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liquid supercritical fluid gas
density (g/mL) 1 0.05-1 107
viscosity (Pa-s) 107 10%to 107 107
diffusion coefficient (cm®s) 107 107 107!
surface tension (mN/m) 20-50 0 0
120 -
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Q o e
oo
o °
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{[HHEER S CO il T HARE ~ BRI AT 2 S BUERYRE S  S5— 71 » AHER
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LT > K FRARIERE 5 2 HEFME ] » WaflE O-H §# 7§ £y 104.45° -
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density [g/mL]

12 — T 14
ccn.—*L_[
104 G R 12
/.f_——.——.__.--"" i I
0.6 /./,- '/4—":’/-_"-_. . §__ 10—
W0°C Aoeg i =5 8-
064 r 100 °C 5 2 ¢
3 2 6
cyclohexane 4 23
0.4 I 53
n-pentane 2 44
! 2 P
0.2
_,;{‘o’/ 2 co;
3
‘l
0.0 .- PR — + 0 0 T T T T
0 100 200 300 400 500 0 100 200 300 400 500
pressure [bar]
P [par]

13 ~ (a)fBERST CO, Z# & K% % /] (Hildebrand parameter) K2 (b)EEEE K

BAE R CO, Z M EHE
(@) (b) ¢ | >
o @ \ 4
+0.36 +0.36 -0.36 +0.72 0.36
14 ~ (a)7K f2(b)CO, Z AR 4 i B R {aT /7 Bl =

BEPR CO, Y5 TAEREETR - HARMIERZ > H C - O R T2 IE TR IR E
iRk C=0 FEERfa 73 {ffi 77 #fE(Charge separated)> 27 CO, 731 2 Wi{[E C=0 §# 7 4= bond
dipole moment HYFF:  Sato 5 A [13] 3§37 CO, b — S BIRIE /K Hh Z /B MR -
—E(EBR(COYSY TAEER B8 - BA A Rfil: » HHES TRERE/IN CO, > Bikh
AL /K AR RELLAE R IR TSR CO, 1 - i fF932 B CO, B A bond
dipole moment HYFFI4%: » fHif5 CO, Y O JF AT EBL/K s iy H [ 28 4 i (Hydrogen
bond){EHIT) » MABSHERRE -

Kazarian % A_[14) 35 CO, 7R A[ #5338 Lewis acid (Electron accepter) & » A 1L

IREFH Lewis base (Electron donor)4Ef# 9 T EAVERJI > f2 By Site specific

8 H



solute-solvent interaction » #[1fE 15 ffi7~ » EF carboxyl F O [HFHYFLE T-¥HEHL CO,
YA IE Y C [HT-E4: Lewis acid-lewis base interaction ; carboxyl F H J&F-
Bl CO, EHYF A &' R O [P R s F /71 - At CO, R] DUAAREA carboxyl
group Ak -

15 ~ CO 77 THIFRRE T IM] EE L ()it By i E F 0 R (b) S (E A 7T

i CO, ZALEVIHET M - RAtY) Ry Hf—71&E - Raveendran A [15] FIH
CH, Ryitaa¥) - DL F JFFRFFEUR H 75 » ks CHsF ~ CHoF, ~ CHF; 2 CFy %55
169 » H o 2 A e 5 4K By CFy < CHF3 < CHoF, < CH3F » FifEAACERL CO,
ZAEMTI#GE - HEL CO, P18 S WaERE iR » AIE 16 Fr - &8 &1 S » COa
HE R ) 288 oy T B prE A IE R 7152 8 > W0 & s ~ Lewis acid-lewis base

interaction K74, .. 55 o

3

O D, (aug-cc-pvQZ)
O D, (aug-cc-pvDZ)

D, (kcal/mol)

Number of Fluorine Atoms
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aliE Ik RN E )

B b StEERSPRIR E B8 B0 ~ Bl o (A PREUBEHI(Acid leaching)
BATZEH (solvent extraction). Z J75% « ZAIM > BT 7ARY E B HREE AEAE T AR AR Y
REROK @ FIREENIRE EISARE - FFEIMEIIRE - IRE A - NI - BEd

o PR B ER UM AS 22 S (Supercritical fluid extraction, SFE) » AITBEEST CO» /E R
IRORBER] > R BRI EEA A — -

R SRAS E YV E AT = R SURE KR SR ST T ZHRRE - ez iSRS
SR F B A R (SRR DR (S % ) Z HE - EYE 2 2B SRR
IRf - ZVE A AIRESRO2 E EE RS - AT REG I B IS ST - Bl - SR
CO, 26 TEAF R CIRIROBTE] > FIACE RSB A HUIYE 2 Z PIYEA] - & CO, HYBE
FIFEARET - ERt e BRGS0k - EARRY CO AEERINTHL, - AR
it FHE > CO, HYEBER R A BT - HERFURE Te 495 31°C KEGFEET] Pc 495
73 atm ° [NIE - E2{fq 57 R SR SECE PR TR T COL 1R BT BRIV S - Hijit CO,
T THVETRYE - By A B 5RE(Dipole moment) » PSS 1 R @EE T 2
TEFIJI8EE - Ryvalle B3l CO fERER _ERYA R - fRIBWTFEIEL  IRIIER COL HYECHS
(CO-philic ligand) R {ih Bl {F Ry 2% HUR S2E 5 1 - 4 1117 26 H <6 o Bl 108 e IR A e 5L

° HBERST AR - W O] B AR [ (Depressurization process){H#BHES CO,
AL - RAERRYYE AT S8 - SFE A2 Fr R EE nl hlE 17 3REH [16] - £ CO, HYAHIE
o BT B R = MEA(ERS - IREE ~ SABRFIRFEAE) o 1 C BARIREGE SRS - HaS s
FAER Pe FEER_ET7 K Te FEARA TR Z &I - & CO» it 21°C/56 atm iR T/
SRURCPERIRER - FIFHZR A Fr4TH A CO, FaEEE » HAR(F2E 21°C/100 atm [ CO, =
BURM » 2% > BT ITH 0 & CO FHmtgad To MEEE] 40°C Ky - AT RyitEis
FHIRRE - #EMBHIAZEHUEF? - SRR SEHE RN - nIE BRI R EE ST T -
FOIRRE FEER SRR R /A > BRIy BERR Y » By T CO2 RERIUY » Al FHRDR fIEE
[EHZERRRHEDIRE - B A E R E R ETT - B8 COr mEA
SRR ~ ZEAURECEN PR - ZEHUE - SRERE MOmEE - WlE 18~ 19 Fior [17]
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Solid | Liquid |
P : Roreraiscal D
(atm)
|
21+C l
?28'— -_ - - e . o o o W
C Separation
e ) 40=C , 56 atm
- %1:c COqrrecycle
.1 T s Gas

1
—
0 _56.5 312 T (°C)

17 ~ &b Z A B S R S AE U S

R Fume-hood
! ] Exhaust
U0,(NO3),2TBP A
23k i
(extracted phase) ]— :
] I
Stripping || I
I Column _L |
: | I
e | |
Vs Xl 1 |
________ I
: : Complexant l e Ve I
: Pick-Up v - _} s 1}
v ¥ va : LS
: 1 I
'é - V2 :
= L- D=y i
) . S
&) : A ; o
' sl
L/SF-CO, l@' > :]_ Stirring Plate & Complexant
: L Hot Block Trap
Pump Rad Fume Hood
boundary
----- > CO2 . - U0,(NO»),.2TBP =3 Complexant (i.e. Extractant, Reductant)

L Pressure Relief Rupture Disc

X B> Taper Seal Needle Valves
() Check Valves

18 ~ EERABEE L CO, ZEHE R FE ek i
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light out - CO, out

gl »=
{ faa light in

&l 19 EE@? 6 {%Z(a)%ﬁ)j’am?“ (b)ZE UG S

E

B FtEE  EREE R EEREREAE A RS EETH
BE LR B A HGA B - BRI R B E ML *PPu(7260 ppm) Y BEIE R (IM)
2 Am(541 ppm)FYEEIAR(0.5M) © ik EUR S BIFIA 1~ 3~ 6 & 8 mM RS IR /KAR
FIRERK 28 J2 1 M {E B HIEREIREE S » 380 o BC8 UO, B REYAR(3mM) - IHHRZEF
FHEBER L CO, RRANECAY Atk = T Be(tributylphosphate, TBP){E Bk FAEHUA
o o FHEEEEFL CO(40°C/200 atm)Ed TBP(1 mol%)EFEEH4E 20 434% » i TBP S5
G5 COy BT - BE% - G SR B B ek T T T AR AR A 30 &)
# 0 FFLL0.375 ml/min ZRPERUERLY 2 /NEF < JRERRE 7 SRS S | ATE+ ZheaiR
IS4E = 5391 » BRI (Acetohydroxamic acid, AHA) B¢ Eifi%(Oxalic acid, OA)F 5 2

U B ZEHUH -

%2 H



1990 4 FRRHER 52 HIER F 4 (LB & 2 25 &79I(41 fluorinated b-diketones B¢ TBP)
FEBCHBEGE SR COy » BRAT MR 3 (ESHEamitE 728 AR - 2000 4K, B34
LA TBP S & HNOs Fif A2 TBP(HNO:)(H:0), B & R FIH CO» Z LAY - 48
A SEHERE HNOs» FI TBP By Rk o7 B i OB SR CO, M7 s ity /e A ey
¥ HNOs Hersi \RBEE SR CO, o HitE & YIE AT LnyOs K2 UO, 35 ARBER S
CO, » Tkt HFI FIRBER S CO, A TBP(HNOS), s(H0)0 6 M AP E R REHU RS » &
B (LI T 2B R SLTT R AR B K 2R e B R B R i R g
PIEAEALIREG 2 6-10 wt%ly — & LU0 i =% (L —$L(Gd,05) » HEBEEF CO,
HEHUE A0 20 Fr (18] AR TR B 3 43 BEF2 - (elution process) %Il 7K
RABEE TR COy ) W= Sy B FIRRES ~ /KRFFHE Gd™ R (U0 HEH - Midieh
bk 12 | EERIR Vg e P 9 w81 e S iR B G4 el | S A g ek ivive ol
G R AT TR, S55R3H Pu Y RA R AT R OS Yl AR HBEE 57
CO,/TBP 3fii#% » 40l 21 For (18] —fzaR » Pub BT Ry UOL™ ML » 2RI &
AHA B¢ OA B OHITFERS » #BHESREEH Pu SR Ecs AR AR B AR RS » sk
R M ERERS IR A A AL » )2 - BBEESAEHL U Bl AHA/OA B &7 1T
S SEHT RS ) LTRSS R T s ARG FUR B T /3l Pu B U TR S50 © Ih41
CEERSE R > 7E 0.1 MAY OA/BM BYERERT - U XEHUAHEE 98wt% ] Pu {#
B 1% > 052 3 Fin (18] 14 R ultiB i SRac iR o i Mo 3R g2 - BRBdemise
ERR B (PR T CO, T By FH ML TR P R B > I RE EI YRR e > 400 22
Fm (18] s AR e st FI A HUFH A% T 0k 2 A% » SR R e S B

BB IR > HBE A A (DRSS > R A RIREMEER - ()
IR ESARIZEAL » SRR EF AR ~ (3)CO: 1F R /BRI EA RCAEEE ~ 7I1E
By - G HEESURIEA SR - BRI HERESE > LEANSE
SEI -
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Recycle sc-CO,/ TBP-HNO,/UO,*

Nitric .
acid in H,0in
Sc-CO,+
TBP(HNO3), s(H,0)y 5 ]
in
T
|
Incineratorashin g3+ out (UO,* out
=080% 90%

20 ~ ABEEST CO» ZEHU R H B 7

% Extraction

100 7 e e @ T T T e e e
80
60 -
40 4 y SCF-U(VI)
s, —0— SCF-Pu(IV)
o, seewpes  SCF-U(VI)-AHA
F sespes SCE-PU(IV)-AHA
20 - sy — - SCF-U(VI)-OA
s/ —O— SCF-Pu(IV)-OA
V4
:./
4
0 T T 1
0 2 4 6
[HNO,J, M

21 RS CO, LA [FIHC G 2 ZEHUEUR
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% 3 RS CO R FCA [FRCHS 2 AR ZE A R

HNO3z; Uranium Plutonium U AHA PuAHA UOA PuOA

1 98 18 98 0 91 2
3 99 94 98 1 97 0
6 100 97 100 99 99 63
8 100 97 100 99 99 70

Extraction conditions: 40 °C and 200 atm, 30 min static extraction
followed by 2 h of depressurization

TBP-HNO; recycled
HNO, +
HNO, Chelating/Reducing H,0
In AgentIn In
Sorbent to remove
volatile fission products
v
sc-CO,
TBP(HNO;), 3(H,0)06 Used Fuel
In - In
Fission Products (Cs,Sr) Lanthanides ~ PuandNp uo,*
Out Out Out Out

[l 22 ~ #EEE ST CO» XU T &R M R e 2 M &Es

R S A H < S LA

1940 X - 2RISR s 5 B B s R BR S L T DU T2 BT A2 E U T 8
% PRI o Y Bl RS o A R $ Bl 25 HUUA (Plutonium and  Uranium Recovery by
Extraction, PUREX) - iEf@ J7,A—E S £ % - S£EfF Savannah River Site 17T
PUREX TJi - K HATEE (E RS sibof o dish 2 J77% - PUREX £l & 5ok 2 8
MR AL R o DU RH B SHBR(UO2NOs )R » PRz R e R A TE
il oyt - BUanLiskiE =T s (TBP) BLIE+ " Fe(fF RFRReRi)E & M pea A OB -
P& A TIROR A RUE— 2P 4L ol - PUREX $7figHY £ 2R R E A RERR > THZE
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REFEHRREIRR - RS BRE L RRREELY) - WHLUEIRE LR
SR NIEPER R AL BRI N a Mt B 2 3K - 594 » PUREX Fiift 2 plARUATN R
PSRRI o SR R AR A S RS AIATRR - GO @ T2t - B
SR BRSNS R SRS RS - 2 BRI a R A B RIRE R & il 2 5
BN > ATfS AV Bt A ROR SRR - R E AN RIR A IR 7o il - i
TEVE R R H N e st A R T oy Bl - BUSR T MRERR E A 2 EIEEE 2 H
&Y 5% 24 30%H s - HATE s 2 (ERIEE R R FSrm R E - NItyEE
VIR KSR ST LA X PUREX $5¢4f

AT 2006 FF2HAEH g R R EA] - H IR [ESEH] ARy AREVA A F]HY
Sydney 8. Koegler TH2Hl - HAMFTARENREEMAITHEE T AREVA NP 24
&> B[4 TMETHOD AND SYSTEM FOR RECOVERING METAL FROMMETAL-
CONTAINING MATERLALS | (US 7686865 B2) » iy 2010 FF-AESEFRE [19]) - &
SN Eh i £ BT B Sl b BRIl o SRR E IR REEE Z
B » PIANSUSER AR 2 et & i AR 2 A RE 2 BB - BN EAHN
FHTEEEE > VAL EARE Bt El st -

Z AR Tt E AR R g (Bl BTEAN RS Z EhEH - K
R e kR A HUR (B 2 R A B0 R S e MR M E e El(E & At

BFIE &) - LRSI BEE — 2RSS - 2 HOR A P R B T 1R
NIEEpR IS - SERRAERUP B2 1% > <2 E 25U o B - 45 R Lt < a8 R P 2
AFURIREE T B o AR SRR AZHURIEER R 1R RE th (B T T 2t o i - (]
W H R SRR AT ey S BT - FEEA Ry RERDRIE R & > AIEREEH - 151
IRFPRRIH AP B R et > AlE] 23~ 25 Fios > BLE(DEERL ~ (2)7738 ~ 3)FEfEE -
(1) ZEHCPEREAR

ZEHUR AT R R A BB R SR A A - IR S BRI RIE & - MBS R
AL R R A - T 58 SR BRI Ca b i) B 1T B A B 1 - SO Y TR
MBI - ZRIM - B A BRI ] B e AR E S B AN - G1a0 > SRR
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TBP 45410 » il e &Y AT I EME AR (B4E COy) - Kt » TBP A&
S E R B 5 | A SRR BYERS - TEZCHGE RS (A8 B2 - KA aAS LA - 18
GHINERmESY) - SRR LEB R - WABREEEesS - HEAIE
AR ALA R - WEIEFRGRIESBIEA LR  THRkEE SRR EDN
"EY) - I > TEFARBRIE B2 EFIFD TBP {E @ S TR ESHET - Sl REFZRN 55
F-F5 UOy(NO3),2TBP « il ~ $L ~ #fi e HoAt 5l Z/80 20 Z AEHBANC A (Ligand) HETT45
& o ZBEAFTARNITERIE A O EieE - KRSBEMS BN A EEE:
B A H AR REBIRGIE & 9740 TBP-HNO; FERAB EHIE &Y - S9N [EFERUH] i
AZEGH] LABUARRI 8 - fRECFBRn—(E B 2R @Rt a2 s ey
M - REEEEHINHEESRENFESE - QS TSP -
TEEIFEAE IR AE HR B O O U < B R By — T A 2R D & S B M R R BR Y 2L
HUEI &8 SRR 2RI > 5% 7774 T DRI DA 7R 9 B B el ot A L P B H
E N ES
AAUEE R 7 B nh(18 ~ 20) - FHEERICE 1l v ias(24) ~ BeliE &R &
F8(26) ~ 2 EERR(28) ~ IAHITE(30) MAFRREAIZE(32) - TEZLHUIR P HEIENT - ZEHUEEE
—U(I)EAFE B EIG4) - FHUEE Q) E A & @ik
(36) ° ZEHUHIAL 58 —IERHUR A L1 (38)HE A58 —0h(20) - FEAE S —HE & @A EH36)
R IR 2 1% » REHUEIAL H 8 IR HUAI Y L1 (40) R 25 —1h(20)f H s aE 55—k
AAFIA LI (@22 A —UE(18) « FEEE— & BIMRGCHTRINEGE 2 1% - 2
HURIEE b 55— U@ BRI LD 1 (44)BEBH R — 16 (18) - FEZEHUARE T S it e @ik
(O 258 120 » ARME— I TEGRE - SF—ittEEBIMRIGHIEHE—IE
(18)fF 7 A5 —15(20) -
(2) RIS ERELG
TEGE & BT R PR B B e B (EZE HUT BR 2 1% » BT LU X BRI Ry ZEHY
Yy o ZEWEEH AR COy) ~ &8 - MR EYE - RV E 1R
BB e - R - FE R SR BRI LR R e 2 BRI B B = Y < A
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FIHTREER] - AILASER SR - ZERW) TR LR E SRR B A=A - I H
R R 2 By - BEE S ERIRENEK > SSBE eVl H s
BT B EIRACE R - R T ERISRE AN 6 o IEBE R AE YRS
o /D AT BN oy AR EER o SORFEHY) 2 W SR SR R o AR
SRRt AT R e e it oy - B > B AR B TR F S E
Bk E VIV EE &%) - INIEL > ATLUEBA[E pH [E{eEREE S Y8k - 250
Y1 pH HURFEAERINRE » INE AR e iy 7 B N E A2 T2
FEMESR - 3 H A e ERENELE MAEMSEN e SBE GV TEk -
{5 Al - SRR A AR TR R A AL 2 U TR R A F - 8
FIELES RE Baf iR ST AR E VR &9 - (40 TBP-HNO; fE = R LRV E(LHT T
A UBREAE IR AR - PR S A bh o 281 > STl B 2+
meLEE @ BA 38 « QRE(CHRIRL2EE T BA —E+1 S - Qg
(ERziE R YIE S - MU = (BRI E GG S - P RT - ER(LHER

AR > SELEEYIROTETRRE - NIE AT RiefE e i B sl fI L - J55E
2 BRPRHU i #8572 (Countercurrent process) © ¥ A2 HUP)/er 55 — 7 [ RS Bl i i A%
Rf o JRIERMEELSE — T AR Y SE 05 (Rl EASEhm s ABAR - VR A B S B
HFRAIT AR S B HARAT ST © BIA0 > bR B AE RS /KM SR A (7K TR A A K
Frafise RS/ K SE R P EERERE - 5500 ER(LHINI R 8 2 R A AR =R
Fralm VIR T RERIED B R (E 2R 2 (P B » AR5 —PEES - 40 > ATLARR
SRR B A ESAEAEE > BIANEALH] o 2% > SeE) AT DUEASE S
B o Hrp (s AR B E ATy DI )E » ZEPE Bt o] RIS o B E
A EMGRAE T A PR AL T B [E] R R A SPR R [E 288 > BlansdAnsL -

FEAEHUHIRER AR E(12)1% > i HAE B2 ) - ZERWHERER) A L(S3) i

NS G (22) - B AP A ERE B RIEE QFHHAERYIHTI(54) » JRielinE R
FEEQFEHERIA LSO A M EENEAR AV L1(58) » ZXEW) AL (SRR E
PIHII(S8) ©
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B R R B2 AUB IR e A B & - #ELL
A o FEAEERD BRSO (5 I SP s kIS At - GIHE SR RS EISE - a7
HUBTIE R ar VIR P B - B2 A ER YR AR A B Z i 2R A LB EH0H
o NI - 2EER173 A SR ERS Nn B T B R IR B ZERCE B - AR (EE )
KTt @ R0 2 R Al A B S R e - o BErR > KB ZEERPIAY A IR A [l
SRBE K EZEERYIHE SRR R [ HE S » [RISE S AT B B RS S T2 Rl
AVERIAE &) - [BIUHY ARG IE 18 /2 BEP BRGSO e SR AGTE AU Z B OA A - [E1de
A iR AE S ] B E B SR N INEARTE & - T RRIEHIZEE] - $EF1E
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S HET A E ERI REaR Y TR T A B - B4 > m] DUREREERY5 |
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FEEH TSRS G RBREE 57 > 281% 7] IR 2R Rk B2 HCP BRI I fF
(ST E ZEEA -

BEFAIRIIE QORI EYIEETTE — D e i - ZEarYIi s A iR
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{5 [N RAR (66) T BRI A ARIRE(30) © [BIUTHIHE & F(68)T Hi o B e (24) A 3E A
Wl PR G as(26) » LB ALI(70)HE ABRIE SRS 25(26) < R E#(72)
i S BRI B O SRR B R iR =97 - (Bl RR et S Pl A Bk e 5 25
(26) > M EAEEREIA RGO EUAR & (B AR S as GRS Z1% > [EUL
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Exoass water O ﬁﬁi%:ge CO2-TepP f Gas
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Pk 4G e, Frora DIW Supply |
Pump

L/

> -
TBP Ewmm

5

;
e
;

e — %_mﬁ Column T
an| ]
coz2 Prod
Tank
r 1 Let-down
i i Vaive l (o< 42 interface ‘ .
| i P ] Conirol ] {INH Selution
SWURAsh | {8 \’zou- g rpred ump Veil;s {14 omemned To Sciverd Extract >
[_From Buckets )-—(D-" ! e
l > J Liguid CO2 S 55 alm 1atm
i N Residus! Solids
Ash Dissolvers

[l 25 ~ AR R E

%31 H




AREVA i

AR BEEEUE BN FUR R E ARl - Tt iR Rn
AU @ TS iy &K - HEs iR 7 HEER SR #S 25 HLE B R HE T s H A%+
IR EE > USRI [ Advanced Separation Techniques for Nuclear Fuel Reprocessing
and Radioactive Waste Treatment |, 23 - HEEE FLURAS A BB BT 2 WIS R Z BA
AREVA A EIBE » 3% A F] RIS 2001 4 > HY Framatome ~ Cogema ~ fEE{PH["T1-
SRS ARG R B HE HERIT 52 eSS4 BT Technicatome S fFIMiAK - Ry EKRIH
ZRER o A E] » EHENEZEEM EIFI S MR EY B - HEBEiEamEbE R -
{EHIRAE ~ FIERZ T ERRHEIU ~ BRIEHI AR < AREV A E]ER 2018 F-240f# Orano &
H] > FEEBSREE LRI B - BEYYE R R AR -

ROKFUS MELSFT R Z AR R /7 (R R R 2 7 s el (UF6) it B — S (bl
(UO») > 411lE 26 o [20] - EMSHIEEIBRR AT AV REEY) - B E SR LR i
TTra - HIFESOR ATEE 1/25 » 281 > BALR Z DIEAIE 27) & AR 10 wi%e Z %
4ih(3.5% 235U) > A& A TR F 2 8L(Gd, i ZoTR) - A#N L » AREVA
NEIPE R R SEHETE(F o BB E RS SRR SR SRR 2SIl > £/
IR ST CO2 1E RN ERZAERS bR Z 17 » DURRERAE L& A A 2 IR RE ) - (i
(SIS R4 S T B R R PR 2 U - KEH AREVA A 5HY Sydney S. Koegler T#2
Bl > IR R REE RO - BRBIRIET & F » s BB SRR a] e & A
TSR PO I ORAES « A EIRIE R RENRREZTGIERR - R
fE Y FERGHR N Richland A8 Bhg 7 a5l B TR [21] - Richland 35 TREfE
HogE bsh (UFe) [FURUREahE P RIS R - IR E RESE T - s
RS ~ PR A R TFEENZE RS E g5 - EEREEY LU H
BB S & T A S B - IR ELY 10 w2 B A HEE R
4t fRH5 AREVA AFEISET T RIEIAEY 32 WG - (£ Bl iy B E{EEY 900
=7t > NI H R4 BE B E 2 TRaaih B =Y S EL - BERSURAS AR i
ATREA R T — L RRAVESEE - 2520 TR H 092 (e F L Rk T (el os S
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S RS S— EEAAE ST LAY - B CO, IEAE PR
R 4 + PR JER S B (ligand Y57 S MBI ERER R CO, - — ELHENIAD
B SIS COL RN - AR IO Bas S - METRE 2
RSB - AR AREVA BB RLITYT T I 7057 AREVA (I SIS
WSR2 SRR (19) > (ESRKEREEYIH R4S - AREVA $2ffi4 > 1t
W ST AR AREVA. SR P75 (5 AEHIHERY » A3 BN Richland i
192,530 800 ST B AT i R SR TSR E 2 4] 28 P -

Uranium recovery Waste treatment

Incoming UF, vaporization UOg powder Powder Fual rad/ Transport to
UFeg cylinders production processing/ bundle assembly/ nudear reactors
pellet quality check
manufacturing

[l 26 - PARHE R IR AR R

[ 27 ~ VAR R B R TR A 2 SR IR
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28 ~ BUFEEE AREVA X F] g it 2 ik SR 25 MU 85

(VH) < a8 1 IR B A A

1.

RER B/ K IR shET =

TERZRE S IR ROKEEREIRAYE & 1 WVAMER B A SR 48 SR e AR A2 AR
Bl - SEEIAEE 5 (Department of Energy)ZEFH#E N 2 fZREHHE/\ % (Office of Nuclear
Energy)i¢ 17 " WARMEER T fioh2 B 3% 2 | 512 (Fuel Cycle Technology Research and
Development Program) » & LUK EIVECPAEHEER - (Rt - ARt LAt H AR - DUBAE
TE R bl Rk 2 BT 0E 5 2 B A VB RS M - B/KEZ2 Sl R ff7 (Seawater uranium
recovery technology) {4 fF & 3% B¥ #% BE & (Nuclear Energy Agency) ~ [F] [& 5E 5 &
(International Energy Agency)2015 - H IRV BERE flo 2 e s 1A & (22 ] AR A
BHEER Z FRE] - 413 4 2 5—IH - 3% e b R BB BB K G sl R R
DARECRAAR A THEA R HIRVEROK - B EIHARE E K 2015-2035 4 -
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R 4~ EEIZAERT SR SRR E] (2015 FEHR)

Nuclear fuel cycle

This roadmap recommends the following actions: Proposed timeline

Investments in environmentally sustainable uranium mining should be

developed to address expected long-term demand. 20

Governments to continue to co-operate to discuss international fuel services as a Ontici
means to secure the development of nuclear power. ngeing
Governments should ensure that policies are in place for long-term storage and
disposal, including deep geological disposal (DGD) of high-level waste, and 2015-50
should not defer nuclear waste planning — “wait and see” is not an option.

Studies should be carried out to ensure that extended (dry) storage of spent Srol
nuclear fuel (SNF) satisfies the highest safety and security requirements. fgcing
Governments to continue to support R&D in advanced recycling technologies to

reduce volume and toxicity of high-level waste. Qngeing

MK ST 40 [N ST 2 > IEERIEEHAE ERRR > SRR R THY
ZEHURRAS > TRERHE T G AR B i R AR K AR TR — o QIRER AR AT LASE
H /K o sl B R BE 2 DA S B R R [EI U - A a5 (F rl e SR E B BEE AT -
WA E RO 2 &) - (B R EZAE SR PR R ORIE o H AT AR DLE SR
Rt DA BRI RACTR 0L 78 ke sl Rk - ZRITT X RE 8 8 nT RERFAE R 2K 60 B IR H]
PAEES Ll o IIEE > A MoKEsh o] AR By oo —(EACEERE - DA IERE b
bR (AR HRET R _ERAT RTREME - MBI B A RE S48 2 RIFBAE sy I T - 1t
Kb [l ik g 1 SRR BE SRty E AR - T KieshE T AR R
SARRA ~ ERER ~ w] [ & TR HATRER BT Z08% - /e
Sy PR AL R B AR R - S8 B 2 W B 1% > A (e SC i Nt 2 7 T Bl
BEEEEL » & o TR AR AR R R A Z ST - HLARAE BT R E
TE Ry C =W Z ke > 408 29 Ao (23] -

PRI BZ BT E R HIBRERAE T ST R AR » {249 3.3 ppb o (AL » T8
JEIETRFMT » RETREDRRIL T TS - Hpk B e =Bl R EiE - K& - UIetk
RN E] o M KBRSl flo 2 il (AR P 15180 28 B 5 B B %5 (Oak  Ridge National

Laboratory, ORNL)F#% 2 577518 Z WKL - BT amidoxime BReA: - Elhgsd

-
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BAENEEKERETR Z v T » &0 TR S Pa LA 52 B b= (Pacific
Northwest National Laboratory, PNNL)#E N 7 /&% & B s (Marine Sciences Laboratory)
SBRHASR  FEIHE A S A o T IR AT B A K Tk st 2R R 3 =25 (ER
3 mg Ulg adsorbent) - [EAHEL 5 BA SR IARE 2R LIGEE - BB(EEEREA N
B PRI R I 4R R A YY) ER - ORNL 7y S M g = I T ThaE < RIS -
FELUIR ST RN EE o HatE BRI T 4E T REE R hEsy o B A S R
MERRE A - NI - IEBHER iR & 2 BReR: - FEB AR » HE S ALE
EEEA EMIILAER - FIFHEIEEAE 182 2 B FFEIR A7 2 IR e
ST ER BRI 1 - EIER AR I A PR 2 M e PR sl s T A Ry sl g 2R
ZETEREENNE - R R HET = RO T IE - BRI
I ~ TR « e RN R BTG A Ui < iAo 1T -
RERENATHEED 2 s /Kiesl (Uranium Recovery from Seawater) #t& 2 {4 " &
FE=OR KT RIAT 5725 AR BB S n < AR | T SR Ry il
TCER R AR ~ FM B T I8 ~ & B H (R (pH &9 %y 8)RYRL =TI S -
ZatE R T EE R EITI 7 RAESN o IRE g ] RFER [7E (Chinese Academy of
Sciences) & H A 1-AE & (Japan Atomic Energy Agency)#E{T & {F - 25K HAVEK
PRIl SR athn » AGtE R
® IR KB REERHE - DUEIIIRITEE
® FERCAI(LERBRAS G - DR ol T R 2 B R
® FRTTURITERE > DARE (R /KREHF
o [REAEILEE - DURTHEREA R

By BEERETROR - TR RAHTTRAE Y Ry 7 R (AIE 30) - HbFERR T
7> ACS HAT Ind. Eng. Chem. Res B F[# 2 /K FESlE T S 28 A SR (A& 31) » HAfF5E
ExtE 6 HERERE - 13 #ARE ~ 3 5 E] BT (A& 32 -~ [El 33) » 5]
Wk [23]:
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(1) =aREIEIRYZS K & R (Advanced Absorbent Novel Nano-Synthesis) :

Oak Ridge National(Chemical Grafting) @ Fl|FH{EEFR A K &S0 TEE
[ HERR S 3 AL = oy R AR -

Hunter College of the City University of New York : &% B gl
BX PN IR (polyacrylonitrile) A4k -

University of Tennessee, Knoxville : FIJF{EE R A N H AR & K E
GRS R A -

525 Solutions * FAZ 7 L) FH 7 22 (chitin) ZEHURE g K BR 41 BRAERL

17 » B BURIS 2 AEVPRIE 5 TAORY -

Q) =Rk > 65 B 5 E PR BF A (Advanced Absorbent Radiation Induced

Graft Polymerization) :

Oak Ridge National Lab(RIGP) * 5% R #5 % HHE15 5 o S e e Sl B
Pk o

Brookhaven National Laboratory * FI[ffj 145 IR {EHFT - FEHC THERS IR
5o I WY SO o sty > BRI 2 BR ~ R & 1E P8R > Bl
SEPIR AL -

University of Maryland * F FHEESH BERCE & SE - BT hZHUTRE 2 B
At B TR B R AR -

(3) =HAMm A kB & 5 (55 A 4 (Long-term Durability and Reusibility) :

®  University of Idaho : 30 alifT i St 2 5 (Elution)Fe e KO BRI B

G - WOETTIR KR S -

@) EAHELEATEERE(S (Marine Testing and Performance Assessment) :

®  Pacific Northwest National Lab(Marine Testing) : JHIEAE T2 5 S W50k [T

A BB KR E S -
Woods Hole Oceanographic Institution : JHIERZTEE K B TS0 i s >

HE KB 5 -
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©)

(6)

(7

AT Bl A& 43 #r Bz 5 =X 47 & (Technology Cost Analysis and Deployment

Modeling) :

® Massachusetts Institute of Technology : #1¥8 /K shiEe s 2 Rt B
M o

ZN B~ g 7 B2 B 4E i 0 M (Thermodynamic, Kinetics, and Structure

Characterization) :

® University of California, Berkeley : #E{TE0TE2 8722 R 45RO
LR KT AR - DRI ST R 2 R AR R s

® Georgia Tech : FITWFIEH I - WS E RS - DIFANE K
bt gioT R < ARERAMZ TR -

® Oak Ridge National Lab(Adsorbent Characterization) : ZE 45/ N £ 771 ~ K
FEREEMREEZ RIEEETE 0 TR Z ot > IStz 2
BN - RSB SR HE AR -

® (Oak Ridge National Lab(Ligand Design & Simulations) : 47§71 2= ELEH
fth B TR EREAE & ] - #EDIEGT R E TR B R AL © 1R
12 R BT 2558 S AR FE 14

®  University of Alabama * FI[f] X-ray K anfGéSEL R - tH92E KT &8
JLZ L amidoxime B AEFSS 2 JFE » A AR AR AT o0 g 2 e B A
1T/ /KEZ AT -

T R fic iz (b2 R B fE A 2 B ek at B 38 = (U Coordination &

Computer-aided Ligand Design and Screening) :

®  University of California, Riverside : DL EIHEE 5=\ B HEE ~ WG

TR HAEEE/B/KE T R B amidoxime EREAMS G ZFREM: -
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Uranium adsorbent braids sit on the seabed in a kelp field-like structure. Once the braids have adsorbed uranium for several weeks, they are winched to the
surface by work boats. A closer look at the braids shows that they are comprised of very fine fibers. Looking even more closely, the amidoxime ligand, grafted
onto the polymer backbone, is seen to be binding uranyl ions.

29 ~ SEBIREIR ALK 2SS

30 ~ EEUAEIREN /KR TS 2 7 KT

April 20, 2016
Volume 55, Issue 15
Pages 4101-4362

In this issue:

r e S e a r C h » URANIUM IN SEAWATER + MASTHEADS

sl & Engineering Chemis

ACS AuthorChoice
More about this program

ACS Editors' Choice
More about this program

31 ~ ACS HI11] Ind. Eng. Chem. Res S5z 8/ KEE Blin T T34 RICR
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EKER SRR 24,25, 26]

TRIBAET - PR REVERIRGE E 40 [EUENSHTE - BRI FE Rl E 2 R
Pl 8 HL = R R AR e BT FT IR = DS R3] - TEER (Rate >
8 BN ES - HAEE AR YR R - B VAU OGS, - B
SIS TR o JE/KAVR R KR SR P A IR AV A PkER - E pH (H4Y
8.0-8.3 » BT 3.2~4%LL K EA A WIS M RE - S5oMH N R e B AR S AR -
B pH R H At R 2 N E - ER/Kh it 2% F /2 L. " ternary uranium
calcium carbonate complexes | JERSTA(E » Ih &SR SRS ZZEHL > MAFPEE
BEMRZAE Y 2 85 FORMEAREE T EK T 2 85 BRI R TR S - B T2
HUERVEERS - /K ANEHEBITEY » TR KT R i EA S
EEEHL - HA0eE - NFESB TR AR LA RS E  FEIFERREE -

=5 KR BT R RS

Metal Concentration Notes

Na 1.08% (w/w) 0.456 M At 3.5% salinity

Ca 411 ppm 40 mM

K 392 ppm 9.7 mM

Li 0.17 ppm 24 pM

Fe 3.4 ppb 59 nM

Cu 0.9 ppb 14 nM

U 3.3 ppb 13 nM Mainly as Ca,(UO,)(CO3);
\% 1.9 ppb 36 nM 80-90% V(v), 10-20% V(1v)
Ag 0.28 ppb 2.6 nM

Au 11 ppt 50 pM

1960 (TR Ry T 57 B 55— IR IR KEZ SIS - MR LB TR E i B
Fefits PUREX cf R A SEIR B S 2 BOR] - & 1970 SR A mmatéis - B4
12 1980 A AT KEEsiRe o - EEZ A A amidoxime {F £ F 2 gt &
ZBRER > BREANFEZEEE IR - bR T TR MR S TR
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(BN IR A 355t I SR AR /K BR B R (S 1« 7K SO e A7 2 5 [ RE 55 B BURF Y
B 0 AE 2011~2017 F AR AR R AL AE I A = T EUR/KER AT S - FERE TR
s A B 8% RAEHURR - BEE RO SRk » MK iR 2 B A R ] T2 - DA
AT UsOs Ryt EERE - RFHE 1984 4 H AR g $1100-1540 ~ 2006 -1y
$1100-1540 ~ 2014 4EAY$510-735 ~ 2017 £EHY$430-580 ZEERG M N IE - 40ME 34 - $t
HEAMITREEN 2R C B R A - BaKEHE - FORERIFE - &
LTS EVIGERS ~ 5% T B~ BIRAMRE - 280 > IR &S 2 TEEHTTR 2%
B A IEHTD R K25 B FEFREE AT » HRER /A L. amidoxime 7F Ry T AV E REE: » 41
35 fiow . HE ARSI 50 48 - 1 HATNVA AL HR RE TR - Mg EEH
AR ZRER » H 30 R AELY 1.5 gU/kg » f4E DOE J/KigiiEt S iR E

T E] 8 ER I EE 3.9 gU/kg -

4000 6
_ 5 2
o, 3000 3
) 4
o0 —
B >
1 2
2 2000 I 3 >
S ° E
©
2 I , &
:’ (&}
S 1000 §
oN g | T 1 E
I P

0 0

1980 1990 2000 2010 2020

Year

34 ~ TKIR ST Z A Je B &

LUBZKER Sy 2 85 RS - Bt (] B-beam J5UAE polyethylene F 55 F#i%
polyacrylonitrile » FfEi hydroxylamine 7 FEZ) amidoxime » 5% {% BB fin 4 /KA KR
> 40[E 36 s © Amidoxime /Ny T-0] FE 14 nitrile 43 T-E1 hydroxylamine J7 [
Mk > HEREAEH —(EiA(OH, PK~12)k—({#linik(NH2, pKy~6) > & 37 - 7
amidoxime {Ffy'BEREE: » AIREELE @A L L B RCA =t » Hn] oy R lURE - 4fE 38 -
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AT =T R o 5, TS VU A Ry D R B Al S Bl T R ES S Y U5 2 - #R$E amidoxime
ECAZ(EERNT ST - EEATF S ESEEBORE S st R S HIE B 61 R
R > TME 39 RINERKEHY amidoxime B RES: » HEAT R & ZRETIHST > AR H:
HHy amide k7 carboxylic acid ‘B RERLAN A UAMETEF R A4 ZHR KM (EffT 2 2
Wi R P ST I B 3 = bl fe 2 #5788 amidoxime ‘BYREAS 2 F SR K Bl
BRI - AT DU R KHIEE R BN - amidoxime ‘B REAS 2 WAL BT £
R <2z s Y EE B (2 R EE) Ry #L(14.9%)>55(1.6%)>1(1%) - st 2 sl YR & 5% -1
TEShAY 15 £% - BIEERK TN -~ she e B RIQEIIN - K TR 2 B
SHHIBTFE AN LA glutaroimide-dioxime {FRYBRER > HRETHIFRBE - 8 - k)
FARRI -

poly(acrylonitrile) VYY\/ HzNOH

[
‘ || ——— other structures

N
H;NO/ \(2NDH
\Q/\Q/ \/N/INI\N\/
"]
OH OH

NHy  HgN

Z==0

amidoximes : i imide-dioxime
Main functional groups

on polymer sorbents

N=—— = | NHp T
HO WHy;: kil OH 0 OH OH
Glutarobis(amidoxime) Acetamidoxime Glutarcimide-dioxime
Small molecule analogues
Ho O==N
N=0, k N
“N==0, %, ) 0"
<:§ N, Ch e
¢ I > b \ 8\
J/O\)'-N H,N fa) \O:N' N OO-.N’
H
UO,(HaL)2 Fe(HL)(HL) VLT

Glutaroimide-dioxime (L) - metal complexes

35~ BamoTE HZac =R E
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NH,OH ( ) ) 2.5%KOH ( ) )
MeOH:HZO W/ W
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OH OK

36 ~ LI E-beam Fiifig B $E5 S EHETT polyethylene IR ff it & T2

pKa ~12
N—OH
—_N + H,N—OH g 4</
NH;
pKb ~6
nitrile hydroxylamine amidoxime

37 ~ /NF amidoxime 7 &R 7 E
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M
.
o——M 0 OH 0
M
[\ | | &
N\rNHz N\rNHZ PLN G NG
y Y Y

chelating N,O n'-o n'-N n2-N,0

38 ~ ‘EfEAL amidoxime BB 4 fEACT 451

v . ;\(NW/:O\ WI HOIO

OH OH

glutarimidoxime 2,6-diiminopiperidin-1-ol amides carboxylic acids

39 ~ HAM amidoxime ‘B kL K FAIE B RS

REREREEIRSETE T 0 H PNNL &R AE R /KHE TR R4 =~ PEAE I -
SHIEREFR (LA FT B A/ £ B B = (Marine Science Laboratory, MSL)E /& HL ELE
ZKHEFT (AN 40) » Bl &Sl ER R At 8 o 2R B ilice ) 2 B4 - Hoaefis R eh sy
B AEERTE - DARERI AR Z e R - ARSI BB /K 2 2oy B AL
ERER RS — AR DU BERKEE FR E 15 2R s i s & - 495 10~100 g/kg
adsorbent » ZRAMAE B EIR/KFRI P OAMIE5EE - BEEER=EICREE G /K
SRS &SN EE /K33 ppb) ¢ SRS 2 SR A AR RS T EE
KBTIV R - IEAh  BlaE o 2 /KR T e A s A S BB T =
o~ 85 -~ B RIEEET(ORBEIR) » 12 T BT A AR Rk
LB BFWE - D TELETE 28 AT EKP iy aRE - 4

Cay[UO5(CO3)3]° ~ Ca[UO(COs3)3]* K Mg[UO,(CO3)51*
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Canada

£ \,-%
Vancouver
Island
%W Sequim
“n g Bay
~ \
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Ocean X z
Olympic §
Mountains =
N f 3
O iy
3
0 25 50km
— Washington State

B 40 ~ JEETBRZE LA Sequim Bay HE{TE EE/KILT ET5R

B ORNL 22 DR Hfhdde By At B B h = 601 » T ELBE K Bk
o ML FANME 41 > S5IREUT AF1 APRHE 56 RAVEEEI B~ 4 7
3.9 gU/kg adsorbent » E-AF1Z5 5 5 5.4 gU/kg adsorbent » i BEFIFRFE 2 2342 o
it one-site ligand saturation modeling 345 » [RAFAH B BR{A PR » BERILHII L
B - AR » DT B A 3 FL P KA
DT E R4 - « ORNL Froffs > AF1 b2 amidoxime 0545 IR AL » 81
Al SORMEILL » BEREB AN B R BT £ B amidoxime B EERL
R R METR IS B A - By T HERR AF L BPRIFRORIT 2 o5 » S ECEIT 400 » BLas
17 6 - RIS LIS > 85 - 8 (EE TG RIE T 61 wi%R 74 mol%Iu & -
ST EAEE R T LR T S LS IR TESS 4 B 7 fire By T ST EAIM:

EFF AT Z 5 %S (distribution coefficient, Kp seday> L/Kg) > Ei Cogs TR I E

N\

PR E > 6B T ZE 8 (g of element/kg of adsorbent) » [f] Csea o BB ITE/EE

KN EERE@L) -
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Cds

_ ~a
KD,56-day - C

sea
VESEREIHE Ko soay EALIERT AR + TRAERER 56 K FRTHIS I8 - M
FA AFT GRIHE R > K TE AR EAL T T B A (ki Q0% BIRIFZRE » B4y
SUILTLNR T - —FIER » Ko (3 log Kp) [HRLA » BTHILHT S BEIRKAHE
= BRIMEARS » SO EIRFE I Ko A 4 B AT B B A M - ph i s s
BEZRGHTE ZAEI KD 22 1 3.3 ppb » L Ko 2 6.08 » BET: AF1 AT B BT 20
BRI RISAPRL - FR4% Johnson 55 A~ BIRRHIZCHET: - UMK B S (LT
T3 B B Bl TS it e S FL VA PRI TS hydroxypyridinone ETAEJEH -
H Ko i 5 2.0~48 - 3 SR  HATTZ S RB IS B IR B A
Rl S TITEN KD B 2 85 - S5 T Ko MEIER 2 LI -

KR B ISR R T ST EIRITRCR - 40 42 - R
HIAE WHOI ST U] 195 FBHS L BBRE Sequim Bay ¥k - SR » 56 K
R 25 08 » WHOI & I BT £ B BR 4T 15% » (] WHOI EER S BRRI B
ST ALY 55% < 151 WHOT FEERHIMISR I, WHOL R 35% -
PRt R T A 2 Bl TR R A ST AT -+ DR B SR A A
FE 35 psu ME(TEOEZ TEAUE o ELECA SO s s B - R R 2 B
K o FCrPie By T AR DN T S SR R L T 2 S K 2 B A T
Mk ZE R ) - WHOI HEABRI 2014/11 HE(TZE 2015/1 > i WHOT JEEEHIBRT
2015/3 HE(TZE 2015/4 - HEUi5 330+ SBUARIITRHI 25 B AE WHOI 5 FE s BRI 08
B> T BOIORAI A R TR - BRI - ST S ST ZAERHT AR
2 RAE - IEAh - WHOT Rt /KT ZRE (1. 66ne/L) BB A GBI,
BRFS (1. 300g/L) » e BN - 55— J T S KESAEE R (Dissolved
organic carbon, DOC)FE iT4E th SR ITANEE > R - 1£ WHOL M T4 HE R 588
IR + 5 DOC 53717 1.10 2 1.67 mg/L » T E 8% = Sequim Bay ik DOC

A% 0.89 mg/L - HHE N &= DOC GEZM IR EE M - (Hi5HE
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PRI EE R WHOL A ES Y IRT 2A 2 K= Y DOC - M Sequim Bay FEHgUHIZHY
Wt 25 AR AR ERY DOC ZIRGARS - (NI > FEiE A E AR T R E 2 R
A ZE Ry DOC FTAERL ©

HKEEsE T RN R RN K B A EYHEREE 2 IR - B REREE B/
iy - ORBRE AR AT RE DR AR PN 5 iR SR AT I A BB S > .2 biofouling e
ORNL At AF1 #tJREEHA biofouling 2 A » HLAEIRANE] 43 - EAl&E RN
FEfEERTE AR IR R (ARG E YA &) - €608 42 Rt RWMTE 2 Phls - K&y
TRV T 30%HIRITE - K2 o FERAEEIRIEN T > SR E SRR N - At
KOBIEIEK Z R T - RS RER T A E M ERR > B Sl b A 8 A IE G

Y|

45
ORNL AF1 Adsorbent
= 4.0 -
1]
s
o 3.5 1
W
=
m
o 3.0
£
|
o 251
ol
S 2.0 -
(o'}
m
O 1.5 4
t ® AF160
@ B AF1L2R1
E 10 & AF1B17-25PP|
= ® AF1L2R2
4, 0 One-Site Ligand Saturation
DU T T T T T T T T
0 ; 14 21 28 35 42 49 56 63
Exposure Time (days)
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% 6 ~ ORNL 2 AF1 #HAEEB/KeERCETE) 2 T Z EL A

56-day adsorption capacity 56-day adsorption capacity

element (ug/g adsorbent % of total (by mass) element (umol/g adsorbent) 9% of total (by molar percent)
Mg 16 500 + 890 320+ 1.7 Mg 678 + 24 474 + 1.7
Ca 15100 + 920 293+ 18 Ca 378 + 14 263 + 1.0
A% 10700 + 320 21.0 £ 3.0 A% 210 + 36 149 £2.5
8] 3420 + 370 6.7+ 0.7 Na 90.7 £ 28.5 62 +20
Na 2090 + 700 40+ 14 Fe 23.0+7.0 1.6 £ 0.5
Fe 1280 + 360 25+07 Zn 164 +2.7 12+02
Zn 1070 £ 170 21+£03 U 144 £ 19 1.0+0.1
Cu 646 + 74 13+0.1 Cu 102 £ 1.1 0.71 £ 0.08
Ni 381 + 8.7 0.74 £ 0.02 Ni 6.50 + 0.21 0.45 + 0.02
Sr 132 +£ 82 0.26 + 0.02 Ti 1.50 £+ 0.30 0.11 £ 0.02
Ti 72+ 12 0.14 + 0.02 Sr 1.50 £ 0.09 0.10 £ 0.01
Co 24+ 4.1 0.047 + 0.008 Co 0.41 +0.08 0.029 + 0.006
Cr 18 +24 0.035 + 0.00S Cr 0.35 + 0.05 0.025 + 0.004
Mn 17+ 2.1 0.033 + 0.004 Mn 0.30 + 0.04 0.021 + 0.003
Sum 51400 100% Sum 1430 100%

“Adsorption capacity is expressed in units of ug (element)/g adsorbent on the left-hand side of the table and gmol (element)/g adsorbent in the
right-hand side of the table.

%2 7~ ORNL Z AF1 #HRHA EE/B/Kelia(ET) 2 73 hHE

56-day adsorption seawater concentration” log K,

element capacity”* ( g/kg) (ug/L) (L/kg)
A% 11.2 1.84 6.78
Cu 0.895 0.49 6.26
U 3.36 2.77 6.08
Co 0.025 0.022 6.06
Ni 0.496 0.61 591
Zn 132 175 5.88
Fe 1.52 2.07 5.87
Mn 0.235 0.38 S.14
Cr 0.026 170 4.84
Ca 23.5 368 000 1.81
Mg 242 1147 000 1.32

“Distribution coefficients (Kp,) are expressed as log Ky, bAdsorption
capacities were not normalized to a salinity of 35 to allow direct
comparison between solution and adsorbent concentrations and
calculation of log Kp. “56-day adsorbent capacities were determined
using one-site ligand saturation modeling of time-series measurements
of adsorption capacity. “Measured filtered seawater concentration in
the seawater exposure system. The values shown represent average
values determined over approximately a 20 month period.
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Adsorbent Capacity (g U/kg adsorbent)

Adsorption Capacity (g U/kg adsorbent)

ORNL AF1 Adsorbent
6 .
5 -
4 -
3 .
2 -
® WHOI Column
1 B  WHOI Flume
—— PNNL Column (summary)
0 I I I 1 T 1 I 1
0 7 14 21 28 35 42 49 56 63
Exposure Time (days)
& 42 ~ AF1 #hkHE WHOIL JE 2 R i 258
Biofouling Flume Study with ORNL AI8 Adsorbent

4.0

® Light Flume

B Dark Flume

& Control Column (Dark, Filtered)

A Reference (Column, Dark, Filtered)

3.5 1

3.0

2.5

2.0

1.5 A1

1.0 1

0.5 -

0 7 14 21 28 35 42 49 56

Exposure Time (days)
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B SR S R T SR A Rl S B PR R K Z e [27]

MBS T BN E B2 IS B AE

ZE4EIE, Fy Long-term Durability and Reusibility » & F B EE =

SR TVEMTRONBESE - REsho T i -

TREZREI A T E H 2Rt
st & (HIBEMEERE >~ NEPU(Nuclear energy university programes) /281 - BRI
GRS T RIETEE » 470k 20112013 £E 1% 2014-2016 4 - #01[E] 44 Fow » HAft
TRk~

Project No. 11-3256

Innovative Elution Processes for
Recovering Uranium from Seawater

Fuel Cycle R&D

Dr. Chien Wai
University of Idaho

In collabor:
Lawrence Berkeley National Laboratory
Oak Ridge National Laboratory

Stephen Kung, Federal POC
Sheng Dai, Technical POC

Project No. 13-5004

Innovative Elution Processes for
Recovering Uranium and Transition
Metals from Amidoxime-based
Adsorbents

Fuel Cycle Research and Development

Chien M. Wai
University of Idaho

Stephen Kung, Federal POC
Gary Gill, Technical POC
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RETRERE T AILE - N BEIAE B R R E A T E Bt i - H AR
eSS 2 HA] » NI 2 gl T R Z IS ROb S - B R/KAVEERAIE Ze PNNL
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Acrylic Fiber (Orlon)
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Wavenumber Mode
(cm™)
2242 C=N stretching
1736 C=0 stretching
1652 C=N stretching
1594 N—H bending
1558 COO stretching
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Flow Restriction Pump (up to 100 L/min)
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Seawater-Exposed LCW braid adsorbents

y

15t Acid elution (0.01 M HCI)
removed the alkali and alkaline earth metals

2" Acid elution (3 M HNO,)
removed the uranium and other metals Aqueous phase
(3 M HNO;,)
recycle

Organic phase 30 % TBP extraction

(TBP, hexane) Organic phase (TBP, U, etc.)
recycle

Ammonium carbonate back-extraction
(1 M (NH,),CO; solution)

Ammonium uranyl

Aqueous phase carbonate
((NH4)2CO3, uranyl) (NH4)4[U02(C03)3]
precipitation

Reflux
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Universityofldaho

Department of Chemistry
P.O. Box 442343

Moscow, Idaho 83844-2343
Phone: 208-885-6552

Fax: 208-885-6173

April 25,2018

Dr. Hsien-Te Hsieh

Chemical Engineer Division

Institute of Nuclear Energy Research

Atomic Energy Council

1000 Wenhua Rd. Jiaan Village, Longtan District
Taoyuan City 32546, Taiwan (ROC)

Dear Dr. Hsieh:

I would like to invite you to visit my laboratory at the University of Idaho in the period May
1 to July 31, 2018. During your visit, I will show you the polymer fiber adsorbents we are
developing for removing metals from water. We can discuss potential applications of these fiber
adsorbents for remediation of environmental metal pollution problems. I believe your visit
would benefit both of us and may lead to future research collaborations between us in this area.
Thank you for your interest in my research and hope that you would accept this invitation.

Sincerely,
Chiwh

Chien M. Wai
Research Professor

To enrich education through diversity the University of Idaho is an equal opportunity/affirmative action employer
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Universityofldaho

Department of Chemistry
P.O. Box 442343
Moscow, Idaho 83844-2343

Phone: 208-885-6552
Fax: 208-885-6173

American Institute in Taiwan

No. 7, lane 134, Xin Yi Road, Sec. 3
Taipei, Taiwan

Republic of China

March 13, 2018
To Whom It May Concern:

1. Based on my understanding, Dr. Hsien-Te Hsieh’s proposed visit to my lab at the
University of Idaho is to gain some experience at an U.S. university and to learn something about
removing metals from water using polymer fiber adsorbents.

2. The funding source for Dr. Hsieh’s visit is from his company or from himself, not from the
University of Idaho.

3. Dr. Hsieh will have no access to any export-controlled technology during his visit.

4. Dr. Hsieh will not participate or have access to any U.S. government project during his
visit at the University of Idaho.

Please contact me if you need further information at 208-301-4608 or by e-mail at
cwai(@uidaho.edu.
Sincerely,
Chiaoth S

Chien M. Wai
Research Professor

To enrich education through diversity the University of Idaho is an equal opportunity/affirmative action employer
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Seawater yields first grams of yellowcake

Yarn-fike material collects largest amount of uranium to date
News Center Home N

Secretary of Energy Perry

Visit June 13,2018 (O swnke  S@E..

Latest News Susan Bauer, PNMNL, (509) 372-6083

50" Anniversary Features SEQUIM, Wash. — For the first time, researchers at
Director's Column Pacific Northwest National Laboratory and LCW
Supercritical Technologies have created five grams of
yellowcake — a powdered form of uranium used o
PMNL Leadership produce fuel for nuclear power production — using
acrylic fibers to extract it from seawater.

Social Media Directory

Our Experts

Subscribe to Email News "This is a significant milestone,” said Gary Gill, a

Senvice researcher at PNNL, a Depariment of Energy Downoac onginal 1mage

RSS News Feed national Iabqrgtory, and 1he only _c-nel with a"manne This first gram of yellowcake was
research facility, located in Sequim, Wash_ "It produced from uranium captured from

Contacts for Reporters indicates that this approach can eventually provide seawater with modified yarn. Chien

commercially attractive nuclear fuel derived from the Wai and colleagues at LOW
M oceans — the largest source of uranium on earth.” Supercritical Technologies produced
the yellowcake, a powdered form of

Phofios That's where LCW, a Moscow, Idaho clean energy uranium used to produce fuel for
i in. LCW with | i nuclear power production.
PNML B-Roll EOMPAT COMRES L. WA SUPPOHEO Credit: LCW Supercrifical Technologies
PMNL through DOE's Office of Nuclear Energy,
PNNL Videos developed an acrylic fiber which atiracts and holds on
PNNL's YouTube Channel to dissolved uranium naturally present in ocean & 10f3 =

walter.
Additional Resources

"We hawve chemically modified regular, inexpensive yam, to convert it into an adsoribent which is

Newsletters selective for uranium, efficient and reusable.” said Chien Wai, president of LCW Supercritical
Technologies. "PNNL's capabilities in evaluating and testing the material, have been invaluable in

Science Highlights 7 og n 2 = 2 )
maoving this technology forward.

Publications

Wai is a former University of Idaho professor who, along with colleague Horng-Bin Pan, was

involved in earlier DOE-funded research to develop materials in order fo increase domestic

availability of uranium, which is mostly imported into the U.S. currently.

Eurekalert! National Lab

News

Battelle Mews
‘Wai founded LCW and, with funding from the Small Business Innovation Research program,

PMNNL Speakers Bureau worked out a new approach to adsorb the uranium onto a molecule or ligand that is chemically
bound to the acrylic fiber. The result is a wavy looking polymer adsorbent that can be deployed in a
marine environment, is durable and reusable.
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The adsorbent material is inexpensive, according to Wai. In fact, he said, even waste yarn ¢an be
used to create the polymer fiber. The adsorbent properties of the material are reversible, and the
captured uranium is easily released to be processed into yellowcake. An analysis of the technology
suggests that it could be competitive with the cost of uranium produced through land-based

mining.

PMML researchers have conducted three separaie tests of the adsorbent's performance to date by
gx¥posing it to large volumes of seawater from Seguim Bay next to its Marine Sciences Laboratory.
The water was pumped into a tank about the size of a large hot tub.

H & 020/020 % Youlube ©:

“For each test, we put about two pounds of the fiber into the tank for about one month and pumped
the seawater through quickly, to mimic conditions in the open ocean” said Gill. "LCW then
extracted the uranium from the adsaorbent and, from these first three tests, we got about five grams
— about what a nickel weighs. It might not sound like much, but it can really add up."

Gill notes that seawater contains about three parts per billion of uranium. It's estimated that there
is at least four billion tons of uranium in seawater, which is about 500 imes the amount of uranium
known to exist in land-based ores %, which must be mined.

Mining of underground uranium has environmental challenges not encountered with extracting it
from the oceans. And \Wai says the fibers, which have affinity for more heavy metals than just
uranium, can likely be used one day to clean up toxic waterways themselves. He says the fibers
have potential to extract vanadium, an expensive metal used in large scale batieries, from the
oceans instead of mining it from the ground.

For now, basad on the successful scaled-up testing in Sequim and significant production of
yellowcake, LC'W is applying for further SBIR funding for a uranium extraction field demonstration,
to be led by PNML, in the Gulf of Mexico, where the water is much warmer. The material performs
much better in warmer water and extraction rates in the Gulf are expected to be three ta five times
higher, therefore making it more economical to cbiain uranium from seawater.

The adsorbent technology is in the process of being licensed to LCW.

Tags: Energy, Environment, Muclear Power, Marine Research
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