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1.1 BFREH

BERBETTIL, EHREETAZLIZL-T, Bt L CoORBERIEDERF
MEEZELTHIENTES. AFETIX, Z0L ) RBEAKED L SHE ZFH
THZEICLY, BEMNEEZEEL TR CRMNGESEEDRZRE L, BEAGE
DENEENNTEHZLIZE ST, ZOREFMELZRHEL, bo TRMNEDREZRK
ET2FEZEETIHOTHS. &b, BEAREKIIBMET S LItk T&E
WA, PICEBEL W AREEBEN OZRIIDHT A2 N TE S, Z0k
0, BRLEZBEMETX2TESENHY, ERLICH>TEERRRATH 2HEE
MHEHEOEB(LOBEAND LR E21TY . BEMICIX, TIEEBERFEESTTO
Li OEWHAHRZRRTIROEREZOERILEZ AL LTHERITo-. 24
EITBERREDIEANRRMESDRICRIETHEELRNTIZIL2ENE L. E3
FEEIX, B EFEHEICLY, AZ ) NFIIBITAIST L o—FT L LERBELD
SETRRICENIDRETHELRET A LA BN E LTHREER{To 2. _

1.2 ARTREILI-R

BB CIE, [BERREICBTRMEDRORE L ZORMES BT 0 A~D
ISR & BEERRRMEIZOWTHRETT B2 & & Lz, BEMRRORBIRIZYZ-T
%, TORMESBEICERNLREERED Y, EREICXLDREMESBETIE, BHTHOE
BRHDIREZRBLTIZZEE L. ZOXIRBANLBIRLI-BRIIRIZVFY
LTHD.

UF 0 ATITRRICEER 7.016 © Li(92.5 %) &, BEEH 6.015 @ SLi(7.5 %)D 2
DOREFLENFEET D0, ZRHIIEMIEERERY, ThPhdF koL
INTRIETB.

Li+n»> «a+T+4.8MPa 0.1
"Li+no>n'+a+T-2.5MPa 0.2

0.1, V2XDOKIFIZL Y D TERMAFOREL 7225 M) FULERICFIATSZ
ERTEBD, SLi ZBFHTFICHT 2 RIMTEES 940 barn® & K& WVWDIZH LT,
"Li 1% 0.037 barn@ & 2 b T/HEL, FH0.DRD L HIZKBERIETH D -ORIET
INE—DLEVMENTFETS. 0D, BREFEDOT I 7y bMté LTER
M- sLifb&mE AW RITER b0, Zo7=HiZid Li 2 90 %Ll EiZ BN+
DUERDY, VFULARMEOREBREENOBLPIEELFETHHO.

INETHEMTONTEL ) F U LORNIESBEEICIIKBERLE, KBTI
A LIE, ERKEE, HTFREE BEMREE AV RBERERH DD, b
DRFBCHEE R B UTICEL DB,



. IKEREMIE

KEBE DTNV HAEREENCLL & TLi TERDAZ L%
FUF. BRR (k) ALz sLi NEHEINS.

Sy BECREK 1.05~1.09
e 1 R —NVT v TRES. E LRMNFIIEREREOLOMN
ZARY
REIRE R KEEFERT B0, BRERMEN O HHEHEEEE
. KBTIl AiE
R . EBRETESTFLITeAN AL Li{bEKEKE OBTO
FEN AR ERHH Z L ZFA.
Li 7=V 4 AMANZ SLi S EfE I D.
SrBECRE 1.04~1.09 .
1% A —LVT v TIRES. 127 LREFIIEREREDO L OR
ZARY
RARE A KEBEFERT B0, BREMBED O FHEMHEEE.
. BERKENE
R D REMEICEBREE DT L X OKSIEEICEND D Z L EFIA.
RERBRIZ 6L NBEHEIND.
K EREHEORTHFR L.
BREENSEV.  (6Li TH 95 %)
RERE S TRVXF—EEK. BEMEORESHEE.
E— MG U REBEE LA —NT v THEE L.
. OFEBE v
R : FEEREORKECENH D Z L EFAH. K[AEIC 6L A
BEIh5.
ST RELCREK 1.05~1.08
KF SYEERE AR EZ U,
FEIRE R TRIF—HEKR, P OBEZEHEIRERFEEK.

AREEHELEHEEEB LOTRZETS.
A — VT v T HEEE.

. 7o r—F )RRV BRI

R
SYBECREL
it
R AR

. AT URBIE

BRI Ty ro—T )V EKEEIR & DD
BN FIR. 750 yo—F )L SLi NEBIN 5.
1.01~1.06

STEERE AR X W,

RIS EENEFIE . EFREMETHS.

IR AR ORISR R, WIRN CORMBENR, ThEN
TORMEDELZFA. £< DOBRE Li BREFORIRIZ 6Li A3
BisSNn5.



SEEEE : 1.001~1.02
RFIR D RN T O TIRES.
R D BERES/ NSV, EEREBICET D E TICEER 0 5.

INDDFTAF U RBHIEET VDA 4 A BEITIHBEICE T B o )X —0n4
R, AY—NAT v TRESETHHEVIEFBSHSD. L LBIE2EATAEIZK
BEOENRRET IO TRELELZTALEND VRENTRW. —F, 757 4d
MO—FETHH7 V7L RERWEZRIETE, BREBRROBE: LTIV a—1L%
AWBYERHDLOD, BIEOBEAENKTRRETH 5 7~ D RRAERLCHE I O FFI A
NEBIITZ5.

=R 32 Y FE 2 F(2,2, DEEE AV T LiAKk & BRAIOEECRE, HESR
EREEEE s u~ b TT T 4 —FEREITV, FOEENST, RLERSHI DB
7u<w N5 7 4 —DBERMTEEEERDODTNHS., ZnbDERICKY, 2V FE&
R(2p,2, DEIAEZ FAVVTC, Li RNIE%Z SBT3 7o 204 L LU TRBER —B(LiRE
EEALT, BEREITHIZLE L.

1.3 ERBRHNE

AFFETIE, 7V 72 F@e2, DEIE2EEME LCTHY, BEMICIIEBER
LR & LiCl 2 &% ) —VIRROBRABHREZ AW, BERKEI v~ NS5 7 40—
W&V Li A ESBEE ERT D720 ORFT21To7-. BER ZBLRFIZIEBREN
SREEITEL, MENKRELY /A&, Z0-DBIEL L0 2EML, KEIu~<
N7 4 —LIXRRDIDEENRIDLEEZDND. £, BERACBLREIIERE
RENEEZDZELEICIVEE2TLSEDIILENTE, FhICL>THEEMLED
5. TROLGEELENNISEDIETHRECEE2E XD L LRAKROBENE LN
5. FHERTIX, ETBER _BLKRFEL LCl 2 ¥ /) —LVBROKIKR AL/,
BERAREZ a7 70— OBBERE L LTHAWSZ D TE 5542 KRD1-.
Z L TR EFEESICBER —BBbRE L LICl X ¥ ) — VBRORESEE Y AVWT L
FINAEBENITZ A Z LA HERL, EHC Lo THREIC YD L 5 RE(LBEZ 2 0%
PRI, IBL, BHEFEHEICLY, 2F ) —APIIBITBR ISV —TFALE
B L OBEERICEADORISTEEL BRI LT-.



F2E
iy REAOLD ELH

KECRZu~ N7 40—t rue 574 —HD 1 DTHhHEIHSITIEC
WX ABNE R s OB FEE 7Y FE Y FBIEICOWT, BLIUOE®RI u~ NI T 7
4 —EBRIZBIT BBEKRICOWVWTHEAT 5.

21 4Aav kg5 74—k

ruw 57 4 —0RBEEICIIN2.1.117T X 5 ICEHERE, BEEREE, Al
PRASFTIED ZENH DD,

211 BHERMZE

BHEREZ, REA BEAAVFRICUTHBEME FICEAL, BEME E OER
BRI E > TH T A LT, BRERS B30 7 2 B2 - - BEIEHE THE)
T, FNEFNOBICHB AR BEED Y — 2R/FOR 4 DN FIZSBESNLD®. 2
DFFEIZFRETELEHEA AV BOSBECAV LN, BEDHFITITIIAESDTH DM, H
MR DBA T BRI NIRRT 1L, BRI TREHPILH L TRENHFEIZ
RBEVWIREE LD, TOZHFEMEORERBEMNE L TIITELSTHD.

2.1.2 BRFAZE

BHBBAEIIN T L BEEEE C THZL, REA, B ZIEALRESYE, BE
WERRT S, WICRABIL Y bMOBEZ B OBENERE D 2080 7 AHEAL,
IOREHEEBHI TS, REFOBHIHE, FREES OBEEHE~OEREDOEIC L
D SBENERE D, —ENEAETTHEERSFL2TRACEETBEH L, RERORI
BIXORREIZELLTZRU LOSBETRE RV, ZODREMEDORERERIFE L
THHTHS.

2.1.3 Biim#9#7i% (Breakthrough %)

B SHFEILAEBEECERERED X 5 CBEBERE L BRICAWT, BB AE
BHT MOEFENCEAT S, REBESBEHEBETHY, 2OoaTRAETH L. K
S IR SATIEIC L 0 Li NS BEERZ1T Y. £ 2 TUTICEA 2 > R
ZRWT Li NS BER 1T O B8 ORI OFEEZFIC L THEAT 5. E-fims



HOER %K 2.1.2 1ZRT.
1. MEHAE

BIEFTREE TR A 3RR T 2 2 & CRIABICRE LTV B2 Rl % VARl L, #HiE &k
RAFTVRERZTS.

2. BIKRERH

KFAZJERNT LT BA A BB I iR 2 X L CLIREH 2R T 5.
TDLE LiEKRE LTKBLYF UL, HEWVEEEEY F U L% HN35Z & TKEgb
A A FETIIEBRA A L KFBA AU DOREERIE

Li*+H +CH,C00" ===Li +CH,COOH (2.1)
Li*+H +CH,C00" =—==L1i  +CH,COOH (2.2)

ZRABLTHENIC LA A 2RkESE, WRME L ORMERBRENEZS. (77
IIBIEEERT).

Li iR ER LT 5 L PR THREETEHNLS LiA AU BN HiET 5. Z0K, B
T & BIREFE O CRNL ARG EAER L, SLi BHEHEICBHEINHE 2R
D78 SLi H3EAE, "Li 23BN L7 Li BIEABH L TL 3. &5 Li B Z2 5K Lk
T3 L, BHLBEBRORNEL Ru3EAEGEERORNMEL BIZELLRD. Z0t
SHEFIEE AN O Li AN EFELIIREEA Y 0o O E TH— T, BIETEN T Bres,
AR T Reor= Bo, 7D Rres > Reot L 72%. Rres & Rol3,

TLi* + ®Lite—="Li* + °Li* (2.3)
TRIND T OB R o EROBRRH 5.
R R
=__Tes _~ res (2.4
“ Rsol RO ( )
QC.OKIIFNIED L Xees, Xo EIROBBZEBH B,
X 1-X,
= res  — 2.5
al—Xm X, (2.5)
=77,
n
X, . == (2.6)
(o

2T Q (moDiTFIEENORBAE DA A TMER, n (mol) XIS D B FINLE
(ZZTik 8Li) DA A VLB THD. a=1 DL EHBEIBZOLT, ZDLED n
PmkTBE,

res

X =X0=—’6’2£ 2.7)

aFlDL i,



n=n,+An (An#0) (2.8
L7=23-TC,
n,+An An
X, =hton_x o8 2.9
» Q e

Thb. 2HRAIL,

(Xw%)(l—&)

a=

a-X,- X,
“14 An — (2.10)
X,Q1-X, —Z)—)
Eipd. I CRMERE « ITFETOBERE o Z AV TRO L S ITERSND.
e=a-1 | (2.11)
Thebb,
£= An — (2.12)
X,Q1-X, ——Q—)
L%, LTAT,

An=(An),,, =-(An) (2.13)

sol
TH 5. TROLBIEHEICHEBBEROFRMEFELD o FIET L FEL TO D RALE
X, FOHETERETTEL LTWA., ZoEdaiE, Li REH ORI IE TRIE
ENAEROBE, FMELSANPHLERAICTRDOLND.

' I
An=)V,C(X,-X,) . (2.14)

i=1
ZZT Ik—t Li @tﬂ{&o) Rres = .RO k fer) if@%ﬁﬂ%ﬁﬁ; V; (CmBNiéj\E‘y Lf:%t*:{’g)

KFE, C (mol/emd)IHNEWML-REID Li BETHS. T42pH2.12), 2.1HRITLY
BHEAEK: 2 RODBZENTES.

22 ) TR FhilE

AR TIEZ V7 F(2,2, DEIIE (Merck 8, Kryptofix 221B polymer) %7 1
< NS5 T7 4 —DFREHIE LTHWE. 2 7% K282, DDEERELR 2.2.1 12, 47
FHERMEZR 222 R L. 2 U FF 0 F@2DIIRD XL S IC 2 BOEREFEEEHLE



THMBEHREEREEL L-NEBR S LA Th D, BERFOIMMNETFRINE
DOARBIZFENT, BILRICES LA AV BE2EOBRA T 2BONEICHE S B AL
IR EERT D, $EERND Li A ﬁ“/&?’é?&'lﬂﬂ)_h A F U BRI ERBR IS &R T

23 B/ OT NS T4 —FEBRIZBITAER

B u~ b7 7 4 —IZBWTEHERIZEA A v REMIEEZAVEZEEL 20
FUFRlEZ AW BE TENERBE S 1L 5 BEIRIE, AR R E R ARIC CHsCOOLi i
BE, RmAEHKIC CHsCOOK BWiREEAT25HE, UTDXdicks.

BA A g
Bf A e & KRBT AR L, CHsCOOLL WiR%E#IKT 5 & TR A E %

BT 5. ZOBRIZQIDXOKEHEZ S (7 iTEEiz2RY). Bficiks
EATS.

H* + CH,COOLi — Li* + CH,COOH (2.15)
UF T LA A BSEIECRE L, BSOS SN 5. BRIERIRT S 2 &
RTE 2R,
Wiz, CHsCOOK W% i Lk RE 2 R T 5.

Li* + CH,COOK —= K* + CH,COOLi (2.16)

HY T AAFBBIEICRE L, Li Av FABRSNG. B F & ALY 5
o LFMTAAS G L CV B AEEI L, 2 DS IZERIET 5.
VKRB IR R T 5 - L RIS A EAT S,

K"+ HCle= H" + KCl (2.17)

BIERAEICIIRBRTOOIEMEER L, TR EHENELD Y U ABEEPEHT 5.

7 V78 NG

AE ) —NVEFERL, BIEHOFEE LT o 7/=% CHsCOOLi k& %R L, BisRE
ERRRTD. BEZIIAZ ) —NVEERTS. “R” 1E27 V720 R@2,2 DK T.

[R—HICH,0 + CH,COOLi —= [R—LilCH,COO + CH,0H  (2.18)



UFTLNIZYTFTEU RESEHRL, A¥ /) —ABEHEND. A% ) —VidEFIH
FRETH 5.
&Iz CHsCOOK %k %2 Fi L, BimAEETRKT .

[R—Li]CH,COO + CH,COOK —— [R—KICH,COO + CH,COOLi (2.19)

HVTLRZ VTR RNEERRL, B U ARKRMEH S, VF U LARALK
DSVRAE L 7- By IR EIR, ZofomsxERAERS.

BISOBEAEIL, AKEERLTHIEICREL TCWA DY VAL U 25BBETS. O
12, CHsCOOK WM EEH &, ZHUIBFIANTRETHD.

[R—KICH,COO + H,0 — [R—HIOH + CH,COOK (2.20)
F7-, BAROBISKEIIC A ¥ ) —LaiT L ATORGSES 3.

[R—HIOH + CH,0H — [R—HICH,0 +H,0 (2.21)

¥R 0.8cm, £ 100cm OBIEFIEE 2E 2, BA A REME, 7 U 75 M
JEDFIHEE% 0.5 LIKET 5.

BFEDHFROGIZIVELNTVAIRBER ¢ N ORTBER Q@ 2EHTL, B
A F ARSI @ 56.0X102 (moD), 7 U 7# » FilEIX @ =4.5X108 (mol) & 72
5.

BB A AL MRS & A = S BER TIEIE OB A I e< &b 6.0X102 (moDD
EERLETH Y, BELHO KCl HEEH S 5. HERIHEE Lt 21T g6,
HEH SN 3 KClLIZBR BT AI-ODTRINLX—BNLETH Y BEBTRY.

—F, 7 VT E L NSRRIV SR TR A Y ) —VERAVWLIRLERDHD B
OO, MEOHAEIIKTHETHS. BEMLRTHBEIITXTEANHATETHS
DA A RHEBIEEAVERIVBRENTHD LN D.



Bk A+B

E A+B E

BRERIE —

E B+E E A+E
(a) EHIERRE

UK A+B

A+B C

D B B+A A
(b) BHERIE

BH AYB

HEAB— |

A+B A

(c) HTRATHTIE

2.1.1 Zu~ 774 —DERE



OHRE

2.1.2 AR OBSR

10

‘1’ Li K E
H* g
6[.i/’Li Ratio




’-U_ CH2 G

JIQWAJO

AW
1\/\/0 N
AN

221 7V 7F# R(28,2,1)DHEER



ZH.EZFE ~0.26 nm

Z o A

222 7 U TFE L F(2,2,1) D4 FHER



Yo 3 =r.
HBEERRAIOT LTS 74—

AETCIIBEARBBLIUOBERARG/ o~ s /S5 74—z oW TERT 5.

3.1 BERFARE

BESTEIIN 3 LLICTRTREMIZE > TERTAZENTE 5. EHE, HERY
SEDORBIZHIET D HBIIARICKBITE 22, BRA ERES po, BREE T)
UETIEG L KERIRICEEL L 22N TE, B—DOWEDOL I ITIRED. 20k
) el BERRE LV, BERENE EFTHRILT 2 2 L1XTE N0,

BEREIIRO L S 258 E b 0.

BAKITEWE B L TRIEFnEE D

BIEE LD ARVREE

HiE L D 100 i < K& WIEB R E
BERCENEHETIZ L CEELZELSEDZ ENTEE

INODORKEEND, BERKEII v~ NS5 7 0 —OBEEEGE, B, (k%
RIS O 72 Lz Vb Tna,

TEMLRROBE, HHEREE X CIBREOBE L ENIC L 3Bk B ENEhE
3.1.2, 3.1.3, 3.1.4IZ7R"Y. KR II2ICBER _BILRFBEOYHEL RS, Bk
RF IR R EBAITELS, MERLGTBEATREICRY, E-FEEE CRER
BTHEDOTRIGRIES I CBEENLHHET D Z LN TE S, ZOMICLEMRT ki
BIRNZ LR, AFBESTHAILRENLELIESAVLRTWS.

K 3.1.2 BEA _BRILKEOMMEE

400 EIZ
BERAE | BREH | BREE | BIIIEE BAEDEE
31.3°C | 729 atm [ 047 g¢/ml| 0.96 g/ml 0.93 g/ml
(63.4 atm, 25 °C)
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32 BBARAIOI LIS T714—

BERGEEBEEE LTRAW-Z0~ T 7 4 —ORPIOHEL, 1962 Fi
Klesper, Corwin, Turner {22 DT, HOIIBERT 7 uaPIrFar ZoR
F)uuaPIANFaRE U ERCTCEy TAAIRNT L Y IXKPAFIVTZ AT )V
ERERMED =y I NZFFRNLT 4V I 458 L7090, 2D, Sie & Rifnders®?
B L Giddings HUWIIERM, HRHUICBEAREK/ u~v 77 4 —2 S LICHEE
X4, < OBARERE L., 1981 £, Novotny®@HIZ K> THRYET U —AUT A
DISFANRREIND LBERREZ v~ 77 4 —FESEB NS LD ITRRoTz.
BETIEZ OBBEAREK o~ b7 7 4 —EBATRSNTE Y, HEERCOT 2 E
DEEHE CILEWEHICh-> THIA ST 5.

BERRAs u~ 757 4 —CTREMIIRREERLEHS, TAIu~ T T77 4
—TCHEBY B RVFERE SO SEELITH Z LB TE D, £ U THBREIRME
LIBEOFETH B DA u< 757 4 — X0 b BEORBEIE. EIREED
BDNOTHEEZ e N5 7 4 —ICHRTEARTR 2N EWNSFIRLHS.
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1.2 E , g !

000
. . i 000000 gg
: : | 500000 s gae®!
1.0 - S 000002 e e e
: L 000 iii XxXXx ; _H--H‘Jr
' 00%% GO, s T
OOOOO iaiiixxxxxi ++ +
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o6 L o---i->-<---J-r-JT ---------- R S x40 °C |
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c
b
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Pressure [MPa]

X 3.1.2 Z“ELREBOBEDEELENCLDEL
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VISCOSITY (Pa+s)

X105

12.0
11.0

10.0

9.0

8.0

7.0

6.0

5.0

40
3.0

2.0

10 BN, ! N A

3.1.3

10
PRESSURE ( MPa )

TRMERF DR DOEE L ENIC LD E1L
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DIFFUSIVITY ( cm?/sec)

102

103

10+

105

PRESSURE
('bar)

70
80

100

SATURATED W
VAPOR

150
CRITICAL POINT 200

SATURATED
LIQUID

TYPICAL DIFFUSIVITIES OF SOLUTES
// INNORMAL LIQUIDS

0 20 40 60 80 100
TEMPERATURE ( °C)

3.1.4 ZEMLREBEDIHIREDBRE L ENTLDEIL
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EA4E |
TEERELE LICI A A —ILBED
SR B

BERI/ o~ NI 74 —FEZRE2ITOCHI-Y, BEHE LTHWS ZEBLIREL
0.5 mol/¢ DLiCl X Z ) —NEERD ZEHIREFRD 40 CIZBIT 3 KK EHEIREEZ RN
7.

4.1 EBEE

KB ERERELEBEN K 4.1.1 1L, EBL2R L REEBRDEEXZTNENIX 4.1.2,
4131277, RIGBEBOBIIV 77 A7 TTETEY, RIGEBHNORELEES
BT ENTEA.

£ 411 [UEFEREAEERBEOHEMML—E

#E2 A—=h—EBFUER, {#HE
L i s ) RRELRmE
] P
D S 120
IS5 Sx—RoT DRty
BAERRE Z%Ecms/min
= a HREE{Eae S
Rk 21=TI—X UA-10S
BRhASE MEHRFIEH MBHFHBERCO, 2L
RER 60 ml BT ybtsE
RE—F5— ERBELERSE <5 *v‘-—r‘ybxé—s-— RCN-3
— . —TILYAIVR
2122413 RFULREBA S KESL T2 (AE AFF2 gm)
A GRS 3]
NAIN—H'S5XE— THG-S J ty:;g S3% A& 100 ml
— o 1 . A=arka—L X8
—BIERRI RBREE xf—ypxﬁﬁ%ggg*ﬁiﬁ TM1ss§v =& 18 ml
— ol 3 | e :/Tﬁlj
“EBbRFRAREE B R At DO1C

19



42 EBEREH
EREMERH 4.2.1 1ITRT

F 421 EBRE&MH
S 0.5 mol/¢ LiICIA%/— LB’
| BHEAS 15~40 ml
mE 40 °C
EH 7.0~15.3 MPa
RICBSERAEHE 60 ml

4.3 REBTE
UTOFIECTEREIT 7.

1. RISBSBICLCL A ¥ ) —NVBERe ANWTES L.

2. FISEBRNOER _BLREFTETER L. :

3. YURT A v I AE—FT—TCHEBFEHERLLEND ZBLRBLEFRL, LI
FELTwWwo7-.

4. [IE2HMNS 1HIZR- 7= L EORGBHBNENZTRE L.

5. RISEBEFRHANLVT#HE, RISABNO_BLKELETHEL, BEAR
DH A A —F—DEPLHE LI ZBLREOEE RO,

6. “ELIRBHERORELZT&G L.

4.4 EEREHR
ERFERAE 44.1 1R

#4.4.1 40 CTORKEEREDERIER

- WEZBLE | pass [1mcnses
BHBEAR @) mmB O | 2 co) GDI:T:de(MPa)

12.12 30.14 22.1 153
16.11 25.63 25.0 9.0
24.15 20.54 25.7 1.9
32.26 14.41 23.2 1.0

Peng-Robinson HREEF B EZ VT, COHEMDHERBEEIZRITS CO2DE
EAHEL, HELKE CO:DEHELEBEENOTNLEERD, E-FKRAEDNDL LiCl
AF ) —NVBBROELEERD, £ 442ITR L. AF ) —IDENGERE 1HEIZR
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DEEDENOEBEEN 441" L. EHEEZBLRFEOEE 1.030 g/ecm3
(-20 C, 1.967 MPa) »LiRIEIREED R {LIRFBEDEFE AL K, 0.5 mol/e LiCl 2 ¥
S NVEROBEE DO TELEZLDZX 442127 LT-.

#£442 40 CTORAEZ ) —LADELLSEL 1FHIZRALEXDEN

BRAERE |BBRAAR/—IL] A8/—)L0 | 1HBIZH3EE
REEILE (mol)|  EILE (mol) EILDE () | DEH (MPa)
1.23 0.368 0.230 15.3
1.04 0.490 0.320 9.0
0.832 0.734 0.469 7.9
0.588 0.980 0.625 7.0

45 £

AP —=IVDENLNGFRPE 03 U LETHHHEEIE, 10 MPa L TOESHT LICl 2 ¥/
—VERICBIER MO ESEMRL, KK 2N LHICR 723, 0.2 L FoEs
IIEBEE R BLRFIC LiCl A ¥ ) —VASIEDESE L T ¥, 20 MPa OEATHET
BRETICRIKR 2 HORETH o772, 4511557 T LI, 40 ClZBNTA K ) —
NWEZBLRFBIIEDEAE TRAIETH 815 MPa LA ET1HIZRD. D2 b
LiCl 2 & ) —NVERITEBER —BLRBICEE LI WIRETHBH L2 5.

46 £&H

RS B LIRFE L 0.5 mol/t?D LiCl A ¥ ) — VK DRIREERES T/ RLERS
Tole. BONT-ERERNOX 4.4.1, 442128WT, 1HHTHAEHLEBEDEAET
SNTBERRE S o~ 77 4 —DOBEHEE LTHWSZ LR TEX 5.
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X 4.1.3 FiEEz
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Mole fraction of Methanol [-]

4.4.1 0.5mol/t® LiCl A % /) —NVIEIK L CO2 DRIEEHEER
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Pressure [MPa]

18

16

14

12

10

~ Single phase

......................................................................................

e = Two phases

%.0 05 10 15 2.0 25 3.0 3.5 4.0

0.5 mol/¢ LiCIA%/— LB DETEIZHT S

CO, (k) DWIRLL []

X 4.4.2 WL_EB{LRFEL LICl X ¥ ) —VEEKEDOBAEDEIG L

18I 72 B E S OB
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10.0 ' g !

Twcf) phases

Pressure [MPa]

20" N — S N

0.0 | i | |
0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction of Methanol [-]

X 4.5.1 40 CIZBIF DA ¥ J —) L iBEER ZBLRE OKIK AR
(Seung Nam Joung, Chang Woo Yoo, Hun Yong Shin, Sun Young Kim, Ki-Pung Yoo
Chul Soo Lee, Wan Soo Huh, Fluid Phase Equilibria 185 (2001) 219-230
L7 —%%5|H)
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Voo 5 =
HBERRAI OQOTI NI ST 4 —
Li B{{A 5 HEEER

ABFZETIXEAEMRE L2V 7& v F@e2,DEEL, BEMEREL L TBEN B
fLiRFE L LiICl A ¥ ) — VBROBREER AW TEBREAKGE 7o~ 77 4 —LiH
MRS TT 7. BERMEIENEEZD L TEELZRLSELIENTE, £
NZE > THEERMOPR O E D> TL 5. TITRELMEREL—EICL, ENEZEL
ERIHEORIRATOBRE R L RN AL A LR, SEEEREORMEEZITo .

51 RBREE

EREREOERMEBEE 5.1.1 12, #ENEK 5.1.1, FEZX 5.1.2, 5.1.3, 5.1.4
WZRT. ATV LVARBA S A2 Y 7 E 2 M@ 2, DEIIERZFREL, ¥y FERY
T TRIIERESE L Lz, Px &y MUIEBE LY —ERBEDOKZRL TE. A¥

=R LiCl A 4 /) — AESIKITR A /MC CTBLERZ L BA L, HEMTED N
THTANELND. EEHEHEBEZ2BC CHTLARANIY A 722 Lb—F T
B L WIRIC T b, “EERBI LRI ORITHL, BRI TE»OEELT
TS5 aralby ZICTEREINS.
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# 5.1.1 EREE OB

R A—H—RUER, HE
BAXRS K
TRIERFERRLT | AOTIYDIUNBESR CO2 iR T
SCF-GetNS
BXSR BMEHTOITSTITIL
EEREEE NIy y—LFal—4
SCF-BpgNS
BEERRTS ®/Y— Ta7IRT DP-8020
BEBRREE EYELA Degasser 154 &!
Ak EBE R, LT D—INYALIVR BENRZ EV /LT
EV700-105
D—INHPAIURX
BAEFT A ATULRABZENTL OHA BT
ARTULRB S wryk
=RE ] iuchi THERMAL ROBO TR1
Y14onw/\L—4 Thar Designs Y4902 25 ml
S54Lav ALY GILSON Fraction Collector
MODEL 202
BE% BHEE KZs-1
N\yh— CS—IJYALIVR CP-50
=S LT D—INYAIVR BMEDSR/ LT
HPV-3
. SUS316 Fa—7
B#ATa—I 5E 1/16 /> FARE 0.8 mm

HERZZ&K 5.1.212, EE#X5.1.5, 5.1.6 ITRT.

# 5.1.2 HlIEHESE

L HESRA I—h—RUEK

e TXH Sartorius_BP301S

NS HiIS R BAE—URFRIEDNAEST
’E;‘?&’Eﬁ’t Polarized Zeeman Automic Absorption Spectrophotometer
JERERY Z-6100 -
] Finnigan MAT B BREZRESTSXATEESHET
HE5MEt High Perfrmance High Resolution ICP-MS
ELEMENT
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5.2 REREMH

EEBROWS(MTE&LER R 5.2.11C, BELEGEZHK 522108 T. FEAL-ELER5.2.3
A

* 5.2.1 &M5&H
#hs Cryptand(2g,2,1)

SEHRE 350 Um
N5 L HN%Z 0.8 cm, &< 100 cm

 BEFTIEE 0.366

 5.2.2 E&EEHF
RE 40 °C
REE ZEkk®E 0.5 cm®/min
LiCIAR/— LB & 0.5 cm’/min
£h 10,12,15,18 MPa

% 5.2.3 M L7-Fdn

E3) EER xE A—Hh—
AB/—)L CH30H 32.04 BEIERIE
B ) Fo L LiCl 42.39 AT E
“B{ERE CO2 44.01 BXAER
ZEBK H20 18.02 AT E

5.3 EEBAHE

5.3.1 HlEFIE
ROFME LY BT Iy ) TEY FHIEZTEE L.

1. BT LNHEEK FEEK80 %, AF/—N20 %) THZLI.
. AGAERIC Ay H—FBO AT, 7 VT FRIEER R LIAAT
3. Nyb—EEICRYFEEREL T, BIREKEE 50 cm¥min TEEL, #9350
kgflem2 D—EEHZ 2T THRIEEX LR S BT,
4. HISERHZ A EMICET DL THIELBML, REEZRIELE.
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5.3.2 REEDAIE
N7 LADOBEFTERIIEERN S Z LR TERN. FICKRKEE P RO LD ICES
L, FREERLHEEAICEL L.

p _ (BEEBOER)
(BH T LR
_ (75 AAER) - (BEIHE O ERK)
- (IS5 ANEHE) (5.1)

CZTEBEMEEZETAY ) — /L TEHBT AL,

R - 7 SHDSEE) - GEE LIS ORE)

25 A OEE) 6.2

LB, :

BIEFRERON 7 AOEE, KEL-MEDEE, REXBEMHEE A ¥ ) — /L CE#
LIch T LDOEE, BEIUOI T LANEEEZROBZ LI2X ) FERIT P=0.366 LRk
b=,

5.3.3 BEE4LE
BREAI o~ N7 7 4 —FEBRPKRDO - BOFTEENZIZI LI A AR E2E0E
BOBBRELTWD. 207D, ZhbaEE UMIEZBOMER TX 2 REBICT I LEN
H5. 7V T FRIEIIKREZRT I LICE - THEAETAZ N TS0, BERY
v h 774 —ERR Do RIZ, VT LLEEALMAL 5.0 cm¥/min T 300 cm3
(RERFHEDK 6 %) LIEHEL, #lseE4ET 5.

534 BIIERBORE _

BERI o~ T 74 —FZRETICHTZY, 7V T2 FBEBIZA Y ) —VIBK
RTRNWE Li LIFLALHEEREITOT, RMESBEEZITY 2L RTEARV. Fi,
BAECLV KPP TS NZHMIEEZTICR S RIER LRV, 22 THARITH DK% #
FEFREENEO BV L, BEENE A ¥ ) —L L BRER ZBILRBOR SR T
=Y. AZ )=V EBER CBLRBIIEREG LA CEERLIOES, 4TRSS
5. K531 RLEZLIIC, 40 CIIBITBRAF /—) b ZB{LRFBEORIKEEDEE
FRIEFL8.15MPa THDDT, WRERATON 7 ARIZA X /7 —L L BER _BR{LR
EN 1R RETHS.
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5.3.5 BERERH

BIAATIRIC X W RIRBRZ 1T O . B4, REERT oI REE TR —RILR
£ LiCl A ¥/ —VBROBERKEHTE, 7V 7 %0 FE OSEERRKINT LY #
JEP Li A AV NBESH, ABREIFEREND. SDOIERERLODITH LR
RTIIFEEETE»D Li A FUBNBEHTS. ZhEBE@EVD. O, BE L H
JEAE DR B RBRISAEAER LN T Li IFRAEHL T 5. SOIHKEERL
BT 5L, WTIIEREROEER CRMERIZZNZNEREIROBRE, RARNL
L 2B, CORBREOREST, RMELSM D rBEEELZFHES 28R
REHTHIENTED.

3 5.2.2 1R LI &HICRBWT, EREOBIEFEICL > CHRKEREITo7-. BHL
TL AWIRITBER —BLIRE L A ¥ ) — VBEOREBE TH DD, ThTITY A
ryuarE L —% CHBESN, ZBERFEEELORITHLRRICHES, AF/
— VBRI TENOHBL, 7927 ¥aralz4 (GILSON # MODEL202) (2T
SELE. SRUFERFHIET R CERZRE L, BROBEN L ZNENOKR
BEHLT. :

5.3.6 HME I

SR LR Li BEREFEER (BZ8UERT Rt —< VIR Rt E
) 2BV, Li RfikiIEsRESERES Y7 X~HE&SHat (Finnigan MAT
%1 ELEMENT) #AWTEREREE L. BbhBERRE AV ToBEMEREL ¥
i L7=.

53.7 BiEXMBEEDHEH
LSEEMREISEE H O - DI LERMIEORBARYEHTS. RRBREAE @ IIFKE
BERNOLBIEIIRESNEA ALV DEELETHY, RBEE ¢ FRENIZHRER
100 %D & X IZHHHE 1 cm® H7= 0 T mol DA AV BEFBRIND 2R THETHS.
£ A BRBSIC RS LTRSS ZR 232 LItk Y, BIEORZTHRAR @ (o)
POBNTHEEMEBLTL B Lichd. Lo TEROMBKES Viem?d), SHaEEO
BEE%A M(molem?d), #TJ LHDFELERGBHEE Valemd)T D L,

Q=[V-{(n 7 LMD 5 ) —NEBEOER+V,} |IM (5.3)

LkdbND. £i2, BARIEH Y OXHAEER g (mol/em? resin)id,

_ Q
Prrih

THD. T PIIMIERERE, rim)3FEEERE, hlCm)IHETRERTHS.

q (5.4
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5.4 EER#ER

R 5.2.2 1T L= ERFFITEBNT, BISSTEIC L W IBKRER 21T~ 7-.
5.4.1~5.4.41ZFNEH 10, 12, 15, 18 MPa 2317 2 R R E 3T D EE 457,
FLELR S Z TR, EOEACBONTHORANRE LR SN, REFET L
DIRHE, SLiETIEVIHIBEENE LN,

SENCB T 2BHEREER 5.4.1, K54.51277. 15 MPa IZ3V CEMEEEMN
INEL IRoTe 3, oD 3 MITRBEDEHFET—F L7-.

#5.4.1 BEEREK
EH EREH
10 MPa 0.012+0.008
12 MPa 0.008+0.002
15 MPa 0.002+0.001
18 MPa 0.008+0.005

55 EZ%&

EWIZELLY FULOREN, £TORFICBOTHABEKOEE THS 0.5 mol/tk
DREVETH-7. ZOFRRELTUL, VA7 ul e L—F THIKE —BLREES
BESTDBRIC, AZ ) —ARTBRELBELTHRITHLEZEWS ZEB8%TF b, 2h
CEoTYFULBEREL Roll VWS T LREZ HND.

TLi ASIRAE, SLi BB LIRS KRICEHLTEZZ 0D, BEHICBER B
LRFBEZAVWIZBE T, SLi OFNZ U FZ 2 F(2,2, DRHE L S5 LoV &
DT ENbhol.

JEF1 156 MPa IZ 38\ TRERERN/ NS Ro - HEEIZRE TH D28, o 3 A TiEas
Z0RET—HLTEY, BEREOEREAMKERIZIR ORI o7,

[ CHIIE FIEEE C, BEIMBIZ LICl # % ) — VKR E AWKk s a~ 57 4 —
W& D Li FfZ&58E (Appendix A) TiX, 1B 40 °C, FER 0.5 cm¥min DEET
BRELREDS € =0.0583£0.009 EWIHIRRNEDLN, RERIRRINEHEICLVE
DITCRMBEREILI N LD b/ SVWMEL o7, BEHEEZBER _BLRE L LiCl A
Z)—NBRIZ LT Z L&D LiAArR 2 ) 72 FRIIELSER LI L en T
EEZDND. ZORRE L TIHBER BILRBOBEMIC L I2RENEZ LRS-
O, BEMEEBELL L THAVWIEBER ZBLKRFE L LICl XA ¥ ) —VIRKRDOERADEIE %
TS T THBMRELITMET 2 LEN D 5.
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56 £&&H

BEEMBICZ V7 &y R(2,2, DEHE L, BENBICEBER —BLkFL LICl A ¥ /) —
WIRDEBAEE Y BVW-BERAKE I a~ N5 7 4 —EBREZITV, Li REfiEsEEx
752 LRTER. FRSTEC LV SEREEFE L2 L 25, AimSEMLT L
PEHE, SLi AWIBT B Z LR TE, BHESAE 130.002~0.012 LRkD LT,
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5.1.3 BERMEK I o~ T 7 4 —EBRER
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5.1.4 BHIEFHEE
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"LiSLi Ratio [-]
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42

Li Concentration [mol//]



16.0 e 2.0
16.0
14.0 SN N N —
13.0
12.0
11.0
10.0
9.0
8.0

"Lif®Li Ratio []

0 10 20 30 40 50 60
Effluent Volume [cm3]

X 5.4.2 12 MPa 2R} 2EiMREOBRE. FNIELSH
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5.4.5 FEBRIEH L BHREREOBER

46

20



$6%
B P BIC& HE

AZ)—=NVRERBITDHIZ V=T N EERE L OSEBRICESNDORIETEEIZ OV
T, BEFEFEABICIVFEAN, HREOMRLLT, /700 T—TARIX 18 750
6(18C6) . @BIEITIX LiCl ZBA T, HEIWIXEF(LFHE = — I Gaussian 03 ZHW
7zl16], FHEEER & LTI BLYP N 7Y v FEEREKEL AV, BEEEICITE, L,
0, Cl ¥ _TOLFIIH LT 6-316 ZAWVz, Fio, BYLEMT (= 2L E—DFHE) D
BORBEOARA Yy —NVT7 77 Z—0OfEE LTIX1/1.12 W=, ExEORMEHERE L
Tix, H Li, C, 0, Cl ENENICK LTHEESE1,7(6),12,16,35 2\,

P, 298K T1RE (KHT) 2B\ T '

LiCl + 18C6 — 18C6-LiCl

DS DEETERED KIS D T Z VB —F4{ki3+63. 138kcal/mol T B & DERBE LN,
Ihz, EN% 200 [JE (RAEH) L LIEHE. ZOEREER LRV ERFHEND
BHbMZENTE, ZDOZ M5, LiCl & 1806 DSEFRLIZH L CEAITREEEBLRITSH
WEEZDND, LIehoT, ERICBEHIShBENC L BHERREDENE VD DX, 2
ROZHET RO LEADBEIC L 2 BHOFEROENMRENIZL DI TV v —F L
ReBEOEHEMOEICER LZbDOTHE B b5,

Wiz, Li ORNLEIZ X B ERROBE VIOV TR ZITo 72, TORE, LiT oRbY
IZLi6 ZAWEEE, FROREDOT 2L ¥ —2{L13+63. 131kcal/mol & 723 Z &b
V. Li7 DFH L BETO0. 007kcal /mol RIGHT v F NV E—ZALBMENZ E BB LNz E T,
COEWVIBD TNSRETH DN, ZOLTH2eERREDCEWZFIMA LT LI oRIME
DBEEITOZENTEBEEZ NS,

K6 LIZ, ERTZVINLEC—DHERREELTT,

6. 1 B3LYP/6-31G L NWIZRBITAEHFDERT  Z NV —5HERE R (BALIX hartree)

H(latm, Li6) H(latm, Li7)
LiC1 -467. 78028 —467. 78034
18-Crwon-6 -922. 32799
18C6-LiCl §fk ~1390. 20888 ~1390. 20895
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A W
1][[| IS

BERGAET G, EAZEETAZLICE-T, Bt L TOBBERRIEOERE
FE R BT B 2 LN TE S, FRE TR, 0L > RBERKED L OHEEFIA
FTHZLICLy, BEAREKZEE L T2RCTRAMEIBESRLRBEL, BERRED
EAEETEZLICE->T, ZOREMRELZHEL, bo THEMESREZFZERILT
HBEEEZRIFLEZLOTHD.

BERFEIIBET S 2 2 ICLoTREICR D10, FICER L TV A EE X BHE,N
DB HET A LN TES. 0D, BRLEZEMLTE ZWEERH Y, BE
EYHEHEOEBILOBEN D bR E1To 7. BEMICIE, FIEEITBEREST
D Li ORI ESRE SRR TIROERETOERLZENE LTHEERZITo 7. $2
EERBERGEDEARRMEDRICRIETHELRFMNT I AL L. E3
EREY, BT EFHEICLY, AZ ) —AREBIBE7 TV =TV LEERE L D
HRICENDORIETRELITRETI L2 BME LTHFEZITo .

ABFZECIX, BEMICZ U 7 &2 F(©2,2,DEHE %, BEMEICEBEER —B(LRFE L LiCl
2B ) —NERDOBEERE AVW-BRATKRKI v~ N7 70— &% Li RS
BEEBRZIT\V, Li FUIEOBENTIRETH S Z & 2R L-. BEHICEER —BIRK
ERFANWAICHT-0, BERZEBLRE L LiCl 2 ¥ /) —VBEKROK[IREEBEZ R,
BEAFKAEK/ o~ NS5 70 —OBBHEBEL LTERATLZLOTE25842KRD
7=, BERFEEI v 57 4 —Li BMESEEER CTIIEREN 2B ETER
BTV, FRFREBRERE « 23RD7-& 25 0.002~0.012 LK bz, BFLFER
B2 LB Li ORWIEIZ & BSEFROENC OV TRHFAEZIT R, Li-TORPVIZLI-6
PRWEES, KO Z L —%{ki3+63. 131 kecal/mol & 725 Z &30V, Li-TD
A LEART 0.007 keal/mol RIET v # NV E—BBENZ AL S, ZOE
WIHBD TRNSRETH AN, ZObTHAREFMEDOENEFA L T LI ORMEIHEZ
ITHOZENTEBEEZONDZ LT,
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Appendix A
‘/EOIQT LT ST 14—
Li B3 {4 57 B 2B

ARETHERLZZ V72 FE 2 DBIERFRE LN Z 2 2ANWT, BEI7n~
NT T 4 =Tk Y Li FILESBEERZITV, ZOSBEMREEZ R L7

A1l REREE

EREE OB 2 E A L1IIRT. MRS L CRIERSIIARE TRV 7R
EE—DHLDTHD.

A2 HREREH

EBRAERYE A21ICFET. BREBRIIEOTEZ HOTITY, fiRAETOR
B, BEEESGEEFRIE L. LiEKIT 0.5 mol/ed LiCl A ¥ / — AR EZER L7z,

#FA2.1 EBREH
BiEFTIRE 0.366
EBRRE 40 °C
EAh 5.0 MPa
REE 0.5 cm®/min

A3 RERTTE
UFOFIETEREIT- 1.

1. #9300 cm3 Dftik%EH T A EMOLLHRL, BEOBLEZIToT.

2. $200cm3DAF ) —NEHTHEBPLITZ EICLVAKEBNHL, T LKW
EAZ)—LTHLLL &7 UTFE L RPSEEREITLHIREIZLE.

3. 0.5 mol/t® LiCl A % /) —N\IEKER L, BWKRBEZITo7.

4. BHLTE-REOBEIIFEFRLE (B8ERT RXE—~VIRFRED X
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EE) 2AWT, Li FMELIIESMRESRERE Y7 A~ EEH#3 (Finnigan
MAT # ELEMENT) %AW TZhZhHElE L.

A4 RERFER

EBREREY A41 177, REXP VY —7ICEREN, REFET "L 2384, 6Li
PRHRT D 2 & SRR TR
EERERE 12 e =0.05320.009 L EH EINT-.
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APPENDIX B 5 8 BIpEERRICEHT 2 EEREIBRRR L

USE OF SUPERCRITICAL CARBON DIOXIDE FOR

CHROMATOGRAPHIC SEPARATION OF LITHIUM ISOTOPES

Youichi Enokida, Takeshi Watanabe and Ichiro Yamamoto
Research Center for Nuclear Materials Recycle, Nagoya University

1 Furo-cho, Chikusa-ku, Nagoya 4648603, Japan

Abstract
Supercritical carbon dioxide (SF-CO,) shows characters of the green solvent such as being
environmentally-benign and health hazard free, as well as tunable solvent strength with
liquid-like density and gas-like diffusivity. Since processes for isotope separation may require
large amount of chemicals, use of SF-CO, can be advantageous. ~Additionally tunable nature of
solvating power may lead to improvement of isotope separation. Generally, solubility of
lithium salt, such as LiCl in the neat SF-CO, is too low to use as mobile phase, and this seems
one of the reasons why supercritical chromatographic separation of lithium isotopes has been
- never reported. We have found methanol is useful as a solvent modifier to increase solubility of
LiCl in SF-CO, and utilized it in the separation experiments of lithium isotopes. Lithium
isotope separation was successfully demonstrated with using LiCl in methanol and SF-CO; as a
mobile phase solvent. As a stationary phase polymer particles with chemically fixed
cryptand(2B, 2, 1) was used. The particles were packed in a column, and chromatographic
separation of lithium isotopes was performed in a breakthrough manner at 313 K and 100 bars.

LiCl was successfully absorbed in a step wise at the front boundary, and the equilibrium
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separation factor was evaluated to be 1.025.

I. Introduction

Supercritical fluid carbon dioxide (SF-CO;) with its moderate critical constants,
nonflammable nature and low cost provides an attractive alternative for replacing organic
solvents traditionally used in chemical manufacturing processes”. Because CO; is usually not
regulated by the environmental agency as a volatile organic compound, CO»-based processes are
environmentally acceptable”. In addition to minimizing liquid waste generation, easy
separation of solutes and’ fast reaction rates are some of the advantages of using SF-CO; over the
conventional methods'®.  The solvent strength of SF-CO, can be tuned by changing the
density of the fluid phase, thus selective extraction or dissolution of compounds may be achieved
in separation processes. Therefore, SF-CO, has offered considerable potential as a
replacement solvent in the analytical laboratory for extraction, chromatography and
spectroscopic studies of complex mixtures”. In the industrial scale, Kraft General Foods
(Maxwell House Coffee Division), for example, has constructed an extraction vessel of 7ft in

diameter and 70 ft in height for SF-CO, decaffeination of coffee at their Houston, Texas plant in

USA.D

Since processes for isotope separation may require large amount of chemicals, use of
SF-CO; can be advantageous. Additionally tunable nature of solvating power may lead to
improvement of isotope separation. In this paper, we described our study of applying SF-CO,
as a solvent for chromatographic separation of lithium isotopes. As far as we know, this is the

first report of SF-CO; application to lithium isotope separation.

The high concentration of °Li in a blanket system of fusion reactors is essential to

effectively produce tritium, which is the fuel of fusion reactors. Until now, the mercury
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amalgamation process has been used for lithium isotope separation. However, to avoid
environmental mercury pollution, it is desired that a new lithium isotope separation technology is

developed.

One of the alternatives for lithium isotope separation is chromatographic migration of
lithium ions or compounds, which can be performed by using a lithium salt in a solvent as a
mobile phase and functional resin as a fixed phase. Ion exchangeable reagents or crown
compounds are chemically fixed on solid supports, which are packed in a column for
chromatographic operation. For a migration of long distance, displacement chromatography is
employed to avoid a large axial dispersion which would take place at the edges of adsorption
band. Several reports were published for chromatographic lithium isotope separations4'12).
Among them, Fujine et al. reported the polymer on which cryptand is fixed is very attractive to
reduced the amount of chemical wastes because the resin does not require strong acid to

regenerate it, which is essential in the case of using ion exchange resins'".

Cryptands are macrobicyclic polydentate ligands that Lehn has termed'®, for example,
R-CH,0-C¢H3-N,Os. A cryptand (crypt) has a rigid molecular cavity and can form a complex,
for example, [NHs(crypt)]Cl, in which the ligand encapsulates the cation with bicapped
trigonalprismatic coordination polyhedron. Polymers with a cryptand as an anchoring group
are called cryptand polymers. Cryptand(2g, 2, 1) polymer is able to bind to alkali and alkaline
earth cations and stability constant of potassium is highest among alkali cations'?. In the study
by Fujine et al., a commercially available cryptand polymer from Merck Co. was successfully
employed for chromatographic separation of lithium isotopes, and potassium was utilized as a
displacement reagent. Recently the authors found the same polymer can be applied even for

nitrogen isotope separation'>. Cryptand(2B, 2, 1) polymer used in the current study is
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illustrated in Figure 1.

P-U_' CH2—

JIOWAJO

O/\/N

Figure 1. Cryptand(2g, 2, 1) polymer

II. Solubility of LiCl in carbon dioxide

SF-CO, is effective for dissolving non-polar and slightly polar organic compounds,
because carbon dioxide is a linear molecule with no dipole moment. SF-CO, is, however, a
poor solvent for dissolving polar compound and ionic species like alkali salts. Actually,
solubility of lithium salt, such as LiCl, in neat SF-CO; is too low to use as mdbile phase, and this
seems one of the reasons why supercritical chromatographic separation of lithium isotopes has

been never reported.

In the past decade, several new techniques have been developed fof dissolving polar or
ionic substances in SF-CO,”. These techniques have significantly expanded potential
applications of supercritical fluid technology. In this study, we added methanol as a phase
modifier to increase solubility of LiCl in SF-CO,. To understand solubility of solute in a
system containing SF-CO, and a modifier, studying phase behavior, i.e. vapor-liquid equilibrium,

1,16)

is one of efficient approaches We measured transition pressure from two phases to a single
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phase for a mixture of SF-CO, and LiCl in methanol by using a view cell at 313 K.

31 3K Line filter Gas meter

Plunger ‘C_{’% \
pump I%i 268 K ﬁgﬁ |

\ Tl |
V! &

Tr}ap
Stirring—

CO, collection
bar

N vessel

, L Sapphire window
/ [ 7 \\\

CO, Magnetic stirrer LiCl in methanol

Figure 2. A schematic diagram of measurement apparatus for vapor-liquid equilibrium.

The experimental system is illustrated in Figure 2. The cell was equipped with two
sapphire windows in order to observe the internal fluid of the cell. A certain amount of 0.5
mol-dm™ LiCl in methanol was placed in the cell before SF-CO, introduction. After CO,
replaced the air in the cell, the inside of the cell was gradually pressurized by feeding SF-CO,
with using a plunger pump (Nihon Bunko, SCF-GetNS) until the system reached the transition
pressure. An amount of CO, charged in the cell was measured by an integrating flowmeter
through reducing the pressure in the cell by opening an outlet valve. The amounts of CO; and

LiCl in methanol was converted in moles and a series of experimental data are shown in Figure 3.
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The experimental result indicates that a single phase can be realized if we prepare an appropriate

high pressure fluid according to mole fraction of SF-CO..
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Figure 3. Phase diagram of a mixed fluid of CO, and 0.5 mol-dm™ LiCl in methanol at 313 K
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Figure 4. A schematic diagram of the experimental setup for chromatography

IIL. Supercritical fluid chromatographic separation of lithium isotopes

The experimental system is illustrated in Figure 4, and experimental conditions are
summarized in Table 1. Chromatographic migration for lithium isotope separation was
performed with using the high pressure fluid whose constituents satisfied the requirement

specified in Figure 3.

Table 1. Experimental conditions of supercritical fluid chromatography

Development length 100 cm
Temperature 313K
Pressure 10 MPa
CO; (at 268 K) 0.3 cm®-min’
Flow rate o 3 {
LiCl in methanol 0.7 cm”-min’

The polymer resin fixed with cryptand(2g, 2, 1) (diameter, 0.35 mm) was purchased
from Merck. Methanol (>99.8% purity, special grade (SG)) and pottasium chloride (>99.8%
purity, SG) were purchased from Sigma-Aldrich Japan and used without further purification.

Liquid carbon dioxide (>99.995% purity, Japan Fine Products) was used in this study.

Approximately 20 g of the resin were packed using a packer(GL Science, CP-50) in a
stainless steel column with a water-circulating jacket. The effective column length was 100 cm
and its internal diameter was 0.8 cm. The temperature inside of the column was kept at 313 K
by passing temperature-controlled water from a water-bath (Iuchi, TR1) through the jacket.
The pressure inside of the column was kept constantly at 100 bars by a back pressure regulator

(Nihon Bunkou, SCF-BpgNS).
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Just before a chromatographic experiment in a breakthrough manner, the resin was
regenerated with 300 cm® of de-ionized water (Kanto Chemicals) and conditioned with a mixed

fluid of SF-CO, and methanol at the experimental conditions.

Liquid carbon dioxide was fed with 0.3 cm®min™ at 268 K by a plunger pump (Nihon
Bunkou, SCF-GetNS). Solution of LiCl in methanol was fed with 0.7 cm®>min™ at 313 K by
another plunger pump (Toso, DP-8020). These fluids kept at 100 bars were mixed in a small
mixer at 313 K and introduced into the column from the top. The CO, in the effluent was
gasified and organic solution was collected with a fraction collector (Gilson, Model 221). The
concentrations of LiCl in the samples were determined with an atomic absorption
spectrophotometer (Hitachi, Z-6100). The ratios of lithium-7 to lithium-6 were measured by a
mass spectrometer (Finnigan MAT, ELEMENT). Experimental results of LiCl concentrations
and isotopic ratios of lithium-7 to lithium-6 in a chromatogram are illustrated in Figure 5. The
square plots in the chromatogram denote the ratios of lithium-7 to lithium-6 scaled in the left

axis; circle plots, LiCl concentrations scaled in the right axis.
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Figure 5. Experimental results of LiCl concentrations and ratios of lithium-7 to lithium-6

obtained in the supercritical fluid chromatographic experiment

It was confirmed that ion pare of LiCl was adsorbed on cryptand(2g,2,1) polymer at the
front boundary even we applied the high pressure mixture with SF-CO,. The lithium isotopic
ratio of lithium-7 to lithium-6 increased at the front boundary; lithium-6 was enriched in the
stationary phase and lithium-7 in the mobile phase.

An enrichment factor, ¢ is defined as

8Ea_1=Rres/RsoI_ls (1)

where ¢ is an equilibrium separation factor, Ry.s and Ry, lithium isotopic ratios in the resin and
the solution, respectively. The evaluation of £ was conducted by the equation reported by
Spedding et al'”. The evaluated £ was 0.025 + 0.009. The value of £ in this study is
smaller than 0.04 for liquid chromatography using LiCl in methanol for mobile phase'®, but

larger than 0.013, which was obtained with monobenzo-15-crown-5 resin'?.

IV. Conclusion

We have found methanol can be used as a solvent modifier for SF-CO; to increase
solubility of LiCl. A high pressure fluid containing substantial concentration of LiCl in
methanol and SF-CO, was utilized in isotope separation experiments. Lithium isotopes were
demonstrated with using the high pressure fluid as a mobile phase. As a stationary phase

polymer with chemically fixed cryptand(2s, 2, 1) was used. The polymer particles were packed
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in a column, and chromatographic separation of lithium isotopes was performed in a

breakthrough manner at 313 K and 100 bars. LiCl was successfully absorbed in a step wise at

the front boundary, and the equilibrium separation factor of lithium isotopes was evaluated to be

1.025.
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