C

L1 e vl O PR T T T O O T S T N PR T T T A SO A
10 20 30 40 50
20/°

Figure 4-16. XRD patterns of the samples heat-treated at 100, 200, 300 and
400°C in GTS type Na2.7K1.4Ti3.5Si3.5016-14H20 (z = 0.6).
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Figure 4-17. TG-DTA of GTS-type Naz 7K.4Ti3.5Si3.5016-14H20 (2 = 0.6). The

heating and the cooling rate of 3 °C/min and the cooling rate of 3 °C/min were

employed.
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Figure 4-18. The sample heated up to 200°C in air kept within 20 hours under
the humidity of 13.7 mmHg at 25 °C. Sample: GTS type
Naz 7K1.4Ti35813.5016- 14H20 (z = 0.6).
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Figure 4-19. TG-DTA of GTS-type Na2 7K1.4Ti3.58i3.5016-14H20 (z = 0.6). The
heating and the cooling rate of 3 °C/min were employed. As to the sample
heated up to 200 °C shows reversible water absorption within 20 hours under
the humidity of 14 mmHg at 25 °C, this process was repeated 7 times. Sample:
GTS type Naz 7K1 4Tiz 5Si3.5016- 14H20 (z = 0.6).
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Figure 4-20. XRD patterns of the samples heat-treated in the range 200°C
which repeated 7times dehydration-hydration processes and as-prepared.

Sample: GTS type Naz 7K1 4Ti35Si35016-14H20 (z = 0.6).
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Figure 4-21. TG-DTA of GTS-type Naz5K1.4Ti3.65132016-11.4H20 (z = 0.5)
(a) and Nay 3Ti3.85i3.1016-14.3H20 (z = 1.0) (b). The heating and the cooling

rate of 10 °C/min were employed.
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Figure 4-22. Relations between relative mass and dehydration temperature of
GTS-type Naz 5K1.4Ti3.6Si3.2016-11.4H20 (z = 0.5) (a)
Nas 3Ti3.8513.1016-14.3H20 (z = 1.0) (b) and Na-A (c) dehydrated at various

temperatures.
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Figure 4-23. Total heat of hydration and dehydration temperature of GTS-type
Naz sK1.4Ti3.6S13.2016-11.4H20 (z = 0.5) (a), Nas3Ti38Si3.1016-14.3H20 (z =

1.0) (b) and Na-A (c) dehydrated at various temperatures.
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Figure 4-24. Heat exchange capacities for GTS-type

Naz sK1.4Ti36S13.2016-11.4H20 (z = 0.5) (a), Nas.3Ti3.8S13.1016-14.3H20 (z =
1.0) (b) and Na-A (c).
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528, ST OREN PICs D INROBRETHLIZENHEESNTZ, ZT0
HYAKZ 50000m* B L7 AE0oRAEE T LAEEZRE T 5 & 4 46
kg 725, ZORIE, AV~ ANLVEBRTAREFTOMHAKEREH T
FELT, BXA94 Mo Lo TLBINEZFERAKFOBRFEES Y LAE
(T R_RTPCs L LTH4kgdd) ST TREW (KA, 2011) ,
ZDEO, KIEBHNTIREE~OHMTARKOBALZMZ 23K E LT, #TF
KARANRZABLOBEREFEOFFTCOM T AL 2 BT, &6 2017 4
11 BIZ TR EEKE ] L2 REToP, BEICHRNLADH T KEZ
TEWCEDDZZEEFTER o1, BEE-EEFEM»D 13 ERKEBL
THRE, REBENTH IR ITO2EEKRKEZELOAELZK (LEK) O 1
AY7-0OREEN, 2022 F 10 94 b2y, EHEEZENMLAD T
100 h > &Y o 7= (HmEHFME, TOKYOU web, 2024-01-14) , L L., 5§
KOFEABNE-TZEIFTVWZHELZKI0 P xiTTCnd, 512, K
EKERNITHD 1066 D2 7 RNICIFB SN TWHLEKD 751X, B
OHHE¥EZ LRI BAEMELZE L LEEEK] THhD, Fizick
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BRL BRI R ERKICEEN D BHHAMEDEEZNELSBRET 28
BoOBRR - -BESSRBUEIR TS, BEE - REFERTEETD
BURAKIZEEINIHRENBEETH D 62 O BHMEYME (Table 1-1) @
FTHLHHEENRSELS, FEELEW BCs BXOSr o B ICE#BR T &
LDWMEROAENBE TH D, TNOLDORHETLRIT., HERAKNPLMSE
LERREZREA L THWTHREESND, ZOREXHNIL., Fr AP A
N 20775048, EALTFAMN ABEFT AN, BEETY
aFZx—h (CST) RETH D, FiIZ. —RL b RAHEEZF D CST
I, Cs'lzexf L TEWnWA T U RBEBERELZF DN IS LN TEY
BRBIEOLZAH CRECREDIREARA /7R —FTAFEEHTHD & E
Z L TW5b (Figure 1-4)

T & @ B F O3 (Kawata et al., 2024) TlX, Cs'&#h Ca-F ¥ ¥ A b
OHRFES X BREFTERNPL, PR CSHRERICLERERILFHER
ELT, (1) BBEENIKRTOEZK Xy N —7 F v XL THERI N
TWnZ e, (2) Cs"ZMBAFL, MERMEENTCS ZEET D K&
FHYAIRHFEEST DL, B) BEREBEEIAMETCHLZ L, O3 A%
L, FriZ (1) OBAPL, 1RIT M X AVEED CST LY b, 3
R b 2NV EEDO T V—AF % /U7 — K (GTS) OFH, CsTDR
E () CADTHL2EHMEIND, GTS T 77y —~va vy 7T FA4F
(pharmacosiderite) KFe4(OH)1(AsO4)3-6H20 O EEHLAETH Y | L H b
# (ZM#P4A43m) T, £ O — &KX IX MumTia04(Si04)3-yH0 (m : 7 L —
LU =I5 GA F 2 MOJRFfli) THRI 45, Figure 5-1a 3 £ O Figure
5-1bICRTEHIC,. GTS 7L —L U =271, 450 TiOs \NHEENELA
TLZEIWLES2TIDDIZITAF—%ERL, T T AFZ—EH LK
SiOs M AR L THALAICLI - THEBE LTI LWV BEMHEHEA L,
ZORR, S BRTF ¥ ANOEREZFOHAEERFMILRLE LTRHAIN
D3RI MU RAVEENPERIND, ERIE H0 0+ & XBATER 7 L
— AU = IR FEFUORNSHLTND, BROABEMIZ. BFOEEIC
LoTHibid, GTS ORI HMEIX, 77— TV =2 hF 4
WX o THEZ D, 213, SrH2Ti404(Si04)3-7H20 (Spiridonova et. al., 2011)
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VS il SNTMEREFORAKRB RO (Sr, H) &% GTS [(Sr, H)-
GTS|IZ. S H %, ZRBEPA3n [a = 7.834(5) AlémESh TV D
Cs3HTi404(Si04)3-4H20 O ML # > (Cs, H) & & GTS [(Cs, H)-GTS]
(Harrison et al., 1995)% X U8 KsHTi404(Si04)3-4H20 O % % Ff > (K, H)
& A GTS [(K, H)-GTS] (Behrens et al., 1996) IX. [ U 5 &%, 25 B
[(Cs, H)-GTS TlX a=17.8301(9) A, (K, H)-GTS Tl a=7.7644(3) A] &
WEINLTWb, —FH,. Na&H GTS (Na-GTS) % NaaTis04(Si04)3-6H20
(Dadachov and Harrison, 1997) Q¥ ZFH, = HéH. ZHMERIma=
7.8123(6) A, a = 88.794(9)°] ¢ HEIN T WD, ZOHARITNYFHERID
FEFHIZIELS . Na-GTS OERBEII LI LIEBI TR R ERHAIND,
B D7, Na-GTS 2 = 2D fFl & LT, (Sr, H)-GTS % 3 55 & % O #
LT, N FN Figure 5-1a & Figure 5-1b [C B A& tEE & THBME A 4
vEKRKGTERT,

el A A lzxt3 5 GTS OA 4 RBFRFEEZFTRD Z & iF, BH
PETLREREHROERR EFHBICEZE TH S (Behrens et. al., 1996 ; Behrens
and Clearfield, 1997 ; Fujiwara et. al., 2013) ., %z, PCs TR HH I
LToTREBIIHHI L, To¥EH (30.1F) Ir2vE0ViD, &Y
HMEOBEV CSTA AV RBREOBRRLEHEERTEI N T WS,

L7zino T, fREBZ GTS LA TH 5 Na-GTS O Cs™ R # 5Pk % 57 ~
BT, MEETEREALE L COMELZALNICTI2EDICAARXR
Thd, SHIC.FERKICEEND NI FULLUSND 2BEOKREEDE
OHFTH, 2MD ONi CEBHN 100F) R3IMoOHFLIEA A D PiSm
(CEREA 87 ) X 2Eu (EREHA 134F) Rz L TH, mWED
MERT LR MFEEIRDIEE X,

52 HRADEKN

BHETEREREERE L TCOBREITI~YA 70 R —F AR T R
BEEZFBALTWAED., BroBA A o+ 54 4 BN
NI LT AN TEREFAORRZ-AEICL - THEICEEZTDH D,
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AR TIE, AR LEEHEDO Na-GTS ZHWVWT, @EE —HETRELET
DERKICEEFNDIRENBERE THD 62 MOKHAMEBEOF THL K
HENZ S, FEHMPE W PCs B LV %Sr o BILIZE#BL T X 5 W& Al
20D NBAT L, SHIC, BRKIFENLIRESEEE TH D
2 TEDOBFAMEME O T TLEEHOKRVYE (Ni*™, Sm’", Eu’) D 1T 5,
M EBENA AT ERPERDTROBA A 2] BT, Na-GTS @
A F o RBBEE RN,

* 1fioBA 4> : Lit, K'Y, Ag', Cs*

* 2D A A v Mg¥, Co®*, Ni**, Sr?*, Ba?'

* 3D A A Sm?t, Er’*, Eu’*, La’*, Yb’*

53 ERRAZE

5319 NaocTsHEZIMEFIOBIEDERK

Na-GTS . FMWED Na-GTS L ILMEF ¥ LV BEOAGKFIR] I
> TAKRBIEIZL D ER L, HE®E L. NaOH, JE & E Si0y M K.
TiCls KIEWK TH o 7=, A AR Na20: TiOz2: Si02: H,0 = 18: 3.2: 10:
675 (Ti02/Si02 = 0.32, Na,O/TiO, = 5.6) DR &M % %MW E R4 T T
100 °CT 24 BFE K BVE U7z, [ 2 B -8 & 40 °C3 1T 80 °CT 48 K
[H 82 % X & T Na-GTS 2 & 7=,

AR L7 Na-GTS # 7 v B8 (FF HIRERE) TH#R L TR TR
Sk R —~ VIR TR Yt (HITACHI #h 8 Z-5310) 34 A W
T.FaeBzEELE (BELG,I93 , LLITIZ, 2015 4 & 2020 FiZ4
LR Z KD 72, 2015 5 : Na4.4Ti1.08i3.0016-8.2H20 ( Tary
=80°C;80°C CTHZBE L 73 EE) . 2020 4F : Na3.7Ti4.1Si3.0016-8.4H20 ( Tary
=40 °C; 40 °C TRz L =& 8h) o

532 NaGISEZAMEFYICEBIEDE A A2 KR
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AR L 7ZEED Na-GTS D& A 4 v ZRHICH WA EE Table 5-1 12
R, ZhHHORELEZH W T Table 5-2 OFHTHEBA A 2 rEiT -
2o HEMIZUT®a) ~c) 1277,

a 1fiocs,1d, KLU ag @A

Cs'A TV KBBRRBREBITCEREDOELBIZOWVWTERELIT -, KIBK
o Cs™ (Ces) BETX 0.01~1.0 mol/L O TEAL & ¥ 72, Na-GTS ¥y £
(0.5 g) % CsCl/KEi#k (25 mL) F. 25, 40, 60, 80 °CD IR FE T 24 Ik
BeOITHZ LWL, CsTH AUV RBFEEAM L, oz 7
ZEim L, BAiAKCHl®ELE, 0%, 25°C, 40°C, 60°CT Cs™1 4~
R 2T > 2R BT 80° CT 24 e s 72, £/, 80°CTRH
REBZATHo 72 BT 40°CTAFFHLBESEE, BRITH LI, 2D
%@ﬁﬁ@éwm\MSMQ%$®€m%yK%¢6$E&ﬂﬁ%%¢
(Fujiwara et. al., 2024) , Li*A4 A XMW 21T 5729, LitA & KBRE
EBINREOCEBIZOVWTERE T, AWV KEKRD LitaA 4 v
REIX. 0.01~4.0mol/L (LiCl KIE#K) Th H, KL 7> LEIEEIL 25°C
(Tex=25°C) BLT80°C (Tex=80°C) THUELL, K'f A THh%E
TH972D KAV KBBREEBLINEEOEBIZOWTEREZIT- 2,
AW KEBERO LitA A B EIE,0.01~3.0mol/L(KCl KIEER) TH 5,
ReEHDMBEEIL 25 CBL N80 CTUE L, AgiA AV XHB-EITH
D AGAF U KBRBEOEBIZOWVWTEREIT- o, AWV KB
D Ag A A BEEIX., 0.01~1.5 mol/L (AgNO; KiEK) ThHd, IRE D
MBEREEILI25CTREBLE, T RXTOBAAVRBOEREEL S5 TiE, v =
AFTAVFa—F (Y= FREHRXNSH, TEKERES . A

IR DB TR BT-101) (I X V100 El/min, 24 K[ O § 4 THT - 7=,

b 2D Mg, e, NEY, sSETB LT BT A A KRR

Mg?", Ni**d L O Ba?" (4 R & 1T 5 72, Mg?", Ni**tk L O Ba?™ A
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FUKBBREEOEEBIZOVWTERE T, AW KBEKRD Mg> 1 &
YREIX 0.01~7.87 mol/L (MgCly KIEWK) . Ni** A A EEIX 0.01~0.5
mol/L (NiCla K¥E#K) ¥ £ O Ba* 4 4 > B E X 0.01~ 1.0 mol/L (BaCl, 7K
W) Thd, IREODWEBEEIL25°C (Tx=25°C) THRELE, BIK
Hix 0.5 g/25 mL TRA T, BERDBE-VEHE® 40 CT 48 A T
BB A A RBmEER, COM AV RBBEOEEBIZOWVWTEREZAT
STe, AW KEIR D Co* A A R E X 0.01~1.0 mol/L (CoCly K& #K)
Thod, IREIDLEIEEILA40°C (Tex=40°C) TREL =, EHKELIZ 1.0
g/25 mL TR A7, B BE-VeiE 1% 40 °CT 48 FER LR . Co*' A A~
REEH/L, bR, D CEMELT VE=0U AKBRE
ANTKERE—EE LLEERAAFABANCEEE (R L 25 THE %
H@E L 72 (Fujiwara et al., 2013) . St**" A AU %217 5 7=, Sc?* A A4
CHERBEBLIVOREOLBEEOEEIIODVWTERLITo, Ak
KB D St A A EEIX, 0.01~1.0mol/L (StClL kKiE#K) TH D, IE
&M 25°C (Tex=25°C) BEL P 80°C (Tex=80°C) THHEL
i

9 3flid 12>, am>, B, ErXr ALY v A KA

Sm**, BB KON EC A AU R#AEAT O 2D, Sm?', Eu’'B X W EPTA
FUKBHREBERBIOEL VN BEEOEBICOVWTERET-, H
W IEHR D Sm3T A 4 B E 1L 0.01~0.5 mol/L (SmCl; KIE#K) . Eu’'A
F U EEIX 0.01~0.1 mol/L (EuClz K¥EIR) 8 L W Er* A A Vi E X 0.01
~1.0mol/L (ErCL AKEE#K) Th 5, L 5WNBEBIEE L, Sm* 1 & Z#h
TIX 25°C (Tex=25°C) B LT 80°C (Tex=80°C) . Eu’"H & W Er¥to
A A HETIE 25°C (Tex=25°C) B LT 60°C (Tex=60°C) TRHEL 7=,
E#E LT 0.5 g/25 mL TR A7z, BEKTBE-BEE % 40 °CT 48 FFfH] i
80 °CT 24 WL 12 . & A 4 v X#{K %1% 7~ (Fujiwara et al., 2017,
2020) . LB LR YDA F U REEEIT D o, Lad B IV YB3 A A4
KBBREBLORE DLHEBBOEEBIZOVWTERE2ToL, AE
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WD La’™ B8 XV YD A A B E X 0.01~0.1 mol/L(LaClz 3 X U YbCl3
KEK) THDH, IREDLBEBEEIZ40°C, IREDLEEERIT 1,6 8L W
24 BERE] CALVERE L 7=, BEIRHIE 0.5 g/25 mL TR A 7=, [BEIR S B -TE i %
40 °CTAH48 R IE S H T L2 B X YW S A o T E /-

d NacTsBELZAMEFICEIED cs', srPREKBRPTDA A
> RBGER

Cs*, Sr A F LU KB HOTEIR D Cs' A A B L St o o Vil E 1T
0.01, 0.02, 0.05, 0.1, 0.25, 0.5, 1.0 mol/L T&» 5, A L 7ZHH D Na-GTS
0.6 g\ CKEBEICHFHR L7 CsCl KIEHK 20 mL & SrCl K¥E# 10 mL @ 3f
30mL ZMA7zmdbH, 25°CT 24 FEfElik & 5 AE L 7o, R BE-H8 B K
TYEEH 40°CT 48 BRI L C Cs™, S A A v Rk 2 5 7=, Cs™, Sr?*
A AR BEO G REDOBEMIZIX HF, HCI, H:BOs 2z AW, R T
W (R —~ VIRF WOt e EF (HITACHI 48 ZA3000) }
IZ & = T Na', Cs*, Sr?", Ti*", Si*" O B & T 21T\, Cs', Sr2' A A v
& {Nas(1-2-x)Cs4xS12,Ti404(Si04)3 - yH20} O Z I E L 7=, Z DML D
x B Cs'A AV RBE &8 St A AU BmERLEER LT, Figure 5-93 @
ik XRD & — v X0 StICOs BREKINTHI R bhol, ZThik
Na-GTS IZ VA EN 2o 72 SN ELKF D COx & KJE L., SrCO; I 72
SO Thd, 20D, RTFREFSHTLVKRDE SI"1 T OWE
E X Na-GTS IZM VA E 47 Sr*"' 1 4 I SrCO; DENME S 72 fE T
HDHZEBYNoT=DT, SI¥ A A DR (7) 1X Nar A A & CstA
FUDENPDHRE LT, Na' A & R L X 1-z-x = n(Na) /4 n(Na-GTS) .
Cs™ M A v ZH#HE T x = n(Cs)/4n(Na-GTS) . Sr¥' A A v ZXHHEX 7 = 1-
[{ n(Na)+ n(Na) }/ 4nNa-GTS] L EFE SN D, nNa-GTS 1T 1 4 & #a
EBRICH W2 Na-GTS OME &, n(Na) B L O n(Cs) 1L Cs*, St 1 A U &K
BEORYVATINENA LT UVBIOC' A A OMEETH D,
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S CsS A AR Na-GTSEZSHAMEF Y OBIED Na'+ A > %

Na-GTS ® Cs*A # V& #|: B ® Na-GTS 0.5 g |2 0.01, 0.02, 0.05, 0.1,
0.25,0.5, 1.0 mol/L @ FEIZFAH L 7= CsCl KIEW % 25mL MMz, 25°CT
24 PR & 5 W 2 AT 72 o Jo B WK 43 Bl -V v 12 40 °CT 48 FF [ L B 12
Na-GTS @ Cs*A # > R {K[Cs- (Na-GTS) & EAk L 7=,

Cs*'A & v RHAFE % IZ Na-GTS 7 b LB AIRICEHH Lz Nat A 4 v %
J#F W e o r s (AAS) TH M L 2. M Ak Naig- xcsCss
xcs[(Ti0)a(Si04)3]-yH20 (0 < xcs < 1)DEE xcs & Cs™ A A U T ER  (xcs)
EEFE L, EEICIE. 4xcsCst + NasTis04(Si04)3 — Nas(1-xcs)Csdxcs
Tia04(Si04)3+ dxcsNa* D o1 4 W K JE 12 H 5 & | n(Na)/4n(Na-GTS) 72> &
xes TBEEZRDZ, 22T, n(Na-GTS) I A 4 ZTHALFRICHEH L-FHE L
7=FEED Na-GTS DYEEER L, n(Na)lZ A + > RBAHEE O LAWK
HIZFEET D Na A A omBEEART., BONEHBOREIZIZHER
XRD, EKEBORFELBRAK o 202X TG-DTA 2 H W\ /-,

<t gsghk(mu 25 mL — NaCl/KFiE 20 mL
(0.01 = Cg, s, = 1.0 mol/L) (001 = Gy, = 1.0 mol/L)
#RL 95 (25°C, 24 BERT ) & 5 (25°C, 24 FEfE )
[ | |
Wi ma 40 °C, 48 W) Beif - m* (40 °C, 48 F[#] )
Cs*™1 F 28k 7 & 5 MR D CsCUKIEIE D NatA 7 A8k IR & 5 MLELE ONaCUKIRIE O
[Cs-(Na-GTS)] |- 7 iR [Na-(Cs-Na-GTS)] BRI
¥y 7RXRD, TG-DTA IR W S AT ¥yZRXRD, TG-DTA RO HT

533 MK XBFEFTDIU TEM

a) BXR xXEREH

EBA A RBEOEEMENT B X OREEICIE., RINT2000 X # 8 K [H
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frEE (RIGAKU #8) 2 H Wiz {(5fF : B Cu (L =1.54056 A) , &
J£ 40.0 kV,ZEEE 20.0 mA, V> 7 U > 7 HIE 0.02 deg, A ¥ v »HEE 2.0
deg/min} , XRD "Z — UV OEKIT, BXFEFE2RE LS EORSTE
BTRFELE, BMNKETRATA—FII, ZFRREMBTERELLE TS
07 rANT 4T 4V TEICIVEML -,

b EEEEEFEME (TEM)

TEM #HWIEHEEFMEIT R -7, TEM EHIC L 5RER CRE D
FEfli, EFEFICELDOERMEORM. K FRICKDBAFTMEE DML AT
Sf, F, EDX WXV BB RMERSGITEITRVEA 4 RBRE
{Nasci—xy M 4,/mTi404(Si04)3-yH,0 ( M: Co?*, Sr**, La’*", Yb*") ! B K O D
RERELE, ZOEBEROxEZ2RBRLEER L, T2 T, x =11,
MM A F U RBORRITERETH D,

534 {LEDHMH

a ERFRADH

‘Cs*, Ag®, Mg2*, Sr?*, Ba?*, Sm3*, Eud*E L O Er3+§1ﬁﬁ90)ﬁ‘ﬁ‘: A A

Y RBALEEIC Na-GTS O EEABRICIEH L Nalf A OYEEZ

JE F W ot ot i (AAS) T o #r L . M ak & {(Nasa-oM"™ axm

Ti404(Si04)3-yH20 (M: Cs*, Ag", Mg?*, Sr?*, Ba?", Sm**, Eu*, Er*")} (0 < x
<D x & M A 4 U RZBELEEHEL -, BB, 4x/mM™ + Naa[(TiO)s
(Si04)3] — Nad4(1-ny)M" 42/mTis04(Si04)3 + 4xNa* D A & R H S 12 F 5 =
n(Na)/4n(Na-GTS) 7> b x fE%# RD 7=, Z Z T, n(Na-GTS) 1L A 4 » XX #

WEICHERALZFHKRLZEED Na-GTS OEEE R L. n(Na) 1T A A

VRBALEHZRO LBABETICHFET D2 Na' A T VO ERBEZRT,

N BMEORH]E L 5 MEE O EBELEBERTICE - 7= NiZto B 71}
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YT HIT LD Ni2 A A4 > 2K {Nag(1-x)Ni2xTi404(Si04)3-yH20} O fH ik %
RELE, ZOMEKRO x Z2RMBELER LT, Nit"A 4 U RHFE x X x
= 2(Ny-N) /4n(Na-GTS) & E#F S 1. n(Na-GTS) LA 4 > ZZHEBRITH
7= Na-GTS O E & Nold A AV ZHBEOBERICEEND Ni OME &,
NEZREODLBEED EBEABRICEGFT DO NIOMEETH 5,

Co* R#AE D HF} AR D EMICIT HF, HCl, H:BOs & H W72, B 70k
Y HTIZ & - T Na®, Co?', TiY, SiY" DO EE DT 21T - 7= (FEJR 5, 1998),
B EC TR LY —~ R T R4 e ot B EF (HITACHI #8 Z2-5310) = M
Wiz, EEZXBETO01gHERL, 100mL7 7uerfinb iz Az, &
MiAKZR SmLMMz72H, RKVZFLr8OAAERXRy FEZRAWTT v
fbARKEWE (46~48 wt.%) SmLREROT T ABMO ARy &2 HWTHE
B2 (36 wt.%) 2mL Z %, 65°CT 2K, BANRNRETREEICEMS
i, 77 iRt meLic®, BHMAN2S mLBEX RS VEE28 ¢ %
MZ 2. ERABRICBHMLER2ICEN L, 100mLAY = F L A AT TR
alcBL, BMAKTI00mL IZLE, Z2haoTBERELBETRDEE
ABEENICHER L, 77 07 RIZT7 vyBE-FU 7 vy BERZRA WV, K
TR HEFH O EIT -7, Na*, Cs*, Co* B LU SO o ic iz ER
TEFLyT =LA TiYE SiYOSTICITERLER-TETF LT L
— L HWi,

Cs*, S A F U RBEDO ] BT D Co™ ZHMAE DS L REEICHRED
BRI 1T HF HCL HsBOs & W7, JRF Rt 9 A i & - T Na™, Cs™, Sr*7,
Ti**, Si**" O E & 5 2 17 \» . Cs*, Sr?" A4 & > & #H & { Nasqio
Cs4xSr2:[(Ti0)4(Si04)3] ' yH20} DAL AR E LTz, T O D x & Cs*
AFREBE 2% St AT U RBE L FEFR LI, Figure 5-95 DK XRD
WE— 1) SrICOs WAERKREINTAHZ ERbhrolz, ZiHiE Na-GTS IZ
BROVAEN2 o7 SEPPNZELKF D CO, E XL, StCO3 1872 o 72728
Thd, OO, KTHAEDH LIV RO St 14 A OWEEIT Na-
GTSIZEVIAENT St A A I SICO; DENMEINZETHDL Z &
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MNP DT, S A F L ORMER (z) T Na" A A & Cs' A A DfE
DHRE LT, NatA & ZZ# R IL 1-z-x = Nna/4n(Na-GTS) | Cs*A # &%
iR % x = Nos/4n(Na-GTS) . St?>7 A & > 23 # R 1L 7= 1- {(Nnat Ncs)/ 4n(Na-
GTS)} & E#E S . n(Na-GTS) lx 1 A v ZTHEBRIZCH V7= Na-GTS O % g
B, Ma B LB Nes iE Cs*, St A A U RBEORVIAE N Nat A4 F v B
LT Cs A A OMEETH D,

Cs* 1 & > 25 ¥ f[Cs-(Na-GTS)| D Na*A F > & #|: Na-GTS & Cs*A + >
R TH LN Cs REE 75% (xcs=0.75) @ Cs-(Na-GTS) 0.4 g (2 0.01,
0.02, 0.05, 0.1, 0.25, 0.5, 1.0 mol/L DK EE (ZFHHL L 7= NaCl KIFHK 20
mL Z A0 %2 .25°CT 24 FFEIE & 9 B 21T 72 o 7=, B R 20 BE-E % 1% 40 °C
T 48 BE R M 7% . Cs-(Na-GTS) @ Na™ 1 # > Z#ifA[Na-(Cs-Na-GTS) | %

C 3 Fl

Na* A 4 U WA FEHE I Cs' A 4 TR [Cs-(Na-GTS) |2 6 EE AR IC
WH L CS'A T 2Rl FHRamiTiE (AAS) THMH L., MK
NasxnaCs3(1-xna)Na[(Ti0)4(Si04)3]-yH20 (0 < xna < ND E$ % Na* A 4 &
B (xna) EERLTE, EEICIE. 3xnvaNa® + Cs3Na[(Ti0)s(Si04)3] —
NasxnaCs3(1-xna)NaTis04(Si04)s + 3xnaCst D A A > & # b 12 3 5 & |
n(Cs) /3nCs-(Na-GTS) 2* 6 xna EZ KD 72, T Z T, nCs-(Na-GTS) I A A
VARBMBICER LA LEZEEDO Cs-(Na-GTS) O EEE2 R L,
n(C) T A A VXM EEZ DO LEAHLRFTICELET D CSA A OWEE
ERT, BONTRBOREICITHMAR XRD, @ KEORE LB KT vt
A DBFIZIT TG-DTA & H Wiz,

o) EDTAF L — MEEC KD DM

CoB LV EuZBMED W] LEABRBIEF AR T T A a2V T—E
BEIZHARLE, iRLEEBLABERNPLA—LEXy &2 HAWVWT 20mL 4
BRL., BEEBEKE Lz, REBRIZT A2 VE VBER%Z 0.7mL, HT &
W33mL Mz, pHA—Z —%HWT, pHM 5~6 12725 X 5 ICFHBL
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oo TZICHETREL LT 0.1%X0 EiR %Mz, EDTA KEHK (9.9x 1073
mol/L) Z HW THEAX T, BIOBDFRENOHANLEABLER L
#&m & L7z (Fujiwaraetal.,2013) , IR & S LEB O LB ABEERFIZEE -
7= M™ (M: Co?*, Eu’") OO HTIT LY M™A F o ZHAK (Nas(1-xyM"™ 43/m
Ti204(Si04)3-yH,0 DMK Z R TE L7z, ZOMERXD x & M™ D A F L
EFELTE, M A R x 13 x = m(No-N) /4n(Na-GTS) & EE S N,
n(Na-GTS) T A 4 v ZHEBRICH V72 Na-GTS OMEE, Nold A A%
WATOBERICEEND MTOWEE., NIFREOSLEZE DO LELBERIC
BETLMTOMERTH D,

5-35H TGDTA

TG-DTA (= v 7 % A4 > A TG-DTA2020S) # AW TRHE DOEKE.
BAKBEZRELE, REBOEFH 20mg &t L, ALK ER,. FE
HE 10 °C/min, MR HEEE 20 °C/min, ¥ > 7V > 7 W 3s. Bl E & E
B EE~800°CEt L7/, 7L, Lit, K"BX O B A F v H#KIZD
WTiE, REBOEIEXH 13~15mg L L, A4HEABREE. FEEE
10 °C/min, BEIR#HE 50 °C/min, ¥ > 7 U » J[# R 3s, HIEREFHHE =
i ~800°C& L7,

hu

54 RRBEREEBR

544 1ffid cs', 1d, KBV ag 1A

Cs*A & ¥ ZZ#|: Figure 5-2 13, FEE CTHB L Cs'of F v K Na-
GTS[Na4(1-x)Cs4xTi404(Si04)3-yH20 (0 <x < DT BT B Cs*A 4 T FE
(X)DZEAL Z |, CsCl KIEWF D Cs"RE (Ccs) OBEEE LTRLELDT
» 5, Figure 5-2 IR T X o512, FIREICEBITS CsT14 4 U R#|E (x)
X, 0.l mol/L ETIXCs*A A oEMeEEbIcaBMITHML, ZoHiX
FE—EICR o7z, —FH. 25°C~60°COFF TIE, x EITQIEEICK
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ELIREFEET, RRTHO08ICLNZELRWN, 80°CTIE 1 £ THIMIZ
MMLE, 2OBEEREER CSA A RBICHET H, LEN- T, b2
b 80°CUETIH, WEIBED EFHIZ, CocsDERERKIZ, A4
RWDREIZNRVAENTHD, SEO Cs'A A REHHLHE T, K
BRECLUBBRERNFECEET THET S L, Cos % 0.5mol/L £ THEM
SHEHA, xEHIX25°CT 0.67 FTL2EMET, 60°CTIX 0.72 £ T
L L 722> 7= (Fujiwara et. al., 2024) .

Figure 5-3 1%, A LB D Na-GTS B L OEL£HE T CHR L = Cs*
RO TG HifR L REB SN (DTA) #BEEZRL TS, TG HfRIT
AEA 300 CETRIBICEERAD L, TDHE 700 °CE THhRAIZEHERD
LTWSZLERLTWVD, 800°CETCOEREBMVR T, £HEED 11
~N%DEEATH T2, TNHOEERAIL.300°C T TOHERAE O DTA
MRICRBEY — 7 PHEET DI EnOHLN RIS, RELS OBK
WWERT 5 EE 2 6505, Figure 5-4a,b IZ7x 3 XL 912, Na-GTS 1 Na®
S F N CsH Freraasng e, ~RICEEBEBRIVENPLGIHAEINLD
K& y BNE 9 B, Dadachov & Harrison (1997)1% . ¥y K X BRE#T7 —
ZERAWEY — hL MMEHT D Na-GTS Tix, Na'lZB AL T 5 H0 47
ToHE, |l KEmpfu)b7eV 6 g+ ThdEHEINLTNE, —F, K
Woclik, EERAVENLHE L-FHE O Na-GTS B RERB OS5 K&

yiE 864yt L, THEINIBEBKRKE6HDFIVBETLINIKREARE
Ehotz, ABEORBIT, RXxOUBOF R THLHBBINLT NS

(Fujiwara et al, 2010 and 2020) . FEJ& (2010) (. GTS % (K, Na,
H)4Ti404(Si04)3-yH20 O KRB F O KR EABPEN S, LT 2 B
O@FIKERELZ : (1) MFREICKELEK, TR0 EBE LR
MEAK (2) BRAOHA A ICRMT D &R BHIIRELEZK, 5H
FAEL L 72 Na-GTS T8l &S h7=E/KE (8.64mpfu) & HIFFME (6mpfu) &
DR—=FIZ., TOXROIRBRE L KOFEEICERT2LEZOND, FAK

WRIZ2 KD CsA TV RBEICHLHFEET LI ERNTRBEIND, #
FARKNEET DFEW., 2R G72KS (1)iX, Figure 5-3 Tld, DTA #hif#
IHEITDH100°CUTORAYE — 7%, 40°C THE R L 2B (Tex=80°C
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TCs'A AR LUEERAE) TIIHABRICBHE SN, 80°C THEL L
B (Tex=25, 40, 60°C TCs"A AU RBLLERE) TEHEYHAEKET
72wy, = BHIZ, Figure5-4a Tix, =R (20°C) 725 800°CETOHOEE
BWOPRNSHESNDIEKE Yy D Cs' A A TR (x) KEMDN. 40 °C
THELEREE 80  CTHBELERBLE TRELER-STEY, FIE
DREOEKRKBIZEFORBBOERKELV LEZFLIBRIFMEI N TN D,
CITHABTARER, AMROLEDICHABINET R TCORE N, B
MEDMKT 0D TG-DTARE OB E TCODLTNHFEFH., B IR
**W’%ﬁﬁﬁéhfwk:&f%éo%ﬁE(Nm)ﬁwﬁﬂKN&
H)-GTS By KA Bt oK FEHABEN S, BRIAK (2) LRI, — B
BREEL 2 REIAK (D) TEEETTCLISCRREHERE LRI EZ2HEL
e THOLDODBRERENDL, 40°CE VI ERWVWEE THEE S 2R
X, ZEOBELKS (1) PHEEL TV N2, 80°CO HIR
THBRIEERBTIE, TOERLALBIHEL, BEHShERABERKC
FECAZEHHEAE T OMICBNET S LTI Rho7c, Lo
T, AELEZTAToOREBIZEBW T, 100 CLUL T THEINZHREALE —
JOBBLZFOKRTEEICHEYSYT 2 120°CE TOEERDFIEL, BR K
(1) OBEZIAHLDOTHA EEZDA LN TE B, EEE., Figure 5-4a
& Figure 5-4b Z LLEE 3 5 & | 120°CETCOEEBPVFEERVWEZ I LIZ L
5 H05FOBADOEE L, 80° CTHBEITZHE LY L 40 CTHE
SHLERBOFVPBEETCHL N b0rDd, ZTOF, x=0 (Na-GTS) &
x = 1.0 [Cs Z& T GTS (Cs-GTS) |DHEHF D H.0 o FHIiX. ThFh
8.64 /75 6.11 mpfu & 9.00 7» 5 4.81 mpfu I L=, B4 L7 H0
F 5. BEAENT CHE S s NasTis04(Si04)3-6H20 fH L @ Na-GTS
(Dadachov and Harrison, 1997)® Na*|Z B2 AL 3 5 H20 47 7% (6mpfu) &

Cs3HTi404(Si04)3-4H20 # A% (Cs, H)-GTS (Harrison et al., 1995; Behrens
etal., 1996) ® Cs*IZENL T % H.0 5 %ﬁtmmwu#ﬁwﬁwoik\

WA Lz HoO 43 T80T, CsP A AU R#E (x) OEME & HITIZITER
BicEb+ 252 bEBICET 5 (Figure 5-4b) . LEDORER LY | &
B L 72 Na-GTS B X &R A T v ZMEOZKE y 1. TG @ 120 °C~
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800  COEEBIVELGERKELEREL, KBy ZRD K,

Cs" A AU RBIKTIT, W Na" /1A EREWVWCs*" T A [ A4
$ g VIE(Na*) =1.18A, VI (Cs*) = 1.74A ; Shannon, 1976] @ % # |%
Na"=Cs"OEBBICESNHNTWNDE, ZOBHBIIB A A ORITEDL 720
N, XWMHEBE AT OEFEAR—ZAREFLLIERT S, O o+ %
BMORALdDZBRNOF AFARERERNPELIBS T IAEERD D,
WoT, AF LV REIZED KO FHDOENIT, 70— T =275 BA
F DM EBNA A FEERITRFET DFH TRE 2 2E R 0 2 (ki B
LrEZOND, RBHEBAA LY DODEFAN—ZAZOWVWTIE, SED 5-
4 CFE L2 (Fujiwara et. al., 2024)

Figure 5-5 1%, AR L7~ D Na-GTS &, ELETTHEL = Cs' o
F U RBEOHE XBEH (XRD) ¥ —vERLTWVWSE, a7 7 A
NT 4T A THEICEY, ZF&ROERAKELVE Y T 40 V7 2RE
LB AT A =22 i Lz, SE® Cs'A 4 RBEIZE T 5K
FEH (a,0) EHMAKEFERE (V) OxOFE#KE L TOEETT,

Cs™ A A U REARTIT x DAL WVZERA D H0 757 F 8T K E <
WA 3 %75 (Figure 5-4b) | #FEM a & o lZHEML, ZORE, BN
R VAL 7~ (Figure 5-6) , 2 iE, HbO o+ oB A L0 &,
TV —b U= HBA AT DERAR—ZADERDOITN, V  ~DEEBNR
REWZLEZRBL TS, olf 88.82°005 89.53°D&HIZH D |, 90°I
HWZ xR, MHFBEROMBEHEEIZCHSE T 5, Figure 5-5 IZ/R L I
XRD ¥ =V OESE— 7 BENGRDZHXEELL IChkD) /1(100) %
Figure 5-7 (2~ , M58 E L IChkD /IC100) (I KR E S LEBIEE & b x
E oMLV, 111,200,210, 211, 220, 221+300, 310 B L O 311 &©— 7
O FE X FRE EL T HE AN L 7228, 400 ¥ — 7 O 8t 58 EE Ee 1ChkD 1 1(100) 13 38
DLz, ZTOXSICxEOHEMIZHEVWE -7 BEITRKORELEZRL
ol

Li*A F %) LitA 4R (x) © LiCl KIEEEE (Cu) B LT
REAE R E OKFM % Figure 5-8 12T, IR & HDABEBEE N 25 °C B
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FO80 °CiTHBWVTIX, Crid 1.0 mol/L £ T LitA A #HFE (x) 2
BWICHEMT 2R, ThULETR xERH 07T TIEIE—E Lo,
Figure 5-9 1% Li "4 F V" RBEDOH R XRD NF — v &7 T, T XTO
LiTf A ZBECOWT BI TR LAOBE—MHE L THAMNTTE L,
Figure 5-9 IZ/R L 72 XRD X — U OFE 55 B — 7 SR E ) 5 R o 7= 8 % 78 &
e IChkD 11C100) % Figure 5-10 127~ 7, fHxF 3 E e 1ChkD) /1C100) 1% x (&
DA £V 200, 210, 211, 2214300, 310, 311 38 K T8 400 & — 27 &+ %
BREE L TChKD /1C100) 1Z A L7m, 20 X 512 x [HEoOBEMIZE vy — 7 34
BEIXRM e ZEfeE R LTz, BT EE%EZ Na-GTS{a = 7.8123(6) A, o =
88.794(9)° )t H#i T B L MK XRD X¥ — b RO FEH (a, a)
BLXOHENMNETEE Vid x OEMICEs ThPIc®limEmz7, L7k
(Figure 5-11) . Figure 5-12 127" L 7= TG Bi#RIZ, A2 300 °CE TA
MICEEBA L, 20#% 700 °CETHRAXICEERAS L TWDLZ 2L
TWo, 800 CETOEERARIT, TR B LD 21~25%D A TH -
7=, Figure 5-12 127" L7= TG @ 120~800 °C £ TO EEFMA R & & /KR
CEEL. BKE Yy ZRD -, Figure 5-13 17T X 912, LitA A X #
FxBELRDIEONT, ERKEyTbT MM L 7, BAKTEHE
VREmMTsE, ERKEYy ZENMEmMZI T Db, ZTOEA
X, AA A RO/ Lit (F 21XV =076 A) K X 72 Na® (f
ZEVTr=1.02A) EXWTHZLICED, KOFBABLEZDOMILAD
TBEARXR—ZANREMLEZEZDTHEEEZLND,

KA & U 8| KA Ao ZHhE (x) © KCIARBEREE (Ck) BLOXK
B E O TFEME % Figure 5-14 1231, IRE 9 LHEEBEEN 25°C B &
O 80°C IZHBWTIEL, Cx 2 3.0mol/L £ Tik K'A A 22 #E (x) 2NHEM
L, 80°CTIL xfEAHKR KT 0.88 Z/~ L7z, Figure 5-15 2% K1 4
VRBAEDOBM K XRD NE — U E AT, TRTO KA A UREERIZON
T, WML FM|ROHE—-ME L THEEMIT TE, Figure 5-15 TR L 72
XRD ¥ = OFHE— 7 EENLROIZFHXFEE L I(hkD/1(100) &
Figure 5-16 (289, A8 58 BE bb IChkD) /1(100) 1% x fE O # A £V, 200,
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211 B LW 220 ©— 7 ofExt@E K 1ChkD) /1(100) 2380 L 7228, 110,
111,311 3 KX 400 ©— 27 o fExF 58 E e IChkD) /1(100) (XA L=, Z @
O xBEOEMIFENVE —VRETRKORE(EZR L, BT EK
% Na-GTS{a=7.8123(6) A, 0. = 88.794(9)°} L lLE § 5 & . ¥ K XRD /" ¥
— VML RDIEBTER (a, a) BLOHENETEE VI x OB
ST aBIOCVEBEAL, a ZEMERICH D Z & B oh o7 (Figure
5-17) . Figure 5-18 12/~ L 72 TG #ifRiZ, A2 300 )CE CRABMICEE
WAL, D% 700 CETHRAICEEH L L TWNWDLILEERLTWD,
800° CETCOHOEERITIZ, EHAE L L 23~16%D#HiF Tdh > 7z, Figure
5-18 1IZ/R L7 TG HI#R D 120~800 °C F TCOEEBBMAVEL2E KK L EE
L. 8KEyZER®O7%, Figure 5-19 [ " T X 512, K'£ & R#EFE x N
wmMTsiconT, GKEYy IR LE, BB FEBE VoL X, &
KE Yy DBABERMEZRT RN bholz, ZOEIE., BRA 4 ¥
DORE72 K (F 21 Er=1.38A) B/hE7 Na* (Fl 2 13Vr=1.024A) &
RYTHZEITED . KGFHADTCDODOMILNDZEE AN — XA NED
LEEDETHhEEZTEBMS,

AgtA A UM Ag A A BT HE (x) O AgNO; KB IEE (Cap) KAF
P£ % Figure 5-20 127”7, AgNO3 KIEWKIEE (Cag) 7% 0.18 mol/L F Tl
Cag DEENMICRE - TR x T2 ICHEMT 5 A, 0.18 mol/L LA £ TR
Bi3R x 1349 0.81 TIZIEF—E & 72 » 7=, Figure5-21 [/~ L 7= XRD /3% —
YRV, TARTO Ag A F U RBEIZONWT, I FHFLOE—FHE L
T TE 7=, Figure 5-21 IR L7 XRD RX¥ — 2 DFfEm v — 7 1§
EnbRO X ME L I (hkl) /I (100)% Figure 5-22 |27~ §, 8 %58 &
He 1 (hkD) /1 (100)1E x @ EEHIZ ££0 110, 111, 200, 211, 220, 221+300, 310,
311 BX OV 400 B — 7 ORI BRE b T (hkl) /1 (100)1 X8R L., 210 B — 2
O K8 %t B8R L T (hkD) /1 (100) X384 L7z, R, 100 K& O58E 1L x o
KIZHESTELLLBAL T2 N b o=, Figure 5-23 IR LK FE
BaBIOHEMBRTFEE ViZ x oENIcE-> TRAVERZRLEZD, x
DER® a lCHEL2 L0 T EITVWARWERTH - 7=, Figure5-24 (T
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T LU TG HIRRIE, x [E2 0~0.42 OB TIL 300°CE CAKICERERED
L, 0% 700 CE THRAXICHEEHRAS L TWVWDLZLERLTWVDS, x B
2% 0.75~0.87 DFREFTIL 200 °CETCRBICEERAD L., D% 600 °CE
THRxIZEEBRDP L, TIOCTEERA LTS ZLERLTWD, TG
ODEERMVERIL, £R-ELE L 14~20%D & TH - 7=, Figure 5-24 [T
L7 TG ® 120~800°C E TCOEERAVENLHFKE Yy KO, Figure
525 AR T EIHIR RBExNEL RDICONT . EKE Yy IIHI L 2,

XMEOHMICES Ag A A Vv RBAEOEMETEHEE V OB IX, GKE
y OWAPICELDLDOTHDIAIBENEZZOND, THIT, A4 3¢
BN LY RER Agt (Fl 2 XYY =1.15A) & LV /hE7 Nat (] 2 12V
=1.02A) DRBICIVMANDEEZAN—Z2OBEAICL > THEEZ
SNTEFIEERIZ L6 D,

542 2ffid Mg, s, NE, s R LY BaETA AR

Mg2* A F v RH|: Mg? A 4 o iz (x) O MgCh RKIBEHREE (Cue) &
17 % Figure 5-26 [Z/8 9, Cume 7 3.0 mol/L £ T Mg A & AT H; R x N
LK. x & KT 0.76 Th o 7=, Figure 5-27 {2~ L 7= XRD /¥
F—=rED T RTO Mg A A REEIZHONT, B F bR DE—H
&L THEAMITF &=, Figure 5-27 IR L7- XRD RNZ — LV DOREH E—
7 B8 FE G R 72 fH %t 58 B b 1ChkD) /1(100) % Figure 5-28 (273, FH %
s EELE IChkD /1C100) 1 x OB M HE W 111, 311 B L 400 ©— 27 D
FR et 58 BE b IChED 7 IC100) 1XHE AN L 7= 2%, 200, 211, 220 B L Y 310 & —
7 O FE xF 58 B b I(hkl) /I(100) X984 L 7=, Figure 5-29 |12~ L 724 1 E K
aBLOHEMNETEBE VIZ, x OBIMCENVETELR (¢, 0) B OHEM
B AR VT BN M 2 8 L7z, Figure 5-30 1278 L7 TG sz, 3k
25300 CETRBMICEERD L, £T0OH% 700 °CEx TRAICEERD L T
WAHZEETRLTWVWD, 800CETCOEERAVEIT, FRBIED 21~24%
O TH o=, Figure 5-30 IZ/R L72 TG ® 120~800 °C £ T HE
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DENLEKE Yy RO, Figure 5-311ICRT X210, xERELS 5D
WOoNT, EKEyixEMLE, Mg ( & v REBEIEROENMNEFEE VO
WMMX, EKkEy EOoENMCE2b0THEIEZEXOND, 2MiOBA
A OBE. 2Nat > Mg@POBWIZ I 2B A A U BBV OO A 4 v
BT 2RSS FHEOBONFARENS, UL, 20 Mg* A+ T
H 1o LitAs A EREOEREZRLZDIX, ZOBA 4 8D D
BRIV LEDA A EREN LD /IS 2 2 i Mg2 (Bl 21XV = 0.72
A) XV REZ2 1ffio Na® (Flx1TVr=1.02A) ORHBIZL Y MILA
DZEEAN—=ZNBMLEEHIROETN, K3 FROEMIDRHTH -
lteEZbh b,

Co* A F U Z#|: EDTA ¥ L — FEEIC LD LELOSH ., FFBHKL
Mrik % " TEM-EDX B X 2O O 2T, EEABEERO
EDTARMEDORKER LV KRB Co? 4 AV TWE (x) O CoCh KIBRIEE
(Ceo) ETFMEDME % Figure 5-32 783, Cco 1.0 mol/L &£ T Co*' 1 A &
Pz x HEAN LA, x fEIZ& KT 095 Th o7, Figure5-33 (a) B L
O (b) X, 0.5 mol/L CoCla ZKKIEHR (Cco=0.5) TR E 5 L#H L 7= Na-GTS
> TEM Bifgk L O e 5&EFEH (ED) ~F—rz2xrd, U7l
ED & — 2 LHEBNMDL, Co?' A A4 ZHBEITEHRZE 20 nm D %
R F THRSNL TVWBEZERNbhol, Co® o 4 v AR O # kK
{Nas(1-x)C02x[Ti4Si3016] - yH20} D x Z XK L EFZE L. 6 DDK F D F
HIME DL (Na:Co:Ti:Si=3:18:37:43) LY Co*" M AV XMBmR x 2 R®
7z, Figure 5-33 (¢) I%. Figure 5-33 (a) K.+ ® EDX A X7 ML &7,
Co-K & Ti-K Bovr—7mELL» LR D Z Co/Ti KFHIE., Nasi-n
C02,Ti404(Si04)3-yH20 TIiL Co?'A AU R E x =085 2~ L1=, £/,
AU RBEREZEORKF O Co* 1 4> D EDTA HE N L RO Co?*
A3 REE (x) 12088, AASH R xfEIL 086 "L, Zh
HBOEIZTAEWICE LS —FLTWS, Figure 5-34 IZ/8 L7z XRD /"% —
LV, T R_RTO C A A VTBIFICHONWT, YT HROE—ME LT
fE# AT ) T & 72, Figure 5-34 IZ/R L7 XRD "% — > OfEHS Y — V8 E
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M5 R W 72 M %t 58 FE e IChkD /1(100) % Figure 5-35 (223, 10 %38 b
IChD) 1 1C100) 1 x fE O MV, 110, 111, 311 8 X400 &2 — 7 O F
%f 58 B b IChkD) /1C100) 25 #E Kk L, 220 ¥ — 7 o # %t 58 £ tb 1ChkD) / 1(100)
DA E A 2 7~ L 7=, Figure 5-36 L VW x f[EOHEMIZHE WV, BFEE (aq
o) BLOHEAMEFEE VIZEMER %27~ L7, Figure 5-37 IZ7~ L 72 TG
BRI, BB 300 CETRMICEERD L., D% 700 °CE TR~ IC
EEHALTWSHZLEEZRLTWVS, 800 CETOEERMA R, &R
BEE b 23~27 %D & TH o 7o, Figure 5-37 IZ/R L 7= TG-DTA @ 120~
800°CETCOHOEERBIVENLEKE Yy ZRD 7, Figure 5-38 127 T XL 9
W xEREMT DI T, EKE y IIWMLEZ, Co¥' A & THAED
HUKBTERBVrofmg, ghkEyo#ENictsboTcdhbseExbh
Do Mg A A EAFEIZ, 2Na™ 5> Co™ D EBIZ K DA 4 HBAD 0 i
OFA A BT 2K TFEOBA BN TREINDL, LA L. 2D Co?
AFTH 1Mo LitA A EREOEmMEZRLEDOIE, ZOBA 4~
BBOOHBERLYBEDA A LENRL VSR 20 Co (I 21TV
=0.754 A) XV R 1o Na® (il 213V =1.02A) OZHEIZEDY
MMANDZEEAR—ZAPEM L RO T B, Ko FEOBEMIZZ R
TholtbtEZONS,

INi2* A F R #): Ni2 o 4 > R (x) © NiCh KIEHEE (Cni) KE
P % Figure 5-39 {2789, Cni A 0.5 mol/L & T Ni?* A 4+ RHFE (x) M
M LET., x ENREKT 0.85 Th o7z, Figure 5-40 |Z7R L 7z XRD /¥
= L0, TRTON»A TR BEITONWT, L FH bR OHE—1H
E L TCHEEMIT &7, Figure 5-40 (" L7z XRD ¥ — > OEH E—
7 BRE N LR MR E e IChkl) /1(100) % Figure 5-41 237, 8%t
B8 BE Be TChkD /1C100) 13 x 5 O #E A BE W 111, 2214300, 311 35 X OY 400 &
— 7 O MELNER L, 111 B8 XLV 220 ¥ — 27 O x5 E 3
M %~ L7, Figure 5-42 X1 VY x fEOBEIMIZE W, K FEHK (a0, 0) B X
O HAL IR VIS INER %27 L 72, Figure 5-43 17~ L 72 TG B 1%,
ARE 300 CETRBICEERMA L, DK 700 °CE THhRAICEHERD
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LTWBZEERLTWD, 800°CETOERBIVEIL, £RBED 18
~21% D #iH TH o 7=, Figure 5-43 |Z/~x L 7= TG-DTA ® 120~800 °C &
TOEERBRVENLEKEZ y ZRD 7, Figure 5-44 TR T L H 12, x &
DI EN, FARKE Yy ML, NI ZHBEOBEMETEE VvV o
M, EKkEyoEMIIEA2LD0THEIEEZLND, Mg?"= Co?" A &
v ERERIC, 2Na" 5> NI O EBIC L 2B A A VBB 072D B A 4 i
AT 2KGFHEOBILTFREIND, L2L, 2Mfid Nittf A+ TH
1 i LitA A ERFEOBEMERLEZDOIEZ, 2OBA 4 HEADOHE
TV bLEIA A ERENI VNS 2MD Ni2t (il 2 1XZVr=0.69A) &
LTV REZR 1Mo Nat (Bl 2 iEVr=1.02A) OXFHBICE YV MAAANDZEX
ANX—ZNREMLEDROFN, KOFEROEMIIHENTH-T2LE
bbb,

Sr2t A F U RB| S A A R E (x) O SrCL KEEEE (Cs) Ok
£ M % Figure 5-45 (1237 F, R & 9 LBEIEE D 40 °C ITHB W TIX, Cse B
0.1mol/L ¥ T Sr2* A A ZHE x DA L 7=, Figure 5-46 (2R
L7 R XRD LV, TRTO St A A REBEICONT, L FHEFR &
LCHREAMIT TEEZA, Csr=0.02mol/L LA E TR L /= St¥' A 4 U K
KD XRD /N % — 2 0&, StCO3 DRV E — 7 )N BLiv 7, Figure 5-47 (a)
%, 0.2mol/L StCla K¥EE#K (Csr=0.2) TH#K L 5 W L 72 Na-GTS ® TEM
BB ERT, TEMBIVEZRN 3I~5um OEFEOELSKRIZAZ>TWVWDE D
LD RS S iz, Figure 5-47 (b) 1%, Figure 5-47 (a) @ S H 7= DKL+
D EDX A7 M ZERT, Sr-Kff & Ti-KFEOE— 7 RELNLRD -
St/Ti JR e iX . Nasa(i-x) Sr2xTi404(Si04)3-yH20 Tl Sr?*A 4 VU TR x =
091 #7~ L7, Figure 5-47 (¢) I&. Figure 5-47 (a) ® T &7 Y ® EDX
AR MV ERT, SEKBEOE =7 BEIZIZ-Z W EAELN50, Ti-K #
DE—7BEITIZLEAERLNZNWI ENE TEM &2 6 % SrCOs 24
BHENTH2ZERnbhrolz, ZHiX Na-GTS ITER VAT N2 ro 7= Sr?t
MNZELK[F O COr ERIEL, SICO3IC o Taed Th 5, Figure 5-48 LV
xEOHEMICHEN, BRFEHK e BLOHMKFERE ViIZBLEBE %2~ L
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N, BFER o TEME®mER L, SI¥A 4 U ZHE (x) O SrCl K
WIREE (Cst) BRORHBEAUEEE OKFM. % Figure 5-49 I3, Cs:
25 0.1mol/L £ TIL S A A U R x AWM 208, AL ET
X x OMEIEMN 0.6 TIEE—E &Moo, BE HLEEEN 25 °C Tik,
Cse 25 0.1 mol/L £ CTIIRME x NAMICEM T 208, T U ETEx®
EIXA 0.6 CIRIEF—E &R o7, IRE D ALHEIEED 80°C TIX., Csr 28 0.1
mol/L £ CIE xfEARBICHML ., U ETiEx DfEIELKHN 0.8 TIZIFE—
EEoTz,

Figure 5-50 (27" L 72K XRD O fE & . Csr = 0.02 mol/L Lk | T Sr** 1
F B D XRD X — 1L, SrCOs DWW — 7 NB N 7=, Figure
5-50 (2R L7z XRD N4 = DG E— 7 ME )G R D 2 H8 5 58
IChkl) 11(100) % Figure 5-51 (2<%, Mxt3& B 1(hkl) /1(100) 1% x fE O
A £V 110, 210, 211, 220, 221+300, 310 38 L OV 400 ¥ — 7 & fH %F 98
FE L IChED /1C100) (XM R L, 111, 200 B X OV 311 B — 7 O AR E T
(hkD)/I (100)}L 38 L 7=, Figure 5-52 LV . x [EOHEMITE V., B FEHK
a B LOEMEFERE VIZREDICEHD L, BFEB o 1l THEML 90° 2
I3 72, Figure 5-53 1277 L7z TG AL, #E2 300 °Ck TARKICE
BERAL.FDH® T00°CETHRAICEEH S L TSI EERLTWS,
800°CETCOHEERARIL, FRE L L 18~22%D & Th o 7=, Figure
5-53 " L7 TG @ 120~800 °C ETOEEBVENLEKE Yy ZRD
72, Figure 5-54 IZR T X 91, SIA AU KRBE x OBMITE->T, &
KEYyFIRELS LB Loz, BAKFEBEV LEKE y T ER
EIRTZENRDbMhoTe, ZTOEAIT, 2D Sr2*N 1fid Na* & 24 5
Lk, BAACEPEAS L, BT AIKGFREBOLEHRLEE
A A EENLY RER2M0 Sr* (FlxiEVir=1.18A) & L/ &
72 14> Nat (Bl 2 1 XVTr = 1.02 A) ORXBIC IV AN DZE X AR — R
MWD LEBMFOMENR, KoFHERAD S, TOKE. BAET
BEVEABL LELEEZOND,

Ba2* D A F > ZZ#|: Ba’ A F v ZHE (x) O BaCly KIEHEEE (Cpa)
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K AFPE % Figure 5-55 12783, Cpa Y 0.05 mol/L £ TIX Cp. D EIIZFE -
T Ba? A A U RZHE x XA T 55, 0.05 mol/L UL ETIE x EIX
7 0.82 TIZIE—TF &7 » 7=, Figure 5-56 [Z/R L 7= XRD /"% — > £ 1 |

TRTOBa>" M AV RBIEICHOWT, ML FEFOE—MH & L THEEA
7 T& 7, Figure 5-56 \Z/R L7 XRD XZ —VOBHE— 7 ME LK
b 72 t8 &t 88 E b IChkD) /1(100) % Figure 5-57 27~ 3, FH x 98 E Ik
IChkD) 1 1C100) 1%, x [E O£ 111, 200, 210, 211, 220, 221+300, 310
BLO3 ¥—7 oMEx@EK 1ChkD) /1(100) 1IZ# K L, 110 8 X O 400
V— 7 O E K [ChkD) /1C100) 13 A Lz, #12, 100 K& O 58 1T
x DERICHESTELLEALTZ2Z X o7, Figure 5-58 1V x &
DM T 2L, BMTERaBIOKTER? LROIZHENETEE VR
RHEBICEAD L, BBFEL a TN L7, Figure 5-59 12/~ L 7= TG #hi##
. BB 300 CETRBMICERBA L, £0OK 700 °CE THRAICEER
BOLLTWDHZEERLTWND, 800 °CETCOEERAVEIT, R L
b 15~21 %D & B TH - 7=, Figure 5-59 278 L 72 TG @ 120~ 800 °C %
TOEEBHVENLEKE Yy KD 7=, Figure 5-60 IZ " T X H 12, x E
WEMT 22500 T, GKE yIEEA Lic, ZOEIE, 2 i Ba? i
1ffi > Na*& RS D5 LIk BA T BB L BT DKSF
DWW LR EADA A ERN LY K& 2Mo Ba?® (fFl 2 13V =
1.35A) & XV /hE72 1 i Nat (Fl 21 3Vr=1.02A) ORZHIZ IV HFL
NDOEEZAN=ZANFD LIEWETOMRN., KoFREEzBL S, £
DFER, BB FEBE VB LEZEEZ BN D, Figure 5-61 |2 Ba?tA
F R HAED XRD NE = 2R T, E— 7 BEIIRENREEZTRL
7o TRTBa?"A T U RBIKICHONWT, I FHEFZRE L THEEMTTE
72M . Cga= 0.05 mol/L UL ECTARH L 7z Ba> A 4 XKD XRD /X &% —
2L, BaCOs WY — 7 NE L7,

543 3flidD sm>", B, BEr, 12T BALY vt AR
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Sm3 A F R SmP A A U THE (x) O SmCl KEEEE (Csm) B
IO TRIEE OKFEM % Figure 5-62 IZ/8 9, 25 °C ~ 80 °C D #i [
T xEIXTABEREICRESEKFELRAY, ZOEIXER CsT1 4R
BICHEYT D, IREDMEBEEN 25 °CEB LN 80 °CITBWVWT, Csm
0.05 mol/L £ TIE Sm3" 4 A U ZWE x NAWICHEMT 208, UL ET
X x OEIZR 09 TIEE—TB Lok, BEILEEEN 60 °C iz W
T Csm 2 0.1mol/L T, x DfEIX 1.0 ZR L7, ZOMEIXZEEZ Sm3 4
AR Y T 5, Figure 5-63 /R L7 XRD XZ — 2 LV, §TD
Sm* A AU RBERICOWT, MY FHROHE—F L L THEHEMIT TE -,
Figure 5-63 IZ/R L 72 XRD RZ — o O 4 B — 7 58 FE ) 5 3K o 7= F8 %t 58
2t 1ChkD) 1 1(100) % Figure 5-64 1274, K&t 88 B e 1ChkD) / 1(100) 1% %
RESDUBBEE LD, x  EA&ELSRDHIZHON T, 110, 111, 210, 220,
221+300,310 35 X O 400 & — 27 @ 18 %f 58 & tb 1ChkD) /1C100) 2335 K L . 200
BEO211 B — 27 O E K 1Chkl) /1(100) 1L 4 L 7=, Figure 5-65 X
V. xERERTIICONT, BFEH (a,a) BLIOEFEHELLRD
T B TR VAR L 72, Figure 5-66 1278 L 7= TG i ## 1%

AE 300 CETRBICEERA L., D% 700 °CE THR A ICEHERD
LTWAZLEERLTWS, 800°CETCOHOERBIRIT, XL D 18
~21 %D FEH TH » 71,

Figure 5-66 (/R L 7= TG HifE D 120~800 °C T TCOEEBB VR L & k=R
EEEL., GKE y ZRDE, Figure 5-67 [T X 912, x EAHEMIZ
RV, EXRKEyXbTricENMMEREZ TR LE, Z08BE, 20K A
o ~AA A URBEOBE LY, 3Nat > SmIOBEBIZE DB A A UK
MEBWCRELSFAT LD, HAANDODEEAR—Z2DI LR LKLY
AEHh, TIICHEASNI DARGFERIISIHICHEMT L THRIND B,

W Sm*' A AV ICEM LY DR FHIZTLYRELIBALAT L LETFRS
N5, TOWEBEBOFREN, Sm3 A U RBITHE S EKRE L HALK T K&
DEEEHZICEHBL TV EEXZLND0, 3Mid Sm* A 4 THRS
NAHEZEIT, BEPLVDREBIOHVWERERTCHD EEX LN D,
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Ewd'A ¥ | B’ A & v ZHE (x) © EuClLKBEEEE (Cru) B X
O BALEIRE O K F % Figure 5-68 127773, R & 5 MEIEE 2% 25 °C
TIE. Ceu? 0.05 mol/L £ T Eu'" A 4 RHE x M LFIT. £l
ETIExDEIZN 069 TEE—EELRoT, IBE 5MEHIEEN 60°C T
T, Ceu?% 0.1 mol/L ETxEMNBEMULAET, x DENHZKRKT 1.0 27 L
7, Figure 5-69 (a) ¥ L O (b) /. 0.05 mol/L EuCl; K&K (Cgy=0.05)
TR & 5 L7/~ Na-GTS @ TEM B & %~ ¥, Eu’' A 4 AR IT )
K 20 nm OERFEEMBRF THERINTWD Z MR-, Figure 5-
65 (¢) I%. Figure 5-69 (b) DK F D EDX A7 v &9, TIIHIT
6 RiTDOEWEE~7, Eu-K & Ti-K O —78@ELILRD -
Eu/Ti J& T 1%, Nasi-nEuax3Tis04(Si04)3-yH,0 Tid EudtA A4 K x
=1.0&ZT- Lk, $h, A A VTHBERRBROBHET O AAS 6RO x
fE1X 0.88 /R L7, Figure5-70 iIC/R L7= XRD XX — 2 LV +XTH
B A U RBEICOWT Y FRROBE—MHE L THERMT TEL,
Figure 5-70 2R L 72 XRD /X% — OOV — 7 58 E 7> 5 3K D 7= 48 & 58
JE b IChkD 1 1(100) %2 Figure 5-71 (23, FH %58 E e 1ChkD) /1(100) 1% x
E DBV, 110, 111, 210, 220, 2214300, 310 3 L T° 400 £ — 7 & f8
%t i@ B e IChkD) /1(100) 2388 K L. 200,211 35 £ O 311 ¥ — 7 O 40 %f 94 )&
e IChkD 11C100) 23 M % 7~ L 7=, Figure 5-72 £V . x fE OB 0z ££
W, BBFEH (g, o) BLIOHEFEE»OLRDTZHEAEFEE VB R
B2 Lz, Figure 5-73 L7z TG Bi# L. REA 300 °)CE TAKICE
B L, ZD% 700°CETHRAICEEBR VP L TNDLZLERLTWVD,
800 ° CETCOHOHEERAVFIZ, F#RE LD 19~21%0FEHE TH - /=,
Figure 5-73 IZ7/8k L 72 TG-DTA ® 120~800°C £ TOEEHE DV K% & KkR
CTEREL, GKE yER®D, Figure 5-74 IR T X Hi2. x HEoOEMIZ
o T, @RKEIFIENEmZRLEL, TO%HE, 2 MOBA A ~1F
VERBOBE LV L 3Na " S ERTOBBRICEIVE A S BRI LITRE
WA T B, MILNDEEZAR—Z2DI LRI REERL, 21T
WMAINI DARGTFHRIISLIIHMT 3 ETHREINDE N, #I B A F
WEAA LI DKDFHERIEFILIVRELSBALTL2ETRIND, ZO0WE
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DEAEN, B AT U RBITHEI GERELEMABEFERBOLE(N B
B L TWEEEZONDN, 3D ETA A 0BT, BENLY
HEBICHWERERTHDILELEZDODN D,

Er3*A & V3 H|: Ec" A 4 RHBER (x) © ErCLAKBEREE (Ce) B X
O WAL B R BE O K 7% % Figure 5-75 127 F, Cer DHEMIZHE - T, &
RBESDEEL S EC" A A RER x T MLE, 60 °CICBIT2EE D

MEIZE->T, Cer=05mol/lL DL & x=096%E7~, ZOfEIE E’A
FTUVRBOBRRIFRETHD x = 1 ITIFIFENEZFD EX"RBIEDE
FAZ ) L 7=, Figure 5-76 IZ/R L7z XRD A& —> XV, T Er*t
A F U RBEIZHONWT, YL FRAOHE—-F L L THERMTTE T,
Figure 5-76 2R L7z XRD ¥ — > O ¥ — 7 88E ) 5K D 7= fH % 78
FE b IChkD 11C100) % Figure 5-77 (259, FEXF58 B ke 1ChkD) /1 1(100) 13 58
BR xNEL<RbHIT o T, 110, 111,210,211, 220, 221+300, 310 3 L 8
400 & — 7 O FE %58 B b 1ChkD) /1 1(100) 2385k L. 200, 211 3 L OV 311 ¥
— 7 O xR E Ee 1ChkD) 1 1C100) 2338 A B 7 % 7= L 7=, Figure 5-78 127~ L
T ER aB IR TER»LRDIZHEILE T EE VA RENICHED
L., BF+EE o (T L 7=, Figure 5-79 IZ/r L7z TG dh#gix. &R E A
300 CETCRBMICEHERAD L, D% 700 CEX THLAICHER D L TW
HZlHRLTWVS, 800 CETOEERBAEIT, R EEH 17~19%
D& TH o 72, Figure 5-79 IZ/R L 72 TG ® 120~800 °C £ T EHE WM
LRNLEKE Yy RO, Figure 5-80 12T X 512, x [E DB £
W, EKEy b TR ENERERLE, 2O 2MMOBA 4 v
~AFTURBBOHB ALYV L, 3Na"* S ECPTOBBRICEIVEBA T VBN E D
WWRELLFEADT LD, MILADODEZAR—ZADIDbLRDIEREE R,

FIICEAINIDAKRGFEIISILIZEMNTZ2ETFHIND D, HIZ
E*" A AV IZBAM L2 2K THITLVRELSBATEIETFHRINDG,

ZOMEBEOFEAEN, EA A U RBITHED EXRE L BHAKTHREOEANL
CEBICEBRLTWVNALEBZZILNLN, 3MO Er' A 0oEfbix, #
ENLIVHRMICHVEERTHLEEEZ DN D,
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La3*A 2 > & #|: Figure 5-81 12 La’* A F v Z#Hi{k® XRD /X% — > % 77
T, E— 27 @EITRMEN L E{E R LT, Figure 5-81 {278 L 7= XRD
A= O E—7BENLRD M RE I(hkD)/1(100) % Figure 5-
82 17~ ¥ FH kb 38 B Eb [(hkD) /1 1C100) 1E CLa @& < 72 2122 T 110, 111,
200, 210, 220, 221+300, 310, 311 3 L ' 400 ¥ — 7 & xt i B Ik
IChED 1 1C100) 88 K L, 211 ©— 27 OAB %58 E e 1(hkD) 1 1(100) 131 & A
EE{ L7 o>7-, Figure 5-83 £V | CLa WM T 2L, BT EH a B
FOBRTERPORODI-BAEFEE VARRBICEI L, BT EEK a
XN L 7, Figure 5-84 (a) ¥ L Y (b) X, 0.2 mol/L LaClz KE#K (Cra
=0.2) ZAWTERC3IRKMEKRSE >LH L7 Na-GTS @ TEM EHE I X
Oxtind 2EFEH (ED) XZ—r&ar-d, U 78 ED NZ—
B b, La¥' oA 4 U RBEIC D W T S EERL R 2um D % & O T T
BENTWD Z ENbh o7, Figure 5-84 (¢) (%, Figure 5-84 (a) ® ki
T ® EDX AX7 Ml ERT, La¥3' 4 2 REBEOMHMRR { Nas-nass
Ti404(Si04)3-yH20} D x Z2XME L EHE L, 5 DOR T+ DO FHMED E L
bt (Na:La:Ti:Si =20.5:6.2:32.0:41.7) £V La’* A A U RRHE x RO,
La-K # & Ti-K B O — 7 @E LR D= La/Ti JRF i, Lad o4 4 v~
LR x = 0.58, La-K# & Si-KBDOE— 7 MELNLRKD T La/Si JR
THTIEx=034, Na-K # & Ti-K DO E— 7 5 E 5 5 R 7= Na/Ti i
FHiEt x =036 #/x L7, Figure 5-84 (d) X v #7k L 7= Lax(CO3); 2 HE
B SNz, Figure 5-81 @ XRD /X¥ — /b, Cra A 0.02 mol/L L E
D La*" A & v R ARIZ Lay(CO3); D B — 7 BNEER I,

Yb3* A F 25 #i|: Figure 5-85 127K L7 XRD 8% —> LV .+ XTo Yb**
AF R BERIZOWT, BAGTRAOE—HLE L THEEMTTE L, £
7o, E— 7 MEIXRMA e E({LE R L7, Figure 5-86 (a) , (b) B X W
(¢) IX. 0.05mol/L YbCls KIEHK (Cypb=0.05) % A\ T=IR T 6 FFHIE
& OME L7 Na-GTS @ TEM HEtg k6 L OxtIic 9 2 & FEHr (ED) ¥
—VERT, UL TR ED RE— U ELEENS, YO A A K IC D
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WTHPHRE 2 um OSBRI T THRERINL TN ZERbho i,
Figure 5-86 (d) |%. Figure 5-86 (b) MO+ ® EDX A~X7 ML &/RT,
Yb3T A A AR D FE A { Nas(i—x) Ybax3Tis04(Si04)3- yH20} D x % XX #
RLEEZL.T OO F+DEHEOE /L (Na: Yb: Ti: Si=11.2: 14.7: 40.4:
36.9) KV YO AFURMExEZRKRDTZ, Yb-KFE Ti-K D v — 7 58
ErbRO 7 YO/TiRFEHIT, YB3 A 4 X #E x = 1.09, Na-K & &
Ti-KBOVE—Z78EELPLRDZ Na/Ti HFHiTx=072 %27 L7E, &
BERxN 1LYV RELSRDIEFERZVDT, YO A AU ZHER x 13 0.72
To D, Figure 5-85 " L7z XRD X¥ — VDS E— 7 EENMNLRD
FH %58 B b IChklD) 1 1(100) % Figure 5-87 |2 7= 9, AH st 98 & ke 1Chkl) / 1(100)
FIRE O KR 6 Kefll (1s=6h) IZBWT Cyo WEMT 5 &, 110, 111,
210,211,220, 221+300, 310 3 L T8 400 & — 7 o 48 %f 58 £ kb 1ChkD) / 1(100)
MR L., 2008 X311 ¥— 27 OBt R E K IChkD /1C100) (X1 & A L
At L7 r o 7, Figure 5-88 LV |, Cyo WM T D&, T EH aB L
G FEENPORDIZHMEFEBE VA RBBICHEAS L, BFEH ol
BMMEmZ R L, YO A F MO B FEE VoI, 3
D YA AN IMlO NatA A ERMMT D LX), BAA - EP
BLLEEOTHELEEZONS,

544 MHMAAORBEBAADOHEEAR-—ACHIIZKES LU
HARFREBEORLICH I IMROBEHNZIMECDNT

Figure 5-89, 5-90 BLTU' 5-91 TIX. 1~3 DG A > ZHBIKIZB T2 &
KEQW) EBAEFEBONORBMER A 4 O EF AR — X KEME % B
U7, B#MARLTHBRERBA T OEFEAN—2 @A EKE ()L BN
P EE () 257, BRKEQOEIZ. MFLETRTOBA A i
NT A4 RBICENT, ZEHEHA A DER A= ZOEMIZ
ST, GREWMIZEA L, RIZ, B FEBV)OEIT. ZHBRER
A X DEREAN—=ZADOEMIZfE > T, BALEFEE)DEAD LA
F 0, CsTUAN D 1 oA 4 > (LiY, Agh, K) & Na" L v B#hA A
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YN EWNW2MOBA A > (Ni2t, Mg?t, Co?*) BLXU Na* L v aEhA A
VIRRKREWBa ThoTe, —FH, RBEBA A OEFZAN—2DEM
o T, BAKBFEBOBEMLEEBA A, 1 o Cs*, 2 o
SITTRB LR3I MORE A A > (B3, Eud', Sm®) Thoi,
ZOHEDOMRIZoOWT, BAEFEBOLEMKICEL TIE, LTFIRARLE
WS OPOERPHY, ThHOPBEMICER LA TBRELTENLD
EEZDOND, UTIC, R|T LB A A Otk - 8 - w Ak - 4 &
VERICESWT, TOMRETEDLILETHEOICEERL TE LD,

n) SKE

M LT _XRTOBA AT T T A4 RBICHE N T KBS
AFVDEREAR—ZOHRIZHE>T, GKEWEIEASLE, Th
X, BKRKEGOBY B ZBERBA LT DO EF A=A KITHED
HEAR—ZDOBAPICERT LI EEZ 2605,

B) BAIgFA1E

1) BURFHRBEOEMNLICSADIDIERICDODNT

- EKE

 RBPEHA T DODEFAR—R - THRWEBG A DA F &
& BT B AR

C R A AR L D DK FHOMENER () - R
PERS A A > D T B AR

C RWAER A A v &K T O AR RE
(KOHFREBIT DOV FHEFEFTH D WV ITHES X BREH

WZ R D EE R S L)

2) KRMAR TEREXBERB A A ODMIREICDWNT

CTOBIZOWVWTIEH.,. BEOCETHEMIHBATLIN . ZRBLEEBGA A D
DHIREDNEMAEFERBOZLICERT A2 ORZEIZBWTYE — 8
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AE L, MERXRDOEHE v I 2 b —varyolkns, Mk
Mbd CsLUNDBA A T T RT, NERBOFHLMIETICMET D
6g il L B T OERMABREICH D de EOTFEB T E LSBTV
REIZHDLIN, Cs"OHh 6gFBABREFEBLTND I ENR ol

) HAUFARBOZWLODRARIRICDWNT

- BREDOEA B RO

R A D EE AN — R OB — B AR T S o

c RBEBA A DOV A X BB >R A 4 I

Ll 52Ky FHOMEER (FK7) oM,/ B

C RV A A D 6g A~ DB S H > B 7 KFE O BN

(BA A YA XIBNEBERBEOY A X7 4y PLTWHWRIT, kY

MEMTH D)
Efo—BABERICESWT, B A A4 ZMBITHE D B FEBEOE
BT T 28Rz U TIZELT,

O 1B AArOHE
Cs" S DBA I
(BLEAER)
RHMEBA T DOEREAR—20BMIbrrnbo ., BEAEFEBEIT
B3 % (Figure 5-89 @ Li*, Ag*, K%),
!

(fi& 3

NERBOPLMAEZMET S 6g HOBA AT, NEREDOY A X
EHBLTHLRVNEL, TOBEATXPRVB VLD, 7 —LTU —
JBBEBICRESREEEZEZRVWEEZLND, Xo T, ZOHREME TR
MO, RBEBA AT OEFEAN—ZDOERIZEIDIDREEGEKE
DD DHMROBEDORER, BEODRBPILVERTH-oLD &
Exbhbd,
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Cs"DH A

(L&A

TR A A DEREAR—ZOEMITE S T, BALEFEBEIZEMT
% (Figure 5-89 ® Cs™),

(fi# )

THE NBREBEOFLMECAET 2 6gEOBA A i, NAEREOD
PAXLEHEEIZZ7 4y PLTEBY, BTTTHRIERVEERESG NI
LoTT7 V-V — I BEBECEEEREZEZ VWD EEZDOND, L
H, Cs X 6g BEBERMICEA LTS, Lo T, ZHBHEBA A D5
FEAXR—ZADERICEIDDRLEGRKEORBDICE DD ROBEE O R,
B OIRNLIVES ChoTeledEBFZB 206N 5,

@ 3fiB A A oFE (B, Eu’', Sm’Y)

(Bl )

BREtL7z CsPUAD 1 ks A F v EREOBEA T e b b, 44
RREOLNBREOY A XD LRV /INEWVWZTE b LT ., KR
AFDODEREARX—Z2ADEMICfE-> T, BAK-EREITEIMT 2 (Figure
5-91),

(fE 3R)

i, BA AR M 5 3NaT Il o THA A EIX B nd
DI, PG A A ICRAL > 2KDFEMPNEML, Ko FHHEA
EFHOWERZBTEHERTH D,

@ 2MiBA AL OHA Na"DAF U ERIVREWVN/IS NN TS
BT H0LEND D,

Na'k b /S WHE (N2, Mg?', Co*')

(BLERR) RBEBA T L OERFEAXR—ZAOEMIIHE-> T, BA 4~
R M 5 2Na' lC L VBB A A BT 5, 20D ZEBMNE A 4
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YIZBALL D DK FEBEML ., Ky FREIMEEAEH R 2 A REME
NdHD, LinL, 3MMBEA T 0BG L IIxtBeic, ZBHEA 4 0
HH A= 2O E > THEAMEFEBEIZREAD 3% (Figure 5-90 @
NiZ*, Mg?*, Co?'),

(fi# B )

Bt L7z Cs' A DoB A A ERKOBAF it bb, 44
LRLNEBBEBOVA XLV RV /IS, S5, BA A RN #
mrrzElL<Th, hERBAFT A XD, BAFICEBEAL T
LK FEMBEEH b RES RS, BKEDOREADIT X 2 BEALEFEFER
LOHBRDODFENREIDVHNNTVWDEIEDEEZLND,

Nat® % A Xz 4E  (Sr?h)

(BLEMER)

Na" LW /hNEWVWBAF U OFEEITROIC, RBEBA A O HAF R

NR—= 2 DM E > THAMAEFEFIETEM T 5 (Figure 5-90 @ Sr?),
!

(fi# R)

IOHEL. RBEBA A OEREAXN—ZAOEMIIE> T, BA 4
LM S52Na lC R VBB A A BB EMNT 2, 20D R A 4
WZEAZ L D DK FELBEM L, Koy FRAHEAEERE KT D8R
b, 2OHBAE . Na  EVW/INEWBAF DG EITERY, RBIMEREA
F U HLIBREORIINDLTD., TNICERAT LKy FHEOMEAEASE
ANREIDVRELE, TORER, CODENREGKERDIZ X D EMKE T
BREEBDPIELIDRLIVVESE TChHLoTLTDEBE2HND,

Natk b K& Wi & (Ba?h)

(BLEAER)

R A A D58 AX—2DOEMITHE-> T, HAKFEBEINEEIC
B3 %5 (Figure 5-90 @ Ba?"),
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(f B)

TG AT DOEFAXN—ZOHEMIZHE-> T, BA 4 ZH 2Na* >

MTIZEODIGBA A BN T D, RBETI2HBA A O A ABRKREL

Mol LTH, BATVEBOLDOBRNRBY ., TORDRTBMER A 4
WEAALL 2 2 KD FEPEA L, 2EMICK> FHEBEEERZEBA T

HAREMENDH D, THICMA T, EKEOCEERBMLOBENH VLT

DlEEZE2ZLND,

545 NacTS BZIMEFYICBMED cs', scrBREaKBERPTD
1A > R R IR

CsCl K¥E# 20 mL & StCL /KEK 10mL R CEE CHE LEA L
KB DORBEZR2 Cs'A A & St A T DIREKBIRIEE (Cessr=CestC
sr) L EFE LT, Figure5-92 12, & & 5 WMEIRE 25 °Cl2 1) 5 Cs™, Sr??
BLONA AV RBEOREKBREBE (Cess0) IIFMHEZ R LTz, Cos,se
0. 1mol/L £ TIX, Cs"A A R#E (x) BLO S A A U ZZ#]E (g)
T EBICHE M L. Cesse = 0.5 mol/L UL ET St A AU RHE (7) &K
fE 0.63, Cs*A A » ZH R (x) I XHE KME 0.36 & o7, St*" A 4 R Cs”
AF R ERETHEIT, NarA F UBEFE (1-x-2) 1L Cesse 78 0.1 mol/L
ETRBMIZEA L, 025 mol/LLLETIRHIFIE—EF L7 Y., 1.0 mol/L Tk
IME 0.05 R L7c, Z2ORRNL LK 95%D Na" A A BRB|TE T
5T & IAHERR T & 7, Figure 5-93 124 Cs*, Sr?' A 4 U R AL DK XRD
RE—v iR LI, TXTO Cs, St A 4 REERIZ DWW T, BT
FELTEEMT TN, Cosse =0.05mol/L UL ETAH# L 7= Cs*, Sr?*
A F U RBARD XRD /3% — 2 2id, SrCOs D E— 7 BB Tz,

Figure 5-93 IZ/R L7z XRD X¥ — 2 DR E— 7 58 E ) 5K D 7= #8 % 58

&t IChkD) 1 1C100) % Figure 5-94 \Z7~x 9, FH %t 58 B kb 1ChkD /1 1(100) (3 4
LHNOZHMEBA A DO EFAN—2DEMITHEWV B 5202 111,200,
210, 211, 220, 2214300, 310 B X O 311 ¥ — 7 O 8% 58 B 3880 L 7=
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2. 400 B — 27 O ERE  I(hkD) /IC100) XA L, 20 X 9 IC K
WHA A DERAXR—ZOEMIZ WY — 7 BE LR RENLZ T
L7, B+ E% % Na-GTS{a=7.8123(6) A, a =88.794(9)°} L th# 5 5 & |
THEBA A OEFEAR—Z2REL 2DICO2N T, KR XRD ¥ —
YOE—IMENPORDIEEFELR (0, o) BLOHEMEFERE Vidb
T EE A L7 (Figure 5-95)

Figure 5-96 |28 L 72 TG #hfg L, e 300 cCE CRWMICEERD L.
ZD% 700 CETHRAICEER P LTVWDL I EAERLTWVD, 800 °CE
TOEERLVEIT., £ ED 13~21%D % TH > 7=, Figure 5-96 |
R L7 TG-DTA ® 120~800 °C F TOEEBWMIV EE2EKRLEREL., &
KEy ZRD7, Figure 5-97 I R”T X o912, KBHERBA 4D HHF A
—ADEIMCHER > T BAKFEBMHEIEML. . GKEQEED L,
TR A A DOEHRAL— 2D - THEARK T EE )80
LERRKEZ, A A FEEDPRER CSA TP EREARN—R %2 KIE
CHMSELEZ R BUKRFEBDOEMEZ bbb LEEEZLND,
. EKENREBAD LERREIE, LMo NatA > & 2D St A 4> T
T HZ LTIV, BAFT U EPEAD L, ZHICIE> TERAT DK
THRBPH LTl Naf ATV DOEHA A ¥R ED CsPB LV Se? A
T DENA T HERPRY REWVTZD ., HH AN — 208 Kig 2 ¥
L, TORE, MIILNOEEAR—ZAR/NBL LEEDTHELEEZD
nas,

546 CSAAKME NacTs BIZAMEFAHAEBIED Na+1 A>3
AT

Na-GTS @ Cs*A & v Z#|: & 5 LBMIBE 25 Clo B 5 Cs'A v &
iz (xcs) D CsCl KEWRIEE (Cos) KIFME% Figure 5-98 IZ "3, Cs*
A A U RRBER (xes) DI KMEIL CsCl KRBEEEE (Ces) =1.0mol/L TH
75% (xcs=0.75) T » 7=, Figure 5-99 [Z A L 72 Na-GTS B L % Cs”
A UZBIKOPR XRD N — 2 2R T, TTO Cs™ A A > K I|IC
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DWT, Y FHEROE—HE L TEEAMIT TX/, Figure 5-99 1277 L
7= XRD X% — v OFES Y — 7 BE LR D - Hxt 88 E e 1ChkD) /1(100)
% Figure 5-100 (2773, Figure 5-100 (27~ L 7= 48 5 58 B ke 1ChkD) / 1(100)
L0 xes TEOHEMICEE, 111, 200, 210, 211, 220, 2214300, 310 3 L O
311 ¥— 7 O EELITEM L7228, 110 3L O 400 & — 7 O F %58
e I (hkl) /T (100)IEZHEA Lz, 20 X 918 xes [EOHIMIZ W E — 7 58
EIXRRBO R E{EZRLE, T EH%Z Na-GTS{a = 7.8123(6) A, a =
88.794(9)° L thEE T 5 & MK XRD XN ¥ — U b RO =T EH (a, @)
BLOEMAKEFEBONIE xcEOHEMIZHE > THEM L 7= (Figure 5-101),
Figure 5-102 {278 L7z TG #ifiZ, B2 300 °CECTABICEERD L.
FD% 700 CETHRAICEERBIPLTWVWDZEEZRLT WS, 800 °CE
TOEEFHDVRITI, R LEDL 11~23%0&H TH > 7=, Figure 5-102 |
AL TG @ 120~800 °C E TCOEEHBAERZEKRKELERL., BKE
y Z K ¥ 7= (Figure 5-103) , Cs*A 4 VT E (xcs) DEMITER - T,
EREBWMIFIRELSEBALE, TN OERGERIL. BT D Cs™1 F &
BEBRLFRUEREEZ AL, Figure 5-104 73T K 512, Cs* A 4 U T
> THANICBIT S Cs'A A DOEREAXX—AREMT 2I2>o0 T,
EARKEBYEIBADLED, BAEFEBEMIZIENLE, 8 KkEXED LE
DIX.Na" AT DENA TV HFRBRED CSTA T OERA T VRN N
Y RKREVWED, RBEBA A OEEARR— 2N KIEICEML ., MIL
NOEEZAR—ANFALIELEDIEEE LN D,

Cs* A & > 22 #fk [Cs-(Na-GTS)| D Na*A F » BRH#|: RIT . Cs* A #+ > % Na-
GTSICEEMT 2RI DORE I ZHMAT H20, Cs'A A Z#E T5 %
D Cs*A & AR (xcs = 0.75) ZH W T, NaCl K&K T 25 )CTIR &
5 ML L 7=, Figure 5-105 I1C Na* A 4 > ZZ# R (xna) O NaCl KR & BE
(Cna) RTFEMEZ R T, NaCl KERIEE (Cnva) @< 72 DIT 25 Na'A A
VR (xna) EELRD ., Cna=1.0mol/L THI 35% (xna=0.35) &R
L 7=, Figure 5-106 {2 Cs™A A > 2 #{K[Cs-(Na-GTS) ] (xcs = 0.75) F &
% Na* A 4 Z # K [Na-(Cs-Na-GTS) |O ¥ K XRD X% — v ZRr$, T
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N T D Na“ A v A HAR[Na-(Cs-Na-GTS)|IT > W T L Fda R & LT
AP T& 72, Figure5-106 IZ/-R L 7= XRD N¥ — > DS € — 7 78 E )
5k 7= fE xR E fe IChkD /11(100) %2 Figure 5-107 (273, FH %98 b
IChkD) 11C100) 1% xna fE O ANV (110 B — 27 O FH PR E e i 8 m L 7=
25, 111,200,210,211,220,221+300, 310,311 35 L T 400 & — 7 O 48 %f 58
FE bb IChED) 1 1C100) WX Uiz A& T BB & Cs™ A A4 v ZZ i R [Cs-(Na-GTS)
(xcs = 0.75) ] HET 2L, R XRD R¥ — U oL ROLETFEK a B
L OEALE F BB Nat A A R xna OIS - TRA BT
»DZ &Mooz (Figure 5-108) , Figure 5-109 (277 L 72 TG M #f 13,
AE 2300 CETRBMICEER DL, £0OH% 700 °CE THRAICEERD
LTWSZLEERLTWVD, 800°CETCOERBBARIT, &RHE L 12
~15%D B TdH - 7=, Figure 5-109 IR L 7= TG ® 120~800 °C £ T®D
HEEBAVEREEKRKRLEEREL, EKEBOW)Z RO, Figure 5-110 (&7 T
KO, NatA A U ZZHE (xna) BEMT DICON T, GKRE y THEMN
L7,

Figure 5-111 X 0 | Na" A4 F U R > THMILAITBIT DB A F D
ERHAR=ZARFAT LI T, GKREBITHEMLU 22, BAKFEHE
TEA L, ERKEBEBEMLEDIZ, A4V EREN CSTA A LY
INE T Nar A A v e BB LT, ZHBREBA A O EH A — X R HE
SL, MILANDOZEEAXN—ZAREM LR EEZLLNDS, BAKT
EREMNPEAD LI bbb T EKEQBHEMLZEE X, 6 BALD
ALV EROKRE R CsT (Vir=1.67 A) 28/ &7 Nat (Vir=1.02 A)
ERXBTHZEICEY, RBHBAA L OEFE A= FEAD L, ML
NOEBEXAR—ANEMNMLEZEZD THDL EEZDND,

55 L&

THROEEA T 2% T 5 Na-GTS OB A F o e L F o E
EREBIOCHERBEENE/IZOVTHNTE,
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1 OB A 4> - Lit, K*, Cs*, Ag'
2 i DB A A > 0 Mg?t, Sr?t, Ba?*, Co?", Ni?*
3o A A4 > : Sm?Y, Er’t, Eu’", La’"

Ag BRI BV T AgNO; KIS T, MDA A 128 W T Z DAk
MAKBRFIRE SVBEITI ZLETHAA LV RBET o2, BA A UK
BLEBRIT, 25°C~80°COFIRESMBEREDO L & TIiTbiL, 0.01~7.87
mol/L DEKIBMRBEILRBI DA AV RBEOEEFTAR ., TORFE,
BEMETRELE L TCHBEIRZ-, TS Cste SPHICEALTH, RRTER
Zh 100% & 84% L WO MWRBMELZ R LI &6, Na-GTS I& Cs* &
SO EINCHD CH R BHETERERERVEDL Z L &R LT,
LI, T TCRHLEMOIZEALEOBA ATV THHERTH
80%U LOmWREBEREZRL, BIC3MoFmEEA A ITOo0TIEHER
TIFIE 100%ICHE WD TR WRRR L2 TSI ENbhoalt, TO KD
2. Na-GTSiZ7 Vv h V&R -7TLh ) 1LEEE - BEBEE -#1LELE
RERARBA T EREBETEDHI NG, kax RMEMEME S L T
FEREMEZHD TWVWD, FFlZ, A2 M IOV TIHE K TH 80%, Eu’ti
EFREEA A IOV TIE 100%DE WREHBERZ RS Z Lnd, FLEA
%%%ﬁﬂm@ﬁ%%%ﬁf%é@ﬂ;Aﬁ%ﬁy§@€ﬁ§4hm%
L, A A VXTHB|TEALE Agf A4V DB "M AV ERIGELT, ' v
A TA PARREEMT 22 LEPHERTETNVS (BREH,2017) 2 &
P, Ag-GTSIZ oW THL I VERER & L TORBEENHFFTE D,

LN O TR A A OEFAN—R KT 28KEL LOREME
FHEBEOENMICET IMROBENZLEHEICSONT, ROXITELD
LIENTERL, BRALETARTOBAAF TR T 44 RIBITEBW
T RBEBA A DOEFAN—Z2OERIZHE> T . EKEBIXEDIT D,
ThiZ, ERKEOBRODKBHEB A AL OERAX—ZO KIS ZE
EAXR—20RAICER T2 B2, RICT, BAKFEBEOE
WWEAL T, LTFREARLEWS D20 ERNH Y, Zh b3 EMEICEE
LeoskfmRELTRNLDEEZOND, UTIZ, RET DHEA 4D
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%:.[

e
E

M- - SR - A ERICESWT, ZOMRETE 52T
HICEBEBELTE LD,
HilfgkFAHRBEOEIMICE X 2 ER
(&K E h
QXMWMEBA A DEFARN—ASKBMEB A T DA F T LK
XM A A ICEML 5 2K FOMAEER (FH) >XRBEE
{ v DK

DRZWMEG A A (LKTF) OomiIkGE
\ J

Y7 B F- (KRR O 25 L O iR IR
(D& K &D R — BT (R OB
QMR A A > D 5 A~ — 2 0 A — B A7 K T KB 0 B8 7
QKGO A RO,/ WY — LB A 4 2B AL
Lo 2k FEOMBEMRE (FH) o/ By
DR A 4> D 6g E~DE% S AR HKTEBOEM (B
VYA ZBNRRBEOYA X7 42 FLTORE, LD HRE)

-

BRAKICIE CsHA Al SIPA A UDREFLTCVWEIRETHD, T2
T, Na-GTS IZxt 95 Cs*& St A A RMBFHEOHEEZFTARD 20,
Na-GTS @ Cs*, S’ RAKEBEFTOA F U ZHRBREICOD N TR L
7o Ccssr = 0.1 mol/LLL L7 2 & Cst A AU RHE (x) kY Sc* A 4
VERHER () OFBREL oz, Thix, BA A VRN CsT A F v
L0 St A FroEFEBR/NIENTED, MARNIZAVSTNWEE LR D,
Cs"B RV S A A U RHE (x, z) OEMITHEV, BALEFEBE V23
MUFERRIZ, Na" A A X0 b FNA T FENPRER CsTA TR
Bl THDEEZDLND,

Na-GTS @ Cs"ONa'"Z# O A F LR, Cs'A T2 EHET D8N D
RESEBRHTHILED.CSAFTUVBREFE LTOMETMICE > TH
BEThHbH, £ T, Cs'A &V RREAR[Cs-(Na-GTS) (xcs = 0.75)]® NaCl 7K
WRZRWIE Na" A AV RBERZIToRER. Na" A 4 REER (xna)
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X Cna=1.0mol/L OB, K TH 35% (xna=0.35) THolz, 2D &
MHAFURBEINTE CSAFTVITMARNTEBOMZERELBRIBEA L.
EEMAINTWNDEZENbrosTe, Na-GTS I, Cs"™I TV BREF & LT
RWICHFIND,

Li*, K*, Cs*, Sr?*, Sm*", BB L QN Er* "M F iz oW Tik, BBA %
VRBRIBITLIREODLBRERTFELZBRFT L, TO/KE. Lite
Sm¥ A F U TCTHEFEBLEOLBRECLIAZRBEOEVRITLEALAD
NenoltDoT, TORREKFMA AV EREAEDA AV LEED L KRET
L7,

A A oRMA T ERET, BAAT B KRKSFEMHEERL TK
FLEREBETOSMFT L O¥ERER T, BA AT B FLERFOM L
T, KA AT BRI N, TO/ER, AT O A XDBERT L, A
FUEEEKAELTWLIKRDFEH - KMEBEOKGF LIS, KEKE
POAF L TE-KHBEOKRKSFDH TR, EHITEDOAANITHFET
DARSF (BoKFE, BHrWVWIEE " KfEOKSF) ELHEEEAZ
Fo AFVEBRBNPEINVEE, AL VDOEBBMPBPRENVIZTEE K
FIEOKGFICETCRIETAA L OHBELZOEENBRSZ2DHDOT, /&
WA FIEE, EEEMORERAAIEE, 2FLELTIEEIVZL D
KoFEAKMLTWD Lo RRERIZARD (KB, 1993) , ZOHmMENNDL
LitA A R#|TIiE, IBE S5LBEIEE 25 °C & 80 °C B W T CLi 28 0.5
mol/L A ETCIZxfENIZIERMUMEELZ R LIZDIX, Table 5-3 2R L7ZE B
D, MO A A & TLi* (3.7A) & Na* (3.3 A) oKkfnA A2
B oEnizd, IRBESDLBREEIZLD LitA AV TEBEOE VN
ElLhholtolRtEE2bND, £, SM¥ A AU RETIE, RE DL
BHIEE 25,60,80°C @D CsmiZBW T xENIFIERCEEZTLE, 44
FEDPRELIDBRDEAFTCORBEENPRELS 2D, LER>TA A T
EFENDBKGTFNE2SH, LnL—F, A 4Kk TFHEEERITIH <
25, 0D, LELIBAA Y OKRABIZA AV EEPKREL 2D1F
NS o BBlsnD (KB, 1993) . ZO®|ELY . Sm¥' A
FUNFRKFA T FEBRIDOAENAA T EFREOREENRNRENVEEZE I LN
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e IHIIZ, MEINDAFTLVDORESLAFT VOB A PORKZT EIN
FERCTHOHNITBRETEWVWEHB TZ D (MK, 2001) ., ZHb
OE|E LY Bt (Vr=0.947 A) R Er (Vr = 0.89 A) L H AT Sm’”
(Mr=0.958 A) 1Z Na* (Vr=1.02A) OB A A FRICHZ2VEWVWE
D OREISMBIBEIZLD SMP*"RBEOEVNVBELR P 2TEDIEEE X
b b,
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FRED mbeB LU Fgur

Table 5-1. Reagents used for atomic absorption and flame photometric
analyses.
Valence Cation Salt / solvent concentration Maker
exchange ion
Li* LiCl GR, 99.0% FUJIFILM
Wako
FUJIFILM
K* KCI GR, 99.0%
Monovalent ° Wako
ion . o ISI1ZU
Ag AgNO; GR, 99.8% sy
Cs” CsClI GR, 99.0% FUJIFILM
Wako
Mg?* MgCl,-6H,0  98% Wako
Co?* CoClz-6H20 GR, 99.0% o
Divalent Niz* NiCl, EP. 95.0% "
ion
Sr2* SrCl;-6H,0 GR, 99.0% FUJIFILM
Wako
Ba?* BaCl;-2H,0 99 % "
La3* LaCls-7H20 GR, 97.0% Y
Sm3* SmCl3;-6H,0 GR, 99.5% i
Trivalent . o TOKYO
ion Eu EuCl;-xH20 96.0% CHEMIKAL
RARE
3+ i
Er ErCl;-xH20 3N METALLIC
Yb3* YbCl;-6H,0 99.9% Wako
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Table 5-2. The conditions of ion-exchange experiments.

Cation Concentration,

egchange ion mol/L Temperature, °C Duration
Li" 0.01~4.0 25, 80 24 h
K* 0.01~3.0 25, 80 24 h
Ag® 0.01~1.5 25 24 h
Cs” 0.01~1.0 25, 40, 60, 80 24 h
Mg?* 0.01~7.87 25 24 h
Co?* 0.01~1.0 40 24 h
Ni2* 0.01~0.5 25 24 h
Sr?* 0.01~1.0 25, 40, 80 24 h
Ba?* 0.01~1.0 25 24 h
La*" 0.01~0.1 40 3,6,24h
Sm?3* 0.01~0.5 25, 60, 80 24 h
Eu’* g0 1~0.1 25, 60 24 h
Er3”* 0.01~1.0 25, 60 24 h
Yb3* 0.01~0.1 40 1, 6,24 h
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Table 5-3. Effective ionic radius, Hydrated ionic radius and Hydration number
of as-prepared Na-GTS, monovalent, divalent and trivalent ion-exchanged

forms, respectively.

Cation *Effective Hydrated :
. . . Hydration
Valence exchange ionic radius, ionic
. . number
ion A radius, A
Li* 0.76 3.7 7
**% Na* 1.02 3.3 5
Monovalent N
ion Ag 1.15
K* 1.38 2.5 4
Cs* 1.67 2.4 3.5
Ni2* 0.69
Mg?* 0.72 4.4 11
Divalent ion Co** 0.745
St 1.18
. Ba¥ 1.35 4.1 9
Er3”* 0.89
Eu’* 0.947
Trivaled Sm3* 0.958
ion
Yb** 0.972
La3* 1.032

*Effective ionic radius : six-coordinated, ** Na™: As-prepared Na-GTS
Reference of Hydrated ionic radius and Hydration number: & f2, & K

BT (2001) A A KBKIGOBREITEDORKRIZL TR E L 0*—E
EHRAKFMRISHAZBIRELZRD L —. RS TR FESIE, 12 &, 12
%, 2-3 5, p. 57-66.
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(a)

S104

H0

(®)

Figure 5-1. Framework structure and extra-framework chemical species of
(a) Na-GTS (Dadachov and Harrison, 1997) and (b) ( Sr, H)-GTS
(Spiridonova et. al., 2011) projected along [010]. In (a), Na(la) and Na(3b)
represent the la site (coordinates: 0.65, 0.65, 0.65) and the 35 site
(coordinates: 0.91, 0.44, 0.44) in the trigonal space group R3m, respectively.
In (b), Sr(4e) and Sr(6g) represent the 4e site (coordinates: 0.63, 0.63, 0.63)
and the 6g site (coordinates: 0.96, 0.5, 0.5) in the cubic space group P43m,
respectively. The la and 35 sites in the trigonal space group R3m are
associated with one of four equivalent positions on the 4e site and three of
six equivalent positions on the 6g site in the cubic space group P43m,

respectively. The squares drawn by the dotted lines represent unit cells.
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Cs+-exchangc rate (x)

Cs+-cx=:hang: rate (x)

0'..,..| N P I B | . PR T BRI |
0.01 0.1 1

Cee / mol b (logarithmic scale)

Figure 5-2. Variations of Cs*-exchange rates (x) in the Cs™-exchanged forms
prepared at each temperature of 7ex =25, 40, 60 and 80 °C as a function of
Ccs. Tex represents temperatures at the Cs™-exchange treatments. The upper
and lower figures are presented using a linear scale and a logarithmic scale

for the horizontal axis, respectively.
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! x =0 (as-prepared Na-GTS)
| —— ¥ =018 (€, — 0.01 moliL)
V|- - =028 (G0 = 0,02 mol) [
i | x =049 (€, = 0.05 molT) x={.67 (Ce = 0.1 molfl) =063 (Ce = 0.1 moliL) | ]
x—0.76 (€ — 0.1 molL) — = - x=0.76{Cc, = 0.5 molil) — = - x= 072 (Ce, = 0.5molit) | ]
= = - x=0.67(Ce,— 0.5 moll) e v = 0.78 (Ce, — 1.0 moliL) o X~ 067 (Ceg — 1.0 molL) | |

x=029(C,=0.01 moliL)
— = - x—=030(C - 002 mol'L)
------- x=0.54 (C, = 0.05 moliL)| T
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= — = 3=1.0 (€= 0.5 malil.)
=== x = 10 (Cy — 1.0 moliL)
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(Ce, = 0.05 mol‘L) 057
(€ —0.05 moli1)

x—031
(Coe = 0.01 moliL)

I x=071 (g =10moi) |1 % I W I ]
! | \ o s
5 I To : 40°C 1\3 1, 1 60°C 1o 7 80°C
g - \y g Q - "
=N : gy i 80 °C ! gyt 80°C Y Tyt 40°C
:: I l ! ]
o | | |
= | 1 1
l 1 '
| 1 1 1
1 1 1 1
I I 1 .
| 1 |
I l 1
I 1 1
| | |
1 1 1 -
1 i 1 T 1 7
| l 1 1
1 I 1
! G il J B e | ! TP Ly ! ! I
HHHHHHH HHHH HHHHHHH t t HH HH- t t t
I I I
| | |
1 l I
1 1 I
| 1 |
| I
i I
| |

x=t.63
! (Cee— 0,05 molL)
|

=049
! {Ce,— 0.05 moliL)
1

1

x—-0.76 !

(€ = 0.1 mol/L)y !
1 x—0.76

I
1 I
£—078
1 x—()(?l ; (Cey= 1.0 moli1)
1 (C.= 1.0 moliL)

!

—0.98
= 0.63 ) &0

(Ce, = 0.1 molil)

DTA (arb. unit)

1
1
| x—0.67
1 (€= 0.5 molil.)

FEEY EEETY BN FETT R Liaaadeiyl |
200 400

tiralensy [T T I ST SN RNE T NS NNl TN SN TN NN
600 200 400 600 200 400 600

Temperature / °C

IEE NS RN pevaleaealvonalonns
600 200 400

Figure 5-3. TG and DTA curves of as-prepared Na-GTS and of its Cs*-
exchanged forms prepared at each temperature of 7Tex = 25, 40, 60 and 80 °C.
Tex is as in Figure 5-2. Tdry represents temperatures at the dry treatments
carried out after the hydrothermal synthesis for the Na-GTS and after the
Cs"-exchange treatments for the Cs™-exchange forms. The vertical dotted
lines represent 120 °C, at which the desorption of the excess water (1)
(adsorbed water on grain surface or capillary-condensed water between

grains) is expected to be completed.
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Figure 5-4. Variations of H20 contents calculated from the weight-loss ratios
in TG as a function of ion-exchange rate (x): (a) the case in the present Cs™-
exchanged forms calculated from the weight-loss ratios between 20 and
800 °C; (b) the case in the present Cs"-exchanged forms calculated from the
weight-loss ratios between 120 and 800 °C (calculated by excluding the
weight-loss ratios up to 120 °C); In (a), the samples Cs*-exchanged at Tex =
80 °C (solid symbols) were dried at Tdry = 40 °C after the sample preparation,
and the remaining samples (open symbols) were dried at Tdry = 80 °C after the
sample preparation; the solid line and the dotted line are the regression lines
for the former samples and the latter samples, respectively. In (b), the solid

line is the regression line for all the investigated samples.
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Figure 5-5. Observed XRD patterns of as-prepared Na-GTS and of its Cs”-
exchanged forms prepared at each temperature of 7Tex = 25, 40, 60 and 80 °C.
Tex is as in Figure 5-2. The diffraction indices in the XRD patterns are labeled

assuming the pseudocubic structure.
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Figure 5-7. Variations of the integrated-intensity ratios [I(hkl)/1(211) of

observed XRD peaks as functions of Cs" ion-exchange rate(x).
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Figure 5-8. Li*” ion-exchange rates (x) of the Li"-exchanged forms prepared at

each temperature of 25 and 80 °C as functions of Cy;.
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Figure 5-9. Observed XRD patterns of as-prepared Na-GTS and its Li'-

exchanged forms prepared at each temperature of 25 and 80 °C. The diffraction

indices in the XRD patterns are labeled assuming the pseudocubic structure.
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Figure 5-10. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as functions of Li" ion-exchange rate(x).
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Figure 5-11. Unit-cell parameters (a, o) and unit-cell volumes (V) as functions

of Li* ion-exchange rates (x).
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Figure 5-12. TG and DTA curves of as-prepared Na-GTS and its Li"-exchanged

forms prepared at each temperature of 25 and 80 °C.

200



14
12

g
= 8F =
g o 5
c E Q o — —@_ 3
g8 gz o E
o 2 3
o 5
L 4F e
3 <> As-prepared Na-GTS| 3

22_ O T.,=25°C E

F ® 7., =80°C E
O:_qu..I.-..I....I.--.I--||I|...I...-I--.-I:...I....l_:

0.0 0.2 0.4 0. 0.8 1.0

-+,
L1 ion-exchange rate (x)

Figure 5-13. The H20 contents calculated from the weight-loss ratios in TG

as a function of Li" ion-exchange rates (x).
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Figure 5-14. K ion-exchange rates (x) of the K™-exchanged forms prepared at

ecach temperature of 25 and 80 °C as functions of Ck.
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Figure 5-15. Observed XRD patterns of as-prepared Na-GTS and its K-
exchanged forms prepared at each temperature of 25 and 80 °C. The diffraction

indices in the XRD patterns are labeled assuming the pseudocubic structure.
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Figure 5-16. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as functions of K™ ion-exchange rate(x).
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Figure 5-18. TG and DTA curves of as-prepared Na-GTS and its K'-exchanged

forms prepared at each temperature of 25 and 80 °C.
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Figure 5-19. The H20 contents calculated from the weight-loss ratios in TG

as a function of K™ ion-exchange rates (x).
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Figure 5-20. Ag™ ion-exchange rates (x) of the Ag"-exchanged forms prepared

at each temperature of 25 °C as a function of Cag.
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Figure 5-21. Observed XRD patterns of as-prepared Na-GTS and its Ag"-
exchanged forms prepared at 25 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-22. Variations of the integrated-intensity ratios I(hkl)/I(211) of

observed XRD peaks as a function of Ag" ion-exchange rate (x).
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Figure 5-23. Unit-cell parameters (a, o) and unit-cell volumes (V) as function

of Ag" ion-exchange rates (x).
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Figure 5-24. TG curves of as-prepared Na-GTS and its Ag'-exchanged forms
prepared at 25 °C.
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Figure 5-27. Observed XRD patterns of as-prepared Na-GTS and its Mg?'-
exchanged forms prepared at 25 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-28. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as functions of Mg?*ion-exchanege rate(x).
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Figure 5-29. Unit-cell parameters (a, a) and unit-cell volumes (V) as a

function of Mg?* ion-exchange rates (x).

217



—x=0 (As-prepared Na-GTS)
.......... x=0.30 (Cyy=0.01 mol/L)
o i g | x=0.36 (Cyz=0.02molL) | |
(=] B R
- =5F ---x=040 (Cy;=0.05mol/L) |
E [ N x=044 (Cyy=0.1mol/L) | ]
- — - x=0.44 (Cy, =0.25 mol/L)
'S 10k g =058 (Lo =05 malil) | |
‘g —x=0.63 (Cy,=1.0 mol/L)
: —x=0.76 (Cyp = 3.0 mol/L)
W
S _isf T ¢ 259 -
+~
5 Tyt 460
D)
= 201
25 ) ] ] ] ] 1 1 |

Temperature / °C

Figure 5-30. TG curves of as-prepared Na-GTS and its Mg?"-exchanged forms
prepared at 25 °C.

218



e
N
T
I

12F 5
g
— : :
~—
=
=
=
Q
Q n
o :
o 3
= 4F E

2_ <> As-prepared Na-GTS _

3 ® 7., =25°C E
0:_|||..l....l....l.n..l.-..l.||1|||||l|||||||||I||||l_

0.0 0.2 0.4 0.6 0.8 1.0

Mg2+i0n-exchange rate (x)
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at 40 °C as functions of Cco.
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Figure 5-33. TEM image of the sample shaken in 0.5 mol/L CoCl> aqueous
solution. A bright field TEM image (a), an ED pattern (b) and an EDX

spectrum(c) of as-prepared sample.
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Figure 5-34. Observed XRD patterns of as-prepared Na-GTS and its Co?*-

exchanged forms prepared at 40 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-35. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as functions of Co*"ion-exchanege rates (x).
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Figure 5-37. TG and DTA curves of as-prepared Na-GTS and its Co?'-

exchanged forms prepared at 40 °C.
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Figure 5-40. Observed XRD patterns of as-prepared Na-GTS and its Ni** and
Ba’"-exchanged forms prepared at 25 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-41. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as functions of Ni?* ion-exchange rate(x).
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Figure 5-43. TG and DTA curves of as-prepared Na-GTS and its Ni?*-

exchanged forms prepared at 25 °C.
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Figure 5-46. Observed XRD patterns of as-prepared Na-GTS and its Sr?*-
exchanged forms prepared at 40 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-47. TEM image (a) and EDX spectra (b) and (¢) of Na-GTS treated

with 0.2 mol/L SrCl, aqueous solution at 40 °C for 24 hours
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Figure 5-48. Unit-cell parameters (a, a) and unit-cell volumes (V) as a

function of Sr’>*ion-exchange rates (x).
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at 25, 40 and 80 °C as functions of Cs;.
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Figure 5-51. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as functions of Sr’*ion-exchanege rates (x).
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Figure 5-53. TG curves of as-prepared Na-GTS and its Sr**-exchanged forms
prepared at 25 and 80 °C.
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Figure 5-54. The H20 contents calculated from the weight-loss ratios in TG
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242



1.0F
8 I o o
2 08 " °
s
%’D i
= 0.6-
=
o
x I
& 0.4_
@)
(_—t].H
ﬁ 0.2 @® As-prepared Na-GTS
O T, =25°C
0.0k P T N S
0.2 0.4 0.6 0.8 1.0
-1
CBa/mol L

Figure 5-55. Ba?" ion-exchange rates (x) of the Ba?"-exchanged forms prepared

at 25 °C as functions of Cga.
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Figure 5-56. Observed XRD patterns of as-prepared Na-GTS and its Ba?'-
exchanged forms prepared at 25 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-59. TG curves of as-prepared Na-GTS and its Ba?*-exchanged forms
prepared at 25 °C.
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Figure 5-61. Observed XRD patterns of as-prepared Na-GTS and its Ba?*-
exchanged forms prepared at each time of 1 hour, 6 hours and 24 hours. The
diffraction indices in the XRD patterns are labeled assuming the pseudocubic

structure.
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Figure 5-62. Sm’* ion-exchange rates (x) of the Sm’*-exchanged forms

prepared at 25, 60 and 80 °C as functions of Csn.
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Figure 5-63. Observed XRD patterns of as-prepared Na-GTS and its Sm?"-
exchanged forms prepared at 25, 60 and 80 °C. The diffraction indices in the

XRD patterns are labeled assuming the pseudocubic structure.
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Figure 5-64. Variations of the integrated-intensity ratios I(hkl)/1(100) of

observed XRD peaks as functions of Sm*"ion-exchanege rate(x).
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Figure 5-65. Unit-cell parameters (a, o) and unit-cell volumes (V) as functions

of Sm*" ion-exchange rates (x).
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Figure 5-66. TG curves of as-prepared Na-GTS and its Sm>*-exchanged forms
prepared at 25 and 80 °C.
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Figure 5-67. The H20 contents calculated from the weight-loss ratios in TG

as functions of Sm3* ion-exchange rates (x).
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Figure 5-68. Eu’" ion-exchange rates (x) of the Eu’"-exchanged forms prepared

at 25 and 60 °C as functions of Cgu
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Figure 5-69. TEM images (a, b) and EDX spectra (¢) of Na-GTS treated with
0.05 mol/L EuCls aqueous solution at 60 °C.
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Figure 5-70. Observed XRD patterns of as-prepared Na-GTS and its Eu’*-
exchanged forms prepared at 25 and 60 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-71. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as functions of Eu3* ion-exchanege rate(x).
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Figure 5-72. Unit-cell parameters (a, o) and unit-cell volume (V) as functions

of Eu’* ion-exchange rates (x).
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Figure 5-73. TG and DTA curves of as-prepared Na-GTS and its Eu’*-

exchanged forms prepared at each temperature of 25 and 60 °C.
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Figure 5-74. Eu’'-exchanged forms dependence of (a) the H,O contents
calculated from the weight-loss ratios in TG as functions of Eu®" ion-exchange

rates (x) and (b) the endothermic-peak temperatures in DTA.
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at 25 and 60 °C as functions of Cgr.

263



As-prepared Na-GTS

o]
<
—

Intensity (arb. unit)

Figure 5-76. Observed XRD patterns of as-pre
exchanged forms prepared at 25 and 60 °C. The d
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Figure 5-77. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as functions of Er** ion-exchanege rate(x).

265



b ] ! | 1 I X I ! ] L | I ! | ! ] 1]
o i ]
= 190 .
= i i
oD Q— ]
5 7.80F S Ao
2 : :
>|¢§ 7.70 -
%] i i
[T AU (NS N NN SO (NN TR N W SN T (N N NN SN W |
90.0 - oo ! I 1 1 I I ! |__
i Y NPT
o 89.0% —~8 - ~ ]
2 Iy
Z 8.0
o ' @® As-prepared Na-GTS | ]
S o T,=25°C :
870 B A Tex=60 oC B
L | ! 1 1 | 1 L 1 "I | 1 | PR 1 | L |
cn [T I ¥ I ¥ I » I ! 1 ! 1 ¥ I % 1 ! I " I]
D<: i 1
N 4804 -
B e S
2 470 F ol
o
>
= 460 F ]
i
E 450 I N YR NN NN T ST SN SR R
- 0 0.2 0.4 0.6 0.8 1.0

3+,
Er ion-exchange rate (x)

Figure 5-78. Unit-cell parameters (a, o) and unit-cell volume (V) as a function

of Er’* ion-exchange rates (x).
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Figure 5-79. TG and DTA curves of as-prepared Na-GTS and Er’*-exchanged
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Figure 5-80. Er’"-exchanged forms dependence of (a) the H2O contents
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Figure 5-81. Observed XRD patterns of as-prepared Na-GTS and its La’*’-
exchanged forms prepared at its time of 1 hour, 6hours and 24 hours. The
diffraction indices in the XRD patterns are labeled assuming the pseudocubic

structure.
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Figure 5-84. TEM image (a), ED pattern (b) and EDX spectra’s (¢, d) of Na-
GTS treated with 0.025 mol/L LaCls aqueous solution at room temperature for

3 hours.

272



(=
(=)

As-prepared Na-GTS

410,322
411,330

ﬂ Jhil,, =23}
anedee Cyp, = 0.01 mol/L
Cyp = 0.02 mol/L

i el A i i e i Cyp = 0.1 mol/L

“ 6h{T,. =25°C)
J‘ \ Cy, = 0.01 mol/L
Cyp, = 0.02 mol/L
MWCYb =0.05 mol/L (x=0.7)

[ T TP T D I TP I T T e o Bl Cyp, = 0.1 mol/L

A 24 h (T,, =25 °C)
Cy, = 0.01 mol/L

Cy, = 0.02 mol/L

Cyy, = 0.05 mol/L
vl Cyyp = 0.1 mol/LL

Intensity (arb. unit)

28(*

Figure 5-85. Observed XRD patterns of as-prepared Na-GTS and its Yb3*-
exchanged forms prepared at each time of 1, 6 and 24 hours. The diffraction

indices in the XRD patterns are labeled assuming the pseudocubic structure.

273



(d) S0 T T T T T

2500 L S] — nn121219e1 |
Ti
5 2000 yp E B
5 1500 |- Cu B
£
1000 -
Na Yb
500 - Yb |
Yb
0 i 1 1
0 2 4 6 8 10 12
E /keV

Na:Si:Yb:Ti=11:37:15:40
(Molar ratio as average value of 7 particles)
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Figure 5-89. Dependence of the occupied space of the exchangeable cations
on H20 content (y) and Unit-cell volume (V) in monovalent-exchanged forms.
The occupied space: [(rna)**x4(1-x)]+[(rm™)>*x(4/m)x] (x: ion-exchange rates,
rna: effective ionic radius of Na™, ru™": effective ionic radius of Li*, Ag™, K©
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Figure 5-90. Dependence of the occupied space of the exchangeable cations
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Figure 5-92. Cs* ion-exchange rates (x), Sr*" ion-exchange rates (z) and Na*
ion-exchange rates (1-x-z) of the Cs*, Sr’*-exchanged forms prepared at 25 °C

as functions of Ccs, sr.
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x=0.052,2=0.027 (C¢s 5, = 0.01 mol/L)

x=0.13,2=0.015 (Cg, 5, =0.02 mol/L)

x=029,2=0.15 (Cgq s, =0.05 mol/L)

Intensity (arb. unit)

x=033,2=0.50 (Cgy s =0.1 mol/L)
x=031,z=0.61 (Cgq s =0.25mol/L)

x=030,2=0.63 (Cgq s =0.5mol/L)

x=0.36,2=0.59 (Cgq 5= 1.0 mol/L)

Figure 5-93. Observed XRD patterns of as-prepared Na-GTS and its Cs*, Sr?*-
exchanged forms prepared at 25 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-94. Variations of the integrated-intensity ratios I(hkl)/I(100) of
observed XRD peaks as functions of Average ionic radius (7). Occupied space
of exchangeable cations within cavities: [(rNa)’>x4(1-x-
2) 1+[(res)’x4x]+[(rsr)*x2z] (rna: effective ionic radius of Na*, rcs: effective

ionic radius of Cs*, rs:: effective ionic radius of Sr**).
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Figure 5-95. Unit-cell parameters (a, a) and unit-cell volumes (V) as functions
of Average ionic radius (7). Occupied space of exchangeable cations within
cavities: [(rNa)>*4(1-x-2) ]+[(rcs)> x4x]+[(rs:)’*2z] (rna: effective ionic radius

of Na”, rcs: effective ionic radius of Cs™, rsr: effective ionic radius of Sr?*).
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Figure 5-96. TG curves of as-prepared Na-GTS and its Cs*, Sr’*-exchanged

forms prepared at 25 °C.
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Figure 5-97. Effective occupancy space of cations of Unit-cell volume (V)
and H2O content (y) in Nas(1-x-z)Cs4xSr2; [(Ti0)4(Si04)3]-yH20. Occupied
space of exchangeable cations within cavities: [(rna)?x4(1-x-
2) 1H[(rcs)’x4x]+[(rsr)*x2z] (rna: effective ionic radius of Na*, rcs: effective

ionic radius of Cs*, rs:: effective ionic radius of Sr?7).
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Figure 5-98. Cs" ion-exchange rates (xcs) of the Cs™-exchanged forms prepared

at 25 °C as functions of Ccs.
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Figure 5-99. Observed XRD patterns of as-prepared Na-GTS and its Cs'-
exchanged forms prepared at 25 °C. The diffraction indices in the XRD

patterns are labeled assuming the pseudocubic structure.
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Figure 5-100. Variations of the integrated-intensity ratios I(hkl)/I(100) of

observed XRD peaks as a function of Cs" ion-exchange rate (xcs).
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Figure 5-102. TG curves of as-prepared Na-GTS and its Cs™-exchanged forms
prepared at 25 °C.
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Figure 5-104. Effective ionic radius dependence of Unit-cell volume (V), H20
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[(TiO)4(Si04)3] - yH20.
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Figure 5-106. Observed XRD patterns of as-prepared Cs-Na-GTS (xcs = 0.75)
and its Na'-exchanged forms prepared at 25 °C. The diffraction indices in the

XRD patterns are labeled assuming the pseudocubic structure.
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observed XRD peaks as a function of Na" ion-exchange rate(xna).
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Figure 5-109. TG curves of as-prepared Na-GTS and its Na'-exchanged forms
prepared at 25 °C.
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Figure 5-110. The H2O contents calculated from the weight-loss ratios in TG
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Figure 5-111. Effective ionic radius dependence of Unit-cell volume (V), H20
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NE— L Table 6-8 IR L= HET LA B EICYIal—2 gL
7o XRD "EZ —r Dl ER LIz, Co* "M AN, de BEIZETEZEET D
Model (A) TiE, 110,111 O — 7 MENERNEORE LV KEx <o
7o Co¥ "M A v, 6gHIZT %= HA T 5 Model (B) Tk, 200 & X T 220
DE—27BENEAMFEOME LY RE< ARV, 110 O — 7 #ME T EHA
EOBE LIV /INSLS 2o T W, Co*' A AN, 4de, 6g EEHZ I EA
9% Model (C) TlX. Figure 6-6 |2/~ L7-f5% o 58 E 28 EH{E © XRD
WE =R bW E BN D (Fujiwara et al., 2013) .

NI A> DD : Figure 6-7 1. x=0.85 & Ni’*A & > ZZ# (K D XRD
XY — & Table 6-9 LR LEDAET NV E L LWL Ialb—va L
72 XRD NZ — > O l#EERm Lz, NiZ"A AR, de BT EFT S
Model (A) TIZ, 110,111 O E— 7 BMENEHMHEORE LY RE 2D
200 — 7 BMENEIFEORE XV /NI 2o T, Ni2 A 4 93,
6g 720 % 5H 3 % Model (B) Tix, 200 35 L W* 220 O v — 7 58 & 3 5
BIEORE LY K&E <, 110 BT 400 O B — 7 REE N ERPE O 58 E X

D/INEL 727, Ni2"A AU, de, 6gEIZHZE I EA T 25 Model (C)
T, Figure 6-7 I~ LB H O BRE DN ERMED XRD N Z — Il b T
WEBEbhb,

S A DT Figure 6-8 1T, x=0.84 @ St 1 4 A #{Kk D XRD /%
X — & Table 6-10 IR LS HFETLALZ L EICYIa2b—Ya v L
XRD RZ — L D H R LT, St 0, 4e G2 T2 5 A 35 Model (A) Tl
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110 BE 111 O — 78 ENEREORE LIV RKE/ARD, 211 OV — 7R E R
E R E DR E L/ EL72o T, S22, 6g B2 %E 5 H 95 Model (B) T
13,200 B 220 O =7 ERRMEORE LIV KREL 110 OB —7 5 E
PNEBE D58 E L0/ pote, St2TA, de, 6g FHIZHIZEIZH H 75 Model (C)
TIX, figure 6-8 (TR L7218 2 D58 BE 3 E I D XRD /¥ — U ICHR biL W& &
bhd, 2Ok F1X. Spiridonova 5 (2011) LRILCTHH-T,

a@ﬁt¢>awfm:Fgme@9m\x:os6a>Bﬁhfﬁ>@z@MNDXRD
RE—2 & Table 6-11 TR LESHAET AV E DB LICY I 2L —v gL
72 XRD RNEZ — > O R LTz, Ba2" A AR, 4e ER T2 EET 5
Model (A) TliZ, 110,111 BL V400 D — V7 BERNEREORE L Y
REL ALY, 200,211 BEO 200 — 7 BENEAMEORE XY /hE
X7po>TWh, Ba¥ "1 Ao 03, 6g 72 % 58 3 % Model (B) Ti, 200
BLO200 - 7BENERAEORE LD KX, 200 8LV 211 @
E— 7 BENEMNEOBRE LY /N R2o7, LM 5T, Model (A)
IRATIXRERD I EERMATD I ENTEL, —F, BllEh
XRD /%% — 278 Model (B) & (C) D ELBIZHEWVWLEERT 2 DI1ER
REETCHHEND, Ba' M1 AT de i & 6gmUAEERLTND
TENRTRBEEIN D,

633 3D am>, B, EBEr, Yo BLY 12T A DO

sm>T A > DB Figure 6-10 [X.x=1.0 ® Sm3*A 4 2Kk D> XRD
NH— & Table 6-12 LR LESAET VA LICYIalb—va L
7o XRD X"EZ — v ol ErR LI, SmA TN, de ERETELERET D
Model (A) TiE, 1MI0OB LRIl OE— 7 RENEREORE LV KX
<, 100D — 7 ENERAEORE LV /NI hofe, Sm¥ A 4 3,
6g 727 2 5F 7 5 Model (B) Tix, 2008 X211 @ B — 7 J#E PN E
BEOCHME LV RE D, 110 B3XW 400 O — 7 5l B2 FE R E O &
FELo/hNEL<eotz, Sm3 A 4 W, de, 6g FBIZHHEIZEHEAFT 5 Model
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(C) TliX. Figure6-10 I L7 & BV EE O ME 2B EHE D XRD /N ¥
— iR bIEVWERDN S,

B A A DB3F : Figure 6-11 1L, x=1.0 ® Eu’* A # > Lk D XRD
NP —2 bt Table 6-12 IR LEGHRET AR L LY Iab—va vl
72 XRD ¥ — v O E R LI, B A AR, de BT EERET D
Model (A) TIE, 1I0B L P11 OE—7BENEREOME LV KX
XL 100D — 7 BMENERAEOBE XV /XL 2o, Bud A 4 238,
6g 720 % 5H 35 Model (B) TIE, 200 B8 LU 211 ¥ — 7 5@ &N E
BEOHME LY KX, 110 85XV 400 ®E— 7 8 E N ERJEO A
RV /hELleotz, BurA A D, 4de, 6g HIZHFEIZHE T 5 Model
(C) <TIX. Figure6-11 12 R L7 BV EHOMENERHED XRD /X ¥
—iIZmbiIEVWEERE bR D,

ErtA A > D5 Figure 6-12 (X, x=0.96 ® Er’' A 4 2K > XRD
NRHE—v b Table 6-13 IR LESMHET VE DS Ialb—Ta L
72 XRD X4 =2 DO E R LI, Er¥' A A UR, de BT EERFT D
Model (A) TiE, 1I0BLP I OE— Z7BENE/EORE L v KX
KRV NI0BLV2NMNOE =7 BENEREORE LV /NS RoTz,
E3* A F o n, 6g im0 % 5H 3 % Model (B) TlE, 200 % X O* 220 @
=7 BENPENMEORE IV RE 72D, 110, 400 © B — 7 58 755 FE
BEOHME LV /NS hole, EY A A0, de, 6gRICHZEICHEAET D
Model (C) TlE. Figure 6-12 127" L 7= & B Y 5 058 E N EHI{E D XRD
WNE— bW E BEbivsd (Fujiwara et al., 2017 and Fujiwara et al.,
2020) .

ﬂ?4j>®ﬁﬁﬂ@mw43ﬁw=0ﬂ0%“4%V§@W@XM)
RB— L Table 6-14 TR LT AET NV E B LI Ialb—va L
7o XRD XZ — Ol E R LE, YO A AU, de BT EEET
Model (A) TIH, 1H0OB L P11 OE—7BENEREORE LV KX
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K72V, 211 OE— 7 BENEWNEORE LV /NI Rolz, YO A &
YW, 6g BT E EHF T S Model (B) Tk, 2008 LN 220 D E— 7 74
EREREORE LV RKE RV, 110 OV — 7 8 E N EREOEE X
DIhES L Iode, YOI A A 3 de, 6g FEIZ¥IHEIZEH T 5 Model (C)
TIlX., Figure 6-13 IR L72EH O RE N ERE D XRD X ¥ —IZkK b
WnwEEbh o,

I A D53 Figure 6-14 1Z . x=0.34 ® Yb3' 1 4 > ZZ#{K O XRD
NHE —2 bt Table 6-15 I LT HET AV E L LIV Iab—v 3L
72 XRD REZ — v ol Er Lz, La3* A F 0, 6g BT 2 E5FT 5
Model (B) Tix, 110,200 BX U200 — 7 BENEHMHEOEWE LY
K& eoiz, La* " £ A W, de, 6g EIZHZEIZEHT D Model (C) T
T 200 RN 2200 — 7 MENEREORE LY KEL o7, Lat
AR, de ETZ T = EHHB T 5 Model (A) Tk, Figure 6-14 [~ L7
BEEROBMENENMED XRD XF - ik biEWVWERDL S,

634 sSBERIY sr'" 1 AHHEFLTVWBRD cs'&E srr'rA>
D

Figure 6-15 1%, x =0.36,z=10.59 ® Cs*, Sr?* A 4 > ZHaik ® XRD /X ¥
— & Table 6-16 AR LEDHMETAEZL YT alb—YarlLi
XRD ¥ =Dl ER L, CsTA AN de BIETEEFEL. 22D
St A AW de fii, 6g . de & 6gfE X EIZEHE T D Model (A-1) ~
(A-3) T, 1M0B X400 — 7 RENERMEOBE LV K& R
-7z, Figure 6-16 /X, x = 0.36, z = 0.59 @ Cs*, St*" A 4 > ZZ #{K ® XRD
W& —2 L Table 6-17T IR LESTHET NV E L IV Ialb—va L
72 XRD RE — D ER LI, CS" A TN 6gBRETEERE L, o
SI* A F N de ., 6gfFERB LW de & 6g 2% EH T 5 Model (B-
1) ~ (B-3) I8 W T, Model (B-1) I 110 & £ " 400 ® v — 7 5 & 3
ERPEORE LY KRE oz, & 51T Model (B-2) (X110 D& —7
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FRENENMEORE LV KX 2o 7, Figure 6-17 [X. x=0.36,z=10.59
D Cs*, St¥"A # > IR D XRD /X% — & Table 6-18 (278 L 7= 50 4 €
TNhELEICYIa2b—Ya L XRDAXZ— ok E R L7Z, Cs*
A F N de & 6gEEHEZEITERL, 2 St A A Uit de JE, 62 FB
L Wde & 6gfEEHEIZEA T D Model (C-1) ~ (C-3) IZF T, Model
(C-1) & (C-3) X, 110 O — 2V MENEREOME LY KXo
oo Cs", St A A D Cs" A A B egha b L, 22D S A F V3 de
L bg FEEYEICEART S Model (B-3) BX Cs*'A A v de & 6g J&
EWEICERTE L, o St A AV 6g EIE T2 EHE T 5 Model (C-2)
L:ﬁwfogme@m\@n@vﬁbk%@ﬁwm*ﬁ%@w<Dxmym9~
YIZIEWERBRDbRS, TOREMNL, CstA AL S A UREFT S
LA, de BETOEREIXI RV ER Do, EHIZ, Cs'A A ¢
St A AT bg R E T Z LRI NI,

64 &

Na-GTS B LA METF X VBB T2 &EHE A 4 0 A O ML
%4ﬁy®5%\Ut%tmﬁ%infﬁ\QE@y;inv—vH
YTIEHMILANTOBA A oz fm O T2 &I TERPo N Cs*
RS ZOMOBA T IO T, BAKTOERIAKRECH D AL
WEBICALE T 2 deJE L MILONEBREBORLMIETICIET D 6g O M
FCmmTHrl edbhole, —FH., A4 ¥E (8 BAL) 2IEF
CKRER CsTA Ay (Mp=1.74A) 1T, BEMETOESAR EICH DM
LA BET 2 EHEARE (defE) L LML O NEBEBREO F LA
BETHHAK (6gF) #EBEMICHEAT L2 b7, (Cs, H)-GTS
BT LEERDOY — ML MEN (William etal., 1995) (2 XX, NB
RELZERT 2MEL CsEDFEHFEAERBITZ Cs-0=3285AThd,
BEREOFMAEBRHMNNDL, Cs OBRNMEITHRKRT 10 B (8O 7 L —
AU =27 ORFEL2DOARDF) THD2LEEZDLNTZEDOT, ZOFHE
BHEBEIIAEDA A CFEEND OHFHE (XCs-0=3.22A) ITHEWVDE ., BE
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CE2E,. TNEHHFELIVLEIEY., ZhiZ. N\BROEZEN® Cs D
FARXEBEICT A PLTWBRIEERLTWS, AKOHERIT
Kawata et al. (2024) 23#F%E L7z Cs*ZZ#: Ca-F ¥ N ¥ A4 b TH R
TWL, o, TOXIRBERFEE N, DEVEELREBEEN, Cs'X
BONELERBDODLEOOEERBRTHY , TOLEDHITIE., Cs'M UK
BHRICF ¥y NP A MERATO Cs'A A O@ERNRIEREBE & DM
DEFNRLETHLILELEEEL NS, ZOkHic, @ER (BTFETH
TERY) BAENE2 Lo TBAA L Z2EAELLTEDIHEAEROFEEN, &
NlEBA A BEHR (Bl 21X, A ETRRER) 2&REFH -BET L
ODOBEERRNFO—D2ThdEEIZLND, £, BFIE TR LMD
1M OBA A DEE EITHRAIZ, CSSOEFAX—ZAREAL T 21T
NTHEHMETEEINBLT 201X, TO X 57 Cs-0 MO@EE LiEE
M7 —LUV—LBECEHBEEELZRIILTVDIEDELEZ LN D,
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Table 6-1. The Sr*" sites (4e, 6g) and framework structure of (Sr, H)-GTS

(Spiridonova et al., 2011).

. B . Framework structure of
Site Crystal coordinates | Sr°" ion position of | gr.GTS projected along
(x, y, 2) Unit cell [010]
| \“\"‘.i\" i
de 0.63, 0.63, 0.63 qo
e R
hal-
6g 0.96, 0.50, 0.50 ¢
A3+
ai-
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Table 6-2. Cation-distribution models

Site

Models
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Table 6-3. Cation-distribution models of Li"-exchanged Na-GTS (x = 0.80).

Site occupancy factors of Li"

Models 4e site” 6g site’ 4e site” 6g site”
Li* Na”
A 0.80 0 0.08 0.08
B 0.05 0.50 0.08 0.08
C 0.32 0.32 0.08 0.08

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Li" in Li'-
exchanged Na-GTS (x = 0.80) with the psuedocubic structure.

Table 6-4. Cation-distribution models of K*-exchanged Na-GTS (x = 0.85).

Site occupancy factors of K*

Models 4e site” 6g site” 4e site” 6g site’
K* Na*
A 0.85 0 0.06 0.06
B 0.1 0.50 0.06 0.06
C 0.34 0.34 0.06 0.06

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
etal., 2011) were assumed as possible occupied sites of K™ in K*-exchanged
Na-GTS (x = 0.85) with the psuedocubic structure.
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Table 6-5. Cation-distribution models of Ag*-exchanged Na-GTS (x = 0.87).

Site occupancy factors of Ag"

Models 4e site” 6g site’ 4e site” 6g site”
Ag® Na™

A 0.87 0 0.052 0.052

B 0.11 0.50 0.052 0.052

C 0.348 0.348 0.052 0.052

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova et
al., 2011) were assumed as possible occupied sites of Ag™ in Ag"-exchanged
Na-GTS (x = 0.87) with the psuedocubic structure.

Table 6-6. Cation-distribution models of Cs™-exchanged Na-GTS (x = 1.0).

Site occupancy factors of Cs”*

Models
4e site” 6g site”
A 1.00 0
B 0.25 0.50
C 0.400 0.400

*The Sr?" sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova et al.,
2011) were assumed as possible occupied sites of Cs™ in Cs™-exchanged Na-GTS
(x = 1.0) with the psuedocubic structure.
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Table 6-7. Cation-distribution models of Mg?"-exchanged Na-GTS (x = 0.76)

Site occupancy factors of Mg?*

Models 4e site” 6g site’ 4e site” 6g site”
Mg2* Na*

A 0.380 0 0.096 0.096

B 0 0.253 0.096 0.096

C 0.152 0.152 0.096 0.096

*The Sr?" sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Mg?* in Mg?*-
exchanged Na-GTS (x = 0.76) with the psuedocubic structure.

Table 6-8. Cation-distribution models of Co?>"-exchanged Na-GTS (x = 0.95).

Site occupancy factors of Co?*

Models 4e site” 6g site” 4e site” 6g site’
Co?* Na*
A 0.475 0 0.02 0.02
B 0 0.253 0.02 0.02
C 0.152 0.152 0.02 0.02

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Co?* in Co?*-
exchanged Na-GTS (x = 0.95) with the psuedocubic structure.
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Table 6-9. Cation-distribution models of Ni?"-exchanged Na-GTS (x = 0.85).

Site occupancy factors of Ni%*

Models 4e site” 6g site” 4e site” 6g site’
Ni?* Na*
A 0.380 0 0.06 0.06
B 0 0.253 0.06 0.06
C 0.152 0.152 0.06 0.06

*The Sr2" sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis
(Spiridonova et al., 2011) were assumed as possible occupied sites of
Ni%" in Ni?"-exchanged Na-GTS (x = 0.85) with the psuedocubic
structure.

Table 6-10. Cation-distribution models of Sr?*-exchanged Na-GTS (x = 0.84).

Site occupancy factors of Sr?*

Models 4e site” 6g site’ 4e site” 6g site’
gr2t K"

A 0.420 0 0.0640 0.0640

B 0 0.280 0.0640 0.0640

C 0.168 0.168 0.0640 0.0640

*The Sr?” sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis
(Spiridonova et al., 2011) were assumed as possible occupied sites of
Sr?* in Sr**-exchanged Na-GTS (x = 0.84) with the psuedocubic
structure.
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Table 6-11.Cation-distribution models of Ba*"-exchanged Na-GTS (x = 0.86).

Site occupancy factors of Ba?"

6g site’

Models 4e site”
Bal*
A 0.430
B 0
C 0.172

0.0560

0.0560

0.0560

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Ba®" in Ba?"-
exchanged Na-GTS (x = 0.86) with the psuedocubic structure.

Table 6-12. Cation-distribution models of Sm>**- and Eu®**-exchanged Na-GTS

(x =1.0 and x = 1.0).

Site occupancy factors of Sm3* and Eu®*

Models
4e site” 6g site’
A 0.333 0
B 0 0.222
C 0.133 0.133

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Sm®" and Eu®" in

Sm*"- and Eu’"-exchanged Na-GTS (x

psuedocubic structure.

1.0 and x = 1.0) with the



Table 6-13. Cation-distribution models of Er’"-exchanged Na-GTS (x = 0.96).

Site occupancy factors of Er’*

Models 4e site” 6g site’ 4e site” 6g site”
Er3+ Na*

A 0.320 0 0.016 0.016

B 0 0.213 0.016 0.016

C 0.128 0.128 0.016 0.016

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Er’" in Er’'-
exchanged Na-GTS (x = 0.96) with the psuedocubic structure.

Table 6-14. Cation-distribution models of Yb>"-exchanged Na-GTS (x = 0.7).

Site occupancy factors of Yb?*"

Models 4e site” 6g site" 4e site” 6g site”
Yb3* Na*
A 0.233 0 0.12 0.12
B 0 0.156 0.12 0.12
C 0.093 0.093 0.12 0.12

*The Sr?" sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Yb®" in Yb3*-
exchanged Na-GTS (x = 0.7) with the psuedocubic structure.

319



Table 6-15. Cation-distribution models of La’*-exchanged Na-GTS (x = 0.34).

Site occupancy factors of La’"

Models 4e site” 6g site’ 4e site” 6g site’
La** Na*

A 0.113 0 0.264 0.264

B 0 0.076 0.264 0.264

C 0.045 0.045 0.264 0.264

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis
(Spiridonova et al., 2011) were assumed as possible occupied sites of
La’" in La’*-exchanged Na-GTS (x = 0.34) with the psuedocubic
structure.

Table 6-16. Cation-distribution models of Cs*, Sr?*-exchanged Na-GTS (x =
0.36, z = 0.59).

Site occupancy factors of Cs*, Sr?*

Models 4e site”  6g site”  4de site”  6g site”  4e site’  6g site”

Cs” Sr?* Na*
A-1 0.357 0 0.295 0 0.0212 0.0212
A-2 0.357 0 0 0.197 0.0212 0.0212
A-3 0.357 0 0.118 0.118 0.0212 0.0212

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Cs*, Sr?* in Cs”,
Sr?*-exchanged Na-GTS (x = 0.36, z = 0.59) with the psuedocubic
structure.
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Table 6-17. Cation-distribution models of Cs*, Sr’*-exchanged Na-GTS (x =
0.36, z = 0.59).

Site occupancy factors of Cs*, Sr?*

Models 4e site”  6g site®  4e site”  6g site®  de site®  6g site’

Cs” Sr?* Na*
B-1 0 0.238 0.295 0 0.0212 0.0212
B-2 0 0.238 0 0.197 0.0212 0.0212
B-3 0 0.238 0.118 0.118 0.0212 0.0212

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Cs*, Sr>" in Cs",
Sr2*-exchanged Na-GTS (x = 0.36, z = 0.59) with the psuedocubic
structure.

Table 6-18. Cation-distribution models of Cs*, Sr?"-exchanged Na-GTS (x =
0.36, z = 0.59).

Site occupancy factors of Cs*, Sr?*

Models 4e site” 6g site” 4e site” 6g site’ 4e site” 6g site’

Cs” Sr?* Na®
C-1 0.1428 0.1428 0.295 0 0.0212 0.0212
C-2 0.1428 0.1428 0 0.197 0.0212 0.0212
C-3 0.1428 0.1428 0.118 0.118 0.0212 0.0212

*The Sr?* sites (4e, 6g) in (Sr, H)-GTS with the cubic P43m structure
determined from the single-crystal X-ray structural analysis (Spiridonova
et al., 2011) were assumed as possible occupied sites of Cs*, Sr?>" in Cs",
Sr?*-exchanged Na-GTS (x = 0.36, z = 0.59) with the psuedocubic
structure.
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Observed XRD (x = 0.80: Li-GTS)
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Figure 6-1. Comparison of the observed XRD patterns of the present Li'-
exchanged Na-GTS (x = 0.80) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-3. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-2. Comparison of the observed XRD patterns of the present K-
exchanged Na-GTS (x = 0.85) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-4. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-3. Comparison of the observed XRD patterns of the present Ag" -
exchanged Na-GTS (x = 0.87) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-5. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Observed XRD (x = 1.0: Cs-GTYS)
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Figure 6-4. Comparison of the observed XRD patterns of the present Cs'-
exchanged Na-GTS (x = 1.0) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-6. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-5. Comparison of the observed XRD patterns of the present Mg?*-
exchanged Na-GTS (x =0.76) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-7. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-6. Comparison of the observed XRD patterns of the present NiZ*-
exchanged Na-GTS (x = 0.95) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-8. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-7. Comparison of the observed XRD patterns of the present Ni’*-
exchanged Na-GTS (x =0.85) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-9. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-8. Comparison of the observed XRD patterns of the present Sr?*-
exchanged Na-GTS (x = 0.84) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-10. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-9. Comparison of the observed XRD patterns of the present Ba’*-
exchanged Na-GTS (x = 0.86) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-11. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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. Observed XRD (x = 1.0: Sm-GTS)
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Figure 6-10. Comparison of the observed XRD patterns of the present Sm?3*-
exchanged Na-GTS (x = 1.0) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-12. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-11. Comparison of the observed XRD patterns of the present Eu’*-
exchanged Na-GTS (x = 1.0) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-12. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-12. Comparison of the observed XRD patterns of the present Er’*-

exchanged Na-GTS (x = 0.96) with their simulated ones from the cation-

distribution models (A), (B) and (C) in table 6-13. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Figure 6-13. Comparison of the observed XRD patterns of the present Yb3*-
exchanged Na-GTS (x = 0.7) with their simulated ones from the cation-
distribution models (A), (B) and (C) in table 6-14. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,

1996). The diffraction indices are labeled assuming the pseudocubic structure.
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Observed XRD (x = 0.34 La-GTS)
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Figure 6-14. Comparison of the observed XRD patterns of the present La’*-

exchanged Na-GTS (x = 0.34) with their simulated ones from the cation-

distribution models (A), (B) and (C) in table 6-15. The simulations of XRD
patterns were performed using the program Powder Cell (Kraus and Nolze,
1996). The diffraction indices are labeled assuming the pseudocubic structure.

d assuming the pseudocubic structure.
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Figure 6-15. Comparison of the observed XRD patterns of the present Cs3",

Sr2*-exchanged Na-GTS (x = 0.36, z = 0.59) with their simulated ones from
the cation-distribution models (A-1), (A-2) and (A-3) in Table 6-16. The
simulations of XRD patterns were performed using the program Powder Cell
(Kraus and Nolze, 1996). The diffraction indices are labeled assuming the

pseudocubic structure.
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Figure 6-16. Comparison of the observed XRD patterns of the present Cs>",

Sr2*-exchanged Na-GTS (x = 0.36, z = 0.59) with their simulated ones from
the cation-distribution models (B-1), (B-2) and (B-3) in Table 6-17. The
simulations of XRD patterns were performed using the program Powder Cell
(Kraus and Nolze, 1996). The diffraction indices are labeled assuming the

pseudocubic structure.
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Figure 6-17. Comparison of the observed XRD patterns of the present Cs3",

Sr2*-exchanged Na-GTS (x = 0.36, z = 0.59) with their simulated ones from
the cation-distribution models (C-1), (C-2) and (C-3) in Table 6-18. The
simulations of XRD patterns were performed using the program Powder Cell
(Kraus and Nolze, 1996). The diffraction indices are labeled assuming the

pseudocubic structure.
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