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Development of the flow-through diffusion system and improvements of

the experimental methods

S.Suzuki and H. Sato

abstract

For a safety assessment of the high-level radioactive waste disposal, effective
diffusion coefficients (De) of radionuclides in bentonite have been accumulated by the
through-diffusion method. It has been found recently that experimental results on Des
for several cations (cesium and strontium) by the fairly standard experimental method
in JNC differ from those previously reported in several papers. Discrepancy can be
considered to be due to different design of diffusion cell and system. In order to confirm
influences of the experimental design on cation diffusivities in bentonite, a flow-through
diffusion system was developed and several diffusion experiments were conducted. As a
result, magnitude of D. and its salinity dependence were relatively different between
the standard and flow-through diffusion system. Since the latter system can control
boundary conditions of the experiment more strictly than the standard method, we can
conclude that the flow-through diffusion system provide correct results. In addition, we
apply this flow-through diffusion system to a modification of controlling boundary
condition during the experiment and to the diffusion experiment under controlled

temperature.

Radiochemistry group, Waste Isolation Research Division, Waste Management and

Fuel Cycle Research Center
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1.IZCDIZ

1 LAV YRR SEY) O M I 21T D S BN Y T AT A OMERERH A HEg & LT,
N A S OFRILHEERIC LV B2 RO EIEBAR B BG STV D (BRE
YA 7 OVBHTERRE, 1999 5 LLT, JINC, 1999). Gk, SeRofEkz, Bz
efl, HALERH - VIR KV Fia LeWE R, TRbbItHRT 7 v 7 2inb, $Lik
REEREST 2 HETHL. THET, RNEAFOEDIHEREZRD 572012 Fig. 1a
WRTIEBE L ME T E 72 (B 21, Skagius and Neretnieks, 1986) . #L#E /LI,
HEEOMNZ 2 >O% G (H, L) NRESH T D, IEHEGURBIMEICIT, HASRIIE

YEBWE 2 SREICETRED, LAGIEENZE ERWERBA->TEY, Ththo

Ny

VAR & BB 72 T MBI c i L T 5. EBRBALATE, M ofKE &3k, H &
0> B IR E DR — AR 0 2 & HEEMAPNERIC IR L, e T, AR O tm 12
L, LABNICEHT 5 ([Fig.2a). L7z2-> T, L FeaNOREEIXERFE & ik 2 284
% (Fig. 2b). HrHGABRCIE, HEIR & iR 2 Hefih S &7 2 BRGaRsZl & L C, LERFHE

I LAGPORBZRI L, IEBWEOREZIET 5. R4l ¢ £ TICERA2EE L7

WE EFEREZRE)IE, WRUEWVIRE CL(d [arbitrary unit]/ O ETH 2 LN TE 5.
C )YV
o) = L;) (1

ZIC, VIILAGNOEREFE [m3] <, AT EE S m2Thd. K7 7 »
72 JIE, WALV EZHND.

J=§Q (2
ot

74 v 7 OFEEANC T, WEB T T v 7 R LN OEE ARIIRE O L 9 I

EASIYNY SN

oC
J=-D,—~ 3
ox
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ZIT, GolIHEERIRMIBRK R OWREIRE, DelXFZNIEHUREL T, IEBME-OPBAR I &
0BT 20, BWHEBRESRERICIKE LW EUET 5. IREARLILH T 7 v 7 AN
bz b, EHERE De 2 RET D2 LN TE 5.

74y 7 OF TFEANCES W EBIER OB I 2 b—a v GENTE) IR LK
Bk & AT O BIR A R, EHGREBRBRAA LY WL, IREARIINLE x 1L R b0, it
ARIKNESOIERR T 7 v 7 ABEIC L W e D, HlziX, Fig. 2a (¢= R T L9512, H
Bl OFIR—IE AR T E L ARROZNTIE, REARNSRLL EEZOND. —K
(I, EEITBERBR OB TIE, RN OREAR A ML Z LR TER2VWO T, R
WEVIEE 7 7 v 7 & RDIZE LTH, B ESED ETITEEL RV, LiL, RO
F O REEREIEO L LT,

C:,Cj‘zconW4t20
" . (4)

Cp >> Cp
RIS+ 4 5 &, AN OREARIIMEITK ST —EIC/e 5 (Fig. 2a; t=t3) .
ZIT, Cpf, CrlixEnZENGRIRETOMBKTORERECTCHS. £-, XLV IK
W77 v AL —E L7725 [Fig. 2b). DL 5 IRIRIEZJEH O EFIRRE L FES. ERIRFEIC
BOWTREAR,

oc
p oo S ®)
ox /

cRFTZENTE, RORAT D Z LT L EMEBRE A5, 2720, H3ERED

BESThY, £7-, CP=Cu (Cu: SR ENITFEBRHRNOWEIRE) THd Z &2 ELT
LRED XS 7B R ERE R N A MR O E LR B O BAFICH 2SI T0D
(Muurinen et al., 1987; 1989; Oscarson, 1994, Choi and Oscarson, 1996; Eriksen and Jansson,
1996; Sato, 1998; 2000; #HA, ik, 2002). FHDILZNET, JEMUMAMIZEITS S, 1
BLOHDO O ER LRI DI FEEARIFEIC OV CTHFZE A D TETZ (85K, 15, 2002). 2

AF 2 THD, AV A T AATHDOWTE, EEBURE DGR E L LD TN TRV, BEFOuf
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Fefb BRI KT A R L Q. — 0, A4 ThHHARRL F T AL T, #
SHPEBAR B TR IR FE & I H N9~ 28 A 23 o 7278, ZOMBRIZ 3Tl Muurinen et al. (1987)&
DI EN TV LT ERR > T, FEROBAAE LT A OWTHEHILTRY, Hik
W TAT O HEEGERER O 1%, Muurinen et al. (1987) < Eriksen and Jansson (1996)&4< #72
ST (R, BME).

ZDOIIRPEEGRBRORE RN BAR DN EL T, JEEEHA THH U A ML E O
FRENZFITHND. E2AH, Muurinen et al. (1987)& [RIUEHLO R M A M LORLIRE T,
PBERBREAT ST LT, TEBARBOMERME DN K T2 Fre, M EERF S A< I SOet
(272 o7z (83K, 1EHE, 2002). iz, SrBL N Cs DELLTHIERMILE RARDAER PO T
. ZHUSAOJRIKEL T, JEEaRBR H1EOE WA T HN5. Fig. 3 12 Muurinen et al.
(1987) &0 Eriksen and Jansson (1996) ~Cfft l SIV/HLHGRER L /L ORAX 2R 9. EHH0
R/ ON TS, WIRITR B PEBURZ & 0B 7 4L 7 — L S L CRY, WX
Ry Z N KO MIE A BR L CD. — 7, 800K, 1R (2002) 21X U0 LT, ZAUECTHE
WNTIZ, Fig. 1b ([T T XORESHEITRIE LR 7 4V F — DN — R Lo T i Bt V2 L CF
WIEBGRBR M TN CTE 2. LU T T, Fig. 3IORLIZE i HGRBR YL, IRIIT A58, By
7= REPHRILHGABR Y AT LEMFSZ ST 5. ZHUSH LT, Fig. 1 IORUICREGUR v
ZIRPEER TGRS AT DL SR LIS D, ZRETOEZA, “BiAdr (AharF oL, v
U L) O EYLBARBDILIE L (A4 BREE) DA T 27 LW BLGUE, 5 BT HE L
R AT LDEAE R LTZAFGED 20351551 THY  (Muurinen et al., 1987; Eriksen and Jansson,
1996), —J7, TOHEOMMNE, FEMERBLHGRERY AT L& A LI TLOMEL TR
BAAR, F2iE, 2002). LANLZRDID, BiA A2 O FEEMIEBARIE O SR EE AR AR B 9 DA 70130 72
<, TNHOBRDIENHEBERIR T IEIZIDH DR DOMNEID W2 LN TEAR0.

T, PEEGRER G 1k L BRI O SRIR AR F O BIR A DT T A LR HIEL T,

TRERTMIE GRS AT LA SUEL, B LGB 21T o7z, TR ET, RICRBRSFICB T, W
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T7 DILBGRER S AT L2 1 U CRENIEBAR A FL LT 2R 13720 AR AT AOBEICHEN,
LUF D3 RICHOWTHEHGRBR A B 52 &R TE .
(1) IEBEGRBRICIIT DB R RO R 2 3 AT REL e o7z
(2) IREHE T2 D@L O E i v e L a7,
(3) ZANZ —NDRRFEE AT EDR/RLIRY, ZIUTENT 4V F— DGRBS AL EE L 725

7-.

2. PEBRIUILEGRBR S AT DO RUE

2.1 YEBGRER S AT LOHERL

Fig. 4 |CASRE CRIELI-IEBRALE B ILERERY AT AOSMA G E LK X%~ T . Fig. 4a
DY AT LTI, 12DOR T (AROTF 2—7 TRIFFZER D Al EE) T2REOILHE R AT
TWD, EARMZR AT AOMEEKIE, Muurinen et al. (1987)2L[RICTHD. 2ODIRIKITEF
FHIIERUEE R A B i 7 A L — LS, TSIRIT A SRR T ANV —1X, TTRT >
Fa—7 (VVar, PTFE Fa—7) THERHSNTWD. ISIRITERST T Z7UVEIC, JERREL
THEHU B 2 VR R S T BRVA IR 2 6 T s R BE AU RE 25 2% (Horeservoir) , 3810, SEBUEAA
B LT YR E O B E B DT80 ORI EEU R 25 2% (L-reservoir) D 2FEFHD TR 45 C
R ESND. IFR A SRORFEIL, BIFEIZ 100 ml £7203 500 ml 2SR ATRETH L, ZHLUSN DR
FECOWTIE, BRBREMEE 2 TEETIZLD. ITRABNORBRIARKIL, Fa—7 R 71
K0, PEBEAR D i AR 3 K ORI EE R O T 2 2 2 USSR T 5.

Fig. 5 IZ3lBI7 & — % G et v OAME G B 36 LU X A4 =7, BT 414
—IT UV, FRICHERIEAR ORI R B3 HY, ZOMMICITE BasL Ok Gt 7 4
NHE—=THNH —RRESITND, TANNE—T N H—ERELRIIR LV NED SN TN D, 70

NAZ—120%, RV T e L RZHJVE T V2 —%E L CWDD, & KB~ M A R AN
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HTBOEBEST-DIZ, REEETFAF I 74 NE—DRINCA T 57 42— (%25 mm x 0.1
mm, FL£& 0.22 pm:MILLIPORE, Cat. No. GVWP04700) 7% B L TV 5.

AUBHARIE, SEBCE L TSR ESNIZEIRIEA A KV T FAF v 774 Z—ITEASH, 7
ABE— A @I L C B O IEPE O OEIRATR A SRR D, s EHA R O R I, &
TR FE TN DILBIE D, AT T2 7 4 H—% g LTy M A MR i (2 k4G
S, — 5, IRREMITIE, XUMARNEINOA T T TV E—2 LT, SRR E D RE

NG S5 (Fig. 6).

2.2, TEBRALE B EERER S 2T M LA YEE R 5 1E

Fig. 7 IR ZISILHGRBR Y AT A LD E W ILBERER 7 D7 m— K2R3, e, ~
YR ARNE L, BB T A S ISR E LR, IRV R AN TD, N A NG
KESELTEDIL, BAKREHOT7a—F A 24030 C (Fig. 8), IEBME A & £\ iRk E~
AVE—WNICTEBR S 5. BKIRIE, JEMEXY M A RO RRE LRI OESIZH 1570, i
WNZ1~2 BERRREE, MBRIAIRZ RS T, RERS AT DInbILEE VA2 AL, [ 71-50
kg/m* DIREAZZ TAK L LFFE T 2.

EKRDHE T LTI B LB RBRY AT LD 7 0 —F A AT ATe . B BT RE 25 3 A 1k
WEZ ANZRUWIRIE TR T2 B S, TWIRDMEER T228°0, Fa— TG NI
W LEMEGRT 5. M, N7 e —EEIESE, BREAITFE RSB E R AL, &
N OEEEDBEVE IR E T DINTR MV ZIRED LT 1%, BRI E T 5. TD%, R 7%k
B, FEERBGT 5. EHETRR E AR L OEIRE MR A 2 LB 2 B ML, LB E

EERTD.

3. PEERILBS JOYEIE BRI HLEGRER S AT IMZ KD Sr OakERifS R oD bLig
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PEHERBR Y AT AT LD B R OENEHERET D721, 18RI ILHEER S A7 ALY
ARBF T LOFHEILHGRER AT > 72, BB, R, 7k (2002) D&AFEEFRIL THS
(Table 1). 7233, JEEERALE RIS AT LOFERI, 5K, Fef (2002) OFERETI L
7z. Fig. 912, ZNENORER G I L OMOE IR ORI B R AF AR 7. JEAE BRI B fE HGR
B AT DA LT 6, FREWEIE, 15 REH] ANRE L 72 R A CIERRe IR U CIEBR A
HIN45. TOEBOMEZIL, HRESREWIEERE ., —HOERICELREEIL2, D8
rARETh o7, ERE TREOMRIREMIZ RN O Sr R, SiRENAZRNOZO 5-30%
BEEThore. —JF, BRALERILE S AT L&A LISE, Ao f] L RERICRERIC LT
4228, + 025008 U7o e i COEZ ITRIREE DN @ NEE /NS, 7, HEIREEAY 0.05
M DOEMETIE, FEERBALE 2.7x10% Rl 7=2A00, FEHEEEEOHINER /NSl S
(2, FEBRBILATS 3.7x10% (43 H) B L 7-ME T, IR ORT R AR AR N D Sr JRFEDS, i g
MOIFERIBRANDZNEFEELL 207z
ZOISNZ, BKFEl O ERGEAF CHBILHEBR AT 7203, PEHGEBRS AT AT L0 28D
FERPGONTZ. YL T T 7 AL RO T ER LB A Ll T 2L, BARDILHT AT LD [H]
T, LRI DI EERAFMEN B2 D720 T, MExHED LM ~2H7H 72 2% ! (Table 2). &
7o, PHERUS AT ML DYER T 7 v 7 ADYE R FEAK A7 1%, Muurinenn et al. (1987)D SE2hLi
FREE DR FEARTANER R L TRV, 8K, 123k (2002) O#E$ A3, Muurinenn et al. (1987)& F7z
STRNE, PRGBS AT LOENIHDHEZZHIENTED.
ZDEIIRAEROE NP LTI FTENZ DN T EE LTRSS, RSN LRIz
YR A SITWDEN) FD, TEERIEIBILHGAR Y AT LTRSS NIk RO G KV IEL
WeEZ NS, FERREBILEEBR Y 2T A TIE, Ny A MEERESOMEE (G2)
RESEEIIHETEARNZD, T4V F —NIRICAE U S IRE AR E % BAHIE LT,
PLHAR A E I LT D (B3R, 1, 2002). REAFROEINIL, EFREDOIHT 7~

7 ANMERIE, 74X —NT—ETHDL EIRELTRD LN TS, Lehikoinen (1999)
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I, BUEFEATINC 7 4 V2 — 2 B DI VINOWEIRE O e L, 7 4 L5 —N
O RY N A S HOIEBRBRCILE Y 7 v 7 AOBINICEBE 525 L%
#WELTW5. F72, Eriksen and Jansson (1996)1%, [Cs*<° Sr2+D L 9 e UEMEDOILHAY)
BT, 20BN MRS VICTHEET D 7 AV —DF LR ZT 5] &
IR L THY, 74 H —NOREGHOMIENE S TIERNZ & &R LT % (Eriksen,
FME). ATk L, TEBRRBEILEERER S X T A TIE, 74 Z — IR & R S
HH70, 74 NE—OFIEIMT ERE X, 74 VX —NORESMIEDHIED &4
RN (). S0 X5, ERMEFBEILES AT 2E2RAT52LT, 74 0H—D

RIRED X 5 IeWEAF DO EAN R 7R B Z iR 5 Z ENATETH 5.
4. PEERTNGIEBYLHGABR Y AT MM XD BRI HGABRIE O W B

il BT Z i SR HGABR S 27 D, Sl ST R A B D S LTV DT, ek —
RFRIDILHE AL, JEHGRER S 2T DO G DO DL E YRR R O HIEHN A 5
THHEVIOMRDBDD. ZO&57, HRMEFEBBRILHGER S AT 2O RFT24ENL T, 2HEEDE

BYEHGRBRIEE IR R T 5.
4.1. BERSM ol kot B

AbvrF U LOFEIEEAUR T, R EITR ISR ORERED, 17 A RRE LW FEHH
TRBICEF L., TOREE, GO CF LWIBER KM 2R D230, JEROE FREZ/ED
FTIEBWEETH -T2, 2T, —EMREICIT R RSN O IRE K528 T, BRI E=
Yha— AT 55 EESB R (Fig. 10). MBRZBIMGT DL, 0 TR &R ERIT A
FNOWEIREPHEINT 5. IwWEIREDNHONCORESNIZRAIREIZELD, KR EIZ

FRN DV IRZ LB E 2 5 FRNEIR EASHA L, WWEIREEZ0IZ 2. T X724 5 15 TidiR
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FEDRFRIZAALIE/aF U ER 725 (Fig.10). Fig. 10 OFITIE, BRI EZ Sk TR A & o
BRI D SRR ICERE LTz, Tia ML Thb, IRFUREICET HDETEIMIFEL, n M H

DIRIRAERF OIRE IR E 2 C LT AL A HmEIL, kA TRENS.
o) =— (C (r)+20n j C0

2T, COEREA] ¢ [ DIREE EE BT R A P N OV E I FE [mol /L] T, VB LY A 1TV AR
[LIB L OB S m? ] Th 5. 72720, WRIARII AL RN I ICHIEd 2L EL . 20
MG T, BRE IR A R R T 57D I IR AR OV B IR E R L EAR R K THD. —H,
R RSN CIIR L IR E R E D T2, 2h0h, WEIRESIRARE (521X, ¥
HIREE D 90%) [ LT IRl CR RN OVRIR A AT 50>, MERRAZBINT 5. 723, &
HAHNEE D7 — X% Fig. 1117 T. LR TETTERRAEORIE G EL, 16RO Fig.

WRLTC IR BR AL DILE /L THRRETH S, UL, MEERAE IR ILHEER S A7 LTl I

WA E A DT TR, — (BRI A~ BRI R ] TR P RETH 2.
4.2. IREEHIE T2 31T 2 FREHUGR B D BS54

BZIREI A 7V BRFERERE (1999 DVEREFEANC I, HiJE Loy Hi sk JE50 OIREEITK) 60°C LR E
SITWD. L, ZOMRESRA CHERILHGRIM T O BITIZEA L 72, A7 B ik
DEAFERD O TN, 22T, LLTF T, TEERAEG M ILHGR S 27 AZIOIRESIE T
FRPLRERIRAATO TEEIRET 5. 728, i EIZ Pusch et al. (1988) A[AIFRZ2FIET 90°CT
ARERA A TODBIR 5.

— R DYLHCE LT, IWE60 CORMN T CHMILHERAITOZ L2 2 5. IR IR

T ANFEBRZBMGT . 18 OERE ThHE, —EHIHRE % IR A R DI, f5
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B VA E RIS OSN3, BBOIRE IR T35, WikE 7V 7 LA IR 572
DITNE, By MCREHARA T IS 50, WROIRENEIRLDEWO THRENR RIS,
ZOIIZ, REHIE T OFBILHEEBRE — R OIB VA EHL TITH %S, 77
FDRMEDFLEDNREL, WIROREERIS KM TH 2.

2T, BERALEBBMILEGER Y AT L&A LT, EROIEHEBRAEITI 2L 2B D.
AR T, IEBIADIRE L —EIhkbOD, $ 7Y UV REOEKROIRE Z =R IR

RITAUTZR B 7220, £ 2T, Fig. 1213737 X 91T, JEHCE VARIRTE T 2 fEIRIE N IR E
PR RS ENBICREL, WRIETER T TRERRIED LT, ZO5RMEENRT D 2

WA LTz,

IR Z IR SE L0, IFEERNOBEROIREIFIEBE LV OIRE LY HIRVWD T, Bk
NF 2—THNERNTNDMICHEREE TRELND L)1, WKREITHoIcELS R
FAUTZR S0, R E L RERRE DK T ORR AR~ D 72010, BERE (LU ar
L) CIRERIEERERREZIT o7, ZORBRTIE, IV ORE T 4 L& — iR
Bt (Y aran) L, Zofbic K BBESZHA LT, grEoiiE (kR
BOFHTHE) TAAVRBKEERSERNLIBEZNET S, £, (EEWOEE
% 60CICRRE L, KAEMEER SHRVIREET, MR OREZHE L, EUEREL 5.
WIZ, MERESEAEZEE L, 10 4Ll B U CIREN—EIT 72 o 7o RE U CHRE 2 1l E
4%. Fig. 13 \F =—7 R 7 (EYELA:SMP21S) Ot &Eifi#&>F AE (1~10) &
RUERE (59C) &RUEHEE DADBREZRT. DELEN 2 LT (K 25 ml/h 2L F*%2)
ThHIUE, WEHRE T AERE LS L R0 T, ZORMETKEREZTEER SEIZ X .
IEL, WEIIV AT LAOMK LT 2a—T RS IRFELTELT 20T, EHEOMK

PR A8 LT-BRIE, [ARROIBEEHIERER 217 5 Z LA E LL,

5. BHYIZ
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ARHEITIE, HEROIEMERR & RmHIE R F R ILHEER > 2T AOWHE T b T A b
PEHGERRZATVY, R b F U L OFEYEHARE & R OBEfRI K OEBARE O E
0, RBRAT AEKFELTWD Z 2R L, fRPRRLEHIZOVWTIE, BURTIE
AATH LD, FEREMEZ I VEEICHETE 2 LD Jnb, MERERIIEGIR > 2
TADHPELWHREZGEZTHWLEBEALND. £z, BRMUEEILHEERS X7 LT
(X, YRV ERTREG SO L TV D LW O RIRE LN LT, ERFFORIEITIEOH

R &, BERIET CORBRE OIS TEZRE LT

Bz, BERAILHEGER S X7 AOEr - BUEICY =0, 77— MBS (BR) OFF)1H
BRICIZZ KA T8 e =2 nwi=, £/, T— 2% 284 L W22 W izBRE o 5~

RSB EZRTD.

RGN

$E 172720, fEEBRAS AT 2 LB T, KRS R AR T O St ORENREL,
Cip>C, EVIBEFREAEDIFRALL TR, Z ORERHE L EBR O YL BRI & B2 D AT REM: AN D
2.

HE 2 BT 2 — T ORERVAT AR TELT D, BEETIC, A—T—D&ETIT,
U arFa—7 (NFE 1.15x 4ME 3.2mm) ff R, S F A& 1 T 9 ml/h, 10 T 160 ml/h.
FRIT D EALEOMEITIZIEFI LTV B, 2L, Fa—T7 1, BE, VAT MERICIDFHEIX

ZAE3 5.

_10_
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Table 1 Experimental conditions of the through-diffusion experiment

by the flow-through diffusion system.

Experimental Conditions

Bentonite purified bentonite
Dry density [Mg/m3] 0.9
Diffusant Concentration
3x103
[M]
Salinity (NaCl) [M] 0.05, 0.5

. ) cross section: 17.5 x 17.5 mm
Size of specimen

thickness : 5 mm

Table 2 Effective diffusion coefficients for both diffusion systems.

J D,
[x10” mol/m’s] [x10™? m?/s]
non-flow
0.05 0.043 0.77
0.5 0.86 23.0
flow-through
0.05 350 580
0.5 190 320
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a

Hale for sampling of liquid 1+— PVC plate
=l / <
Al <
£
/ Rock sample
\hv
H Transparent PVC chambers L

H [ i

solution cell

L

solution cell

I Bentonite Sample
] Ceramic Filter

Fig. 1 Through-diffusion cells. (a) A typical diffusion cell for experiments of rock
materials (e.g. gneiss and granite). Modified from Skagius and Neretniks (1986).

(b) A typical cell used in JNC for experiments of compacted bentonite (Suzuki

and Sato, submitted).
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Relative Time [-]

Fig. 2 Results of numerical diffusion simulation on the basis of Fick’s 2™ law.
Initial and boundary conditions are shown in eq. (4). (a) Concentration
distribution in a diffusion medium. ¢;, ¢, and #; corresponds to sampling time in

Fig. 2b. (b) Accumulative quantity plotted with respect to simulation time.
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T Sample

TRGLLH 1140 FR- FEEE
SOLUTIDN SOLUTIORN

] | 8
i | Samplmg
iy . . ==
TESETvOir L Chatlet -
TESETTOIT

Fig. 3 Examples for the flow-through diffusion system. (a) modified from
Muurinen et al. (1987). (b) modified from Eriksen and Jansson (1996).
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Diffusion

Cell . L-reservoir

Sample

Tube pump

H-reservoir L-reservoir

(—> Flow direction )

Fig. 4 The flow-through diffusion system developed in this study. (a) A
photograph of the system (two experiments were conducted simultaneously). (b)

Schematic arrangement of the system.
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g\iun'um'unj PTFE
tube
outlet 4¥—— r——-2 -EILIT_J:-_—_—_ _—_—}I% ~—~-1 — outlet
inlet —» r_'_-_'_ll_f’;_j"ljj' A _._._:_TI;] L-—=1 <«—inlet
Porous
Sample
P IIEIJI’IIIIIIIIIIIII\I filter
TN
Filter Sample Filter
folder folder folder

Fig. 5 A typical diffusion cell. (a) Photograph of diffusion cell. A schematic
cross-section of diffusion cell.
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Fig. 6 A schematic illustration of mass transport in diffusion cell. “H” and “L”

denoted the High- and Low-concentration side.
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Fig. 7 Experimental procedure of the flow-through diffusion experiment.
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— Tube Pump

N

/

Diffusion cell ( —> Flow direction )

Fig. 8 A typical flow system of three diffusion cells for saturation of bentonite

with aqueous solution.
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Fig.9 Break-through curves of Sr under salinity conditions of 0.05 and
0.5 M. (a) The non-flow through diffusion system. (b) The
flow-through diffusion system.
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Fig. 10 Concentration in L-reservoir plotted with time (®) and a calculated
break-through curve (+). Concentration L-reservoir was normalized by that in
H-reservoir. Original data: a diffusion experiment of Sr in mixed silica and

bentonite with salinity of solution = 0.5 M (Suzuki et al., in prep.).
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Fig. 11 A flow-diagram of exchanging solution bottles to maintain boundary
conditions during an experiment.
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H-reservoir -
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Fig. 12 A typical photograph of a flow-through diffusion system at elevated

temperature.
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-12
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Fig. 13 AT plotted as a function of the control volume of tube-pump SMP-21S
(EYELA). AT = Tampie - Tconwol 1s a difference between a temperature of
sample and a temperature thermostated at 60°C.
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fhk BRI FBBRILBEBRS AT HZRIT D
7 A NV EZ —NORRES & BER KM ORI 5 OREY

BB B ILEGRBR Y AT A TIE 7 4 LV —NICRRIFIE Z TER S 5. Z0F, 74
B —NTIERY M A PHIZEEDSIEE L TV 7280, B ICITIRIRITE Ras s 7 (v
H—DORBKT OREREIX R . Fio, IEHROME, ERPICT 4 V2 —NICRES
MmN TELAEEELHD. LinL, 740 Z —HNORERIRE DA 2 EERPICHET 5 2

LIFTERVOT, ZITHHRBNICTOELZAML Y, TORBIOVWTELET .
Al. 7 4 WV Z —HNOREFARITDONT

WEANEFREBICELTWD DL, T4 0F—NOREE, HEEHIA L TR
L. 22T, misplE LT, WRN T 4 NV F—DOREIETEZEERERL TWIEEEEERD.

ZDEEXDT A NE—DEIROWEDIREZACIE, WA THX 515 (Crank, 1975).
Q
AC = J—— (A1)
D

ZIT, JIMEE T T v A, PE T 4 ME—DES (2 mm), DXT 4 v —DFENERK
FETHL. 22T, X (Al) OMLEITRARNOWEIRE C, THIEL L, REDRED
B, AC/C, #atHid 5. EHREBICBWTIL, 877 v 7 AFXARRBR T 7 v 7
Ax, Za4nG—, X bFA FOEDHFNZENTHFHELWDOT (Crank, 1975), EERIZ
BRI O NTIEB T T v 7 A (CH THIMAE : 107 - 10°m/s) ZFHRIMEN T 5. £z,
TTAF T T 4 N —DFEMEAREIE, 10° mY/s OA—F—ThoT= @R, RO

F—H)., ZNHDEMEITBWT, AC/C, 13 0.002-0.02 & RAES b 5. HEEUREII AR
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WD 7 4 VB —RIETE T EPEERT 5 LW ) Wime 7y — A 2608 Loy, ERRICE, 7+«

IVHE—NONR ) DS EFEEREL TWDHEEZLND. LIER-T, 74 VZ—HNOERE

SAFEHETE L EEZIOND.
A2, BPREIRIE & 7 4 V2 — N DR D7

£, WROPWERMITORTORVERZ, 7 4 F —ORIBKT AL b A M

B ELNLIWEDEEERD. 74NV —HNOWHRE QIIRATEHEZbNDS.

Q, =¢VC] (A2)

ZIT, g7 —ofRE -], VIZZ 4 vZ—0E ], CIE7 4 v —HR

KAFOIEERE [mol/m’]TH 5. £iz, AAPRICT 4 VF =B KON DWHADE Q,

s

0, = JAAt (A3)

T2, JIEYES T T v 7 Almol/m%s], ARy A OB @K iE M (3.06 x 10 m?)

ThHhdD. LIENR-T, AtBBEDOT 4 V2 —NOWER Q Tmollix,

Qf - Qf - Qr (Ad)
= eVC] — JAAt
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TRIND. WIS, PERICEY 7 4V F—NOWEPETH LR TERSNDETO
Wil 2 B2, TOMICT ANE—=PORY EONDWEHOREEXD. 7 4V —HNOWE

WK % B9 5 DI B DR A 1T,

At ="— (A5)

ThHhd. 2T, vIZHEMERHZVORETHH. X (A4 2 NAHNITRAL, 74 1H

—NOWTR O THIE L, RA6)E135.

o . JA

Qf Cfv (A6)

ZIT, MY ELNDHIO, 74 NZ—ORIBRTOWEIRE C/ DTl AwmNORE C,lZ
FLWERET D, IR AAGRNOREIRE TR LS NI T 7 v 7 X J/C,y 7 108-107
m/s, WD, 2.8x 107 m*/s (10 ml/hour IZHHM) THDH ETDH &, Q7/Q4%, 0.9989-0.99989
ERDBND. ZOLHIZ, FFEEENE 7 4V Z —HRANOEEREOZEIIEHEL S 5

RETHD.
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