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- Abstract -

The development of technologies for recycling @tah components remains in the industrial waste
using chemical-induced extraction is describedhis tlissertation. Aminopolycarboxylate chelants
(APCs), which can form stable complexes with matakhe agueous mediums, is commonly utilized
as the extractant for the recovery of valuableamandous metals from the solid industrial wastes.

Lead-Smelting Dust (LSD) and Waste Foundry San&%)yYwhich are known to include potential
toxic metals and valuable metals, such as indiuchcapper, are the solid industrial wastes, used for
the study. As a prelude to the study, the stahiliystant of the indium with the biodegradable APCs
has been determined using the potentiometric tgalertd ascertain the complexation behavior. During
the chelant-induced treatment of the LSDs, a dffee in the extraction of indium and lead has been
observed as attributable to the corresponding atedrforms of the metal-species. The extraction of
copper from the WES, on the other hand, was pramnaie mechanical activation by ball-mill. The
particles of WFS are comparatively large (>1f), and the mechanical force contributes to the
diffusion of metals and thereby promotes the chiatagtal complexation. The outcome of the study
suggests that the extent of complexation reactetwden the chelant and metals in bulk aqueous
medium controls the overall extraction rate dutimg chelant-assisted treatment of wastes. However,
when cesium-contaminated soil is treated with ARGs,cesium in soils was partially removed by
ammonium ion doped tetrasodium 3-hydroxy-2,2'-indisaccinate extractant solution, while cesium
has no known interaction ability with APCs. Therefahe reactions on the mineral surface, such as,
desorption of metal ions, chelate adsorption, lij@xchange, surface dissolution, etc. is also itapbr
for the chelant-induced extraction of metals.

In conclusion, chelant-assisted extraction contall to the recovery of 88% of total In contenthe
LSD, 90% of the entire Cu content in the WFS, witlke concentration of Cs-137 has been decreased
by 59%. Hence, the chelant-assisted extractionghwisi an eco-friendly metal separation technique,

is suggested to be employed for the recycling xittor valuable metals from various wastes.
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1-1 N5 E51E

BREE (Environment &3, HiBk BiZdiW T AMTEEIOREN LK SFH & L TERIND,
SR, /NEO NEHIZ & > TORBEIIEFEOBLIZIRGATE Y, AREESICHRT S
FBREOBI B RO ERNRMER N L - THEIL ST e, 2072 iR B AR N DS
FAEATRITN 1 HECHEVRFFTEZ LWL, FERICBEOCERENE L
HETH, NEITZEMBENC LV - RBEREZ ST 52 L THRLLTE R, 20X 51
HRNIZ & > TOREIT, BRESVCHEEAEZERT 2108 &S, R OB Hgkm
B Thole, —HTFV A —RAX—FOFIZAMLND L), BEWOLXS AL LN
R COESHZREPRIUE, UL UITEEER TR REMIEL b 263 2 L3 b - 72[2),
PEFE i (18~19 HAd) PAREOBULTIL, I@IEHI7R A BN & AL I > TREE D &
D 5T FH 2 A e HER R s & LON3], AFEIC & o THIEK &V 95 BRER X IER D %
¥ NUT 4 b OEMTITES 2o Tc, ANFTEENC K o THIERERBE A U8, £ E
NOSEHECH AR L, BRI ANBICRO 2 2R % b7 57 (Figure 1-1), 5% 0 NHH
IZRT B AFRE E LT, B EWAT L CTHIERE WO AL BNTo v AT MDA HEFf
MRO BN TND[4, 5],

12 :BRDEE L BRE

BREBEOERD OO0 OREFEDOHE -HBTh L, NEIX, BRR»LEHA R
L, @&y BEOFEM R RO I —FICANTE R, LHLARRS AN 70E
NZHEST H2BROHER ETITERITHERR & X283, 728 ZITKER (92%), #1 (79 %),
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& (75% 7 CI3HIER EOfFERED 9 HEEICZE < OFIG ZHHE STV 5[6],

DEITFEIT L < 2D NFOAETEICB W TRH S, SR, HFHEIR7R & OMFPRAVR
T, MEE LToeRORNMERBIINHOEILZD LD TH D, fiiuhl 9500 FEH D
B SR 2 W72 2580 S N OB RFIHOIGE Y & SN THBO[7], FMUR T L2270 TH
RHVESR RS 708k, 8, 8, $80 0, & TEOCHEB] D K o 1A T RS N 724 8 23 F
MEtEH Tz, NEHORHWEZR X —L LTREDDITKTHY, HELEHE LTH
BRBESHE TR LD = R L X —2 M5 LT, FoKE- BE - PR Y O TR -k
NOBEKREARNLF =% FN Tz, KilTORRIZER L@y s, iR TRWEH %
PN TTEEME U Te il - A R - KRR AR B S IET, B HE 2 =L F—E'D KR E S

SITARLABE D LA DI RIZ RTINS D L g o7z, FrICHRIL Watt (1736-1819 723EK
R UIEASHEEO =X —Jfie L TREREN A AL L, BEEEMOEE L o7, I
WEIRTH DT 7 0%, BRI > TERR=R VX —2 KT 52 &b, 1970 £
CIRE, JR7- 38 ERRELE L CEHEEREEZH > T 5,

— 5T, @R T vt TR A D SR OEITCITHYE L, HITE WX
H01%, HFEEBRAL RO v —2 FF5 2L ThD, 728 2 IEME T on
FiE) e L DT 47 v a ARESRTHIOIN B9 & O 1T, EBREROBRIIZEORTA (F<
TR, BURTIEa—7 A7 E) LR VX —%2HBET 570, BRRETROME - 8% b
O ENTE, BROGEREEUIE S =7 B L X —{lE% % 34 L 7= A. Valeroet allZ, 1990-
20064 DT 7 L ¥ —{HE N AIE T2 < & b 5.68 Gtoel LFE L b, THOTY

TR —VHEBEE)S 100 FFRT L ik LT 18 fHICiET H Z L2 WiE LT\ 5[6] (Figure 1-
2), ERTIE, R kI KRN D= F—ERERA W TERLT RV F—ZAEFEL TN D
R, BIE 2 3T LR — & JTh, R TR SN 5 72 OIZE RO R Vel L2
SNHHETH D, FTALABREIOFRI AL, BEWAHEA 200 THlE FICIUR STV e iRE %,
T biRE E L CTHEWBNICHE T 5729, HEROESLRE N O EE K E BT HIEE
R BT DT, EBRFER E OSSR T AL, NEIZHERERAL & P D877 —
HOBRE MBSO AL ZEEE L T\ 5, JRFNREIL, 7T 235 DRI E-> T
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H SN BB L X — 2R EBICHIHT D, Lihs o TRHE A ZELRFEOHPEHIZ RV D
D, LRI DI AR B 72 R F TSI A 5 B Reih Yo fa bt 4 4 L[10, 11] fi#
R D _NEHEILLFEL TV D,

2O LTI O NEO K2R E R R, BRERICZ O f v —2LEL L,
Z DOWFE CTAH EWE OPLHCCEL DTEYE, O CIRERBEORE 2 C N NEHO R E L& )
R, BEIYOHAALEROHK), HAEMRTRLFX —DEAR 4L, Rl
HEOFEREHE L TS ZENEETH D,
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Figure 1-1: Environmental problems and their relations. Renfeaa Fig. 1-1-14in Ref.[12]
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Figure 1-2: The exergy replacement cost loss of the main nehrfuneral commodities on earth in
the 20th century.(a) exergy on 51 resources, (bjggxon 49 resources exclude iron and aluminum.

The graph and caption was transferred fiam 1andFig.2 in Ref. [6]
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1-3: BEYD Y Y12/ EEE

AIE CIXETROVEE BT 2 M A R <7223, NHEORFANEE OILRIZ > TREDFE
FTEMHRFEAE L T D, Bl 21X E-waste & FEIN 5 RIS BEIEYIL, 2t T4 5000 77
FUMBEELTNDD, BEOIAICEENDLIED S0FICH EO2ESBNRMEINLTVD
72[13] , —HiLE EICAE S e B EIR E L THAHA STV A4], 54T, A7
BIRFTFEOWEINNG, @B EABEENO Y 1 7 V2 BRIy E U CREED b3 EE REICEE
TR ET L5 75— AR H Y [5], i IBREENE (OECD) 1, BEIEMORAREICEH
WTZOMERE AN KX <, F BRI B3 2 BRI L S 5 7e E O IR CRIBE R
AR D2 AL TWD, L LA 63T ALEIZB W CREIEM PRI+ 5 Bl
FESLINT & o T2 B I N Y 22 BESEM AR M T e o S rlietE s s <, E[14], 1>
R[13]72 & CIXE TR FEIY (E-waste 7 & ORI E > TREBOBREE D $h78 & O FEd

JBHETIHEYRIND &V o TRIRAVRBENA U T b, HARIE, 1993 4 FEIEY) OB E)

FraHihl+ o THEREYOER 2B X 52B8 K OE 0L DI T 5 /3 —8 /L 44)
APHE L, TREAEREIED T OmEAFEOHHICE T 215/ (S—E1iE) L LT, BEE
W) DBURER BN )T DR A D T & 72[15]), —J7, FEICIBWTIX 15025 33045 k&~
? E-waste?SEEIZEA STV D Rl ST Y, &5 LTHEIZE 7= E-wasteld,
B O RIC & o TR RRHEZ AV 720 E ISR HICHE S, 80 IXE b Tl e &
SLER X 4T 5[16],

E-wasteD X 5 2EfEM 2B &R L L THAMT 52 &%, U S #ERER T & Fife
AIREZR b DIZT AT DITMEARR R TH D, Lo LN b ERIEER, BRI, AEL5E-
bEMOES, LB IEIZIE= X —2E L, AlixREOEINE ORI L — -4 7
ORI ZFo[17], EIRE L THEEMZ Rl L&, RIROFIAIZHTHIMEEOE A &I
REVHRLERZMMERD, ETFERTHL TODTZDICKBAEFEL AT LA TE
T, G AN T T EIREI SR EE 2 Z & W [1T7], 2O Z & ITAAE TN T o
L EEASOREFEYR &, BIHEREE DGR — O\ T, BiMEROEFEEE—2 7267



FEROOEDEEBEXOND, HEZHX -FEIEMME, = L CTIRIEIZ b 5 &I -EZ g4
BT, 257 EIRITH 2 IR 9 D IEEE TN 2 C, Zilin>Z47e 48 0Bt 1D
HIp EDOFII 72 REBMETH B,

1-4: AEXICHEIIBLEEREEE

141 HEDEEZEZEYL L TX XD Y YA 2/

BEAOLY LD 4 EEOENED~T U TV R"T AL D E, M 131
F o OEFREBRANLED AN, 24 (RWERARD 15% ZEERMAICHEL T
W5, = T5E M HE D OEFRDT R — EEFEEY - SRRSO CEREE Ik
HEnTW5 (Figure 1-3), 201040 B ARIZEIT B EEFEFMIL 38 7914 75 F 2 DF
D, 15UE(43.4%) B DIIR(22.5%) AL EHH(15.5%) MHEE(4.0%) FL1E4.3%) SBEIE
(L.9%YE D HEH 4L TV 5[18], — 7 THAETIL, BEFM OIS & FAI A2 LI K H0E5
IR DR S E F M & U CHERE S TRV [A5], J5I8, $L7%, MEEE/e & e EBEEMIT
TEEYCEA, IERE, B E~OFFANTOITWA[L9], L LARnRE, —HoEE
BEFEMIIEIRE OB Z 5H T 235(20,213 5 0, BREARMED D FESEY OWREEIENT, 5
W RO E[22), BEER[23]72 EDORRNFEL b, EXREEMICAHMESRNE i
H3EE, BN L CTRBRESEAIT 9 1LoGiRTICiEd 2 2 & BNEIRO L EUE OB b HESE
SNb[24], ERRO XSS, BEEHTICERETEENLBBOENUL, BIRMHER & BREEMR
B ITOBLEINOEETH 5,

PO &, MR E LS THHTHLEL OMBEPHDHEBBEN—AAZLE LS, Zh
DITEENZ L, ETBIUBREGRT-DITEN GNP D NBIFIH SN T&E 72, — 5 THE
EBOHCd D0y, HATH, BFERRBE A HBRICR W TG B R SipfIE L 7 2

L (Rare-metal & XiFh, 2FM PN 17TFEDO LT 7T —ATENERINTWH[25], LT A
Z VIR, BEHERE R L DA T 7 B B BB e & O SEuRbl R & L T BRI R 7R
fFETH V[26], 2012 4EIC HABIFIC X - T 30 FOILHE SIS IIFERT SR IR E Shiz
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[27], WA, SEERELTOE LWIEELEE DO KLY, TWAEDO LT A Z L OFTFEITE
RO¥EME R TND, LT A X VOFEREA O EITHEFUARIEN 2 S, EoHE-
0> 7 EOGRAEEICBWTERT Va7V RABEAICRY, LT A X VEROES
PELCTND[25], LT AZNVEROZ S AT > TOLWAETIE, Gl O @i
ERAEED N TV [17], VT A X NVEROMERLENBEE LT 228003 5D, 7oL %
I¥, HatayamatallX, #Hr—x/L¥— - FEEHIHRGHTEEME (NEDO) OFHMIIE B IS0
TULT AZNVTHEICEIET S 5EDY 227 (Fiqure 1-4) il L TW5[27], LT A%
IVEIRORER & ZEMARIY, EFREEE L TEEFRINTEY, FFZ 2006 F 12K E S
B = RV —EFEMETIEL T A XV EGEIRO VYA 7 MEERE D IAEND 72 L,
FEFED T LT A Z IV OFFAEM ORESL & B R ABH & 72> Tinvd,

AIE 13 TRARZL I, LT AZ N OB THEE L GUE TG EEY /RO
YA 7 VBB, EHECBEIROE TREATH VD, BFAIC K o CUTESE & BRI
SELRND DD, FEXFEFMICEEND@BITHLHEEL, BRI EZX 5 BIIERE L 20
ERREEEEDOR G @ W L~V THRETDHZ ENRSLEND,

1-42: FEEETELIRE
EBICIE, HROEEN 4~5 glcmd A EO @B LR N NEEIND, 8, SR EDESE
BITAERVEATCRE TH LN, LEELBTREICL D AEHEEL b o[28], NEIE, FE

EHAT A e S, {ERRAEEFRE 2T, L0 ENLCREREREESE L, /T, A
BILZTOMER ETRELREGBLIED LT OHEWBICL2REGR L ZOFELZRBRL T
e, B EoBESRILI TR, He—vHEICET 28TE29], HINAARITKT DK
HUHYL[30], AR HARIZIS T D B IR oG Y (3] 72 E OBl m b D, FiifHA
IZBWNTIE, WRAERE L THONDA XA A XA, KIEEWH, 56 _IKER2EDHEESR
AR & 2 KES THEOGYLERINREA L, % OBRBEEARIEI TN 2 A FEXIRIER LR &
DOIEFENH B THOI T & 72[31, 32] U B ARIZI W T, AKEIGEBE (L35, 185 Y RE,
B HHEOIEYLEE IR IS BT 2 IR Sl K 0, R O EAR 2 S TIE R E OIE B



MED B (Table 1-2) [32-34], BREEFMEZ EST LI EEEH OBTFNEZ B DTN TN D
[35]

FTAEFELRICL > THENHY SN0 L LT, mEFH R IHEERCB T 571
FIFHUTFORITH L0, 11) B HFH T, v 7 v 235 OFRRERM TH 5 3 v H
131 (34), &L v A 134 (BBCy, LU A 137 (BCy ALt s, EoiEcE
BRI g S 2 Sz, BH OBEBBIL, AWV IAENT 5 2 TREFFEEEIC
TER L THEIERZ 72 692, BURMERITEH RNV IAE N2 WEEIZB N T,
Y MEOBSEBICE D XAV EEZD GNBHIR) . ETHTIHESTRET 52D L
134, B U A 137 ITHEAEFET 5720, HENOHEY~O' T T ARV IALIZ FEIR A E
WIZAFFED 2 < i STV 5[36-42),

Hp BT TR Ko THR SN BREA~ORIT, fEHEY A7 HBROZ 25T, 175
GeE ~ 0L 2 < EROHEMIBIROEM E WO BLEND L EETH D, HEROM
SHEMVEIZ Ko TIHY S TR, HEEORANEIL, MERZAMERERIET D A
TERNPRE L, BRIMITTE, N OmRTHYE 2 0BT 28N OB b
LZATHD,
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Figure 1-3: Domestic material flow system in 2012, Japan. Bsgmted fronfrig. 3-2-1in Ref [43]
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Table 1-1: The rare-metal [25]

Element
Li Mo S
Be Ru Y
B Rh L&
Ti Pd P#
\ In Nd?
Cr Sb Pri
Mn Te Snd
Co Cs Ed
Ni Ba Gd
Ga Hf TH
Ge Ta Dy
Se W HG
Rb Re Ef
Sr Pt i
Zr Tl Yb?
Nb Bi Lu?
rare earth metals
-11 -
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H
[N
1
|
>

Supply risk Price risk Demand risk Recycling restriction Potential risk Aggregated score
4.4 2.3
7.3 2.3
8.8 2.3
8.8 2.3
5.8 4.7
7.3 2.3
8.8 4.7
. 8.8 4.7
o4/l ]ss 4.7
o[l ss 2.3
8.8 4.7
. 8.8 4.7
sS5 1ss8 47
1l 8.8 4.7
8.8 . | 7.0
8.8 sl | 7o
8.8 . 7.0
. 8.8 0.0l 7.0
47 | ss 2.3
[l .y 47
35N | 8s 4.7
8.8 2.3

Figure 1-4: Criticality scores for the five risk categoriesglire is represented froffig. 1 in Ref.

[27]
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Table 1-2: Toxic chemicals and environment quality standardpan

Toxic chemicals for

Quiality standarg

Toxic chemicals for

Quality

value standard value
water contamination soil contamination

[mg/L] [mg L]  [mg/kg]
Cd 0.003 Cd 0.01 150
Total cyan N.D. Total cyan N.D. 50
Pb 0.01 Organic P N.D. 150
Cr (V1) 0.05 Pb 0.01 150
As 0.01 Cr (VI) 0.05 250
Total Hg 0.0005 As 0.01 150
Alkyl Hg N.D. Total Hg 0.0005 15
PCB N.D. Alkyl Hg N.D.
Dichloromethane 0.02 PCB N.D.
Carbon tetrachloride 0.002 Cu 125
1,2-dichloroethane 0.004 dichloromethane 0.02
1,1-dichloroethylene 0.1 Carbone tetrachloride .00
cis-1,2-dichloroethylene 0.04 1,2-dichloroethane 0.004
1,1,1-trichloroethane 1 1,1-dichloroethylene 0.02
1,1,2-trichloroethylene 0.006 cis-1,2-dichloroethylene  0.04
Trichloroethylene 0.03 1,1,1-trichloroethane 1
Tetrachloroethylene 0.01 1,1,2-trichloroethylene  008.
1,3-dichloropropene 0.002 Trichloroethylene 0.03
Thiuram 0.006 Tetrachloroethylene 0.01
Simazine 0.003 1,3-dichloropropene 0.002
Benthiocarb 0.02 Thiuram 0.006

-13 -
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Table 1-2(Continuous):

Benzene 0.01
Se 0.01
NOz and NQ 10

F 0.8

B 1
1,4-dioxane 0.05

Simazine
Benthiocarb
Benzene

Se
F

B

0.003
0.02
0.01
0.01 150
0.8 4000
1 4000

In the case of farmlan®).4 mg/kgice, P15 mg/kgsoi, “Value is only suitable in the case of farmland.

Italic character elements were defined as heavgln¥D stands for “not detection”.
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BIEA A OZEIEICE AL 2, B SE R 50 2R (Ligand & X5,
B2 IXT ' =T 1%, EFREF LICHELGE X (Lonepaid 2 1506 L, @EA 42 (M?)
WZK L TC—2DRfE G2 2T 2B & LTIRDHS (G 1-1), 20X 9 7 HERD
NAITBBA T NTEBEEN T 5 2 LD TE, TNENORNLEEFEC I T 5 §EE R EH %

IR EE(K : Stepwise stability constantd FE5,

M2* + NHs 2 MNH22",

l:.w (1.1)
[M27][NH ,]

M2* + nNHz 2 M(NH3):?",
_IMNHSTT o _ IMNHG),™T L IM(NHG), "]

FMPIINHGT [MNHIINHLT T [M(NH,) L TINH,]

B =K xK,x..-xK ——[M(NH3)“2+] (1-2)

" MZ]INH,]

72120, BIRERAEREB O TAERES (overall stability constant 4 %7,

— T, BBA A LSRR TE D EE O ERFOAERIKITF L — FRIEE L 1TF L
— M (Chelate agent & Xi¥#, ARk L7 RIZF L — T (Chelate & KT s[44], 7~
F=T H20F2HDOAF L TENEZZFT L U7 I (NHCH.CHoNH,, en 1, U3

72 RN TH Y, T o= T IR TR E R ESEZ b o, 20 L HIcFL—F
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AT DEITHEED S D XY b ZEICIFEL, Schwarzenbach: 2z & L — FEhR
(Chelate effegt & A 72[45],

¥ L— MARIE, SN T O—DDOBRENBBEA A LHAEEKRT DL, TOMDE
FILAHEZ RS TEBA AL OZIE (=F LU VT I 0O8A, 1555 A) ICBEDLD
iZbEEnTWn5 (K1-3ab) [46], 2D LI RREOZF L U IT v EEFOHEL)

IREEITK B0 MIZHET 5 LHEHI SN TV S [47],

_ NHg
M?*<— NH; + NH; — Mm%
~_
NHs (1-3a)
NH,
MZL\ /J/ w2~ e
2 (1-3b)

F 72 ERCOJEE L G C, SRR T DL EM T E RN - & FE TR DR D555
D%, = b e—#INGERTSEshTnsd (N1-4ab),

M(H20)62* + 6NHs 2 M(NH3)s2* + 6H0 (1-4a)

M(H20)6*" + 3en2 M(enk?* + 6H0 (1-4b)

X 1-da TSGR D BT 77T 50 FTHDH—T, 144b Tl 47T H+Th D,
L7=MM»o> T, ZERNL - DORIS T FEPEZ 52 LT, MNRDEMS (v br b —
ASO) NI L TV 5, b frE K ix, BAmickoXcRETcx 5 (L1-5),

2.30RTog K = -AG° = -AH°® + T4AS’ (1-5)

5 S, =v bo BE—HOH KT AGZ A DTN R S, O CIRE E £ o # N %
BT ZENDTND, LMo TSRO bu BE—HKE2 L7 5T 2R FIZ LD
BETE RS SOSCE/R & 72 B
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FL— bOLEMICIE, ¥ — MEKRORIEDBRORBEZETH D, ZHITERDOIRN
ABRUT TG FOMERERNKRELRY, $EEREZARRTZH LD TH D, —iKIZ
1%, 5bLIT6 BEDROLERF L — MERIZTHEL, 5HERN 1OFMRE D LA
D2 TE FEERUT 100~1000f51272 5 & Vb T 5 [48],

ZDOEDICEERNLT & UTIRD 2 O ARy 713, B PR BRIC X o TR T
BA A LD TREE DB VIR ZTERT D, FIZT I /AR Y BLR R (Amino
polycarboxylic acid %, 7 I / H & ZHD I VAR X VBB A, T U =T E
TR LN o T b F Bt e S E RS G b D 2 &b, SchwarzenbackD A48 L
7oF L— MEEEMAINCB W TR Wb ns8ibAl & e o7c, 7 7R Y VR RIS
TOXL— MIO—#% Eigure 151289, 205 H, oL bLHANLNLDT 6
BN D=F Lo 7 2 U UEERE (Ethylenediamine tetraacetic acid: EDTACH VD, %< D4
BA A EDTRER L LIS (X 1-6) 24T 22 &b, HTHARED A 6346
BEHAL BEEAIE L TER SR W5,

M?* + EDTA* 2 M-EDTA? (1-6)

152 FL— FFEEELFE

X L— MY, KBEF CEBEA A (MY ELBEEDEWSHAEZ R T 2720, KA
WhOBRA T ZEERIC KV IEET D, 20L&, WIRICET THRWERKEBO SR
WHHFT DL E, LT MY DRI DV TERME ORI ORI I8 E) L,

LRI DN Z 5[50] (FK1:7),

MO (s) 2 M?", M + Y¥ 2 M-YZ (1-7)
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OH H)(OH S(

o

EDTA; Ethylenediamine- DTPA; Diethylenetriamine-
IDA; Iminodiacetic acid tetraacetic acid pentaacetic acid
(0]
HO)% OH oH
i N\/g
)g o o ) o}
HO OH HO N
\/g 'I’, o N/\/ or
N N/ﬁ( H
(o]
H
(o) (o) OH OH
CyDTA,; trans-1, 2-Diamino- EDDS; Ethylenediamine-
NTA; Nitrirotriacetic acid cycrohexanetetraacetic acid disuccinic acid
OH (o] HO fo} HO o

HO
° OH \i OH ° NWOH
N

(o] OH OH
OH
HIDS; 3-Hydroxy—2,2'- L-GLDA; L-Glutamate-
iminodiSuccinic acid MGDA; Methylglycinediacetic acid N,N—diacetic acid

Figure 1-5: Chemical structure of amino polycarboxylic acicchselates. IDA, NTA, EDTA, CyDTA
and DTPA are “synthesized chelate agent”. EDDS, MGHEIDS and GLDA are “biodegradable

chelate agent”.
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PRER 70 E OFEHEREIZIIT 5% L— MHIOIRD BT, BREETITIIT 2% L— MR

DEBAEFEL T D 9 2 THETHH[51], FL— ML, SREBIYORE & REPEER
(Ternary surface complexz sk L CHET %5 (N 1-8) [62], Z D& EENLFDRAEIZ L -
THMR T OB B-TERFES D i, S OEMIMEE SN D,

=XOH + L™ — =XL™Y + OH (1-8)

U MERBR LI RE TREEERZERT D2 LT, BERENZLLTD

(Eigure 1-6), X 1-9 (2K < REEHIAIL, WBH OREA A > L RERICE pH TEZ LK
WA THD, —HT, X1-1012 L HEmEEEARIL, FL— MILLIREZHTL8ETHY,

K pH TEZL L 722 5, Girvinetali, Co(Il)-EDTA &K & Co(Ill)-EDTA &K D 6-Al 03 3 i~
DWW Z i, 5 AL Td 5 Co(Il)ghARDS 6 FEEIUNL D Co(lEEAR L v & BHEIZHR < WAET
HZEERHEL TS, $EERIZAW DI 2 T2 FER D A1 VAR F 2 VISR HESE IR DAL
IR &2z EHEZR L TV 5 [53),

=XOH + ML™ — XO-M-LMD- + H (1-9)

=XOH + ML"™ — X-L-M (™D~ + OH (1-10)

ZOXDITIHMFEE TOF L— ML, WA TS TV IRIRE TR >R AEE 2 2
L, @B0OBEMEICRESEELEZ TS,

EDTAICRESND T I/ R Y DR ROF L— ML, BREF LR EOMETEW
ARMEZWOTNDD, o, b5, BAEMGREIEIZZ LW[BAZ DRSO 0 R+ 52
Nnb 5, ¥ L— ML, BREET CTREA T OBEMEL DL Z & THRROERE T
FOBREICHHE R R LY KFT 2 ENHMLTI Y [55], BREREOBLRD LR TIEREIC
O RED ¥ L— MAIOFIAITHIR TV 5H[56], T TIX, OifEICZ LWAERE L —
FRIOREEE LTT ART X UBAR T IVE I U BEROENRYESX L — b #I[54, 57-61]
(Eigure 1-5) FEE S >2oH D, 7272 LESES L— MITHEEOBWERTH D,
BEARRER 2 & D ERER M L OYER DB EEN D,
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E 80
Ni(IDEDTA | L
§ (11} \. ol
- 60 '\
3 EDTA-only '.II
= 40 |
E ®
=
2 20 \ La ﬁk
0 {ZEE{MMJW v xﬁ\"“* 1 T —
3 7 8 9 10 11
pH

Figure 1-6: The adsorption of a chelate is modified by the clexgd metal ion. The graph shows
adsorption of free EDTA and of different metal-EDTAmplexes onto goethite as a function of pH.

The figure taken fronfrigure 2in Ref [51]
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F25: BUEREICKZESRFRE
FL—FRI-A PV LAF Y DEEREHRDRE
C]Y&pt er?: Determination of stability constant of

biodegradable chelate and indium 1on by potentiometric titration

2:1. %5

TF L U7 2 UUERE (Ethylenediamine tetra acetic acid: EDTAZ{AFE SN 57 2 /K
U VR R F L— Ml (e.g. Figure 2-1a) 1%, LERKEMESBEHALZTZRT 22 LT
&R OVRFRE 2 NS5 & %2 1 o[1]72%, BEIEMEL[1-5]5075 Ye +-1 O Pei%[6-9] 72
Eo&RIMAILE L CTHEANEE > TV H[12], EDTA 72 EOEF L — MAlE, 22l T8
ARRREICHEN, AR RBIHAITH 2 — 05T, EUBREE~RE L 725 A L8, 14513, 1k
%, WSS Z LOASI b RIS DI 0 BT 5, ¥ L— hAlik, BRESTTE
BA A OBEMEE DD 2L THRROESBITREOBREICHE B LY KIET 2 L3
SN TEV[16], BEBEHREOBLE SN TIXBEICEE D RYE D % L — RAIOF] IR - 6
BRENDAMNC D D[17], £ DTZOEFTIE, SREICZ LWEF L— FRIORFEL LT
T ARG XTI INVE X VR DA MR L — A (e.g., Figure 2-1b) AMFZERE D
B &4E6[6, 18, 19] & DA ZEE) 2 LT H 7= 72 PTREME D ER R NE I I B
TW5[20, 21}

LT AZND—FETHLHA YU A (In) X, BWHEBMEHILEDA DT h-2 XML
M2l LTRERTENH L0, BIREN D72 < DOAEEMIBDMREE L TWDH 728, K
HERSCEEDNO ) VA 7 NVTH T ENMROLINTWD[L], (YA, BEEER 13
BRICE L, TAI=0h, AU 7LEREECHI OBREE[23])% & 5, KK DA P
A, FPEATC Ksp = 10%0910)D KER{LY IN(OH)s & L C RIS D ILEET 228, Ot
pH IZJ& LT In® (In(H20)6*) 72> & IN(OH) (™) (n = 1~4D R L 5, FleA vV T LA T
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2% — BACEREIC X B ENIER L — NEl-A VDT AA G OB EROUE

%, TWRER24)ICE T D1 OIVRE R TH Db A A, 7 ok A A, RN —%
FEORNL T & i< ST 2 M[23] 738 5, FEERE IR ORBIRIE R EDOEEN S A VD
SYBET DBRIE, BilEZR & OB RMEOEVIRIES L S TR Y [1, 25], BRELBAME OB
RN DER Al Z Wi 7 e ARLEEN D, @EHH & U TOESMMEX L—
B REMEME S BRIREIGYL Y A7 BN N LD, BBEYCTH R TEOELICE £ & 348
BINCEENDA VT LR EDO LT A X VEOHEHEL 4, SIC4F#ETH D, LarLie
NG, BHMEOE WA TH D AR L — R & BB A 4 DRI B ST —
HIIRIETE AN FERRBIZREN[6]TH 5, AEofEX L — MO &R E
~OFIRZREZ, A VT LT LT AZNRERRA & OEERERT — & 2%
g 22 &m<EEND,

BNt & B A A > DS ERUER ZRIET D I71EE, WOCEREE, RN—Tu 27 7 7Ik,
BEENE L, WARIEINE L, -kl ROGHEZRIH Lo 51k, BALAR ELER EM
MO TND[27], EAEREEL, BWIRTOA A2 & R E A % T 2 B ac il
B (e.g., KEA A NIKITHH T AEM) & AT, E-2REME OB ED HXIRO
A A AFRE (OWTIE, BE) 2R, LIS TEIE T OSSR G % & BRI AT
TOFETHD, FLb— MR EDEN 1L, @HEIEEEE U TRBErTER e F2 A L
TEY, @RAFZRINT 2 EBEEHMAONTT 0 h O Z 5, BN O Fefif it
R L TTPOMANRHE, ZORKEH ST e F 85252 U CRIBENICERE LB 1

BER (Tabb, SEERER) 2RHDHZENTRETH H[28], AT, BT

IZxtd 27 1 b (R, )BT D ENL T OFEEIFE A (N ) E T e R REOHBEN D
AR E RO T E 3 & RO TR, IETITETHHERE (2 a—%) OB RIZE -
T, TEALENE & BEF IR SO TR ER N EH STV D,
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OH

HO (o]
o [o]
(b) H \E
HO N OH
(a) NN oH N
a H
(o] [e} (o] Oﬁ) o
HOJH OH OH OH
(o) EDDS; Ethylenediamine disuccinic acid MGDA; Methylglycine diacetic acid
(o}
Y\N
OH OH OH [o] HO o
HO
(o] o OH o N/ﬁ-rOH
Ho ° OH o o
EDTA; Ethylenediamine tetraacetic acid u
(o] OH
OH
HIDS; 3-hydroxy—2,2'-imino disuccinic acid GLDA; L-Glutamate—N,N-diacetic acid

Figure 2-1: Chemical structure of (a) synthesized- and (b)leégradable-chelate agents.
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F2wE — BAEMEICEDESEX L — N VT LA F DA REROUE

B 21X P. Ganstalll k> TR &= a2 —4% 71 /5 A HYPERQUAD[29]%, Feth
FEE OB BRRIZBWTROER, AT, KFE OKBREY) A3 O~ AT 2T
L% Newton-RaphsonttZ W THEE, f/h ZRIEIZ X 2 FHREE pH(cale.): %5 {E pH(obs.)
DIFEMBUNIST D7 4 v T 4 T b bUNREHEIRE % 5 2 T fif 2 -1 E 4R D B i
fif & UCE T 529, 30} BALAN E-BHFHRIC K 285 EROREIE, A )
OREFR OB E 72 L 2 G RH#AR R 2N RIFIATE 5 2 L0 b4 < OISR
TE D,

RETIL, BEEWHA 20 MBI OB T — & & LT, FittomnwIERI<h
DESEMEF L— M (2-8 Re%-3,3-1 I/ ZanZg: HIDS, AFNL7 U Tk
fi# : MGDA, L-7 V4 X Vfg-N,N-"Eili% : GLDA) LA v V7 bAoA 42 OEARER & R TE
L7o, $SAERESOIREICIX, AENEEEE 7T A BmE AW B EREEE A, 7
— & ALBRIZ 13 Protonic softwargt: > GLEE[31] (7 7 A &M E7 1 27 7 L), HYPERQUAD

2008 (i & fh#fiEt 7 v 7' 1), HySS 2009[32] b i flgt 7 v 7' ) Z iz,

2.2 FEBFHE

221 AKX -HAE

FTARTOREIRALL EOMED L O 2 FIOERETICH W, =F Lo U7 2 o UEREE
(EDTA ; BB LS, Hat, ABA) ;3-t RuFf-2,2-10 2/ " a7k (HIDS; B AR,
KB, BA) ; =F L7 I Zansik (EDDS; Hiik LA &, KBk, ABA), L-Z7/v
Z X UE-NN-FEER (GLDA 5 BUsUbAk, B, AAR), AFA7 VU v "Fig (MGDA ;
BASF, Rhineland-Palatinate, Germang & L — h#l & L TV =, HlE2 (HCD), fi4 (HNOs)
%, B RO ESBSTHO LD Z W, FEANCIE, KEE{Eh U 74 (KOH ; [
BALT) iKbb oz AV, REEEICIE IS KBOOSIZHEW TR L 7= 7 # Lk
KFEDV T BKIFHEZE T, AP0 AA AL, BIRALRRFR W6 Hr F InSHEUE
Bk (1000mg/l, 5% HNQ/ N> 7 7T 0 v R) W, A AU REFREEANCE, Rk
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FROEAT Y 7L (KCD), RS Y 7L (KNOs) z vz, -~ TOREORRICIT,
Arium Pro UV |2 X 0 fEfL S pu7o @ik (B> 18.2 M ecm) % AV iz,
2:2:2: FEBHFR -RIF

RIEFR OB IS, REERY =F L U 8IEIEHE  (Nalge Nunc, Rochester, NY, USA% [
W, WIROZEUZ=F ) a— O, AAR) "o~ oy FeF v TEHWE, 5
Bas B, BN ehEn 24h7 L0 U s (Scat 20X-PF T 7 A4 7 27, KBk, H
A) & BMHCIHZ 24 hiR{& L, HHKTRNZ S O Z S TV,
2:2:3: BlEFHEREDERL

BN ETIE, BEEERE (AT-610; R#E T, =, AA) U7 AEMm (O
HE T L, RS, AA) MWz, MHERKEREE SERE (7 XU >, Kk, BAR) (2
K VIREEHIE S 7ok EICREHRIR Z 7 LR =F Lo fle—h —2EE L, 3T 7
+4 /2 (Bemis Company, Inc., Chicago, IL, USATE W& i L7z, WAL, T AE
M, HEE Y, Ealby b/ R, BEHAR—VURAF 2 — T LRGN L, BFT
AN—=UHF 2 —=TFERT AR (TSR, ), BA) SEHL, WEDOT R
B3 0.1 UminiZiE Lz, EANE, B EhEELEE O EIRIZ FetE LS5 0 A T2 & i
7o L7c, FEREMICERT AZRE LT A{EL (7 ofbe=r8, 70, KK,
HA) Z##i L7- (Figure 2-2),
224 HFXEBDKIE

pH3,7,9TdH % pHIEAERIR (Y5 ERr, HUEF, HA) ZHWTTHIC 3 AEEL -
T R EMmE A, 2-2-3 DIEERELD S & TA A R | =0.1ZFHR L 72 ##K 50 mL (1.0
M A A BREEFREEA 5 mL, 0.1 M E/KEEIK 2 mL, #fi/k 43 mL, Table 2-1) ZxfL T 0.02
mL/30 s EMR T 0.1 M KOHZ 4 mLifii F L, MEPOEMELETLER LI, Fbhi
HER-BNT —H %N T ABEMD/NT A—FfEHY 7 T =7 GLEE (GLass Electrode
Evaluation; Protonic Software, 2000\ 1 L, 77 > 7' v v MEIZ L Y BEMOIEEBM BN Eo
iR, AEOKIEL, 2TOMEFEBRICER L TENENFET LT,
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2% — BACEREIC X B ENIER L — NEl-A VDT AA G OB EROUE

225 A DLLF-F L — FEKERHEDBIEEFE

A VT h-F L— MEROARERERET D701, RiH 224 O E#RIEE T 01T
Mol 7 AEME T, 2:2:3 DEBRIEDS L TA YU h-F L— MR OB
KMEEIT R oTz, ZDEEA YT AAF Y (In®) 0.0125 mmol & % L — F & 0.01275
mmol % & A, A AR | = 0.1 FH S HU7- K 50 mL i VAR (Table 2-2) & L7z,
IR B ETRIY, KEED Y T BRI Z AV T pH = 2.025 18l L7z, RIECAND
0.1 M KOH (% 0.02 mL/120 shiiEMME T T L, METhoEME ALz, Gbhi
e R/-ENLT — & E R 224 T LN ICEBMOEMEEMEN Eo & € DOIFEERZE, 77
RS D = 2 fiftr ¥ 7 -7 =7 HYPERQUAD 2008 (Protonic Software, 2008\ /7 L, {i#E
B-pH B GEERR) OEBRIEZS7-, £KOA LU, A 2P LONMKDREK

(Table 2-3), & L — hAIOEEREE TS (Table 2-4) % HYPERQUAD 20082 A1 L, &
MR OB ZFI R Lo, A 2P 7 h-F L — NEIOSEERBUEBIIRINEUHE LT 9 2T,
Za— h-T T R, /N TR A O TR E IR O FEBRE pH(obs): B pH(calc)
DI /N & T DR EBAEF R DR LR, b LWRES-, oA Py
DA TR R U — RIS R D A RE S A SRR 7 e 77 A (HySS2009; Protonic
software, 2009 % W THLBE L, pHIZXT 2 5 PlE2 (log fine) 36 X ORI H TD A

Ry T— g UNTICH W,
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1, glass electrode 11, titration controlling unit

2, temperature sensor 12, reagent bottle (basic solution)
3, burette nozzle 13, burette

4, N, gas tube 14, burette injection changer

5, lid(parafilm) 15, gas collector (balloon)

16, controlling interface

6, magnetic stirrer tip

7, magnetic stirrer

8, thermostat bath

9, chiller water circuit system
10, gas flow meter

16

Figure 2-2: Potentiometric titration equipment set-up
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Table 2-1 : Preparing of calibration solution

Solution Volume [mL]
0.1 M HCI 2.000
1.0 M Electrolyté 5.000
Purified water 43.000
Total 50.000

2Potassium chloride(KCI) or Potassium nitrate (K{N®as selected as electrolyte.
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Table 2-2 : Preparing of titration sample solution

Solution Volumé [mL] Volume® [mL]

8.754 mM IN(NQ)s 1.429 1.429
10 mM Chelate 1.275 1.275
0.1 M KOH 0.857 0.857
1.0 M Electrolyt&? 5.000 25.000
Purified water 41.439 21.439
Total 50.000 50.000

3n the case of 0.1 M electrolyte conditiBm the case of 0.5 M electrolyste conditiBRotassium

chloride(KCI) or Potassium nitrate (KNDwas selected as electrolyste.
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Table 2-3: Equilibrium constants on water and indium ion que@ous media [10]

Iog Pin©H)n -(n-3)

Chemical reaction Equation
|=0.1M |=05M
INOH**][H*
In* + OH 2 InOH** ﬁ:% -4.3 -3.9
[In™]
In(OH),"][H *]°
In®* + 20H = In(OH),*  B=LN [|?123+]][ ] 8.33 7.94
IN(OH),]HT?
In3* + 30H 2 In(OH)s ﬂ=[ ( [ln)ﬂg ] -12.93 -12.82
In(OH), " JH *1*
% + 40H = InOH)y A= [|?143+]][ ] -22.38 22.02
log Kw
Chemical reaction Equation
| =0.1M |=05M
-13.79 -13.72
H*+ OH 2 H.0 Kw =[H"][OH"]
-13.778 -13.73

3E|ectrolyte: KCI,PElectrolyte: KNQ
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Table 2-4: Protonation constants of chelates

EDTA[11] Protonation reaction Equation log fLHn
- N _ [EDTAH*]
EDTA* + H* 2 EDTAH ﬂ—[EDTA4_][H+] 9.52
EDTAH,”
EDTA* +2H" @ EDTAH* B= [ i +]2 15.65
[EDTA*][H"]
EDTA* +3H" 2 EDTAHs L= [EDTﬁHSJ e 18.34
[EDTA*][H ]
EDTA* +4H" @ EDTAHa B= [EDE_AH‘Q 7 20.34
[EDTA*][H"]
EDDS[11, 14] Protonation reaction Equation log fLHn
o _ p= [EDDSH*"]
EDDS" + H* 2 EDDSH [EDDS™ ][H ] 10.1
_ [EDDSH,*]
EDDS* +2H" @ EDDSH? ﬂ—[EDDSA_][H+]2 17.0
[EDDSH, ]
EDDS" +3H" @ EDDSHy :[EDDS“’][H+]3 20.8
[EDDSH,]
EDDS" +4H" 2 EDDS = 23.9
& d [EDDS"J[H*]*
HIDS[33] Protonation reaction Equation logfLHn
HIDSH*
HIDS* + H" @ HIDSH*> ﬂ:m 9.61
HIDSH,*
HIDS* +2H" @ HIDSH? 'BZ[I-EIDS“‘][ZH +]]2 13.68
HIDSH,"
HIDS* +3H" @ HIDSHs ﬁ:[H[IDS“‘][I: +]]3 16.76
HIDSH
HIDS* +4H" @ HIDSH4 'B:[HI[DS“'][I—T]*]“ 18.9
41 -
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Table 2-4(Continuous):

MGDA[26] Protonation reaction

Equation log fLHn
[MGDAH *]
S+ H 2 2 = 10.43
MGDAS3 + H* 2 MGDAH B IMGDA*[H ']
MGDAH,
MGDA?® +2H" @ MGDAHz B= [ - 232 12.88
[MGDA® ][H *]
[MGDAH,]
3 4+3H 2 = 14.38
MGDA3 +3H" @ MGDAH3 B IMGDAJ[H T’
GLDA[33] Protonation reaction Equation log fLHn
[GLDAH®]
YrH 2 3 = 10.1
GLDA* + H* 2 GLDAH B (GLDA*[H ']
GLDAH,>
GLDA* +2H" 2 GLDAHZ* B= [ ya—— JZ 17.0
[GLDA* ][H*]
[GLDAH "]
GLDA* +3H" 2 GLDAHz = 20.8
S d [GLDA“][H"]?
GLDAH
GLDA* +4H" 2 GLDAH4 B= ! i 23.9

[GLDA* ][H*]*
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2:3: WRRUIZEE
2:31: HERMFDRENE

PEAERERNBEM TH HA T A-EDTA, EDDSEEAZ BN A E (Figure 2-3) 12X
D3R, EEREOFMNIC K - TEAMZRE ERO w2172 57,

(1) i 7E MR o s 2

B IE & HEICBWTC, WEMK (X)) % 60~180 s TA{L Sz & X g4
EE (log finepta) DFHHEfE E HYPERQUAD 2008 E A7 (SD), M OVEMKIIEIZ
BT HRIERRE% Figure 2-4 (2R ¥, IR 60 s T, S5AMREROFHIEIX 30 &, BE
MO Tod L 24.950 BB L, £BIEFHOMRAE (SD) 132 L RERMEET Lz, ME
[FfRAE V& In-EDTA SRALF D EHRREBICE S 3, IELWREMBE G627
EEZBIND, — I THXE#>120 s T, SEAEREROFERZAEITI<0.1 L RIFTh o7
2%, ERRIRIERAZE2Y 0.06 mV (609 7205 0.1mV (1509 EHIN L 7=, RIREFRIARKE <72
5L THRIEERFEINE L 2V, MERE~DREN ADIRBANDLVET LD EEZD
D, LR O E MR R O s E % 120 s& ED T,

(2) A A o JREEFHEA D 5 %

T 2 -2 -5(1) D ] R IR O # e Tl RO EE SRR AT AR AT K D RAFGFRED R & 72
<72 B 5 (MR 1209 T logfn-eota PEMEAEIX 225 TH Y, BEFOETH 5 24.95
BB Lo Te, — T, A A UBEFERICHWZE S Y U AL > T, In-EDTA %
SEARICHIA LT X % 52823 21T, EDTA & OFM7FEH: (2-1), In-EDTA-Cl ReEED

BER(2:2) 70 E—D b T b SIIZATREMED & D,

In-EDTA + 4Ct 2 InCly + EDTA* (2-1)

In-EDTA" + nCl" 2 In-EDTA-Cl (" (2-2)

Z T, A A UREFREANCHEE D ) 7 AOR A EZME L7 (Figure 2-5),
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12
In-EDTA system,

| I=0.1M KNO,
10 |

pH

¢ Observed pH

= = Calculated pH

| . | . | . |

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
KOH titration volume [mL]

12
| In-EDDS system,
I=0.1M KNO3
10
8 -
T
a
6 -
< Observed pH
4 = = Calculated pH
| | |

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
KOH titration volume [mL]

Figure 2-3: Titration curve during potentiometric titration petiment for In-EDTA and In-EDDS
system. Diamond plot indicates as observed pH; @&rtokine indicates calculated pH by

HYPERQUAD 2008 program. Electrolyte: 0.1 M KNCQCut-off time of titration: 120 s.
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(@) (b)
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o

v log BIn-EPTA- (24.95) ’ 4 0.08

—
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SD of log Brp-gpta

[Aw] uoneiqijes apondald jo as
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0.04
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05T 0.02
0 0 : : : : 0
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Cut-off time of titration [s] Cut-time of titration [s]

Figure 2-4: (a) Effect of cut-off time of titration to calcu&d logBn-eota” by HYPERQUAD 2008
program, (b) Effect of cut-off time of titration talculation error (SD) of lofin-epta” and calibration

error of electrode in GLEE program. The value iatkd in figure is literature value from [11]
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AR EC KD AEDIRIES L— B l-A 20 DA A D ERERORGE

KCI KNO;
30
L log BIn_EDTA = 24.95
25 [ — log By, epps = 22
20
''a
5
@ 15
o
°
10
5 -
O | .
EDTA EDDS

Figure 2-5: Effect of electrolyte to calculated Igih..- by HYPERQUAD 2008 program. The value

indicated in figure is literature value from [1Qut-off time of titration: 120 s.
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A FUBREFRERNHAL S U v A E A WEiA, EDTA, EDDSIZHT 5 log fin. DR A
%, £ 21.09+0.03 18.70£0.04 &, BEHOETH D 24.95 22 L Lz, —77,
Wi U o A& W =84 Tk, EDTA, EDDSIZH L TENEH 24.84+0.02 22.18+0.05
EEERME 01 A BB CE /o, LEND, £ YT A-F L — MNIOSEEBERORIEIC
BT DA T DR BT RTHDLEBZ DN, A PV LAL T ERINERS R
UMVHBRHE OB R 72 E 2 W ~ & EffimO T b ivio, A TIL, Mg Y v A a
WnHZEE LT,

232 A2 VLS T ELIBEEF L — FFIDIEEREHDRE

RO LN E RO S & T, EoMESx L — M HIDS, MGDA, GLDA (L) &1
YU A (In) A A OFEAERESE KD (Table 2-5), F5H _ETHE L72ALZFFEIT InLHo,
INLH, InL, INLOH, INL(OH) B LW InL2 (2:3~8 THY, ZNHDILFRED H HLFIEEIE
T5Z & TRHEBRENMYIR LY, MEMBROR—HEZ 720 Lz b OIFFE SR LTz,
FL 0L ZOREMM L HERKIZBIT D2 FEDO A= — 3 % Figure 2-6,

Figure 2-7 IZ/R97,

In + 2H + L2 InLH; B= [ﬂ]r['t—]m—z (2-3)

In+H + Lz InLH B= [,Jnﬁg,]— (2-4)

In+La InL ﬁ:[i,,'%[LL]]— (2-5)

In + H0 + L2 InLOH + H ﬁ:%ﬂ (2-6)

In + 2HO + L2 InL(OH), + 2H B= ['nL([aE)Li][H] - 2-7)

In + 2L 2 InL: B= ﬂ::HTIﬁ]E (2-8)
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Table 2-5 : Calculated overall stability constants of‘hthelate

EDTA log B+ SD
In3* L™ H*
complex 12=0.1M 12=0.5M
InLH> 1 2 1 NA NA
InLH 1 1 1 27.46+0.04 NA
InLP 1 0 1 24.93+0.02 25.17+0.06
InLOH 1 -1 1 16.35+0.02 17.18+0.06
InL(OH), 1 -2 1 NA NA
InL2 1 0 2 NA NA
EDDS log S+ SD
In3* L" H*
complex =0.1M | =0.5M
InLH> 1 2 1 28.26+0.08 NA
InLH 1 1 1 25.36+0.09 23.5+0.2
InL® 1 0 1 22.16+0.05 21.25+0.09
InLOH 1 -1 1 15.55+0.05 17.49+0.06
InL(OH), 1 -2 1 7.72+0.05 9.77+0.06
InL2 1 0 2 NA NA
HIDS log S+ SD
In3* L" H*
complex =0.1M | =0.5M
InLH> 1 2 1 NA NA
InLH 1 1 1 17.06+0.06 18.62+0.07
InL 1 0 1 13.09+0.07 15.21+0.06
InLOH 1 -1 1 8.89+0.07 10.34+0.05
InL(OH), 1 -2 1 1.29+0.03 1.41+0.05
InL2 1 0 2 23.63+0.09 24.39+0.09
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Table 2-5(Continuous) :

MGDA log B+ SD
In3* L™ H*
complex |=0.1M |=05M
InLH2 1 2 1 NA NA
InLH 1 1 1 24.25+0.05 22.28+0.10
InL 1 0 1 19.90+0.04 18.37+0.09
INLOH 1 -1 1 13.18+0.03 12.6+0.1
InL(OH)2 1 -2 1 3.14+0.03 4.53+0.06
InL2 1 0 2 NA NA
GLDA log B+ SD
In3* L" H*
complex |=0.1M |=05M
InLH2 1 2 1 20.99+0.06 22.310.1
InLH 1 1 1 16.61+0.05 18.6+0.1
InL 1 0 1 14.81+0.05 14.6+0.1
INnLOH 1 -1 1 9.78+0.03 8.76+0.09
InL(OH)2 1 -2 1 2.26+0.02 1.40+0.06
InL2 1 0 2 NA NA

3E|ectrolyte: KNQ, PReported value is 24.95[1FReported value is 22[11], “NA” stands fiiot available
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(a), I=0.1 MKNO, (b), I =0.5 M KNO,

¢ Observed pH = - Calculated pH ¢ Observed pH = = Calculated pH

12 12

In-EDTA system In-EDTA system

10 10

0 0.5 1.0
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Figure 2-6: Titration curve during potentiometric-titration meriment for In-chelate system.
Diamond plot indicates as observed pH. Brokenilkcates calculated pH by HYPERQUAD 2008

program. (a) Electrolyte: 0.1 M KN(b) Electrolyte: 0.5 M KN® Cut-off time of titration: 120 s.
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Figure 2-7: Complex speciation and titration curve during pat-titration experiment for In-
chelate system. Diamond plot indicates as obsepkdSolid line indicates distribution of InL
complexes. Broken line indicates distribution of'lar In(OH) ™2 . Electrolyte: 0.1 M KNQ@ Cut-off

time of titration: 120 s.
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T E RO S, KETHW T _RTOFL— MIZBWT, A YT AL A D
SEAE RLE SR & MR AR HE R 25 1 YLLN DR T2 Z &N T 7z, BEICER BN TN D
EDTA, EDDSIZBAL T, 7'm b UAPIIE, B ey REEZ G ®H T 2-3-1 & [RERICEE
HIEOFFHITHLI L=, KIETEONIZA DT b F - b— MO AR ER log fin 13
A A EE | =01 M (KNQ) DKM D T Tik, INEDTA(24.93) > InEDDS22.19) >
INMGDA(19.90) > InGLDA(14.81) > InHID13.09)CH Y, MU 3MliD&EA 4> ThH 5
Fe* DIE%1[26]—FeEDTA(25.1) > FeEDDS(20.1) > FeMGDA(16.5) > FeGLDAL5.2) > FeHIDS
(15— & —B L7z, L EORRICBERE D FEL & AR Em O —B3 B oniZ Enn, Rk
TRO LN GHERERIIRZ Y THDLEEZ BN D,

Fiqure 2-7 BB E 91, AP T LA AT pHITS L TF a b oAbsss (eq.,
InLH), & ey RMeghk (e.g., InLOB, BoWEENL FEHICE D FL— Rl 2 K-
TT 7 T84 42 (In(H0)>), B Fexy KA 42 (eq., INLOB 72 EOE CTHF(ET

5o TNHORINIGEZER LT (2:9) R4 TEE logfinm % Figure 2-8 (12787,

log Ainc’ = log pmL + log aun —l0g anL —10g ain (2-9)

¥ oL, onL, om ITFENENL In¥*D T 1 hiAk, B e MESEER~ORIKISHREG F 1
— MO T v hACRISISAREG InF* D e Fu e NiEA 4 ~ORIKIMRETH 5, A
T DEER O E FE E ST pH 4~5O BRI TR A A L CE Y, pH7 (FHE) 128155
A R E 1L EDTA(14.2) > EDDS (11.3) > MGDA(8.8) > GLDA (6.4) BIDS (5.5)% Il 5 )iis %
BELRWERESR ENESIN —F LTz, —5T, pH 2 28 25 FMERELDIESIX
MGDA(13.1)>EDTA(12.9) > EDDS(8.4)>GLDA(4.6)>HIDS@TH v, ThZNDF L— Ll
\ZHUT D ERREEER, B LT 1 N ASEIR DR ORRFE D ZERICHIR L CIES 58 R
b7z,
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Figure 2-8: Conditional stability constantf ) of In*-chelate complexes.

-53-

Chapter 2 — Determination of stability constanbaidegradable chelate and indium ion by potentisiméitration



F2wE — BAEMEICEDESEX L — N VT LA F DA REROUE

—J5C, EDTA, EDDS @ & 9 72 bl A ¥ 7 A & OFEEREEN K& 72 % L— MAITIT,
FRPEREEIC BT D InLH $5A DR ER A HEE R RO DL T LR TERN>T, ThbD
FL— NN KD InL $5RIE, @WRIFLE L ERE b7 OREME SR & & Te AV pH &P
TXEANTAEL, InLH SEEROAERIIRUNE 72D, AT 2RO 3 HEIN/NE N LI,
ZOSEEROAERRIER T 2 7 1 R AR REOFRRE RN ED Z L &R L, HE
HFR~OF TN E < 2D, e TERIICH DAL EMRN D, BU/NED InLH §#ik %
FET L ENHEEC o7 EHERZR S NS, £72 In-MGDA, In-GLDA 2D EN B 5 i
T BB UESUTH0. LR OO R X 23R EA B AT, 2D DX L — MO E
TIE, A ¥ 7 DEEROIAK IR o THRAAHTIZ 2 Be OB HE R E IR AG DAL, 4%
HRRIC L D ERIE L FHBRED 7 4 v T 4 V TREMETFT LI ZE 2605, LD, i
TE MR OO BRI & SR 2 TN T 0 v T 4 v 7 L CRB-FN 185 O 854 e S %
RET HDAFIEE, 1) BN TH 2850 GRE IR BDIC S WEER) & 2)
TR E MR A - 2. 2 SR DFEMT DR BRI R EEIZ 72 2 FTREME DS R S LTe, T D K D 7235
BT, MESRME (FLr— M, &BRA A RE, WEATRE, WMEMM) ZUML, XV
FEMTICHE L2 E MR A5 0 LERH HTEH 9,

2:4: F2EDPELH

RETIE, VT AZNLNTHDLA VU LEINEIRBEROREMT —2 & LT, Fifitkommn
FEITH DAESMET L — Ml (2-8 FaF%-33-14 3/ ZanJfE: HIDS, AT /L7
v R MGDA, L-7 v 2 X UBE-NN-FREE : GLDA) & A VU LA T DERAERE
A RGE LTz,

TEFEBROKER LA Y v A% FHEFEA 60 s L F OGS, HERFHICE LRV -
ARGER DFHREEITIRE S hole, — K THEMMEA 150 s EOBE, RIEAT S -
Fefl ik 38 DB CRBMUWR IERR DB Ui, £70, A AU mmEEFEEA & LT sz iik
AV T LIE, KEERTTA DT DA F 2 LRI E S L, S5 ERERDORE & INEEIZ LT,
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HAb T U O A ORBITHEE S ) U L&AV D 2 & T, INEDTA 85RO AERER DR EIZIS U
TRRICIRE SN EZBIETH o7z, AR TIE, HEMXFMZ 120 s A 4
TR IR VO N EED T, L SNTERIFEDO T TIRESNIA VU LA T e F
L — hAI O s A Bk #: InEDTA(24.93) > INEDDS22.19) > INMGDA(19.90) > InGLDA
(14.81) > INHIDS(13.09)CH Y, R UL 3fliDEEA 4> ThH D Fe-F L— MBS RO~
NEZ & —F LT, ETotECl M O KIS TIEA ¥ 0 h-F L— MEIEERIC T 1 F o0
b Radv B UKo A 2) BN UTZ8EAR LR L, ZhbaZE L T-heE, Flxid
pH 2 D/KEEHEIZ 1T MGDA(13.1)>EDTA(12.9) > EDDS(8.4)>GLDA(4.6)>HIDS@/2 % 4
AR E R DINES 2 15T

AREFETIE, BALEME-FMEF RIS R > TESMRIEX L— MR LA DT LA F 0 DBEE
RERZ T T2 Z ENFRETH U, ARIEDELSFRMEF L — MR OSEAE RSB B9 2 LAl
T—EEWNETLFELELTAHATOL Z LRI,
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Cha DLEr. 3 Selective Reco very of Indium from Non-Ferrous-Smelting Dust

31 #F

AV LE, BT AL RAEICARAARTH LA VT L-Z @AY (Indium-Tin
Oxide: ITO ICHHDLT A Z N E LTHEX LEBELREGRITETHY, WKM7 4 A7 1A,
K BINEIILS BERD H[1]. A > V7 0%, Jiehss ; BIMEndis & DIESLE Bk

22 < EEN[2], shouisn O B TR O HEH S 2 SSRGS IES B4 2 T

(Non-Ferrous-Smelting Dust2» S EIAERY & LTRSS TW\W5, BAE, HHRMGEED
80 WA IHE T DIMIEDA VU MHEETH D — T, ZOMAEITFESMNE D S O ATk
FLTWD, A YU LOEEFTHE NRILME, RERE, o7 R S0 —HoEIC
HEINTEY, REEK- - BRECOBANOA VU LA EEHT LR HERSCEEY
DODRANLEEN TN D,

BHE AL A & DBEFED O A VU L BT 256, MEAEETH L & LI
ZEDO~ M) I ARG ORMENEMETH D Z 6, BiRE L THHT 256 OBREMOfE
RNKNEETH B3, 4, FIZIXITO A7 T v T OFEE~ N I A THDHAXE, EDOILFEH

BOREBMEDN S A V0 LA E NI LTV 5[1], £728%, #, HEREDON—2 2 4L
N <IBAET 2%, MEHEZZEITHET 572D YU ARIO 22 2 SIS %,
HE, AAROEPGLL ARhE) (Z&mSALDOA U LB HHIA EFET DR A B Ok A
BALTWDR, AP0 LzBIIT &5 FISHERDNEETH > 7272 2006 (2P 1L & R %
< ST,

I ORFEE NS A DU LzBlild 2 & LT, ITO A2 T v 71, 5-7]; KR
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T A A7 L A[8-10] ; = F v ZBEFM[LL, 12 k5 & T 2 FATHIE N HE SN TR Y,
Bz 1T Liu 51390 C; 1 M HSOu iz X D, Btfb/KRIRINC K 5 2 XfrZE, dHnhiiz
X 2B ICHB AR TITO DA VT L% 97 UEIIL L CTWH([1], £7- Park b DA TIE,
RUHCE =V EEFF L LT360 CTA I AEEFL, WmT 4 A7 LA HPIcE
ENDHALTVT LD 66.7 W EILL TWH[8], Li HiX, FFEBEBF A ho—FHTH 5 lidh
RigR & 2 MZER bR A & LT 5.1 M HSQy; 2.5 % KMnQy % 90°C D INER - il S
THEAL, BENDA YT LD 0 WA LEEZEUNT HFELRELTND[2], Z<DA v
DU LB v AL R, BRI E A Y T AR A AT D T2 k)
T 503, BBEHOFE LWEFbZ 72 59 2 & RSN & RRFEMEOBLR ) B
RS A, EEMEMEOEHHRAE ENTWD, FRITEREMED SO TR DB S 5 FEEE
PR A MMIEMEIAL T TH D720, MO BECER T HEIN = A FORE I NHEH
REDA VU LZGZHT L0 O6TERE L TOFEMIRLERIS TR,

PRI T DA & LTHVRCEERR, U U BRRT L— NAIRWE L A ORI 238
INTEY, ZALIFTHEROBLA TIImEERH IC KT nW—757T, & 0RRIaH <
AN O FAERM A2 FHE & 95 7 EBRROMEREZ § O,

RIFFETIE, (VU LEGRRFIAGRE UCHSBES 2 b, FroghRssiictEo <
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3:2-1: AM -HAE

PhidpRi A 2 M, AARENOIESIUSEED B Y S L7 ER B2 v,

T ARTORIETFARLL EOFED & D 2R REFITH Wz, =F Lo 27 I Rk

(EDTA; BIS(LZ:, HA, AA), 3-& ke 2,2 I /7 a7 (HIDS; A AARE,
Kb, AA), =FLoorIr"ansig (EDDS; TH#F LA b, KBk, HA), L-Z/v
X UP-NN-TFEE (GLDA ; HURERk, HO, AAR), AF 7V "Filk (MGDA ;
BASF, Rhineland-Palatinate, Germany{ X / VHEEZ (IDA ; FH=FHEWFZERT, REA, HAS),
= h U =FER (NTA ; BOERR, HOL, BAR), Y=F L U7 2 U afik (DTPA; B
WAL=, WA, BAR) 2% L— hElE LTHWE, HfE (HCD, fidfE (HNOs), Hifi# (HaSQu)
T, BRI FROFERBESITAO b O & Az, fhitiko pH &I, 4-2-8 Xy
TFNW)-1-ERT VB A)NVR VR (HEPES; 7747 A7, KK, BHA), N-hU &

(B R AF)0)-3-7 2 ) a2k i (TAPS; MP BiomedicalsSanta, CA, USA,
v ru~¥U T I Fasr AR (CAPS; MP Biomedicals Santa, CA, USA, it
B2, HEERD- N U v A (BH(LZ:, ML, HA) ZREfAl L L THWEE, ICPIEEOITEEIC
K BuEobrcix, ERERENC 234 Ec#E (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu. Fe, Ga, In,
K, Li, Mg, Mn, Na, Ni, Pb, Sr, TI, Zn,5 % HNO > 7 7 7 ./ ) % 1000 mg/L e ICP Multi
standard IV (Merck KgaA Darmstadt Germany % 0.1 M HNG; THR L 726 D& H =,
FTANTOREOFMIZIZ, Arium Pro UV (2 L 0 RS 7otk (FeithisR> 18.2 M cm)
Z W,
322 HEERER Rl

IR OB, IREERY =F L o BEEER (Nalge Nunc, Rochester, NY, USA%
W, PIHZERICIE, R x=F L (PE BEEB I URY e Ly (PP REE D7
R4+ (DigiTUBEs; SCP Science, Quebec, CanadafiV 7=, IR DU =F U 3 — (HIT,
AAR) #o~A r7nbe Xy heFoTF ez, ERgEIE, EHENCEZNAZEIL 24 h TV
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7 ) Weidii (Scat 20X-PR 747 A2 5 Kbk, BA) & 24h3MHCUZRIE L, #ffK
THEWEbDZ RS THW,

TLESHTIZ, ICP R (ICP-AES; Thermo Fisher Scientific, Waltham, MA, USAZ
=, ICP-AESOHIEX, RFHT) : 115 kW, 7T X~ H A& : 12 Umin, Fx U 74
ZEE 1 Umin, %7 T A VU AR 0.5 LUmin TlE iR : 30 sO&M: T~ 72,
AEFOARFERI 221, — L — B Ot X #R70HT 2 1E (EDX, Oxford Instruments; Oxfordshire,
UK) %A x 7= BB R E AR E - BAfEE (FE-SEM JSM-7100F, JEOLCqo #UR, HA)

KON X BREIHTEERE MiniFlex 600 (XRD ; U A7, ®ET, BA) ZHWi-,
323 V4 2 ORI HE\CP BHMTICE B LSD DLELNMT

LSD 0.05 g%z PTFERA~ » & /LIZFF&E L, 132 MHNG ImL, 12 MHCI3mL 27 MHF 1
mL Z s & LTI L, ~ A 7 o lin#Evy ffd & (Multivave3000; PerkinElmer, Waltham,
MA, USA) 12 & - TIEEE /i (FIEFER - 15 min e KT 1400 W, B KIREE @ 240 °C
~ A 7w ERSTEEE] - 120 min (2 L7, SRR, 30 mindin D D 512 5 % HBOs 10 mL
ZAEHZIIN L7z 9 2 THOFIRKH © 15min & KHIJ) : 1400W, FKIREE : 240°C <~
A 7 vl FEETRERT © 30 min DIEERSLAFE T~ A 7 a A RE L, BRO T vbKkFHE ST 7
At BFSIZ~ Ax 7 Uiz, Zf¥ix 50 mL PPEGAERE (DigiTUBES) [Z2BHE L,
FEMK 2 - T 50 mLIZER Lz, 56N 0 fEiRICE E5eEIE, ICP-AESIZL Y
ER LT, LSDTIZE EN DBy DO CusplE, IROA (3-1) (276> TEEAE LT,

Cd.sol. X Vd.

Cusp [mg/kg] = m

(3-1)
72721, Cdsol. 1 DREE T O RIRE[M/L] ; v, - FHHEHE OB E[L] ; m: LSD H#&[kg] T
»H D,
32:4:LSD DF L — PSR

LSD 0.05 g% 50 mL PERLE R ISR L, 50 MM L — &l 5mL LiRA Lz, IBEW

% 25 °COEIEFMN T 180 rpm 24 hiRiZ L, % L — MADKIRICE&BR Y 2 Lz (F
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L— i), BB L, 1820xg (3000 rpm DL AyEEICHE L, B AR F-IRFFRE 1.0um
DIREELVE—RAT AT MR T L7 4% — (Advanteg B, HA) ZHW7=K5|
AT L - Tz, BONTIRIREZBHAK T 10 AR L71=1&, ICP-AESIZ L > Co&BRE
EERLE, ZOLEOXL— MERICE DEREMHERIE, koKX (32 MHERELE,

Csol. X V

mx Crep > 100 (3-2)

Extraction yield [%] =

72721, Csol.: IR O&EIRE[mg/L], v : ROV E[L], m: LSD E#[kg], Cisp:
LSD 1 D4 @ iR EE[malkg] Td 5.
3-2°5: LSD D#EHH

LSD 0.05 g& 50 mL PESEILE ISR L, 1 M HCI, HNG;, Ho.SQi 5 mL & FnEniEE L
7oo FHHIIE 324 & [AIERIZ 25 °COIEIRAEN T 180 rpm 24 hiR%E 35 Z L2 &k > TITWY,
EOATEEE W ARIZ K-> TR b EEA T OERIRE A ICP-AES IT X » TER LT,
i =EOFHREIE, X (3-2) > T o7,
3-2+6: LSD HEHDKEIEYIC S B 2 FI T

IRAEEHA] (0.2 MHCI+0.4MHSQ) (2L % LSD Ot % 3-2-5 HOEIEIZHE - T T
W, RO pH & 10 M NaOHAKIEIR DIRINC K-> T 5 IR L=, 15 bz ibiEy 2 ki
FARFFRE 0.45um DA L T LV T V2 — BICHI#E L7292 T, 800°CT 3 hizfsH7z,
—#Z Tk 1mL (12MHCI0.75mL+13.2 MHN@0.25 mD (Zi&fiE L, AR DOFLLE ICP-
AESIZ X > TER LT, £k %E XRD ATt L, X BREHFTZ = b EEN D4

B A2 FE L7z,

33: BERUVZZE
33:1:LSD DF+SoxYtE—>3>

LSD 7513 D& B ILEN RSN, BICHEELRTL WL EOSEEL R LS DT,

o, High, A YU LATHo (Table3-1), Ay (50.1% & LTIEA RITVL, T
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VUL, i, EASRA, ZUULRED N, RIS EOSEITHFEDOEFHILSD1gH T
D 286 mmolTdh o7z, E7-#0lt X Mot O R, ®IREDORFE (23%), Hizd (3% 233k
&gy & LTI S 7=, LSD 78 galena, anglesite, sphaleri#gd it/ ik A4 D BERKIZ X -
THRATHILEEE XD L, LSDICE EN L BEAIIR Y, by, gk, S{mo
Ehex o2 LML S LD, FE-SEM-EDX #2440 51X, LSD ETH um X7 — /LDt
FORTETMR ST, LSD BB —MORmWERETH 2D Z LR Sz (Figure 3-1),

F72, LSD M BUUE L7z X #RIEHT/ 3% — % Figure 3-2a (2R, @2 B 5 =R
INB—THEBREI TH Y, Eo—7 OHBINE— PN EHETH o722 LD, LSD H
DA JE T DARNRE G & 15D TR b Pl &2 Sk L TV D & B X Bivd, —J7 Tl
NE—rDO—E8I%, Rivgh (Eigure 3-2d) & E&fkén (1) (Eiqure 3-2b) D/ — & —
ERLTWZZ Lnb, LSDEED 4E1 % 56 28 R, ik & L TFET 2 Z &8
TREINT, L LRRDL, [ F = OEHES NG, Hifh, 1 YU LzgietOMo

&R DL FIRRORIE LN THh > 7o,
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Table 3-1: Metal concentrations in LSD by microwave-
assisted digestion / ICP-AES detection

Metal Concentration [%]2
Bi 0.195+ 0.005
Ca 0.59+ 0.01
Cd 0.62+ 0.01
Cu 0.234+ 0.005
In 2.64+ 0.06
Pb 40.6% 0.7
Tl 0.13+0.01
Zn 5.7+ 0.2

3\/alues are indicated as average * standard dewjatio 3.
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Micro-scape image

Pb (Ma,:2.4keV)
’ (x1000) :
o, [

S (Ka,:2:3 keV) _

[
B

253

S04 m ETEEEHR 1

Zn (Ka:8.6 keV) In (La,:3:3keV)

SO m BrlLal2

50 tm ZnkKal S0um InLal

Figure 3-1: FE-SEM/EDX observation and element mapping image
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(d)PbBr,

(c)PbO,
5
=}
>
2 [(b)PbO
c
)
1=
. | T W ,
(a)LSD O:PbO, @:PbBr,, ¥r:Unknown

10 20 30 40 50 60 70 80
20 [deg.] (Cu Ka)
Figure 3-2: XRD pattern comparison of (a) LSD sample with (bP8 salts, which are (b) PbO, (c)

PbQ and (d) PbBr.
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332 FL—FHFICLSLSD FEELG DL
LSD ICEEND BTG, EO ThH L8, #Hen, PV LMIEALT, fHxd
FAEDF L — MRS 2 Al 2B & Rt L7z,
(1) FLr— MEOBHE
B L — Rl (EDTA, IDA, NTA, DTPA) & 43RS L — R Al (HIDS, EDDS, MGDA,
GLDA) %Z&ie pH 7 OWHEAIZ LSDICHEA LI 24, A1 YU A (4~7%), #ifh (20
~22 %), $h (92~100% IDA Zfr<) & ¥ L — MR K AR OZET/ NE D57

(Eigure 3-3a), F£7oA > P07 L-F L — M EIOFJAFEEEREE log pin” & HIZROFARS &2

R 2 A, EAEREROHMHRIZE 2 2B TN THHo T2, FL— FHNZX 5 LSD

D& R Ay ORMEENE, IR OSEE LA DL FROGICB KT 2 & E 2 b5,

(2) F L — MR DRE

FL— MEFIZBIT 2% L— MRE E&BR O ELZR 2L 25, ldFL—
MElOFEFEZ T, ¥ L— NAIOREHEINICR U TR EEM L, 50 mM LA
Eox L —RFANCZL Y LSD M6 EREMIZERD LT (Figure 3-4a), $HhDF L— FEEIZE
F AR EEN D, GBS OMBITEREEICHE YT 5F L — MIAHEHE L TYThbh b
T EDURER ETZ, BITE 3-3-1 705 LSD oA @Ay DFs X 2.86 mmol/g: BAEED b
TEY, &FLXL— AR 1: 1oL THIG (X33 5L RELEEE, 1gD
LSD H 4 @ 23 $EA R D 72 O I BSR4 5 % L— A 750X 2.86 mmol/ige 3HE 5 = &8

TE %,

Y4+ M™ — M-y @ (3-3)

L7225 T LSD HO& RSy OMHIZE T, & L— MK E LSD OIRA A 100
mL/g D&M TIE, LSD OB NERT 5 F L — MIREITD < &b 28.6 MM &5
BEhl, —FTHighe A U LAOHMPRIL, Eimbiic s 72 50~100MMO ¥ L — |k
FlZAWTZHAICB N T HENEI 26 %, 8 %L FIZHIRSh (Figure 3-4a), ZiuHD—
RS LSD FH CHIHNZ IS A LR WRRE CHAET D S &b,
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(a) @ In (b) EY(%)=0.02logB, '+5.4
2 _
120 10 R2=0.01
'_'100 sl
X X )
T T
2 | T 6 ®
S .; /
= 60 - ° ‘ L
) I ) o
6 Jc; 4 |
g 40 g
X g |
20 2
o Lk [ i % Ex E 0 P R R R R
EDTA IDA NTA DTPA HIDS EDDS GLDA MGDA 5 0 5 10 15 20
Chelate log B; L'
n

Figure 3-3: (a) Effect of chelant variation, and (b) Indiumetdite stability constant on extraction
yield (%) during chelant-assisted washing treatnoéritSD. Extraction time: 24 h, Solution pH: 7,

liquid solid ratio: 100 mL/g, temperature: 25°C.
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(3) HliHmEE oD R

FIRFE (25 °C 1XUE) 2B e Eams offittiRoRRE2 {4 Figure 3-4b IZ7R”7,
g L HERORHFITT XA TOF L— MIZHWZSEAE T5h NI EEISGEL TR Y, FFRC
Fh1X 5 h INICERMICHIH Sz, 1 P T AIZEB W TIE EDTA T 24 h AN itk g

PR HITZAY, EDDSIZ LS A 2w LfliHIE 156 h (1 week iRy Rl C RN RE 2 58
bivigmole, APy AL, BOBUSERRIZSEL STV D LRI LD,

(4) VeiFiRlZB1T % pH D5

FL—MIEGERNT L b — L E& T, pH3~11OFFHNIZI W TR/ O

=R I pE > T L U MEsEI T & > 7= (Figure 3-5a), BAMEREIR O AR I B EICIFE
T HKFEA A (HY) & LSD Kii DM AN —&JB LG OERRCR I A[14]72 12XV
SRS OMENEZ o7 B2 BN 5[15] (K 3-4)

MxOy(s) + ZH™ — xMn* +yH>0 (3-4)

HaY — 4H" + Y* (3-5)

—J5 T, FL— MEIOIFLE T TR O RIIRE SERVE L 7 v U o5 THY
MU7, 72 & 2 13digho EDTA I L 2 HHHERIE, pH 3; pH 11 TENEI 32 %; 24 %ThH
D, pH7IZ8BIT % 18 W& LlAl-> T\ b, BRMEOMHEHANC X - T 34 IR &SN D EMND
EJEA A DOEHMEE S, pH 3 TEWHIHERMG LN EHERIND, L TT D
UMHEOEMETTIE, X3 BITREND LI ICF U— NIOEERBENEIT L, &FA 4 1oxt
T ORMSEAERER Kimy D REL 2D, ZORRIET AT VTR, F L — MIOSETEHGE
MREL Rl Z L TRBATOMBENPEIN LB bNL, B#lT5L, FL— Mk
B K DB BE ORI, BT A VHESHMETH Y, LSD O JERS DHRFR~
DIRFEIE—TON T, BRSO RE—2 % L — MRS OMHEE K& < Kldd 5 L
I D[16],
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(@)

—m— EDTA —e— HIDS —A— EDDS
10 120 30
In | Pb i
= 100
S ]
© ]
3 80
2 |
5 60
2 |
® 40
*>'<' i
w 20]
0 T T T 0 T T T
0 20 40 60 80 0 20 40 60 80
Chelant conc. [mM]
(b) —a— EDTA —e— HIDS —— EDDS —e— Control
20 T 120 40
In { Pb | Zn
—_ 100
S 16 | 32
% 80
2 12 1 24
c 60
= 8- 1 16
c 40-
">—<‘ ]
W 4 20 8
0-—0——60—0—%6——=0 0-—o—o——6—0——= 00— T T T T T
1 2 3 5 24 156 1 2 3 5 24 156 1 2 3 5 24 156

Extraction time [h]
Figure 3-4: Effect of (a) chelant concentration (extractiongi 24 h), and (b) extraction time (chelant
concentration: 50 mM) on extraction yield (%) dgrichelant-assisted washing treatment of LSD.

Solution pH: 7, liquid solid ratio: 100 mL/g, tenrpaure: 25°C.

-73-

Chapter 3 — Selective Recovery of Indium from L®@aelting Dust



FI3E — FEHEEEI A NMNIEEND A VU LOERRMEY

(@) —e— EDTA —M HIDS —— EDDS —6— Control
30 120 40
In Pb 12Zn
100
= 32
S ]
ke 80
[ 24
>
z 60}
% ] 16
40
i g 1
X ]
Lu 20 8
0 T ) 0 T T L))
3 7 11 3 5 7 11
pH
120 50
] Pb 1 Zn
— 100 |
§ | | 40
o 20 D 80 1
o | | 30}
>
c 154 60} ]
% | : 20}
o 10 40+ |
i 54 20— 10
0* 0 L O T T L TTT
0.1 1 10 01 1 10 01 1 10
NaOH [M]

Figure 3-5: Effect of (a) solution pH (3 to 11), and (b) Na@#dition (0.1 to 10 M) on extraction

yield (%) during chelant-assisted washing treatnméritSD. Chelant concentration: 50 mM, liquid

solid ratio: 100 mL/g, extraction time: 24 h, temgdare: 25 °C.
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Fio, KT FU DALY pH1LLL EosRT Vv U PRICHRR L7tk 2 vz & 2
% (Figure 3-5b), EDTA, EDDS % i\ 7= 0.2 <CnaoH < 2 M DM TIEA v ¥ 7 2O M
IR BN o T2, IN-EDTASEA (K= 8.91X 1074 DAL L W & KER{LA > 27 A In(OH)s
(Ksp=1.26x10%, X 2:6) ODAEWMNBESTHLEDEEZEZ LD,

In®* + 30H — In(OH)s(s) (3+6)

0.1 M NaOHLL Es® 7 v 71 U SAFIZd T S8, #En ORI, (P UL L L TK
ERMEER LT, T VA Y ST, 2RO RESYOE Fu ¥y REEL (e.g, Pb(OHY;
Zn(OHY?) MAERR L, BVEREZ R T2 B2 bivd, £ b— MElomigRE (X 3-
5) AT 5720, FL— MEIOMFE F CIRE WSS E R ERIC KT 58, Hiro S
7R D RERO AT [17], FRNT AT Y T2 VD F L— MRS T, @B &K
Bt A A4 > OMAIEMIZES L, @B OIFIEROZLP I RICRE 842 KT L T
WD EHERSINLD,

Lor L7273 b EDTA U, (bS53 R - S b - AR 3 R Z LUWMEB I TH D, BREE~D
FeiR & AIREZRER 0 BT 5 X & Th H[18-21), — 5T, £ fiEMESF L — &l EDDS & HIDSI9,
22,23V, 57V Y S T ORI LT EDTA B Lol iz~ L, Zin
DR EFIZAEZ Th o7, 7272 L HIDS X, 7 A0 ) FIEFTA o0 A0 AR L
7= (e.g. 0.2 M NaOH: 5 %, 5 M NaOH: 20)%

LLEOF LA S, 50 mM EDDS + 0.2 M NaOHe & Eeflitik &2 v 5 Z & C, 5h DI

E0A DT LEZDOMDERINIT DOFBERFIRETH D Z LN A ST,
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3-3-3: LSD D#EHH

RIEZHE L= % L— MEHIC L o T, LSD H O E EREMICERE, 1 YU A Llifh s
BEFEICIRMET D Z EDBARE Ch oTe, —H T, 4P U L L HEROBTRIHIIRNEECTH -
Toe Z 2T, FFRIZEEND A D0 D EEIRIZHBET D 120 OB FI ORR 21772 o 72,
(1) BRI DRE

fi§f% (HNOa), M2 (HCI), Hiifg (H2SQy) 12X % LSD @Ay Ot kA 7o & 2 A,
A VT LOE B AEERIISE M 5 Mg, fERRIE>1 M ORehhiHAl 22 L7 (Eigure 3-
6), HifplEL, 1 YU L ERERRORMEEIZ R L2, $hidmigah AN L 5223580 6
Niphotz, K3 TITRENDHEES (Kep=7.2X10%) DAERIC L v FiHAIHI SN &%
ZBID, [FERIZENE 0.1~1 M IERBIC K- THE(kER & LT3k L7223, >6MEL Lo
BRI L > Tr mudiRa ik L L7 (X 3-8),

PE?* + SO — PbSQ(s) (3-7)

PPt +2Ct — PbChk(s) , PbCk+2Ct — PbCk* (3-8)

(2) IRERIZ X 2% LSD W4 il oy O Hl H—T82 O AELRL D At

Rt AN K 2 A @Ry ORIHIZhHRIL, HEED B b TV 2, — 77T LSD HtiEk
Gy DREE % D L8t U TR ISR R 2 R OB Ik /I CTdh 5, 2 Z THRKHEA 4
VIRE A 1.0 M ICHEE L2 SR T, SRR & HilE ORI 2 T LSD Ol 277
(Figure 3-7a),

BRI E A2 2 & TR 3.7 (2B DA 4 v Ol A 4 I L0 ghoodh
HERIEID U, Chzsos> 0.4 MTHIINIERE D Dhvie Ieolz, —HTA YU A, HighOh
HITRREE A A, A AL OZBEITHD LT ERN ThH o7z, LLEDZ &b, $heZ
DA DA B Sy % 5y BlES 5 Bt 72 BE O FARL & BiE 0.4 M + B 0.2 M & ED 7=,
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—@— HCI —#— HNO; —— H,SO,
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=

o

o
|
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Figure 3-6: Metal extraction yields during mineral acid leaghtreatment of LSD. Liquid solid ratio:

100 mL/g, extraction time: 24 h, temperature: 25°C.

-77 -

Chapter 3 — Selective Recovery of Indium from L®@aelting Dust



FI3E — FEHEEEI A NMNIEEND A VU LOERRMEY

(a) [HCI] [M] (b)
—— In —— Pb —&— Zn
1.0 0.8 0.6 0.4 0.2 0
120 ! | ! | ! | ! | // 7
100@% |
,c\i g ;_ ]
e 80 .
Q
=
5 60 .
0
© i
£ 40
LL |
20 ]
0+——F ‘ —i— ~—H3 -H—8—0
0 0.1 0.2 0.3 0.4 1 0 5 10 15 20 25

[H,SO,4] [M] Extraction time [h]

Figure 3-7: Extraction yields of metals (In, Pb and Zn) durawgd-leaching treatments of LSD (a)
Effect of varying HCI/HSO ratio (extraction time: 24 h), (b) Effect of exdtion time with HCI (0.2

M) and BSOy (0.4 M) mixture. Liquid solid ratio: 100 mL/g, tgrarature: 25°C.
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(3) {REEIC X 5 LSD H4p @ i sr o filH—Hhb B ] O 1 et

Wif2 0.4 M + M2 0.2 M Z S Al AN & 5 LSD gk sy offiHIc 31T 2R o
AR L (Eiqure 3-7b), MignoRhHIT 12 hiffi@i s CF My (=R : 97 %) |

e, ATy AORMETES GliHE 094 % ICELETIZ24haEH L, LEoZ &
5, LSDH DA U LD FGE S FESIE 2 Wi 0.4 M ; JalE 0.2 M ; iR 24 h & @ L
7,

334 KEBIEYIRICE B4 >0 LDEIR

A Ty L EHEROSEEE, W OREL LI AL FRIZEEE )N B L— MR & e T
HTholz, A VT L EHETOKBRIEIX, KIZK L THEMEOH & UTHFEET 5~ T,
W OEMEERRIIRE 2D (K36, Kspnors=1.26 x 16" mol/L*? ; X 3+9, KspznoH)2
=2.0x10"moP/L®) 7=, KER{bLMA A L IRE, TR HEIKD pH 2S5 2 & Tl#E
OSBRI CE S, £ T 3-3-3I2BWTHELNT LSD OFEMEIRD pH ZiH%E L, 4
VAN DL N

Zn?* + 20H — Zn(OHY (3-9)

BIREREZ R LTl R 2 L —a VT, A YU AL HiERRE I pH >4; pH
ST ICBWCikEaE AU 5 Z EvRrENT- (Figure 3-8a), L7=A->TINb &2 ETIEKD
pH%Z, 4<pH<7IZPRHET 52 & THBENFREL B2 b D, LSDEEfhH# (pH=0.2 @
pH Z 2t S 7RO, ILBIEICRIT DA YU A L #igh D5l % Figure 3-8b, ¢ IT%

IEIVRT . pH>2IZHBWTA 2T ORI A CiRD, pH=5IZ8 W\ CibEEITE &R
Elpotz, —JFTHENE, pH>5.4X VRN E U7z, o T, Kb F MU o AEIKIZ X
> TR % pHSICFREE T2 2 & C, WHEDODEENAIRETH - 7=,
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Calculated simulation ® Ny A 2N ® Ing A Zng
1400 -
a b c
| ® 100 ) A ©) ." 100
1200 0 L, A °
] i Zn i A [

% 10004 : — 80+ ° A g T
S In > g
© 1 — E A A _5

o =.
D 800 = i A | =
€ < 60 A 60 &

. p : . 6.
2 600 ] I 5
5 = AA o
g . ‘o 407 Y A 40 g
O 400+ & i
n : o 3

| s A [ —
200 20 °®
O+——T O+ T e-®— Mﬁ—ﬁ—**()
0 2 4 6 8 1 2 3 456 7 81 2 3 45 6 7 8
pH pH pH

Figure 3-8: Separation of indium from zinc using the hydroxmecipitation technique. (a)

calculated simulation. (b) residual ratio (%) ie iqueous medium of the supernatant. (c) predgaitat

ratio (%) during hydroxide precipitation.
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336: FL— FAFBIHH-KBIEYTREMAEDUEAL >0 L DERFIEIR

ARETHE L% L— MR (3-3-2), et (3-3-3), Rlibkk (3-3-4) 7 HiFbi
TR A HAEDET, b OBEZZRMICEA LT LSD FIZEENDLA T T LD
[l A 57~ 7= (Eigure 3-9),

LSD 9.9968 g& HH#EMW'E & L, 50 mM EDDS + 0.2 M NaOH»» 5 72 % 1000 mLDHhH i
% 25°CTCS5hEHEE/E 24, LSDALITE A EEEMICHDIRE SN, Fiodfifho
229D BRI — 5T, A Py AT ST A X b RICRME S vz, Hi T, LSD
DF L— MEEFER 1.775 g2 0.2 MHCI + 0.4 M HSOy 72 5 72 D s i 178 mLAE RN L,
24 h, 25°C Tl 21172 o7 24, A YU s (L1g/lh) Efigh (2.1 g/D) % & ekl
HE S 57z, LSD BRIz %t L C 10 M KRk R U o A% N2 T pH5 IZFR%E L Cik
) 1.0463 g 1372, LM A BRSO fRIICP N AATICHE LT & 25, 0.23gDA YT Lk
0.03 gD HIER A FRD AL, A T LAOARRENHET 88.2 %CTh -7z,

Figure 3-9 12X 5 A & P07 AOBRMIEINEIEICR T D, A VUL i HshOWEIN
X% Figure 3-10 (2”7, 7235, KFOWENZOFEIZR DA 3-10 I k> TT R > 72,

m

Mass distribution [%] = Moaw + MALR + Mipsup® Mmoot x 100 (3-10)

X310 (2B WNT, m: BHESTOBERE, meaw : F L — MEFIZ K DBRERES, mar : B
T3 D 5B 7Y, mupsup: KEEILWILENZ361T 2 RIEAABSY, mupppt: KERETLEC
KXoTHE LB ZZNENRT, AU AIBWT, REGOA T AR
96 %CTH Y, 5 H 88 WIKIALMTLEIZ BRI/l S T,

BonzEE X BTt Lz & 25, BlbA > YU A (Inp0s) OE—27 N
Do, Bk E LTA Py AoRIDHER S (Eigure 3-11),
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Lead-smelting dust
Initial sample weight: 9.9968 g
Component weight ratio (%): In, 2.64; Pb, 40.6; Zn, 5.7

50 mM EDDS
0.2 M NaoH 1000mL

Chelant-assisted extraction

%
Supernatant 5 h, 25°C, 180 rotation min-1

Residue
(Drying at 105°C for 3 h)

Chelant-treated dust
Reduced sample weight: 1.775 g
Overall separation ratio (%): In, 100; Pb, 2.49; Zn, 78.5

0.2 M HCI

0.4 M H,s0, 178 Mk

\4

Acid-leaching
24 h, 25°C, 180 rotation min—1

|

Acid-leached elution
Overall sepatration ratio (%): In, 91.5; Pb, 0.04; Zn, 63.8

l

Hydroxide precipitation
By adjustment of solution pH to 5

Residue <—

Supernatant <—

Precipitation
(Drying at 105°C for 3 h)

Indium as hydroxide
Overall separation ratio (%): In, 88.2; Pb, N.D.; Zn, 5.43

Figure 3-9: Sequential scheme for selective indium separdteom LSD. In the figure, ‘N.D.’ stands

for ‘not detected’'.
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B Mcaw [ Mar Myp.sup

60 -

40+

Mass distribution [%]

In Pb Zn

Figure 3-10: Mass distribution of the major metal componentghef LSD during the sequential
separation process. The symbols stand for thewolp nmcaw (%): metal in the chelant-assisted
washing eluate, mir (%): metal in the acid-leaching residueyr¥ip (%): metal in the hydroxide-

precipitation supernatant,Hslpt (%): metal in the hydroxide precipitate.
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Intensity [arb. unit]

10 30 50 70 90
20 [deg.] (Cu Ka)

Figure 3-11: XRD pattern comparison of (a) Hydroxide precipdat(after pyrolysis at 800 °C) from

LSD with (b) InOs .
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AWFZETIE, FEBUBS X L O—FETH LKL A~ (LSD) IZEENDA VT LD
RPN 2 5 A T, ARFEIZ RV TR, TERYE TILH S 2 Bl A0 2L e I EGRA o
R Z R/NRICE D S 2 & &2 BARIZ, B2 TEMPTEEZRR ¥ L — MO 252 7,

LSD (3 THEHMELFZILEZ A L TR, GENHERO I bERLDOIEFTA Y
v (264%, 0 (40.6%, fHidn (5.7% TdHY, 5 bHEE kins LTHRES I,

LSD O @Ak sy OfhE, RO pH—3 7206, KFEA 40K A 4 & &
By DA EARH, OWTIIEBA D OEME—IZ < 2B 2 2T 7o, £l DRl
(PR, R EICHY T 5% L— Mg FREE SNz, —FHT, FL— FITSE LR
{LEETERE D &2 @ Ak 2y 3R B 7z, LSD (2 50 mM EDDS + 0.2 M NaOF& 100 mL/g 25 °C,
5h 180 rpmTiEH L, 1 YU AZEMICEM L O>OE £ 580D EENFRE L 80 %L
Lo LSD EEOWAE(L & M LT, Bt T, 0.2 MHCI+0.4 M HSQO, (100 mL/g 25 °C,
24h 180rpm ([CX-oTA VUL LHI AL L, HhHKRD pH Z 5IZiREE+25 24T
A VY LOERBENLFEE T - 72,

LU EDREIR 6 2B 3 L— MYl Befii, pH fi#IC X5 0 BE 2 i L7z & 2 A,
A VT LEKBIEILE: & LT 88 YL FEBIRICEINAIEE CTHh o7z, REDRET LA
VU LB T B ATINBEREAZE ST, £72 LSD HED 40 %L LA H D S8R DFREIC
BERDENF L— MESFEMAGDED Z L TA 2P 7 AORRALIC LB 2 B fh R O i
FEHIBIC B Lz, 20 & 9 ICARRFZE CIE, BREEBRAMEICEN 2 EIREIL > AT A& 1%
L7z,
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Cf]éZpl“ erd. Hydrometallurgy of valuable metal and

decontamination for heavy-metal laden Waste Foundry Sand

4-1:#E

AEhFERER CICB T D8R EM oG T, ST ARHASN TV D, i,
Rl B 2 i CHRIE L e RN L, WalEE L CeBRG 2B+ 57 m 82 THY,
RN ATRIE ORI > 72 7 A /) (Silica sand o M A e EO¥sLHY), NA X — L
FEIZI D FHER DU OIREW NN HIL DL, 2, 72 & 21X Green Sand: FEEAL 2 K5 1
AR OLE, AR (85-95%, X2 b Ak (4-10%, Efh (2-1099 2 HAEER SN
%[3,4], = DIF7y, chemically-bonded sanid: 93-99 UE & D7 A Y2 7 =/ —/LftE, =K
XUBNE, AT MU U LREDILEEN DR D NS X —H 13WEA LT DE LT
FIFHESNTWA[S, B, Z 9 Wo o Blbik, KN 8-10[EF &7 vt 2 THuK L Sh
[6,7], FIFARATREL 72D L #5pFENY (Waste Foundry Sand: WF38] & L CHEH &5, K[E
DEFIEERE) S 1F, 4FE[ 90075 b [6,9]0 WFSHMHEH SN THR Y, £/27 27 Tzt
[E72>% 300075 b U [10]DHEHEN & 5, HARTOBEIEMFGT |, WESITILIEFEIEY[11] (150
TRV WA ENTEY, 9564 %S WFSIZHY 325 & ST\ ab[12], Sk 1 k
OEGEN BT XL F 0.5 b D WFSH A U13], BAEEDIK Z 06 HRHOKIEN & F
S>TW5,

PEH S 7z WES O AR ik & LT HIBYEM[3], B9, 14,15] =227 U — Mkt
[7, 16, 17V2 EOH@EMAIES TR Y, BEEMEOHI L B ER ORI D AV v b &k
DEIND FTKRERERERIL, > U U R & BEM A~ 3% 2 & THH 800

ForDiE#E RS ; 840155y O “IRALE PR ; 7.818 0 v DK EDHIBAREL L T,
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WA 2 L2592 Rff 2R T\\W5[18], — 5T, WFSIZIXH EAEt# (Potentially Toxic
Elements: PTBs & L CHlign, v, 8, &1, 256725 ODF/EL[19,20] 15,
OWTITH T AKDIEYe 2 LT MEFE~OEZE NG ASNS[21], DX 57 WFS I
LT, A PE2R U ETHIE- X MEEME L, PTESOE 2 i3 2 JABED R
STV 5[22],

PTES% & ie WFSIZZDOHMEICEAOLNEE 2 —FHT, @RS OFEE, SA&EEI= X
MZE-oTE, RAAOSRERSE L TOFRAEERD TWD, RIS EHR WFS D—
b EIRE TR INA8IE, EXEEMS- N THICEEN T N—AXZ L E LTORFE
PWh 023, 24], ZORRIZHIZe ED PTESZ S AT 5 WFSIE, RIEAMMEEZ AT 5 &R
IZEREIR & L COMEZ O RF2 720, PTESORHFREIZ L » THAE WFS 0222
Ok & AIRFICEIREIN 238 5 & &1, BREEfee, BRI LOBENOEETH 5,

ZOX S RERRNG, WESIZERS T~ ~ M[25], &R FEIEY[26-29)7 £ D [E (KB
WD PTEsZ IRZE, [FINT 23 TR ATRONT WD, FEEMD B DL RN TH
L DWAIEE, WHAOHIEAFARETHY, oI AF—a R hb/hS W7 EHEKR
7' at A[30)%& F ek & TR EORIER S 5[25,31) LoxL7es s, mAYEIC &
> CTHEIKBET D b BBy 2 0BT 2856, £ 3R E LTHW S D OI3FLRR[27, 28,
32, 3BT D, Fulez MM Wi, POSEKRM OB REAZE L <[31], -hLiz%
BOIEMEVE LT DDA E LR, &6, wialZefitiF a2 @9 5 2 & T WFS
DREIRIE—ONTIE, DRAEE—NZ L, BREM & L TOMEERRR Y BN RH 5
[13].

PLAOHHA L Ll LT, ¥ L— MEAWITHE - KKE T CHR 48 bR 5#[34-37)&
LTl &, ERBEMMRNZ L0 UGRIKEOHIER T A W RIEFHEDOE A DT
WFS T O& Bz Bt TE 2 L Miff s, £ 2 CRIFFETIE, HSEERARD WFSIZE
FN 5 PTEs (e.g., 8, #h, Wigh) OBREL, HWRAERE CE N DHORILZE HIIZ,
BRBEBANVE D 5 B N B D BEE DBRR 21T 72 o T, KETIL, InOICWFSIZE £ 5 PTEs

DOFBEEICEE LT, =F Lo U7 2 U UEEEE (Ethylenediaminetetra acetate: EDTAE fli A 12
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EIR L, iR E Lo 7 =7 (Ammmonia: NR) <2, #2002t 5 9B Ao,
D RN DWW THEE L=, F7215 67 WFSHIH R IZERHE T (Electrowinning % i

ML, AffieEoEN AR AT,

4-2. FEBEGE

421 @K -HAE
WFSEEHT, BASHEIA G (AL, A, BA) 225 HkH iz Egke @Bl o
WY 2l Tz, ARG THIWIZBBHE, S OB TIEr A0 (85%), ~» hF A |
(7%, 23— 2% —F (5%, K4 (3% IZLo TSN TV, 72, WFSZFF
AHE (USR-I; BT R s tt, 25, A (2K - T 1~8 IR I EALE L /-0 WFS
Z Tz,
TR TORIEIIFHELL EOMED b OZFHFERETICH W, =F Lo o7 I IUFRE
(EDTA, BIS/LE: ; BUK, HAR), 1/ VEEEE (DA ; RU-RVERIFZERT, BER, HA),
U= =EEEE (NTA ; BRUbRk, 30X, BAR), Y=F Lo b7 I HEfE (DTPA; B
b5, ®at, HA), transl, 207 3/ v 7 u~F 4 U UEHEE (CyDTA ; RU-REHFSERT,
FEAR, AAR), 3-t FuFxi-2,2-1 3/ " a s (HIDS; AAMEE, KK, BA),
LoYT I Zansig (EDDS; HElF LA K, KBk, AA), L-Z7 V4 X FR-NN-FiE
(GLDA ; lELAL, B, AA), A F 71 v v —FHife (MGDA ; BASF, Rhineland-Palatinate,
Germany % % L — hAl & L CHA, HElE (HCD), flE (HNOs), /KE2{EF kU 7 A (HaSQu)
%, BB bFEROAESBESITHB X OWHRO SO 2 v, #itiko pHF#E&zx, 4-2-
E Ref T )-1-t' TP Z AR (HEPES 74 747 A7 3 KB, BA),
N-FU R (BE Re®xAF)) -3-73 ) 7a X 2Lk (TAPS; MP Biomedicals, Santa,
CA,USA), 3->7ua~Fi )73 7usXv 2Lk (CAPS; MP Biomedicals, Santa, CA,
USA), Felg, Fezs ~U oo (BI(bY, O, HA) ZfEmH L LTHWe, ICPF

Mrit@E Iz LB eE o CiE, BEHERENZ 234 )8 t% (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu. Fe,
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Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Tl, Zn, 5 #¥NO3 /N v 7 7/'F 7 ./ F) % 1000 mg/L& e
ICP Multi standard IV (Merck KgaA, Darmstadt, Germahyis J OV % (1000 mg/L, 2.5
MRl Ny 7 7 Z 00 R BRES, 3, AA) % 0.1 M HNG: LT 0.1 M HCI TR
L7=bDZHWE, T TOREOHEIZIL, Arium Pro UV I & 0 LS =Rk (b
E’HiE> 182 M2 em) Z VNV,

422 FELEHE Rl

AR ORE IS, IREER Y =F L BRI (Nalge Nunc, Rochester, NY, USA% /]
Wiz, i FERRIZIE, AV =F Ly (PE ®ERELSLORY Frmr Ly (PP BRI
#+#+ (DigiTUBES; SCP Science, Quebec, Canada/f\ 7=, I DB =F U 3 — (R,
HAR) o~ r7nbe Xy FeF o7 2HWE, ERaGRIL, FHRNCZENEN 24 h T L
7 U BEE#E (Scat 20X-PF, 71 A4 7 27, KBk, AA) & 3MHCIIZ 24 higig L, #flik
THEWE S DS THWEZ,

TEROITIT, ICP RO HTEEE (ICP-AES; Thermo Fisher Scientific, Waltham, MA, UBAx
Az, ICP-AESO#EHAX, RFHT) 1 115 kW, 7' XA~ H A& : 12 Umin, Fx U 74
A& 1 Umin, X7 7 A P H AR & 0.5 Umin, FIEMEZERRE : 30 sSOSMED F{T7e - 72,
B OARBEBIZRIT, B PR L — 3 B0 X B HrdkE (XRF, Epsilon3; PANalytical
Almelo, The Netherlands < ®/L¥—/3Ea X #odrdEE (EDX; Oxford Instruments,
Oxfordshire, UK % fif x 7= B S A B E AR EE 1 BAMEE  (FE-SEM, JSM-7100F; JEOL Cof
B, BA) KONX BREPrEERE MiniFlex 600 (XRD; U #7, # g, BA) %M,

4-2-3: VA 2 OBENEHEESHE | CP BHDHICL B3 WFS DELELHT

WFS 0.05 g& PTFESA~ v 2 LICFF & L, 13.2 MHNG 1mL, 12 M HCI3mL 27 M HF 1
mL 2 s & U CIRIN L, ~ A 7 o lin#Evy i & (Multivave3000; PerkinElmer, Waltham,
MA, USA) Z X > THNEER i (FHRIERT - 15 min KT - 1400 W A KIREE : 240°C
~ A 7w ERSTEER] 0 120 min (2 L7, SRR, 30 mindin D D 512 5 % HBOs 10 mL

ZREHZWIN LT 9 2 THOHERR : 15 min & ARH 7 : 1400 W B RIESE @ 240°C ~
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A 7 JEIRETEERE] - 30 min DIEHES T~ A 7 a2 B L, A0 7 v{bKkEBRE R 7
Ab¥) BESIZ~ A% 7 Uiz, 4fEiE 50 mL PPEGRERY (DigiTUBES) (& L,
MK Z FHWT 50 mLIZER LTz, b ofifisikicas £ b548)EIE, ICP-AESIZLY

Ew L7z, WFSHIZE TN DB D DIRE Cursld, ROK (4:1) 12> TRHRE L=,

Cd.sol. X Vd.

Cwrs[mglkg] = = (4-1)
7272 L, Cdsol. : R O BIRE[Mg/L], v, @ MR OEEE[L], m: WFSE &[kg] T
»H5,

424 LFBIERIGHZEIC S B \WFS D PTEs DL EZHESHT

Tessieet al[38] D J5iL %z AW T, BEFERIICHIHITREE AN R & < 22 D k53 2 f VT WRFSIC
GEN D PTESEZZFRAIZHIH (Selective Sequential Extraction: 9SETable 4-1) L, F1: %8
#18 (Exchangeable F2: Wi B/ RE (Acid soluble or Bound to carbonate F3 : =t
RHREIE-~ > B Rk RE  (Reducible or Bound to Fe-Mn oxide F4 : fig{biz e/ A HE P RE

(Oxidisable or Bound to organic matler F5 : 7%J&#E (Residual (25 L, WFSIZEIT H1F
TETETE & 3T L 72,
4-2°5: WFS DF L — F##

(1) R X Al

WFS 0.5 g& 50 mL PERUEILE IS E L, PeifmiihAl L LT NaOH NH; Z & T 50 mM
FL—hAl 5mLERA L, BAWE 25 °COMEEMAN T 180 rpm 24 hidififRE L, ¥
L— MEIKESIRIC B A oy A Fhi L7z (37 L — M) . BRIHRIE, 1820xg (3000 rpm i

DABEICHE L, B A E R TAFFEE 0.45um DIRA BB — AT AT AR T LT 4L
4% — (Advante¢ HI, HA) ZHWZWG| AW L > THE, 5 b7 EKZEHiK T 10
ERRL721%, ICP-AESIC L > TRBREZERE L, ZOLEDF L — MEFICL S8R
= (Leaching Efficiency: %LE 1%, RO (4:2) MHEHE L=,
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Csol XV
% LE [%] =——=" " x 100 (4-2)
CWFS X rT\NFS
72721, Cso.: I O&BIREIM/L], v: #IEKOEIEE[L], Cwrs: WFSH D4R R

FE[mg/kg] , m: WFS E&[kg] TH 5, F L — MEH%D WES X, PTEsSOIEH MR
S CTHYEE, KERLF R Y T A TpPpHS5, 7, QB L7k TENZEN 5 EEVE#, 105 °C,

3hizsET,
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Table 4-1: Chemical interpretation and the extraction condgiof the protocol that was used for

fractionating the solid phase PTEs from the WFS

Extraction conditions (for 0.5 g of WFS)

Chemical
Fraction Duration Temp.
interpretation  Extractants and other conditions Agitation
h °C

F1 Exchangeable 1 M MgCl> (pH 7; 4 mL) 1 25+2  continuous
1 M NaOAc (pH 5,

F2 Acid solubleé 5 25+2 continuous
adjusted with acetic acid; 4 mL)
0.04 M NH.OH-HCI

F3 Reduciblé 6 96 + 3 occasional
in 25% (v/v) acetic acid (10 mL)
0.02 M HNQ (3 mL) + 30% HO>

2 85+3 occasional

(pH 2, adjusted with HN§) 2.5 mL)
30% HO:2 (pH 2,

F4 Oxidisable 3 85+ 3 intermittent
adjusted with HN@ 1.5 mL)
3.2 M NH/,OACc

0.5 85+3 continuous

in 20% (v/v) HNQ (2.5 mL)
Microwave-assisted

F5 Residual - - -

acid decompositioh

2 The fraction names ‘acid-soluble’, ‘reducible’ afakidisable’ were originally called ‘bound to

carbonates’, ‘bound to iron and manganese oxides’‘aound to the organic matter’ by Tessier,

Campbell and Bisson [38].The detailed microwave-assisted acid decompositimtedure for

determining the PTEs contents in WFS is availabl8ectiors -2 -3.
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(2) WEAR—V I VAGEIZ L 5k el

WFS 15 g 0.3 M NH/50 mM EDTA 572 % pH 9 O flHiE 150 mL% 300 mLAFED 2L
a=7HII LKy FNTREAL, 8mmp DY L a=T7H#R— L E0EENZT-, Pra=T
IRy ME, FEEAR—L I VEERE (pulverisette 6 Fritsch GmbH Idar-Oberstein, Germany
PIZERE L, 25°C 240 rom CilE & [nlls S8 i et U=, gz g £ 2 k41X
RYZF Lol ) oy LR HREFRE0.45um DT 4 AV I T L7 ¢ )L & — (Sartorius
Stadium Biotech, Gottingen, Germanye W 72 IE AiIZ & - THEUY RN T2, A ORIR
MK T 105N L, ICP-AESICE > TEENLTHRIRELHE LIz, £/ (4-2) 7
5, @EofhtRzRDT,

e A R DIRERL 113, Y B EAT R L — Y I GEL AR - B o A E LS & (Partica
LA-950V2 ; I#B, HAR) (2K o TRIESAAZME L, rsh R i L7z,
426: EBRAREICS 3L FFATDEIR

7T A% 200mL B — B —|Z 4-2-5(2) THF S AV 150 mL & SCFFEME & LT M
NaCl ZiRIL, @il LTTr /I =0 ik (BB, Kk 20 cnf) & A7 L2k (2
MR, FKEfE 20 cnf) ZHIE 1 om CHIRICH A L CEMME AR Lo, BER Y ZAF L%
FRITHKKZED, NI E—F —ZBdE L CmAf & L7z (Eiqure 4-1), BEARITERE

(AP-3005; Custom A it, HA) L&KW L, EBREE T CEERZ L7z,
TR RS DRI BB IR % 0.45um DA T L7 4 VA —TB|I AL, G- k%
RIK T 105 R%, ROKX (4-3) ZHWTERDRIC L 24BN HE (Electrowinning
Recovery, ER %K 7=,

ER[mg] = (C,—Cpe)xV 4-3)

Z I T, Co CaeldZTNZENEX DRI, &OWHKTEIREM/L], vIZERXSHIIHE LT
BRI TH D, £7o, BEROMER OB LI & B i O 7o R AT

\Z FE-SEM/EDX & % \M& XRF Z VW72,
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427 :\WFS D PTES ;B IE558/IC ) 3 515 B i L5

PTESD ¥ HIVEREAM X, BREEAE 5 7-1E[39, 40LZE - TAT 72 o 7o, YEtgr il K OWEH% D WFS
AEF0.59%, 50mMLA Y =F L o Blmp R ICRE L, KiR{kT U v A L HERE A VT pH
5.8~6.3IZF L 727K 5mL; sV, 1M HEEE /KSR 16.7 mL & IRA L= &% 180 rpm
25 CTENEN6h 1h#EfEiEE T 5 Z & TPTESZ AL &1, 3000 rpm, 30 miDiE L5
HEL 0.45um AT LT 4 VB —IZ K W5 A TEWDEEL T2, TR D PTESE A
% ICP-AESTER L, KEHE (AHE Lvae) SMIAHE (GHE Lia) & LTEHMEL
72

-97 -

Chapter 4 — Hydrometallurgy of valuable metal amg¢@htamination for heavy-metal laden Waste FouSayd



FATE - PRBERD T E &R RS OV RS & [RlIX

10 cm

Cathode

1 Power
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from WFS
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<> Stirrer tip

Ice-water mixture
(Chiller water)
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(as a lid)

Polystyrene foam box

Magnetic stirrer

Figure 4-1: Electrowinning set-up for PTEs included leachabenf WFS
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4-3: FRROZEE
431 WFSDF+ 52K YtE—>3>

AR WFS OBl A Fiqure 4-2 12", WFS O30 7 SMBLT B A O RYIR O [E {45
FEHTHY, v~ 7 RAa—7EEME (Fiqure4-2b) 75, EAE 10~100um ORI D
J& VAZE upm O BERRL -2 o Tz, BEBLOMR S, KRE WKL 137 A W, ki1
TN L2 T lea— 2 A8 —F, XU FA MR EOM LM TH L EHERI SN D, WFS
A 7 a AR S RICP-AES /oHTIZfl L7 & = A, 57 PTEsE L Cifigh (3.01%,
#il (2.49%, # (0.41%, 2 X (01209 AE=E=NT (Tabled-2), MREDOT LI =1
AT E L TIRE SN TV A HIMICER T A EE 26N D, EFHEMEICLD
WFSO#EIEMG L tHF~ v B 7 A A—V % Figure 4-3 (279, EDX I L % e 04 (Figure
4-3c) D, BRI FRIICP-AES/HT CEE S N R LIIMNT, 7 A (SIO) DRERA Y
EHERIND A F, BENEOL X SIREORm VIR E L TR SN, ERpD—>T
b DHENE, T AW LML LT E 10um LL Eoki7 & LTl sz (Figure 4-3a), Figure

4-3b 1F, FIREOHLZEZURR FOBIEG THL, ZOBILEHEENLIX, WrEthirok
maEED Si, Al ODFENRSI, W O—FThbrEELZ LD, PTESDOEDTH
DAL, & RWHBEZR LA, —J57 T, WSO RMEIIAHETH Y, 7 A w-dik:
TR B ORI O TR SN, REZHELZ WFS IZEEN D IL5# DR
Ea XRFIZCE > CEEBDITLIZEZA, TS =4, 8, &, IR HE -
TWFSH2 RNz (Figure 4-4a), — 5T, 7 A FITWEEIZ - TREZSEEML, 1,
A RV EIENC BIfR 70 < —EIREE T WFS 226 R S, REMEIZ L > TR D Ak
i, BEOWKI T (Fiqure4-2b) IS5 LE X b, TV =T A8k, 0, #iniT,
R LI OBENE o — o 2 F —TFEOWRL T IIRAE, kSN bDEE R HND, — T,
WFEEIZBR U CIREEZEAN W B V722 03 o Toflil, A X DOWHIKL 7 ~DIFJE DRRE TN TH 5 &
BA O, KEGDREBZRFROSBELE LTWFSIZIBALTWAD LD EHEEZE IS,
WFS~® PTEsOIENIRREIL, $hESn7zeBRMmOMMZ KL TWD EEXBND,
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90 |[][] 120 130

1 00100um

Figure 4-2: WFS sample appearance. (a): Bulk appearance, (bjoMcope observation
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Table 4-2: Metal concentrations in WFS by
microwave-assisted digestion / ICP-AES detection

Metal Concentration [%]2
Al 2.13+0.01
Cu 2.17+0.06
Fe 0.840+ 0.003
Pb 0.410+ 0.005
Sn 0.120+ 0.004
Zn 3.01+ 0.04

#/alues are indicated as average * standard dewjatio 3.
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(a): x150 (b): x1000 ()

SEM image
-t ‘

Signal intensity [a.u.]

Energy [keV]

Figure 4-3: Element mapping images of WFS samples by FE-SEMEDHA. (a), (b) Mapping
images of WFS particles. (c) X-ray fluorescence speton the area of (b). The signal of carbon was

due to carbon tape used as a background material.
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Grazing time:

[Jo
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S TTTTTETESTETETIITIFTTETESTFESSTSISIrs
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Figure 4-4: Metal’s concentration in WFS and grazed WFS by Xkdasuring. (a) Grazed WFS. (b)

Grazed dust.
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4-3-2:\WFS DF L — FAFICE 1] 3 B@E1R5T

(1) FL— hFlOEE

P e LTHW DX L— MIORBEERFI LI2E 25, FL— MlEEERVwar e
— VR TIE PTESOfIHIZR® bivZe > 7 (Figure 4-5a), —45C, 9ffHOF L — |
Az Wicmd, AR O R TIE R ROBEMA R Sz, PTEs& ¥ L —Fh
Al (Y 1E, AKEERHP TRO LSRG L, REEOEmVKEMSEHEEZ R T 5 (K 4-4),

PTES* + Y% — PTEs-¥ (4-4)

ZDORISIZ E T, WFS I8 £ 5 HstE &R 0 OB 8 LR, &We)d
RGN D EEZI NS, AXEERS 4 PTESOfIHER L, F L — MlE O5MF
LEEEROBRE T 25 (Figure 4-5b), M OB 2 EREITN, 0,
R L CEANZI RR=0.60,0.26,0.75C b o7z, i, #ifh TiXF L — MHIDOEEARLAE

& PTEsOHliti=R & D ITITORLMNIEOMERRD S, N (4-4) Zikm L7z PTESOH
HAREIND, — 7 TEIZ IDA SO T R TDF L— AN K o T—ERIZ 60 %2 23l
HENTEY, fiHiRE F L — MIOZEEEBROMBNI/NS o7z, shofi i3k
TOEETERBIE LS OB AR < STAL SN TV D & D EHELR SN 5, B D&
X, TNENOEROF(EFRERE KL TWD b0 LHEIND,

(2) pH DR

AAbS R T pH  3~11 1278 % L7~ EDTA, DTPA, HIDSIZ X %5 WES?®D ¥ L— Kk
o R4 Figure 4-6 (TR ¥, FL— MIDFELRN I b — L RIETBWT, #illE
pH 3, 9 CTEINZEI 12.7 %, 11.2 WIREN RO bz, FatEN S, pH3 Tl e koo
YERNC X 28O, pH 9 TIIMMAK D ARAER T D Clp(OH) 2 D A il D3 O ViR 12 2
3560 EEEX N5, FAKICF L— MEFIZE T 28O TIX, pH 3, 9T 61.1 %,
81.9 % (DTPA) & ZNZivm\ Wl ENRD bivic, —F CEMRIRE O RN S, WTho
WM BT HIETEROME L L LT Cu-¥ L — MMERB R Sz,
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Figure 4-5: Effect of chelants to chelant-assisted extradiwoWFS. (a) Leaching efficiency (%LE)
of PTEs by chelant-assisted extraction. (b) Ratatigp between additional stability constant of heta
chelate complex and %LE. (b)-1: Copper, (b)-2: L€b§#3: Zinc. Extraction condition: L/S: 10 mL/g,
pH: 7, Chelant conc.: 50 mM, Buffer agents: 0.1 MRES, Extraction time: 24 h, Agitation speed:

180 rpm, Extraction temp.: 25 °C.
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Figure 4-6: Effect of pH to chelant-assisted extraction for SYFctrl.” is represented as control

solution, Extraction condition: L/S: 10 mL/g, Chefaconc.: 50 mM, Buffer agents: 0.1 M

CHsCOOH/CHCOONa(pH 3, 5), HEPES(pH 7), TAPS(pH 9), CAPS(phi Ektraction time: 24 h,

Agitation speed: 180 rpm, Extraction temp.: 25 °C.
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ZDZEND, FL— MEHIZBWTE, £7 pHIIKAE LIc& By Ok (X 4-5) 2
BV, WONTEALFEHRICE > TR OLREEDENF L — MEEEER (X46) L, &
BT DIEIREDN ERT 56D LEZX BN D, FKICH, @O F L — MEFIZEBNTY,
ZNENOMEEIT Y b a— VTR T D ARy OV~ DOFRARAT LT,

CuO(s) + 2H" — CU* + H,0 (4-5)

CUW* + Y+ — CuY* (4-6)

pH 3 O L 5 ZREAMEFEIR CTIX, ¥ L — MNAIOEANL & L TOIEHTMTH D LR F v
Hloer e hUnfmL (e.q., EDTAO ' m hx—vay : K47), &FA 4 & OEMEA
FREB MO T DI 0 0vb 6F, 7u b OEMIC & 588 OREx L — Mg %
HRNZ LTz, 2D Z &0 s, RECLFEREITIKTT 2 &R0 OWFBEOFEE % L — M B
HIZ X D @BHHRISICRS B Z KEFLTVD EEZBND,

EDTA* + 4H" — H4EDTA (4-7)

—HTpH1IDOT VT VHEDSEMETIE, ©RA A OKBIkitE: O (X 4-8) 121
STH L— MEFIZ L D PTESHHHIRIZIE T L7 (Eiqure4-6), L L7e b, 74k Utk
DEAFIE, K47 OWOE (F L— FRIORRMERE) ([ZHED, &JEA 42 & OIS ERE
OISR, Cw(OH)Z D X 9 e aliEtEe Ra v REEEROARK (K 4:9) 2Lk -T, &

BN F L— MEFHIZ X 5 PTESHIH RS R & 25 2 LI S5,

PTES* + 20H — PTES(OH)| () (4-8)

PTES(OH) + 20H — PTES(OH)? (aq) (4-9)
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—-— Cu —a— Pb —— Sn —— 7n

100
(a): without EDTA

80

%LE

0 0.2 0.4 0.6 0.8 1

: 50 mM EDTA dose

%LE

0 | | | |
pH 7 0.2 0.4 0.6 0.8 1

NaOH Concentration [M]

Figure 4-7: Effect of NaOH concentration to EDTA-assisted aation for WFS. Extraction
condition: L/S: 10 mL/g, EDTA conc.: 50 mM, Extramt time: 24 h, Agitation speed: 180 rpm,

Extraction temp.: 25 °C.
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Z 2T, KRBT MU U AEFWT EDTA @A 7T V0 UPRIZHRE L, PTEsOfliH25E)
Z i~ 7-(Figure 4-7), 50 mM EDTA+0.2 M NaOH&:TiZk, pH 7 & tb_T PTEsOHliH =
18 (pH 7: 59 %~0.2 M NaOH: 74 %, &l (pH 7: 67 %~0.2 M NaOH: 84 %233\ THI L
7o HER ORI, TAH U HEOHMMANC X > TEL Leh o7z, A XL, 0.2M KE{k
F R TLLLEOT VA Y MESMICEBWNT, 3.2% (pH?) 72°5 67 % (0.2 M NaOH % T
AN Uz, 8l& & BICRE R A 2T DL ZEXOND AXL, MR ICHES
ho, -“4nH+4 ETOMEE S OARAL 0L, —iciF+2, +4flié LTFEET 2, 20D
95 ST 7B LAl LTIRD BV, ARSI St ~IRbIn DD, ZObDIIZEARY

~—ILEW %R TR IE R A XAk SnG(logKsp=-8.4[41]) /£ L5, Z D=8 iEH O pH
FHHIC BT D A XD E IIMm O T/hE < (Eigure 4-6), JohnsortallX, Sn(OH}'7z & D
AR (V) OHEEKBIEDSERIT> 0.3 M NaOHD 7V U K CTORBIERSND Z L 2
BELTWDI42], Tl UMETIE, A RKBBLSEROVER L 5 L — NMER~OBHRSEZ Y,
FWAZOMHREPFEONTL LD EEZ BND,

U EORERID, &L — bsE vz PTESOMIHIX 0.2 ML R U T A2k~ T
REBESINDZ ENPALNERST,

(3) F L — MAIRINEDE

EDTA I8k & WFS DIRA L (HklE L) 22 b S E 72 & & D PTEsOHH = % Figure 4-8a-
LI T, WKE O E > T PTESOAIHFIFHIN L, #KE H 8~10 mU/giZisW\TZ i

TIRRKOHMHEEN G LN, £72 EDTAREAZ{bsH 7 & 2 A (Eigure 4-8a-2), 50 mM

EDTA % Tl EDTA IRE DN E > T PTESHIH R OMA RS 57223, 75 mMEL EoD
EDTA J & Tl =RIT—E Th - 7=, LLEOWRE 2L, EDTA AL 2 FEOHEEIX

AERNTIE WESIZAE &7 EDTA O3 BB L B2 5 2 L TE %, IRINLTZ EDTA
BN SN PTESOAGFEOBRAEFHRIZE 25, 2 OMRFHIIB TS PTES O &
IZEITRD b le o 7= (Figure 4-8b), 2~10 mg/L DR [E L DI X D FHshR D24k
I3 PTESOMIHRICHBELZ XTI RV bDEE X BN S, EDTA OIRIIE.S 0.2 mmolE T?D

21, EDTA L5580 PTES) WES )50 7,
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Figure 4-8: Effect of chelants dose amount to chelant-assistéchction for WES. (a)-1: Leaching
efficiency (%LE) of PTEs during variation in ratod solution volume / WFS weight, (a)-2: %LE of
PTEs during variation in EDTA concentration. (b)l®®enship between EDTA dose and extracted
amount of PTEs.Total of Cu, Pb, Sn, Zns 0.374 mmol, pH: 7, Chelan: EDTA, Buffer agersl

M HEPES, Extraction time: 24 h, Agitation speed0 IBm, Extraction temp.: 25 °C.
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—J7, EDTA #N#E 0.25 mmolll o> PTEsHliH#1%, #J 0.2 mmol T—ED &A= L7,
EDTA = 0.2 mmolLl F £ Ti%, EDTA & PTESH K 44 [TR SN DR SUGIC K - Tl
HENTWab0EEZLND, Z0OL XITAEKRINDEEROMAIL (PTEs: EDTA) 11,
Figure 4-8b IZ81F % EDTA inii&E & PTEsH & OBABAOBEE 226, KEmn 1:1 T
bHHLDOEHEEEINS, —J5TEDTA > 0.25 mmolCix, PTEsO#iHEA 0.2 mmolT— &
EIRoTZ AN, WESHIT EDTA IZIGERATRE (72 h, T2 Z &3 Re) L0
RATREZRL BB D PTESIMFET Db D EEXBND, 4-3-2(2QTlE, F L — MEFICE
% PTEsOHHIX, WFSH T PTESOIRMMEICIETT 5 2 L 2k ~7-, 2D Z L b, PTES
DD LIRIEDO B WIEEE CTIFEET 5 b O EDTA IZSE LTI S D2, HEHRREL L
EREEED/NE 72 PTESIZEDTAIC Ko THHIH SN RN D EE X HiLd,

(4) i Rpf o R

pH 7, 9, 1UCHHHEL L 7= EDTA KIS & 5% L— b Ei 24T\, PTEsOHIH SR DI ZAL
Zif~7z (Eiqure4-9), BiBlT 2 &, $0, #EEMIHHBALAD 6 h LAPNITHhH B2 AT 2 2
Lie—07 T, s AXOMHRITTEHICES £ T 18 hAltk O »E & L=, Figure 4-
3, Figure4-4 TiX, WFSIZEBWTHI & A X3 L RIRRE DK E S 2 FfoRi & LT, fth)s

TEh & FENIRIBED /NS Tk LI 72 EITHET 2 Z E DR SNTE Y, K F-REDZERITIE
K42 BER A E OREHEOZEN, HHHEICEEZ S X TWDH b0 EHEIND,

(5) fAPEE D2

EDTA, DTPA, HIDS # H\ /=¥ L — MESHZER L C, IREHEEZZ(hEE 5 Z & T PTEs
OISR 2RO LT ~7-, EDTA VEEHICIHWT, 0~120 rpm=E TiX PTEsO i
TIIE AR S o7 (Figure 4-10), #REZHE 180 rpmll EOSMETIX, 4, HghoHh
HERIZZNEH 10 YIRS L7z — T, §iiX 36 % (120 rpm 7225 77 % (240 rpm £ T
RIEIZHH RN L7z, DTPA % L — MEFIZEBW TS, EDTA O5E & [REROMHIA 23 A
Bz, REDRLFITIFAET 2801, WL WHFRIC Ko Chi 1AL TEEE L, RimfEOH K
SEOMPERER 2R CERSOSMEE SN D b DO LB Z BND, —F Ok T ICAAES
L8, HEROMIITHR LT, BEIC X 2B FITFEXHIC /NS o T,
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Figure 4-9: Effect of extraction time to chelant-assisted &stiion for WFS. Chelant, 50 mM
EDTA, Buffer agents: 0.1 M HEPES(pH 7), TAPS(pHGAPS(pH 11), Agitation speed: 180 rpm,

Extraction temp.: 25 °C.
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Figure 4-10: Effect of agitation speed to chelant-assistedaetivn for WFS. pH: 7, Chelant: 50
mM EDTA, DTPA, HIDS, Buffer agents: 0.1 M HEPES,tEaction time: 24 h, Extraction temp.:

25 °C.
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(6) IR O %

b— 7wy 7 AINBG IR 2 IO THESRIE T L — MR 21T o7& 24, PTEs
ORHEE, BEZICEDL T —ETh o7 (Fiqure 4-11), BN X 2{LZ S D
IEMEALC & B ORI E A IE, WFS OF L — MIHIZB W TRE < L RIT S 720 A]
REMEDS EV, HIDS & L— RO PTEsHiH=RICIH W T HBAFE 22 KITRE® 51177, 100 °C
TR E CIHAENMIES L — REIOSRRCHE S PTESIHIBE~DRENR 2N LRy ho T,

(7) %L — MBEFRATRICEIT D PTESOLFEEREZ AL

EDTA Z H\\ 2% L — R ORIZIZIE VT, WFSH O, 1, A X, #igh, 7/1I=1
b, BROCFERE AL FRIR R HTE (SSB 12 &k - TH#r L7z (Eigure 4-12), WFSHd
#ilx 68.9 Y FEFIIARE (F2) & LCAELTHY, 5%V 205 % 11.2 % 1.9 %x il
EoulRe (F3), MMbistting (F4), 7kikhe (F5) 23 hs7z, EDTAUEHZ 6 h 24 hiii L
7o WFS/) B UL, 49.4% 73.3%DHNERMTZ—T T, F2EI5 O 23.5% 6.0 %I
L7z, EDTA ¥EHIZ X o> ThRANIZHIE F2 By 08 RVWERN—Ha2 e Tkh, 4-3-
22),;)Tim L7z [ L — FBEHIC L » THIH FRERTERED &R | 7% F2 B4y —8 v RE— D
SBICDEINDAREMEREWEEZ DND, 1, HENIZIB W THE &L L8 /L5
Nie—F7T, ZIHOERTIE F2ES O 6 h PeiE % R CRERCEMICE LT,
4-3-24)TIE, REORE S LB L THHREICERNETC L Z L2~z h, FL—1F
P C & 5 F2 B4y O DRIRIIEF L TWA Z EQvRENT-, =721, Hi$ho F2 sy
X, 8, ghe D 38 % (Peidan) M5 27 % (24 hiEigtk) LD EN/ NS hodz, A
MW7z pH 9 OffitHK TiX, #ghoKELILEIER (N 4-8) 235G LI REMENE X 5
N5, bR~ X 91T, FLb— MEEIZ L DD GBS OEMMEIC R E <KIFT
57 061E, pH 9 12381 DK LA ShFR L O SRR S I O PR AR E T 5K TH
LHAREMED RIS LD,

(8) WK E LCHOT =T DOFE

FL— MEAIZ L D PTEs FrlCdioMmiiRm L2 HINE LT, 7 & =7 & BiEmmAl
W L7,
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Figure 4-11: Effect of extraction temperature to chelant-assigxtraction for WFS. pH: 7,
Chelant: 50 mM EDTA, DTPA, HIDS, Buffer agents: MIHEPES, Extraction time: 24 h, No

agitation.
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Figure 4-12: Comparative temporal distribution of PTEs in the=8Vduring chelant-assisted
extraction. Extracted: Extracted PTEs, F1: Exchangeable, F2: Acid selub3: Reducible, F4:
Oxidisable, and F5: Residual. Extraction conditigats: 9, Chelant: 50 mM EDTA, Buffer agents: 0.1

M TAPS, Extraction time: 24 h, Extraction temp.: Z5 Agitation speed: 240 rpm.
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TUoE=TINL, R ED&ERA A ATk U CHMEENLFE LTE X, T R EAEL D
Z LMD, WFS 225 PTEs ZHitH 4 2812 L— FRIO@ & 2B+ 280N cx 5

(:Et 4'10)0
CW?* + 4NHs — Cu(NHy)2* (4-10)

pH 91Z851F % EDTA Y ORFFZE(LIZEB VT, Figure 4-9 Tilk~7= X 5 (T8 I34h H 1y
ICEDFETIShEEDOKRMAZE L=, — 5T, 0.3M 7 E=7 % pHIEEHI O IZH
WA TR, SO EENIX 9 hINICER S 7z (Figure 4-13), S 612, #iKO pH %
0.2 M KER(LF b U T A KD 7 UPEICIHIES 5 2 & T, 3hLIRICHIH =R 80 %l 1
123 L7z, Cu-EDTA* (logKmL =18.80 . 4:7) % Cu(NHe)* (logp=12.6 X 4-10) LV
LESFEINCLZETH Y, FEBIC Figure 4-13, pH9IZH T 2 EHEFEO O =R & LR %
&, TUERST ORBICLAHMHEOEIIMNTH T, 7UE=THETTIE, 7oE=
TIXSN e U R ER 2B & U TEE, SiA BN V7 IR SRS E 08 E (G
4-11, 12) ZFFO b D EHELE SN D, WK UL, B B #Z X o TRERE O @& O Ei-EDTA
RO R A EESE S Z & it a BT obnLEx b2 (X413,

Cu) — CUW*(aq); Cu(sy Cu, CuO, CeO (4-11)
CU" + 4NH; — Cu(NHg)4** (4-12)
Cu(NHs)s>* + EDTA* — Cu-EDTA* + 4NHs (4-13)

FERDIHIZ BN T B8R & FEROMEA A L D, HiEh-7 2 I VRO F L — Mk
HERELTWLIbDEEZI NS, —FHT, 7o I UEEZE L2V eicx LTiE, 7
VE =T ORI X D~ ORI SR o 7o, 8, WiER & 1 BRANIC A X1,
T =T DFAE FCTIEMHEMET L2, pH 9 OWIKF TIET =T 138N 7
=UAAF L E LTFEL, ADBMEH O A R[4 ~WET D Z & CHEM & T
THZENEZLND, BRNTRENZZ & TEA A THD SN(OHY 7 & DO

-117 -

Chapter 4 — Hydrometallurgy of valuable metal amg¢@htamination for heavy-metal laden Waste FouSanyd



FATE - PRBERD T E &R RS OV RS & [RlIX

—+— NH3-(pH 9) —a— NH3+(pH 9) —o— NH3+(0.2M NaOH)
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Figure 4-13: Effect of ammonia dose to chelant-assisted extmaéor WFS. ‘NHs-", “ NHz+”
indicate ‘no existing NH and ‘existing NH” , respectively.Cnns: 0.3 M, pH: 9, 0.2 M NaOH,
Chelant: 50 mM EDTA, Buffer agents: 0.1 M TAPS, iiaxtion time: 24 h, Extraction temp.: 25 °C,

Agitation speed: 240 rpm.
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NI S, AXORHRMET LI mTRetEr & %,

(9) ¥ L — MEFOEBRFOE LD

X L— MEEFOEFERET LD, WHFORKESEME 1D L — Ml EDTA, 2) &M : pH9
F£72120.2 M NaOH 3) EDTAEE : 50 mM, 4) {RZHE : 240 rpm 5) {E% : HiE, 6)
WA : 03MT7 =T ThoTo, WFSHOHIIT R E 70ki & L TIFEEL, VR L
DOYERHY L BB L o TR M B35 2 &30 o T,

4-3°3: PTEs DpE LMW DBEFIFZEHIE L /-WFS DF L — FEF

AIE LY, F L— RMESIZ L > CTWFSH O PTESZ T 5 7o O Ol S35 bz,
WFS % BB SO &M & L CTHAIAT AE, EEHRINLDT 1) PTESIC L 2REA
FPMER SN TND D, 2) TAWE LTOHFRERKDON TR0 ND 2 R TdH D, i
BRI TITRWRIER AN TH D Z LR ENTZN, ORI 2% L < E X LB EIXkE%
DT AW D FT)FHR 2 KRESERDEL720, HHPEREIIIREEE RO L LERH D, £
72, ARXOHMHEZED D722 0.2MNaOHLL EO T v U KM ETH D, £ I TR
TR A7 £ OB 721 #R1E4T72 77, 0.2 M NaOH, 0.3 M Ni, 50 mM EDTA% & ¢»
A 2 3R L C WFS OB & ik 7 7z, F 72 i i - WS IS A 23 5% 77 L, 7% PTES
DR Z B AReERN H 5, £ 2 TWFSDOIEZHKMIZO N THIRE LT,

(1) ZEESIC X D WFSH PTESOBRZ

4-3-2(8);Figure 4-13 726, KT NV UL ET U2 =T 20T 5 2 & THiHKH 3
h TEW PTESHIHHERBN G SND Z LR hoTe, £ 2T, PRl 28+ 2 BT
3 hDWei % 3Bl 0 IR T MK L e & Mt Lo, 3EIOBEEIC K D PTESOfMH =L, 4,

&, AX, g TENEN>100, 81.2, 87.8, 55.3 %d > 7~ (Fiqure 4-14a), FE-SEM/EDX

(Figure 4-14b) |2 L » THEEHE A WFS OREBIZZ1T/ o722 2 A, PTESICH KT 5 4F
Mt X BUTHEE O b O DO AR S T= (Fiqure 4-14c), LLEDS, FESfEoOF 1L —
PEiF Iz Lo T, WFSIZE £115 PTESORRE LR DOE{LAFEETH D Z E VRS LT,
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(a) (b): x50 (c)

‘ 1st 2nd B 3rd

120

100

% LE (Total)
[=;] [¢:]
(=] (=]

E-Y
(]

Signal intensity [a.u.]

[a]
(=]

RT7-8 T34 ¥ - ) 007 D48 ¥

nergy [keV]

Figure 4-14: PTEs leaching efficiency and Element mapping in@d&FS sample by FE-SEM and
EDX. (a) Leaching efficiency of metals from WFS) Wapping images of WFS particles, (c) X-ray

fluorescence spectrum on the area of (b) signalaobon was due to carbon tape as background

material.
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(2) Wi WFES O XU & PTESH [ & AFAT

AIEIZRB VT — Mo & fi L7z WFS (el WFS) 12k LT, pH3, pH7 713 pH
11 DKRZ WS & 5T o7z, ET-EEH%RD WFS% 105°C, 3 izl S, BREEA &
SRIE[39, 40) 2> T PTESOIRH & A F AL L7-, 1, &0, #gn, pH 3B L 11 DKIZE
STIEEEE SN, TOHROKELRE, BEDERR CRWIMIMELZES Z R Tk

(Figure 4-15), FFlZ pH 110KIE, %17 L T\ /= PTES-EDTASSA A VE X 75 & 32 Rd ik
HbRENoTz, LI > T pHILDOKZE S ORESME & ED, 352k WFS D PTES
WHEL AA, KE, PEOEEFEIEYEMEL i L7z (Table 4-3),

KU WFS 225 1%, %< O PTESIEHSFE O b, FChoKiahE, MistETs
NER 2mgllL, 94 mg/L & AARIZISIT D BEFEWALEE (Reill/a BEPEZEBEFEY O E F:7E, 0.3
mg/L) ¥ KOG RE (HES AR, 455 mg/l) ([t 2 RETH 72, —F
TR E XTI > T2 Vel WFSIZH1T 5 PTESOE I EIIARBES O H D L i L 10470 1 F2EE
WD LTERY, SOWHEI Luae= 0.12 mg/l, Luci= 2.67 mg/Le HARIZE T 5 EHEE %
Fe Lz, —F, KE, TEO PTESOEHRER CIX, AALIFE LY ZHZ1 pH 2.880
M, pH 3.2DGHERMRERIRNE 22 VS, Bl 2138015t L TEEH 5 moll O E L HE 2 51T
TW5, ZOXIITKE, PEIZHAROEE TR THW S IMHCI & Fig L T\ iR &
BN TWD Z D, ARDOFNEIC X 2 HEMEITmE O G EC BT 25HnE L 0 &
ICREL D ETFHEND, LER-T, Z 2Tk BADORRE &R OFHnE T4 E oL
YEMEO TR OF A BN U=, $1X, Laci= 577 mg/Ln>5 10.6 mg/L & Paig 2 K - TRIgEIZ
B0 Brosiu, HEOEAEE 100 mg/Lzim/z Lz, F72dEER1E 627 mg/LAs 1MHCIIZ L - T
TR L7223, PE % O H 1T 30 mg/LE TR L, FEOREEEZ L Lz, L ELD,
0.2 M NaOH, 0.3 M NH, 50 mM EDTAZ & Tl AIC & 5 3EIOFEHF & pH 11DKIZE 5 5
[ D EAHIC K - T, WFSIZE D PTESOIR H & % 158 L YEMLL T2 8 L, WFS %
TAREME L THERETEDZ W LNIT LT,
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Figure 4-15: Effect of rinsing solution pH used to test leachof PTEs from the solvent-treated

WEFS. “Lwater’ and “Luci” assigned tater soluble PTEsor “1 M HCI soluble PTE's Condition of

leaching test: kater: SOlUtion / sample tratio: 10 mL/g, leaching sauatiwater adjusted to pH 5.8-6.3,

LHci: solution / sample tratio: 33.4 mL/g, leachingusmn: 1 M HCI.
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Table 4-3: Characterization of WFS in terms of leaching toxicity and comparison with

regulatory limits

Metal Cu Pb Sn Zn

1) Untreated WFS

Curs [%] 1.8+0.2 0.43 +0.01 0.100 + 0.009 2.4+0.1
Lwates* Img/L] 12+ 3 2+6 ND 14+ 4
Luct [mg/L] 577 + 2 94 + 3 34+3 627 + 6
(i1)) EDTA/NaOH/NH3s-assisted washed WFS

Cuwrs [%] 0.054+0.003 0.115+0.005 0.013 + 0.001 0.55 + 0.04
Lwater® [mg/L] 1.26+ 0.1 0.12 +0.03 0.0100 £ 0.0001  8.3+0.5
Luct [mg/L] 10.6 + 0.3 2.67+0.03 1.45+ 0.06 30 + 30
(iii) Regulatory limits: Japan [39, 40, 44]

Lwates* Img/L] NA 0.3 (0.019) NA NA
Lyct [mg/L NA 4.55¢ NA NA

(iv) Regulatory limits: China [45, 46]

LBs0ss.5-2007 [mg/Ll 100 5 NA 100

(v) Regulatory limits: USA [47, 48]

Lrcrr [mg/L] NA 5 NA NA

The abbreviation was defined as following: Cwrs is the content of PTEs in WFS as confirmed

by microwave-assisted digestion and ICP-AES analysis. ND stands for “Not detected or Below

Detectable Limit”. NA stands for “Not available”.2 Ly Leachable metal due to leaching by

water lixiviant adjusted to pH 5.8-6.3. 2Lxc1: Leachable metal due to 1 mol/LL HCI lixiviant.

cLaBsoss.5-2007- Lleachable metal due to HaSO4/HNO3s mixed lixiviant adjusted to pH 3.20 + 0.05.

dLrcrp Leachable metal due to acetic acid or acetate buffer lixiviant adjusted to pH 2.88 or

4.93. ¢Environmental limitation of natural soil. fOriginal value is 150 mg-PTEs/kg-Waste.
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4:3-4: FDHH Z#EHIE L 7= \WFS DB #EEF

AIETIX, WFSIZE £ ARk DI EZ HE9IZ, 0.3 M NHs, 50 mM EDTA% & pH 9
OIHAN Z BRI LT, S HICKE AR & UCAET 28O, B emiic X - T
HEICHEITT D 2 ENTNETITHL MRS TWND, - T, SDHE L v EtEsE 5
W FM P O T 2 R L7z
(1) #ERR— I V% Tz WFS O R L — i

WFS 15 giZ EDTA 75 mmol NHs 45 mmol%z &te pH 9 DIAR L EAE 8 mmD Y La=7
FAR—L50gZ WML, 6K OmEINBEF 21772 o7 (Figure 4-16), A —/L O IEVG;
AT, FEHOTMYFEAF CThit Fiqure 4-8a OFER L X820, EELO/HE W
Tih PTESOHHRIZRE < g ole, RFRENKRE S Roloosh, WFS RS 2 Wk 1
Al OB KA BIMERIC L VRN RELS ol bD B2 DND, R— L OHET
M EZ T D &, 4 PTESOMMEEE XA —/L I VX DM L > TN L7, Bz
X, BT AT L h O A T56 % (R—/LEEL, L/IS=5mL/g 7»5 66 % (R
—/VF Y, LUS=5mL/g (2N L7z, —5 THEEEIZEL TV D & Ebivd 6 hFRTik
87 % (R—/LEEL, US=5mL/g "5 91 % (R—LAFV, US=5mLg EHHMEIZEE-
2o AR—IL IR DB AMS DL, SR OREIZ T ST 55T, PR
TOMMHEIZEZ DB/ NINWbDEZEZOND, £, ), IV TEIAR—1L I L
(SR N OFR B TN LS TRUNCdh o 72, Jek, WFS H Ok 7- & L CFE L
TWD I B D&ERTHEICH LTIE, A=/ I VBT K 2 B B3R RIS N & & HfE
HEND, AR, WTFNOBAEICENTHAI ST, M K> TN oz
WFS (ZxF L TREWENEIZEIT LR EBZ 2 b5, UbEhb, A= Izl
IR DES T, S0 K 5 ITHIRE DR E @B I A T 5 2 & Thivb s B 2 30 b 7 5 @)
Tx b0 LT,
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Figure 4-16: Effect of mechanical activation by milling to chet-assisted extraction for WFS.
“Ball-", “ Ball+” indicate ‘no existing zirconia-balland ‘existing zirconia-ball’; respectively.

Liquid / solid ratio (L/S) is either 75 mL/15g (Sufg) or 150 mL/15g (10 mL/gCnHz: 0.3 M, pH:

9, Chelant: 50 mM EDTA, Zirconia-ball addition: 8mp, 50 g (50 pieces), Extraction temp.: 25 °C,

milling speed: 240 rpm.
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(2) RSB T B R — VR DR

Ef 15 8 10, 15 MmO/ a=TR—/ILZFTNEFN 50 gl TR EE L — Mk
a1 o7, FHREH 4 hFEE COS O FIL, A —/L£8 10 mm (96 %) > 8 mm (92 %)
> 15 mm(90 %) > 1.5 mm(88 % ~7= (Figure 4-17a), HA—/VEAIZEHLB] L THEH R
REINL72Z &b, RERRFZMERT 281X L 0 RERR—IIC K MO T L4510
HHDEWRIND, RERBP—NVOERIZL VBN FHZR X —2R 52D LT
B, s Lo R REReREOMBICE W I = L X — D 50X H2Th 5 Al
BEMENRIZIND, —FHT 15 mmA—/LOLETHHEME T Len, RETELHHR—L
MINVARy NATHAEFWL, SEEIEPMET LD EEZX b D, R—/RiEN/hE<
IRDIICHONT, Witk WES ORI/ S < e o7 (Eigure4-17b), £7o/hS7pkif& LT
AT Héh, HEOHHIRIL, N— ORI E KHFI LTz, A—1 I T RIZEH S
DI, INERAR— ML, KO/t Gioxt L CahRERmERZ 525 ZE 2 60
Do

(3) WA I 1T D AR — VIR & D %

EE8MMO Y /L a=7R—/L&ZiZi 10, 30,50, 70 g\ TR R 21772 > 72,
SRV T, MR 4 h RS CoMH 1T 70 g (92%350 g(92 %) > 30 g(87 %) > 10 g(81 %)
T&dh - 7= (Figure 4-17¢) , Yeifth WFS DRiRIE, R— L ENZWIEE/NS SN TEY,

R—/VBIZHBI L TRERDFH RN F —2Z o 2 LSz (Eigure 4-17d), Ai

IH 4342 Tk R_7= X 91, HOHMHEITIZ EO R — I L DM RICKRE S EEBEZ T 5
RSN, AR ZBRS MO PTEsH QRO HEA 2R L, L — MEFIZE
T oL RO T EORE I PRI T,

4-3-41)~QDEEt L v, HhiHEEH 4 h THHhHE 92 & 5- 2 7o AR —% 1 X8 mm A

— /LRI 50 ¢ &I EL 150 mL/15gD i S St 2 SR IRIIN D e S & B b 72,

-126 -



(@) Ball size [mm-(p]:| —— 15 = 8 — 10 — 15 | (b)
100 14
Cu | Pb |
80 - I
o——=o0 12
w 60 W |
_cl r
o~
°© 40 | 10
= |
20 - g |
O | | | | -‘E 8 |
1 2 3 4 1 2 3 4 >
100 e |
| sn [zn § 6
80 | - g
L [ L
4
w 60 - I
_ol L
>
a0+ -
I g;g% 2
20 | - I
o3 ] e ] L 0
1 2 3 4 1 2 3 4
Extraction time [h] Extraction time [h] Particle size [pm]
(c) —— 0g —= 10g —+ 30g —+ 50g —— 70g | (d)
100 14
Cu | Pb L
80 - I
I 12
w 60 -
3
=~
° 40 - 10
= |
20 I s |
0 L L | L % 8 |
1 2 3 4 1 2 3 4 |3
100 I
6
L Sn | Zn % i
80 - 9
L W L
w 60 B 4 B
_°I L
>
< a0t L
I ﬁﬁ—jﬁ 27
20 | 7
obk 0

N pH
w pf

! . | . |
4 1 2 3 4

Extraction time [h] Extraction time [h]

0 20
Particle size [pm]

40

Figure 4-17: Effect of ball size and ball amount to chelantisiesl extraction with mechanical

activation for WFS. (a) Ball size variation, bathaunt = 50 g. (b) Size distribution of washed WFS

during ball size varied extraction. (c) Ball amouatiation, ball size = 8 mm. (d) Size distributioin

washed WFS during ball amount varied extractioquld / solid ratio (L/S): 150 mL/15g (10 mL/qg),

Cnh3: 0.3 M pH: 9, Chelant: 50 mM EDTA, Extraction temp5 °C, milling speed: 240 rpm.
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4:3°5: BRDREIC L BHAD[EIR

EBRWRIZE EN5®BOBILTIE, Bk EOWLEBANZ X0 #atEo e i 2 B9
HFENRHANGNSH[49], —J7 T, EDTASCNTA, 7 =27 EOEARENL 37755
LTI, DR ZEE DO @RISR 2 AT 2 T2 DI TR By BE S IR B 72 2 B B 23
5[50, —HTZDED RWKICEENDEE L EDTA ZRIZEINT 5 2 &1, BIHEIY
A OTRAEDBLENOHAER TH D61,  AWIETIE, WFS O/ F L — Mk
HIZ L > TR B2 WRSHIHR Z B MICH L, @By L * L — MlE oSBT 52 &
Ziat L7z, Table 4-4 @ X 9 72 & @k or % & e WFS /3R 150 mL % 4 -3 -4 DHRAFIC
THERE L, Figure 4-1 OBROMREREICHEL 72,

(1) EIREE DR

BRI %9 5 2B O HHE % Figure 4-18a 1279, SEIHiE % 96 mAlcnt D & &, 42

min A OEFREIRO N X - TH, #, #EHiEZE£1 161 mg, 24 mg, 23 My A 5
BRIz, FEVLEEE ORI, PTESOMNT H&EAHIIN X, # % 13487 TiX 161 mg (63 mA/crf
<192 mg (96 mA/crf) < 169 mg (146 mA/cA) < 241 mg (196 MA/CA TH -~ 7=, FINL7=EX
BTG U T PTESOEILESHEML TS Z LD, B LTk EDTA 85RO Tl (X 4
15) IZffH PTEsA A v 0&EfMiETT (X 4-16) NETL TV DD EEZXHND, £

FZ BT D8R D pHITES DR E> T EA L TEY (Figure4-18b), k26 1 TRKDER

SIRDEIT L TWA Z Rk Ens (X4-17),

PTEs-EDTA" — PTES* + EDTA* (4-15)
PTES* + 26 — PTES (4-16)
2H,0 + 22 — Ha + 20H- (4-17)

B OT LI = AEEITELSORIC > THEMLTEY, TAI = AR ETT LS

= hA G ORIIEH (4:18) BEZ > TWD Z LR S 7= (Figure 4-18b),

Al — AR + 3 (4-18)
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Table 4-4: Concentration of PTEs in extracted leachate from WFS due to chelant-

assisted extraction with mechanical activation?

Metal Cu Pb Sn /n

Concentration [mg/L] 1774 273 1.2 843

Content [mg] in 150 mL
266 41.0 0.18 126
leachate

afxtraction condition: Liquid/solid ratio (I/S): 150 mL/15g (10 mL/g), Ckus: 0.3 M, pH:
9, Chelant: 50 mM EDTA, Zirconia-ball addition: ¢ = 8 mm, 50 g (50 pieces), Extraction

time: 4 h, Extraction temp.: 25 °C, milling speed: 240 rpm.
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Figure 4-18: Electrowinning of WFS-leachate in constant curgrtsity. (a) PTEs recovery (b) Al
concentration and pH rising with electrowinningatrent density in 96 mA/ctnWFS-leachate: 150

mL.
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Figure 4-19: Electrowinning of WFS-leachate in constant voltaly&S-leachate: 150 mL.
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(2) BEDOHE

BROMICER L CEEE 4, 8, 12VICEEL, EIREEZAHML7 (Figure4-19) & Z
%, BIED EFIZES T PTESONTHEE XK & < 7o o fz, BRUMRBHLEH 21 minkE iz E
i} 5% PTESO RN &L, #2380 TIiL 86 mg (4V)<133mg8V)<190mg (12¢H VY, &
JEQHINZE > TEIN L=, —FH CEE 4V IR 2 MEno BRI, 45minicEHET5
mg DA TICHIR S 7e, B RICAATET DB A 4 O kiR cEi & i35 &, Cu*
(+0.337 V) >PB* (-0.126 V) >zZn** (-0.763\) DJEFITH Y, 4V TILE 21 CP 72 LI
s S, FbBEIT SIS W OBEITA RN T R bh e no e b D L HER SN D,

VLG, BROMRICEE L CIXEF O & & GHE, 78R A 4 v Om{biE eEM
NEBEREEEZHY B2 LND,
(3) BRiEN EDTAREIC G 2 D%

BERDRRICER L CIE, @A A4 N80 S5 BRIC EDTA SR DOfREEN T L, EDTA %
BB INOIBET D Z ENAIRRICAR D LIRS D, B O LESTICKS EDTA &
ERLIZE T A, Figure 4-20 [T K 9 ICEREEICHAE] LT EDTAREN A T2 2 &
MR STz, BRI ES T, iR TIIoK &1 A4 o IR R S T 2 Vs
i (X 4-19 $2Z2&NMESNTEY, REMEFERT UL EDTA O X 5 Gy
Rt 5fE (K 4:200 5 2 L TEDTABE 2D SE-alfertn H 5[52),

H:O + Cl — CIOH- + H* + 2& (4-19)

R+ CIOH +RO+H +CI (4 -20)
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Figure 4-20: EDTA residual concentration WFS-leachable duriregbwinning in constant current

density. WFS-leachate: 150 mL.

-133 -

Chapter 4 — Hydrometallurgy of valuable metal amg¢@htamination for heavy-metal laden Waste FouSayd



FATE - PRBERD T E &R RS OV RS & [RlIX

Figure 4-21: (a) Picture of cathode undergone electrowinning & m@\/cn? of constant current

density. (b) FE-SEM micro-scope imaging and elemesypping image supplied by EDX detector.
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) FERORI L0 AT L7 B R ST

EEIEE (196 mA/ent) T 42 minEEX D RE1T /R > T2 DRRRO T EH % Figure 4-21a
(T, RIS AR LT BRGS0 B L, FE-SEM/EDXIZ & - T#l%% L 7= (Figure
4-21b), EURR S D BEREIZ AL S 7o Fetkasot X BRISSICHkRT2 b0 TH Y, Z ol
(28, HERERR O bz, FBmBONTHY A2 L, TOKIZEMEE ICP-AES Tt
M AERLIZE ZA, i, #h, WERNZN LI 5447 %, 7.840.9 %, 8+4 B Sz, Z D
ZEnB, WFS ¥ L— MESRIKROBXDMRIZ KLY, BBICH % 50 &7 2 BRZ g
TE 5T MRS,

— 7T, BRI EATR O &, GBI T S 2o NIROEAERM S DERBRD v,
X 4-18, Fiqure 4-18b OB TIET VI =0 A AV BNAEKT 5 2 E RN TH 503,

FaiilZ Tl 417 28 ORIk A A4 B, EffEo pH 12 EH5 4% (Fiqure 4-
18b), Z D7, KEBILT VI =0 ADOULEBHGMRIZIBNTER LD EEZX HND, B
RO ERRR /> % 105°C, 3 hizfg S &7-D 5, XRF AW TRz tEESIr Lzt
A, TAI=0UA, i, difh, EDENEI87.4%,7.6%, 4.5 %, 0.5FH iz, 713
=0 LPAME WRFSHHHIE DO ER S TH Y, THUOHDBEKRLIZKB{ET VI =y A0 aa A
NIRIEBAZWAE SN THEE R LT b D LT E D, ZOMRIZERDRIZ L 28BS D
EUAZ IV TIE, B, i X712 @ 23 3Bl 5 ATRetEnd v, #il7e & ORI
T2 A MEBOMLZR ESE D720, EMEEELEICTRTOIMNERNHDLEEZD
ns,

ARFFETIE, 196 mA/Ccm2DEFRHINZ 42 minfid 2 & T, Wik O % 242 mg (90 %)L
EHOY BRE, AR RIS 54 % B ROTHE2EIT S5 2 LN REETH T, e, TO
& &2 WRFSHIHAITH % EDTA & 80 WRIRTIZHERT T2 Z &N HREETH -7, — I T, B
WA 2 BIBOSC — 5 OIS 3 RE T D Z & DR S 4, BRI O s bIZIREN K D,
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4e4: FABEDFLH

RETIL, HEEEIERDO WFSIZE £415 PTEs (e.g., 8, #1, A X, Hligh) OrEL,
DEYLZ B F L— M A W2 HE OB 21778 - 72, WFSIE, EAE% 10~100
um O & um LLUF OER ORI+ R S TIH Y, #H, A XTI A1 & FRRE DR
BEHLORERRT-& LT, 8, #EniIpehl -2 i S vz,

F L— MEFICEW T, @ROFERRECEIRO pHIZER 3 2 81 A4 v OfFE/E &N
IR E S HEL G 2, FTREBRRTFTH LT, IREOHPIEZR LSEH 2 L
THIHEE AR E K otz fHIEER & LToOT e =713, SAOHHIEE 22 S 87
— 5T, FERRRBIZR T D8O IR RRIC R B B 2 o To, e OERMfE L LT, U
FORESFEMIT D L — Ml EDTA, 2) &% : pH9, F£721£0.2 M NaOH 3) EDTA &
F£ 50 mM, 4) R%HFE 0 240 rpm 5) IR : IR, 6) WNF : 03M7 U E=T Tho
77

Bt D 5 5, 0.2 M NaOH% & T» 50 mM EDTA, 0.3 M NH #E/%i% % F T WFS % 3 h,
3 Liz & 2 A, PTEsSOfH=IL, i, §n, A X, HignTENLH>100,81.2,87.8,55.3 %
Tholz, Veli% DO WFSZ pH 110K TE5ENES, BRES S RIEIC L S &Rt L
& 2 A, P WFSITHARIZE T 2 BEEEMAERE R X OHHEE Y Rk IS X 5 AU %
& L7,

F7-pH9 50mMEDTA, 0.3 M NHEFK A, iR 4h A—LH A4 X8mm A—/L
W& 50 g #K[E e 150 mL/15gD iR 2o ieieidr o b & T WFS IZiE H L7z & 2 A=
92 Wx 1G5 Z LN TER, 5o/ WFSHIHHRIZ 196 mA/ent D& FiRFIINZ 42 minfiid™ 2
SN RV IR O A 242 mg (90 VYL EHR Y FRE, BRAR RIZER 54 %) 6 72 2T A % B
THLZENARETH-T, £, TOL X WFSHIHAITH 5 EDTA % 80 WAk H IS HERE
THZEBFREETH T,

VI bEX0ARRZETHE, FL— MESFICLY WFSIZEENI &R EZ0EEL, 1) 1K,
HREME L TOWOHAME 2) @BRERE L TOHMRDEINZZEIER LT,
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£ 5E  BHEEY Y LFRIIEOLLFRIRF

Cha DLET. 5 Decontamination of

Radio-Active Cesium Contaminated Soil by Chemical Washing Treatment

5.1:. %%

TR E ORI S, BRM Z il &3 2 RFPIC L 24k E & 5 2 7o /A AR REE K

(201143 A 11 H) 1F, HEOBR S I 5 2 &n b, HALMAIRFE B S 7o KR O &
BITHER: L TRV A D, @ B RIRICETICALIE 3 5 RO /) 55— I /) 2 8T (Fukushima
Dai-ichi Nuclear Power Plant: FDNPP & % 72 OB E 24 0, FERH 231 5 EiR gk
7> O JE I U AN DA% 1k 2 08 TP B, BORMPERZRE O BR BT 2 =8 DR R 72 i 1) 4%
WA LT2[1], EBEE T 71#%B9 (International Atomic Energy Agency: IAEAZ, FDNPPJE
T IO EEFE T ) EHEAMRE 2 @m0 LoV 7— TR e Fil) —EFHIL TR0,
Rl D 52 2~ OB S HHERTE 5[2],

FDNPPIZI51F 2 i1 )il Tl AKFRKUIBEIEIT K DR DR & IR E OFRHI(3]IZ
PV, o - GBI REEE IR 2 ol & L T2 AR e #iPRIC 3 v 3 131 (B), By v A 134

(BCe), B v A 137 (BCy #HLET D v BB BREE IR L 72[4-9],

LT, TN =T LR ERE O HAERITARY T 5 2T A 137 1R 7 30.2
year & K <[10], BEEAIZL Y N 7 A 137Tm (tie=2.55min #4925 72%, I O ITH

!

Ty L (RNU DA L137) TH[1L), £t Uk, TADYERETH DO
DWW L UCTHIE L, ME[12], THE[13-16] B\ TEYEHICHLAGA i, EPE, SE
W17-19]&#% T b MIfERgE 2 b 72 b2y & 5[20-22],

FDNPPHIZ L » Tt &z 7 A 134 B v A 1370 EITF £ 1.8x10%q,
0.6~1.5x10°Bq /& & AfE L HMNTEHV[8,10,23] 95 10~20 %H Y AR & & bIcHdL
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Mo BE L ERE ST\ D (Figure 5-1) [14, 24, 25] F7=’MiZKIZAHRE L Tk
L7t U Aid, HEREICE O TREE 10ecmE TITRFF SN2 EmABIE SN TN D
[25-27), fa v w7 LD EEAOERBIEICER LT, fHcBW O3ttty v i X
LIRAEIG R DAREZENFmE > TEY, LENOEY~D ' > T LY AR FIR ZBE W
BINT =)V ) 7 A VR NELORERD B < HiE S TWAH[17, 18, 28-32] F 7= 3K i 14
(R CARRE L7 o0 AT K D AMBHER]33, 3410, W Lo ToEED WAL
FET-NHEER[O) D U 2 7 HEEHL T E 2V, T O K 9 GG — O TG G HEE—~ D
XERITERE ) 2 7 PEBR DA 72 57, W2 & 2 B ~D B A PN T 2 (£ RIS OfEFfn &
WOBLENO BHEETH D,

T L1377 EITTE R ST BN RETE Y HEEA~OXR & LT, &AL RIET S
DIZFEFTOHEEIWY TH D, AIROMEY, ' T AT EEER HICERT A RMm <,
K LY 10 cmPINERE O F EHL Y 7822 MR R OARBUZ A %) & s ST 5[25, 35,
36], — 5T, HEBMOATHEINS AR TIIKARERTH Y, FEMLE T D HAMOMR—
B DV, BRI OB L—IZRRED E > T\ 5[37], #eso RIE B2 k3 5 7o
DIZH, RIEWRIE o L~V G HEE ORIF I 2B LT BB OMBE TH 5,

BYU LT HII LD & T DM ORYLAIL & LT, mEKEE ; ok ; HEIC
L DM ERET O D, KEEEIE, SIEOKEES T 5 2 L TRE ; EEEER I
FAES 2 B E 2 e Wi FIETH Y, BUCEMFERDH 5H[35, 38, F 7 hihi
U AF SIS W TR Y 7 E OBGRPRL 712 5R [E PR EF S A M 3 iR 72 (30,
KGEF B DT RIZE > TV T ANE L EENDWMRL T 2 AR 2 &
MTEDH[39], FWKDEIITEHREDO D U U AR 2 EToKERIE, A4 ZHIEMIC
KONWTEV U LEENIED ZENARETH D[40, LLRRD, ZhbOFEIEIAR
BB ISR T 572, JRERAYIZ SR FE D S M BESEY) D5 A DS lET D 7s
W, FEHEBRIC X DEBUIT W AR Z R T 2720 R/ hE <, mEICRFE S
e > AOSBEISIEEE AW A THLH LW E R B H[41].
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T LU AOYER AL TR EAERIL, 8D TREIITh 572 HI2% < OIF%EH
OWEZFEZ O, ZHE TIERTFRENZ S BE SN TWDH[42], AR L7z B0,
BT LM EH~DOWGE L RFHIRD TR TH Y, T3 L PERREBICS 2 31RICE
BT AOSERENE, B AR ERH A3 ClE 270~36000 L-sol./kg-soilk #iE X1
W5[43], TDZ EITEEM E ST ~D T T AT E R/ANRBIZE D TV D B DD,

ZE MR E DK b2 B & LI2iG R R ORI —BRORNEES 2 52 T\ 5,
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Deposition density of 1¥7Cs
as of June 14, 2011
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g B -

Figure 5-1: Cesium-137 deposition density mapping on nortkemto- andTohokuregion of Japan

at 14 June 2011, Exported frdfig. 2in Ref[9].
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TEEE T AL TR EDGA A OB ZFLR T 5 ETHEE R NT XA — 2T
A & X HE (Cation Exchange Capacity: CECAEZR SN TEB Y, T EICEEDE

(Humic Substance: HS ED 1 /LR 3 2 Ve A Bt S Rige T a7 = v, A3 74
MTAAET D KB IITER 2 AEM OB EZ ERIICK L TVWD[42, —HT, HHERIC
FFET DB T LOPAEY A M, TOWERENS R TERNWI LBRHMLNA TN D, T
bbb 3OV A F—i) A A URHRIMER B T LA F <IN T L EOMOBA
FrTHY, Tty U MEFFBRENHERNS YA b i) B U LA A AT 55
RMEZET L0, MOAF o EDFAIZE DB T LZBBERRE Th 572 ERFFREZITR X
WS A b yiii) B U LA T NTKTLERMEZA L, £t v 2ONEEDKNEETH
DD TORFFFREE DR E 72 %A F—IZ KRB TE 5 (Eigure 5-2), )OO A ~MI+H CEC D
REHa B, BRBEFTREZ2EREE (T72005 pHIKIAE) HkOAEBMZ H -2 HS I
REITIHE SN DH[42), ZORRBRBEY A F&BL U LA OMAFEMITHRENTE, &
U LIHIREND T LR KFIA AL UCE T EAMEBER A TR L, A5 (BB RTRE T
&5 (Figure 5-2b),

— i CHERIAFET DM ORTH, B2 U DRGERPEW S DIZER, 4 T A |,
N=XFaTA bREVDHH[A2], T b OREFMIT 2: VREIR 7 A BT & '-iTh,
A FEA A (S) kA A (OF) A 4B LIRS — &, TAI=0 4
A4y (AP L 65D OP b \HIEY— FOREEIZ L > TSN TW\W5 (Eigure
5-2a), 1 MOBAJEIL, 7FARMEARS—h 2T VI =0 L)\@EEK — FRFHFAS

TR ZF D, ZHEE L T2 VRJEIR A BRI 2 kT %, 2: 1@ TiE, Siv—AI%;
AP*SFe& D X 5 7oA A YA AOBERMEISER LR ERAE Z Y 2 570, 2: 18I
BWTIEEMORRE—T 2oL, BEICE T H2AEMOFEB—EZ 5, JIUIEIZHEK
THKAMETH Y, BRekEH kO pHIKFHEAER & S D, ZORABMICE->T2:
1EOREMTIE, 7 A FWEAES— NEICA T DB 0.26 nmOZEFIZ A UV U ALY, &
VULAT U, VED T LA T, TR A T U ERY A RIS R S, i)

TRLIEEY A FE LTRSS (Figure 5-2¢),
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Si-Tetrahedral sheet

(a)
W‘ Al-Octahedral sheet
[~
Permanent charge
2:1-type layer silicate mineral
(b)

2QmQm@mP:L™

CO0O- @ EQuQEQmEHQN m

g P& ©6C 06 P

HS reredre | ‘oo
"~ ~~HfL

Q@@ u@n

On . ©
D@—o @@ Inter layer Inter layer adsorption

adsorption at collapsed layer

Mineral surface Hydrate-Cs* ion

Cesium adsorption selectivity
Adsorption strength
_ Site abundance P

Figure 5-2: Negative charge on clay mineral crystal structuséeptially capturing radio-active

cesium in soil. (a) Structure of 2:1-type layer site mineral. (b) i)-type adsorbing site attributed t
HS and mineral surface. (c) ii)-type adsorbing site tb permanent charge on clay mineral crystal.

(d) iii)-type adsorbing site characterized &sdyed edge sitf42, 44] .
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ML ORBMICEBNTIE, BV AL AR EOKFBEZVIZ WA A BIREL,
ZOEBMICEREEOABMNMBIZ 26N Z L THBMOMINIEZ 2 Z &N
5H[45), DL D 2R B AR A M) TRHLEZLOICIESEY, B U AL A
DA, BULHEIT LN = F 2 T4 M EOHMRERL T, 7Y U LA F DR
RIS BRI Z > TR Y, ZORRRERICE S U A AU EBlET 5 2 & TR
MEl &0 EERS D, BYGIZ X DA & I0GE L7 @i & oL, 7L A R-my -
4 & (Frayed Edge Site: FBS& FEIZHL, KFRIDRRED/NS A A —8 I8y T A A
V46T EmVEIRME A R 2 LI B AL TV 5 [44, 47] (Figure 5-2d),

THIxIT 2 v AR, 3 HORRLIBAMEEZAT 204 MoXkoTXHidsh,
W SRR Freundlich® 7 V25 &9 5[48], Cremeretall®, FESLIALOEER (Regular
Exchange Site: RES%Z T A JRFIR TR IE L Z & TV U LA T2 - THIW ROV ETE
7 W LangmuirBiia &2 3@ H U, 382881 % FES/CECHES 0.001~6 % TH D = L e L
TWA[49], 2D L S I HEORABRICKT 5 FESO BN HFHIIMmMH TR Th s, —7,
Takateet al[50]i%, ZoiXIkN 2Rk 188 (20114F 11 A) ITBIF 5B 7 A 134 &Y ¥
I 137 DFLEBETREE DO KB %2 Z 11241 91 kBg/kg-soi) 112 kBg/kg-soil& RAEH - T\ %,
COTBIIEENDHEEE T Y ARYE EIZ LT 27 nmol/kg-soil & i TIRREE TH 5
ZLaERDLE, BT ULTH L THE RUOE RN L SRE 2R FES (3 EE v D A
OBEJREICE I e B E KX L TV D ATREMED mV,

TIEICRE LS v U A OB~ DORATIE, FHEREE & bIEDT LR
Takedaet aliZ £ > THE SN TWA[51], T, RESICZREF SN TW Ut > A8
RIFZAVIZ L > T FESICHABRLSNAT-DICR Y, oA DU 7R LI TV 5[42],
Comanset ali%, 1 74 h LD RES FESICHHYE T2 3FEDOY A F~D& U LSS ZEH) 2

BERRBNTHNT L, B v AA A IO AT S 1Sk X, Sl ~%k 2 Bl2h T

TRV S 2 295 L #idE LTV 5 [52, 53],

VLED X5 T > v MG YO0 T, TSR T 2 v L0
BUL PR D BT DR 2 AT D HERER Th 5, R, WAL IS E 5
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ZLMMARETH D RESE I LT, KL & HIC FESIZRFF SN DY U ADREITESRE
HETH D, AW TIL, FRSNT BBICE TN DB U AR, TR
FESIZIRFF SN DY U A—DABESRHZ L 2R EBEORRBZ B E Uic, WAWEIE, i)
P22 ORI OIEBIC L > TEMTE 5720, KEROTEY I L THBHA S ITE
R e/ S CAHR TH D, FUEEANCIE, FESICH LTHRMNNE L, hoRfsbs b
7o BT BNDH HEEVEANAE LT, MUWMEFRIME BRI L > THET OSBRSS 286
il S DA ESx L — FAIOBE M 25 7z, AR TIE, WFHOR 7 J—= 728N T
LERNIRE T A 133 2 N THICE $87- 1 (BEEY 1) 2 b Ee s v A 134
137759« 0T J v 717, 30, 31T HW 2, £ 72870 2R E Db 55381 K % & Ykl
HEBANCE SN TE L U AFYHEICB T 58 v U MEFEBO = A 0 7R &35/
(CFRRART- BT, BRI AN K BRI R & OBIRZ B BT Uiz, & BICITREAARL OB S
P2 RO U MG IR U, ARBFE TR L2 eid A O R 2T,

5:2: ZERHE
521 A -AE

2y MBI OMERICIE, bR OEBE (Rt Redclay, Atk (B EARR
+: Leafmold, MM (AR t: Andosol 7DEE L7 BREEEZ AW, itEEs 7 A
JGY 3L, 20134 6 H I8 B IRIRITHT (N37.56.02, E140.67.44ICB W CHE L=, T
AR, HEREERELZKIC24 0 600 C THEESH, 2000~212um (Hl#p, SF-
1), 212~63um (>, SF-2, <63um (/v h+ki+, SF-3 (i Lz,

T ARTOREITFRHRLL EOMED & D 2K IR HETITH W, =F L o7 I UEREE
(EDTA ; BISR{b:, B, HA), A I/ VEFE (DA ; FU-BEFZEET, BEAR, HAE), =
MU =EERE (NTA ; BUUbRk, 30X, BAR), Y=F Lo b7 I U HEE (DTPA; BIIR

%, Hal, BA), 3-BE Raefi-2,2-1 3 7 Za g (HIDS; HAME, Kk, BAR),

TF LTI ansig (EDDS; HEx LA K, KBk, HA), L-Z V¥ I U fE-N,N-—
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Fels (GLDA ; Biatibk, B, HA), AF /N7 U v i (MGDA ; BASF, Rhineland-
Palatinate, Germany Hifb7 > E=0 2 (BH L, HK, BA) ZUEAIE L THWE,

ke (HCI), #HE2 (HNOs), Wil (H2SQu), 7 »vAb/KFEE: (HF), AUl (HBOs) I,
AL FEROAERBE IO b D2 iz, o pHIciE, 4-2-8 Faex=F
JN-1-ERT D B AR g (HEPES; 7 747 A7, KK, BA), N-FU % (&
Fa %o 2AFn) -3-7 2/ a2k U (TAPS; MP Biomedicals, Santa, CA, UBA 3-
Yru~I LT I S asnr A0k (CAPS; MP Biomedicals, Santa, CA, UBARERZ,
Feigs- U v o (BARAES: ; s, AAR) ZfEfiAl & LT,

EFRBERAIHEE B W T, RO~ 727 LRKFH (MgCle-6H0 ; B L,
HO, BHAS), Welg, BeleT R U U4, ke e b7 22 (NHCI-HCI; BIs LS, R
B, BAR), wig{bksE (HOz ; BB, WL, HA) i itz v,

ICP R HTELIEIC & 2 e R obr T, fRYEREHT 2348t (Ag, Al, B, Ba, Bi, Ca, Cd,
Co, Cr, Cu. Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Br, Tl, Zn,5% HN@/N v 7 7'Z 7 > K) % 1000
mg/L & ¢¢ ICP Multi standard IV (Merck KgaA, Darmstadt, Germahy% 0.1 M HNG; TAR L
b Ox Hnie, BEFRFIOLOITEEIC L 280 U LAERTIE, EEREHI B R b7
JFRFUOL > MERER (CsCL 1000 mg/l %z 0.1 MIERRICATIR L THIWZ, £~
MU ZEMAIE LT, 1 Wiz a Vs, y BRHEEIC KD > 7 L0 & T,
B #RIREE 0.266+0.009 Ba/g(**'Cs, 2013F 9 H 24 H) OFEAERE 2 V2, ORI
1%, Arium Pro UV ([Z X VRIS otk (FEEHi=> 18.2 M cm) & fv iz,

5-2:2: FEHFR Rl

AR OB IS, IREER Y =F L BRI (Nalge Nunc, Rochester, NY, USA% /]
Wiz, HERICIE, R F Ly (PR BhEEE (7 XU, Kk, AAR) BLORY 7
oLy (PP BEREM i % (DigiTUBES; SCP Science, Quebec, Canada/f\ 7=, AR
DB =FV a— R, AAR) "ovAr7ube Ny heF v T eflnic, FEERIER,
AN Z N Zh 24 h7T V7 U PEHAHR (Scat 20X-PF - 747227, Kk, BA) & 24
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h3M HCHZRE L, K THEWZ S O 2o S THW,

A DI HETHTICIE, ICP 3T E (ICP-AES; Thermo Fisher Scientific, Waltham, MA,
USA) Z M\ /=, ICP-AESOi#iAX, RFHT) 1 1.15 kW, 7T XA~ H Ajii& : 12 L/min,
X U7 AR LUmin, X7 7 A YA A& 0.5 Umin, TIHMEZERRH : 30 OO
1772 o7z, W DL ERNARE &0 LOSGHTITIE, REE—~ A EREF R4
HiE (GF-AAS, AAnalyst600; PerkinElmer Waltham MA, USA) % v /=, GF-AASIZ &
HOMTIE, HRICEAe Y —RZ7 07 Qefadk h=27 X, §H, BA) IZX5¥EEKE 852.1
nm D% AV, R—=UH R I 70T % 250 mUmin TH W2, &EtoOME T v 75 Ai3F
fisz (110°G 30s, Hzfk (130°C 309, JKfk (750°C 20s, Jif{t (1900°C 49 O
SO T TR olz, BN, A— MU T T—ZHNTT T 774 M7 7 —FRANIZ 20
uL iU, RIS~ B U 7 2 EffA (1 %hilE) 20 b Z i L7z, TEhorT v A 137
DENIE, 7 1w 7 TR SN TF ¥ U N —PRICERE SN2 7 b~ = 0 L8Ry A
~7 hr A —%— (GEM-25-P4; ORTEC, Oak Ridge, TN, USAZ X » Tf772 o 7=, EXINE
j7 (KDF S-8; 7 =2A, KM, BA) 1, HHKSELGEYWEORNEICHER L.,

5:2:3: tEAMDF+Z o %Y t—>3>

(1) HEEPERERY DOER~~A 7 2 MEEE > fi#ICP-AES /3 4T

THEEEE 0.25 g7 PTFE#LA w2 /LICFFE L, 132 M HNG 25 mL 12 M HClI 1 mL, 27
MHF 1.5 mLZ sk & L CIRINL, = A 27 v nEfig2kiE (Multivave300;  PerkinElmer,
Waltham, MA, USA (Z X~ THIZEES 73 fi# (F-IRIFR 15 min, f K H ) 1400 W, f KR 240°C,
~ A 7 v RERERE] 0 120 min (2t L 7o, fE%, 30 minDHEIO D HIT 5 % HBOz 10 mL
ZREHZESIN L 72 5 2 CHOAHRFER] 15 min, F A H ) 1400 W, F KR 240°C, ~ A 7 &
WS 30 min DEHRGAF T~ A 7 n i A L, RO 7 v bKEBER Y 7 vk
BRSIZ~AF 2 7 Uiz, ZfE®i% 50 mL PPEGRERE (DigiTUBES) (Z&®Ef&E L, MKz
FAWT B0 MLICER LTz, 6N ERICEENDL &R E T U AL, ICP-AES L GF-

AAS IC XD EnENER Lz, TEPICEEND BB DIRE Conld, RO (5-1) (2
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Mo THBE LTz, 72721, Casol : IR T O RIRE[MY/L], v, - FHE OEHEEL], m
FTHEEEKY TH D, 7210 ug DT A 133 F UM U725k 2 AR o L, dhnElx
F[55] (Additional Recovery: %AR 2 & > T~ A 7 1 i InZEL 55 fRIGF-AAS Il & O & Btk %

i L7z (K 5-2),

Cd.sol. X Vd.

Csoi[mgrkg] = ===

(5-1)

AR = Cdetection (5-2)

Ccontem + CAdded

Z 2T, Cdetectionl®, &7 AEINEEFOE T A8 [mg], CeontentlTE 7 LAHMLT
W WaEk o' v A&mg], Cadded TESIN L7 v U A&[mgl—7 725, 0.01 mg——7
»H D,

(2) TEPHEEYOE R

#9019 B 2 RASFR % O DI ISR L, BRI 2 AV T110£5°C 1h B
F V650450 °C 2 hiR#Eh UNE: O B & 2 FEFF L 72, 5REME O B R &6 TR A Y
=X RO,
52-4: D AERETRLEDIERE

HATHE I 3|y g 397 > PERIEILE ICFE & L, 5mg/LY¥*CsCIKiFK % 30
mL AN L7 9 2T 24 h, 25°C, 200 rpnCiRés S W72, WK & THEEOREKRIX, 13000 rpm
30 minizE-L: 3B (GR20GIII; Hitachi, B, HA) IZffiL, EEALZREL, 1% 5mL

DOFEHMIK T 5 EIPEF LD b, 60°C 3 hifS & TREHGR L Lz,
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Table 5-1: Chemical interpretation and the extraction condsgiof the protocol that was used for

fractionating the solid phase cesium from the soil

Extraction conditions (for 0.25 g soil)

Chemical
Fraction Duration Temp.
interpretation  Extractants and other conditions Agitation
h °C

F1 Exchangeable 1 M MgCl> (pH 7; 4 mL) 1 25+2  continuous
1 M NaOAc (pH 5,

F2 Acid solublé 5 25+ 2 continuous
adjusted with acetic acid; 4 mL)
0.04 M NHOH-HCI

F3 Reduciblé 6 96 + 3 occasional
in 25% (v/v) acetic acid (10 mL)
0.02 M HNG (3 mL) + 30% HO:>

2 85+3 occasional

(pH 2, adjusted with HN§) 2.5 mL)
30% HO:2 (pH 2,

F4 Oxidisable 3 85+ 3 intermittent
adjusted with HN@ 1.5 mL)
3.2 M NH:OAcC

0.5 85+3 continuous

in 20% (v/v) HNQ (2.5 mL)
Microwave-assisted

F5 Residual — - -

acid decompositioh

2 The fraction names ‘acid-soluble’, ‘reducible’ atakidisable’ were originally called ‘bound to

carbonates’, ‘bound to iron and manganese oxided’ ‘aound to the organic matter’ by Tessier,

Campbell and Bisson [54].The detailed microwave-assisted acid decompositimtedure for

determining the soil cesium contents is availabl8eéctiorns -2 -3.
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525 EFHIERMUZEICE D BHEETRL B> U L DILFTEEERENT

Tessiert al[54]D 7k % W T, BFERICHHREE 23 K & < 72 D 0753 & I TR
RAEIIEEND B T LA EZFRICHIE (Selective Sequential Extraction: SSE 7= (Table

5-1), SSEIZ & ~»T, +HEFDET 7 L% FL: &Z#ifE (Exchangeable, F2: BE¥SHIRE/ R

#ifE (Acid soluble or Bound to carbonate F3 : i oia HHE/8k-~ > H Rk hE (Reducible
or Bound to Fe-Mn oxide F4: ffbis e/ A4 HE (Oxidisable or Bound to organic matter

F5: 7iAHRE (Residual (243 L, TEIZHIT H(FERRELE ML L 72,
5:26: FL— FFKTRZICE BLIEER ST LDERESR

4R 50 mM S L— RAIKIEERE (0.1 M pHAEE ) K OV50 mM LT =7 4
IR & R IE b 1 g/10 mLTIRA L, 200 rpm, 25°CT 24 hjilifiiRd L=, etk o LB,
R F Lol ) oD LR ARFFRE0.45um DT A7 BRI A T L7 ¢ )L # — (Sartorius
Stadium Biotech, Géttingen, GermanyZ L 5 IlJE Az £V PPHEEERE (DigiTUBES) (24X
L7z, BEAITEREL 3 580D 30 %BM{b/KFKZIRML, t— 7 m vy 7 XEEHNEL
yfiEdEE (DigiPREP Jr.; SCP science, Quebec, Cahaldais\ » € 100 °G 3 h i &HTHr
ATALER L L7z, 16Nl A GF-AASIZ K 20Tt L, B Eh2 v v ARELZERL
7. P L5t v ABRE#R (Removal Efficiency: REIX, DO (5-3) oKD=,

C

%RE=—2"Y x100 (5-3)
XxXm

soil

PR, Coal TBEHHERTE 3 ¥ MEE [M/L], v IZEEHER [L], Con XHRIEISY: iR &

U LREE [mgl/kg]l, mITEHHGY HEOE kg2~ LTV D,
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15 mm 0.5¢g

Soil sample
8 mmt

Soil sample in
Polyethylene lid
(Wrapped with parafilm) Acryl board

2
53

y-ray detector

1cm

Radioactivity detection setup
in lead-bricks chamber

Figure 5-3: Radioactivity detection setup f&t'Cs in contaminated soil samples.
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—J7, Vet o B3, Werii 2 LY BROVERISKBEF 21TV, 100 C T 8 hizf s
7o WSV 0592 &L, EAISmMmM EX 0.8mmoR Y =F L o ff 7L
W KBS, /3T 7 ¢ /LA (Bemis Company, Inc, Chicago, IL, USATHEEI L7-, k%
FHE ST TIVREIZT 7 U VRICE=— T =7 TREEL, 77 Vb & #ifmi sk L
THEEIZEN. S, B2 EE ST 7 VAR Ezshid 7 o v 7 TR S NWIZRET v >~
N=PIZEE L, vy RANZ brA—=Z—ORHGEZ R ONRT 7 0V AEND 1 emBfEL
T#HE L7 (Fiqure 5-3), #EHI G EN S B T L 137ICHKT 5 v # (0.662 MeV) % 3
h (BEAEREHT 120 DL ERRE L TR L, ROR (5+4) IZHESNWTEY U A 137TDRRESE
RE ZRKD 7,

%RE:MMOO (5-4)
rig.
Z 2T, Ruashed 1FUEH R 15 1 kg 72 V) D ¥ICs DILETHE [Barkg], FIFRIZ Rorig i3 VEHAT 1

B8 1 kg @ B'Cs e [Bakgl TH %,

5:3: BERVZZE

5-3:1: BHFRFRADTREICL B>V AEERMHFDRENL

BEAES T T X~ BN oA E (Inductive Coupled Plasma Atomic Emission
Spectrometer: ICP-ABSIZ, ZcEFFEENARETH 572 EENTMEREZFF O, Wi
FHROWERSHTII A THOOND, —FH, A ARV =D/ S T LOERIZE
W, BEES T T AN TE YT LT OA A AERTCHET 5720, JRA-FEEORE N
D CHEL 7D, BEMAR TG0 EEE  (Graphite Furness Atomic Absorbance Spectrometer:
GF-AAS %, #10uL L~ ofid THUD sl & T ng/ll A — X — O E &S HT 3 AIHET
HY, WEHLZMTENTE OHERH D, ABFETIE, GF-AAS IZL 5T AERS
D5, <~ b7 2MEMFIE 7 7 —FR AT 07T AMONWTER LT,

(1) ~ FU 7 2EMF] & IKAGIREE O feifl
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~ b U7 2EHFIE LT, ke RO 1LWRBEZ RN LT & & DBy ADOWEE %
Figure 5-4a lZ7d, ~ U 7 ZEMFIZ RN L 2WIEE, HESHHYOFEICL > Tk
VU ADFEAWIEIIRE T H DL L E BT, 1000 °CULEDKAGIRE Tidt > 7 LD
FHERPR OGNz, =T, v M 7 RMEMKIZ RN L7254, HiF MY v A, B (Acetic
acid: AcOH, EDTA Z s L =W F OBV T HIZIERBEDO WG E 2o L=, ik
N U 7 AIEIFESRAELISLCIE, 1000 °CE TORAGIRE CRE LWL 2 MR Uiz, o
BINZE > T, B U ARBMICEERNEYE > A LTHEE SN, IRIBALEIZB Tk
iy & OBERAFNCHEIT LIz LB X B D, AFETIE, 1 %hiEE~ kU 7 A&
HIOLFAET, 750 °CZ& IRAGIRE DRt & L TRE LTz,

(2) JETALIREE D Bl

Figure 5-4b (¥, fiii~ b U 7 ZEMA| & IRAGIREICEB T 2R HUREOHH TH 5, ~
N U o ZMERRAI OB CHIEDOIE FIZB T 2WHE Y — 7 OFRITLE LA, bR
J¥ 1700 °CLL T Tl 0 2RI E & FROGEEITRT L7z, B{BiREE 1900 °CE T,
RO EFATPE- TR IFEIN L7z, 1950 °CLL EDJF7ALIRE TiE, 272 mr{kicfk
5 HORINBISRIZ LD RE Y — 7 1T RELS BN, BV U AEREZREHIC LT,
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(a) OCs [JCs+NaCl ®Cs mCs+NacCl

ACs+AcOH {OCs+EDTA ACs+AcOH ¢Cs+EDTA
0.020
(a)-1: Without matrix modifier (a)-2: With matrix modifier (1 % H,SO,)
0.015 o
=
c
=1
g 0.010 | -
7
Qo
<
0.005 1 I W
O 000 L | L | L | L | L | L | L I | I | I | I | I | I | I
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Pyrolysis temp. [°C]
(b) —— 10 mM NacCl — — 10 mM AcONa
(b)-5: 2000 °C
1.0
(b)-1: 1700 °C (b)-2: 1800 °C (b)-3: 1900 °C (b)-4: 1950 °C
0.8 B - - I~
=
c
> 06f B B B B
Kol
=
S
v 04 B - - -
o
< L
02| s s j s . J
0.0 . : : : ‘ : /k L.

o 1 2 3 40 1 2 3 40 1 2 3 40 1 2 3 40 1 2 3 4
Atomization time [s]

Figure 5-4: Optimization for furnace program during Cs deteration. (a),Effect of sulfuric acid
dose as matrix modifier to intensity of atomic atemce during increasing of pyrolysis temperature.
Atomization temp.: 1900 °C. Circle( ©), Square4, o), Triangle(A, A), and Diamond¢, <)
indicate as Cs solutiorj, “Cs + NaCl solutiofy “Cs + AcOH solutioiy and “Cs + EDTA solutiot
respectively. Cesium’s concentration is 5L, NaCl, AcOH, and EDTA are 10 mM. (b) Effect of
atomization temperaturd) to cesium absorbance peak. Solid line and brieakimndicate NaCl and
AcONa coexisting condition, respectively. (b)T = 1700, (b)-2: 1800, (b)-4: 1900, (b)-5: 1950 (e):

2000 °C. Pyrolysis temp.: 750 °C, Matrix modifiér%e SOy 20 uL, Sample volume, 2(QL.
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FBE  —  FUNMEE Ty A5G O RTERIBEE O BR %S

UEOHAELY, B2 U AEROEOFESMZ, Ao E 20 uL I LT, v~V
7 AMERGA] © 1% filg 20uL, JRAGIRFE : 750 °C JRHLIERE : 1900 C L EHT=, Z D5
EFT, By ARE 5~10 pg/l Th HWERAE NN CTHEMREZIER L& 25, BT
DOYPERLNL 0.9991ThH o7z, £727 7 7 HEME (0.1 MEEE, n=5 OEARERERZ)
5, REOE T LRI 1.7pg/L EFFR I,

532 BALEICHT SV LDREED
(1) TPy LOREH RSN
BEREY LEP O¥ v U AORESHTITE W T, /B E 2 IINEIEEIZ X > TR L7

& A, TRTOHERENIB T H2EINENRIT 10 % ToH -7 (Figure 5-5a), 3D fE
BETIE, BIREOBRE LR VBRE AV D720, DRIEE OIFWE XS Om
RETHLETREND, 2T, BEOMNOEEOSITIZF L LT 77— AT 0 7T 4
DT &1 T2 o7 (Figure 5-6), JKALIRE 900 °CE Tif, I X 2 HELICER T 2 8
v 77Ty RIRRENGRO HiL72A3, 1000 °CLL EDRAGIZ L > T2 OFEITELY Broi
72 —J7 T, 1150 °CLLEDIRALIZ, & v LADHE D 72 DWW E DR A/, 5 7= (Fiqure

5-6a), D=, FiERILIEE %2 1050 °CLED -, FLIEED FRICE-TEY T L

O ITHIHNTIEIN L7z (FEigure 5-6b) 7%, BRI Ot A F a4 8 7 TR LR E %
2400 °Ct L7z, HRELL 7 7 —F AT 07T M X DROTITBT D 20RO H5H
K% Figure 5-5b (Z/R 723, WMNENERIL 50 %4 CTh oz, £ 2T A 7 o
SR RAEE (132 MHNG25mL, 12MHCI1mL 27 MHF 1.5 ml, 5% HBOs) D&
% 5230 DRI L, 55Nk DT o0 MEREEK AR LTz, 20
PEAESIRIE, TR R L IZIE RO Z & DIEERE TH Y, ~ MU 7 2D E 4
BNRICHIH CE D LR CE D (R MU AV TFUTE), ~ NI A~y F U TEE
FWT RS MRRIR & T LT & 24, IRIMNENEEIE 90~130 %= Fihy B 4T 7e a4 15
7= (Figure 5-5¢), LL kS, JRIGIRFEE : 1050 °C B {{LIRE : 2400 °C ~ hU 7 A~

FU7EOL ETHRERE, Bt v U AR ROy AEAEEHE LT,
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Redclay ?:;:;i Leafmold - Andosol

125 }(a)

F1 F2 F3

Figure 5-5: Optimization for determination method of cesiunmoentration. (a) pyrolysis templH)
= 750 °C, atomization tempT{) = 1900 °C, (b)Tp = 1050°C,Ta = 2400°C. Lteafmold and
“Andosal-type soil are not available. (c) Applicable matmatching techniqueta = 1900 °C,Tp =

2400°C. Both of sample volume and 1 %88y (as matrix modifier) volume are 24
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—— AbS.CS —f1- AbS.bkg

0.010 0.05
(a)

0.008 0.04

0.006 0.03

0.004 0.02

Abs. [arb. unit]

=g

0.002

, \
0.000 g, 0

500 800 1100 1400 1700 1500 1800 2100 2400 2700
Pyrolysis temp. [°C] Atomization temp. [°C]

0.01

Figure 5-6: Optimization of furnace program for determinatiohcesium in microwave-assisted

digestion solution. Matrix modifier: 1 %23Q; 20 uL, Sample volume: 2QL.
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AR ROy 7 A 133G AR, 72 & ZIEMMR T v b, KiEmlS TiEEhEnmRem
+, 6.5+1.3; #Btafikt, 8.5£0.7; ARV £, 7.620.2mgkgTH YV, —fEICHKRTHIZE
bohNHEY U LAEAE (0~26 mg/kg[28) & —E L7- (Figure5-7), R+ T, ik
BOWNE- TR Y 7 A 133 EHEDSHINT HEA 3R S, JF1 1 FHeO KB T
L7y U A 137 b E RO N EZ T 5 B2 0N5, —FH T, Bty v A5 1
TiE, HHEOREEICERAR < —HEIZ 35~45 mg/kglaE Dt > A 1338 A STz,

(2) HEPEAEERL YT LWEROBGR

TRIIEENDTNAI=TL, AIVVTAL, 8 BT T XU w2 HY, F
FU T AaZERLE (Figure5-8a), WV U A, = 7 %7 AT L0 IR I,
FLTHRY DL, BYTAEROHOKRDO HEIZAE LTz, KT R L F—DRE /2
i€ )& (e.g., C&", Mg?") i, /KFI/K & ZHHES LI IRIETH LI OW B A MTEE L,
R 2R A0 EE SN D Z &322\ 44,56, — T Th YU T hA A 0%, KoL
X—=D/NENTDIT '/ T bA A & FRRRICE ISR S S DN H H[57),
VO LA FUNE, BV U LA A EREHEGERT D720, HRfat SF-1, SF-212Xk51Th
U T LAFrDZNTERETIIE U AOWEN TN D AIREMED B 5, 37X T 1%
IZBWT, RPN NS RDIZONTT VI =T LG AL, ol HE AT 2k
T8 (TR T AERE) (ER L TWDRREES SV, £TVI =T A, BRIET AT
DHEIZENETNE5~10% 1~5%5ENTEY, GARDIEFNIIERR 7 =Bk t>
et BT O T AGH R EEU U@ &R Uiz, B CEM b & L CHEE
THERLT NI =T LA, SR E T A A DWAEY A hZ RS 5729058, 59] &
HBIZBWTEY Y LOWERICEEL B T2/ eER S 5,

(3) LETEEY & v T 2WEROMFR

TETOEHYIL, TR DI ONTEAENEM L (Figure 5-8b),
TEHOMETHE TS L, STV =0 A LFRERICERZ LB oK t>REaLolET
GHENHEMN L2, SEER L7t o v 2550 T, AEmEOD 2V RE T
WHIE S T ADOWERNRKR L R o7,
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Figure 5-7: Cesium concentrations in the raw and cesium-spikdd 1 = 3). SF-1: Size fraction of

2000-212um (coarse sand). SF-2: Size fraction of 212u68(fine sand). SF-3: Size fraction of <

63um (silt and clay).
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Figure 5-8: The distribution patterns of (a) metal elements @) organic matter in soih(= 3). SF-
1: Size fraction of 2000—-21y2m (coarse sand). SF-2: Size fraction of 212u68(fine sand). SF-3:

Size fraction of < 6@m (silt and clay).

- 165 -

Chapter 5— Decontamination of Radio-Active Cesiwmmt@minated Soil by Chemical Washing Treatment



FHE - v AR IR ORI TREE O B3

A EWER U 7 i o w7 A5 3 RISV U, RO/ e TRl ik - & R
N7 BB LM — CHEEROY A MIENICEE TH L7120, LERNAEE >
U LDRFFEEDO L LTIRAE S TWDLHDEEZ HND, Lo, —MIC R
W—TF72oh, HS7e ENA T HABEM—IL CECIZRE SN Dt v ARIMED /N S e
A NEMERT D2 ENMONTED, REOKAMEE > U MRSk U TIIEER 2%
EFA MITR V15720049, 60,61] T LA, A LI 2 HET D Z L[62, 63]
THEMEE S T LD HEA~DFEEZ Y F[64], WEREZWD IEDL Z LBRESNTND,
X, KFIDFRN 2 fli B F A [65] KL TR DA A — b LTl < B[4l DAFAEN
MM OREEZST-6 L, BV LDOEBEA~DT 7 B ARFIRINTIZDEEZBND,

5:3:3: LHEAt D LDFHEREEEIFEL

L HE R HE 2 AT, Bl o 0 MY IR P O& o U L& B e D A ETERERINC 4y
B L7z (Eigure5-9), 723135 » HRIIZIE > T 25°COA »F a2 N—ZNIZRAFL, 18
TR 21T/ o 72, B U AIF, BAR 7 L=BaHM >R 6+ ONE THRIE 725
FFREIZEZ L s AN R o/, R TETYH, L0 MR B CITEEEo'e> v
LWL LBO B, —H T, FLIZHBEINZIHWVRERBOE T AIREICE> TR D
FRIEZR FE Iy ~E 2 LTz, ZOMMITRE L TROBETH T, RETDOL I, F]
HNZASHAREE & 7 AR HHERIZEE LTI, KR 7R & OBEFO FIENR U AREIZHR
RS D L TRRINDD, B HORKHZ X o THEHEMEE U A28 %, BRI X0 K
72D EFZExbD,  TEEIZEBWTIE, SEM 3R i O SIOH ISR E D 77 VAR ¥ VK,
IKEEIEIZ KT DA BEMITHSCNCE Y T LAOWENEI D EBZ L0, Thidkals
W SER OB Z SO D TF A A F UL, BKERTEESNDBDEB X
DD, LI 28T L0, B P RSICHEE, BOEM 68 A O

AR RS AR T D 2 &R S TR Y [53, 66 Comanset alld BB EIE T L
B Ry 7 AETIN) [B2IZL > THH LT, SEG6AT R 2 T ADREEMIX

AHARE 4y (F1) O LFIERER Sy (F5) O &V 5 2 CREH & 3 8F - B8 L 72[67].
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Figure 5-9: Comparative temporal distribution of cesium in slod solid-phases. (a) size fraction of

2000-212um (coarse sany (b) size fraction of 212—-63m (fine sand. (c) size fraction of < G&n

(silt and clay. F1: Exchangeable, F2: Acid soluble, F3: RedegiBl: Oxidisable, and F5: Residual.
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FHE - v AR IR ORI TREE O B3

WAt BARZ 1 SF-2 SF-3KifRH 4y TiE, F1225H F5 ~DE v 7 ADFREE(L
13 4~5 7 H H TENITRBO BN DI E -7z (Eigure 5-9b, ¢), T H D e 51T Ebiik
ML GENDIEEDIL, ¥t vy U AOMBEERICTH L, EHEIEE CORE %2
BT HZEREMINTND[68], £72 260 HIRTEEIZIEKR 10 mg/kgE & & E 41TV

Tt UL, EOMWEN YO HEYER] (FES (ZEEL STV ATREMEDN 5
WV, BIIZIZCECD D LIRGNTZHIEZ L DI E R FESHBEIZfEfi STk H, A
THINEY T AD FLI»D F5 ~OFEELNEL, F/MBBICHIRIN b0 EEX L
nNd, ZOXHC, ARBEICED HESCRERMAROE Y T L2 % G HHEICHRK Lk
SHEE T AIE, FES~OT 7 B ARHIRIND & &b, ZEFRNAKICLDWEY A D
HADOTEDIZE DT oD b0 EHEIND,
5:34: BHEFEDALFTRLEDF L — FEF

(1) FL— MEIEGLERT O D LER

BN R WG I (GF-AAS)IZ L B & L — MNAIGE BRI £ v 7 A DOSHTIZEB W T
%, FL— AR EOFEMR YU AEEOERSS E L TEHL AEEER S D, & 2T,
LR DTN L > TH U— M & AT 5 J7 ik & /Et L7=, 50 mM EDTA & 50 pg/L
BT A 133 LRI A VAR, 2) 30%EER L AKFE AR, I)EELAKFE KIS+~ A
7 v RE, ANEEELKFERIN+100 CHIEAD ZNEN O FIETRILEE L, GF-AASIZL5D
SHTEE £ U LB DO 2 ik L7z,

¥ U— M & G 0WRIR & RALBE T GF-AAS It L 72356, B v A0 ERfEIX 50 %14
WD LTz, B EAICh 2ffkkFEELMZ 52 & T, EEfEIE 80 %a R L7, mig{kKk
FOERZ XV IEERT DO EDTA B SfRENT-bDEEZX bND, ~A 7 a i, KAy b7
L— MO FIETEN LRI KFZOIER 2 g S ¥ &L 2A, MARLITE U AITE
BT 4L, oraRzEEA >y R 7 L — MIEL (£20.004 mg/l) <~ A 7 @ Ein#k (£0.008
mg/L) Tod o7z, LLE XV ARBE TR, i ZRaileEiE & U CRUBHZ b /K F K 2L,
By 7 L— b BT 3RRHIINENS D ik a R Lz,
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Table 5-2: Recovery of cesium in chelant coexisting solutioming GF-AAS analysi8

Pretreatment Addition [mg/L]  Detection [mg/L] Reaoy” [%]
Un-treated 0.026+0.005 5310
H20. dose 0.039+£0.006 8010
H20. dose +
0.05 0.054+0.008 11020

Heating by microwave-assistant

H202 dose +
0.055=0.004 110-8
Heating by heating devite

Coexisting EDTA = 50 mM, kD> concentration = 30 %, dose volume = 3 mL/ 1 mlsafple
solution.®n = 4;"Recovery was defined aslétectiofi/” additiori’x100. ®Irradiation power = 1400
W, Irradiation time = 60 min, Max temperature = 240 “Heating time = 180 min, Temperature =

100 °C
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FBE  —  FUNMEE Ty A5G O RTERIBEE O BR %S

(2) G LR U AR E L % L— MR

FHRLE % O > T A5G HIZxF LT, pH 7, 50 mM EDTAIZ X A2 H L7,
Flo, WHERIHBEOES T LAOFREL, (LFERERIHEICHE > THPT L7z (Eigure 5-
10), By MGRTEICEENL B VLD, FL (ZHRE) & F2 ([REERE) (25
HENDEYULE, pHT7OKEFICEVRESND Z EXRESNTZ, — 5T, EDTAIZ
L AW TIX, KBS TRESNE FL, F2I2MA T F4 (HHMEE) OB AR Sz,

Tessieret al.b D FAIZ K D FAIX, AR RBLUSMIER(LAYEREL F Tt 3 2 {72
ED&JEIN Sy 5 A [54], HETESBIROREIEMI - T, W& Lick v U L ORBENE
TLIZbDEBZZOND, BEFRLCERART LICBWTHERNZ EEns FAE Ok
U LDRGUCH R TH D AIREMEDS R S NIz, M+ v PR OET T SAEA T
B ar ba—, FL— MEFICE DB U ARERIE, TEFH 49 63%@RT),
34, 53 %Rk 1), 31,38 %A~ +)Th -7 (Figure 5-10), F L — MANZ L B EEEZED,
KD L DR TE VT AREEICBW AR TH L Z LR ST,

(3) FL— M MEFIZBTLZXL— ORI Y —=2 7

2V MRy O T BB RT 2 % L— MR ORISR, KPS (Control: ctrl) & b
KI5 L RTOF L — MITHENE O E Y AREDRENG Oz (Figure 5-11), e
Flo pH Z 55 E(pH 5), HEEH7), 397 v 8 UME(EH 1NCFRRIL 7= & = A, k& i L
THIWRME TIIKBEN, L — MERICE T U ABREROENPRD b, BT L0%
EHAE L LTl < &BH ORI, KFEA TN K DA T Mt o 7 L OYREE L i %
bbb LlebDEBEADLND, WALV HERETIE, —HMOFL—FHICLD B YLD
BREFIIWM L7, ¥ — NAIOEBMEEN X L — M-S BIERO AR ERZ M &, T
W E KR T DB NF L— MEEDAEREZ B U T LI L RSN,

—J7, 8, ~ W UEOREPIEREICE O NS ERICKTT D% L — MEIOSEERE
Bty ARERICHRZEBITIRD b o T, IR E~OF L — MFIOWEFEIC
R 5, $EMLISNDER ' > 7 ABRERICEEL G TWDABEREZbND,
ZTIE, BV U LAREROKRELFL— & LT, HIDS B XU GLDA % WL L7z,
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Figure 5-10: Comparison on distribution of cesium in the saiiridg EDTA-assisted washing
treatment. (a) size fraction of 2000—21r# (coarse sany (b) size fraction of 212—-63m (fine sand.
(c) size fraction of < 63 (silt and clay. (Removed): removed cesium by washing treatnieht,

Exchangeable, F2: Acid soluble, F3: Reducible,®¥idisable, and F5: Residual.
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Figure 5-11: Removal efficiency of cesium from artificial contaated soil by chelant-assisted
washing treatment. Soil size fraction: SF-3(Sildarlay), Concentration of chelant: 50 mM. (a)

Redclay, (b) Leafmold, (c) AndosolCtrl.” indicates water washing.
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(4) LT &= ABEEABAI D5

ZZETHLATLIAND, F L — MNIDBIEIRLA ORI > T U 2 OW AL E
WS, THRE T AOREICKESRL EONREFFSZ LR ENT, —7F, SSEIC
K DB THEERE (FD) (B Ehb L 57, FESIZHMS B L7t v U ADREIIRS T
3720, FES~DE® v v AOEIRME L OGS T, 2: 1R A BREE D22l E 2T LA
T O AZXREETHZ L L, BV U AL AL ORI XN F—D/NEIHREELTND
[45], - TRERIZ, KRR F—=2/hS <, ok AL A YA XOFELIED
VL, TUEZTAALFUNE, FNENE LT LA A2 L LT 1/1000 1/200F2L% O
£ 4T FESIOEIRAIICEE SN D[46], BT =LA 40, FESICERE Lz Y
LDOWRFH~DEBICIRS BRT 2 Z EnHE SN TV D, 72& 2L, MEHEED~o'T v
LNIBTOBATRE L 7 V=0 A A AV REICITAOME[69]2, 78k L7-EIEIS
BWTT UV E=U AL A e BT N 13T A U REICHBE[70)N A ST 5, [AERIC
Wauterset al[71]i%, SIREDOT >V E=U LA F N FESIZEE SN B UV AOBE Z L
ESHDLREEEZERM L TS, LEDZ b, 7 UE=0 AL F03F L— MFIOBEE
MiBIA & LT HER O U ABREIAMNTH D WML & 5,

A+ SF-3[l[ 4y &2 %512, pH 57 50 mM HIDS L — R4l L 50 mM kLT =
I NHCl ZE 0 E2wEA Lz & 2 A, NHaClKIEIRIE, HIDS KIFK & [FAIFRE (g
i, BARZ L) oy Reat) By o ARERER L (Figure 5-12), — T,
W& ORBWIRE TEICEHA L 25, T Z M THWESGAEIZ 5T 5~15%
BER U LARERDEIMLE, FL— Mk 28U LRERBOERE, 7E=U A
Wz % FES OBINERHOBMENRICEI > TRV T LDBRENMEESNTZ D EEZ BN
Do
(5) Bevg o fe kAL

LLEDOREN D, & w AGY T T 2T R O R S 1 & IR OFRICE D T2,
X L— hAl : 50 mM HIDS  #Ed5iBh%] - 50 mM NHCI, pH : 5, ¥EifAl/ 5L : 10 mlU/g
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Figure 5-12: Removal efficiency of cesium from artificial comaated soil by chelant-assisted
washing treatment. Soil size fraction: SF-3(Siltdaclay). Concentration of HIDS: 50 mM,

Concentration of N&CI: 50 mM, pH 5.

-174 -



535 Kt DLTRLE (FRAK) ~DEH

FDNPP7> 5 34.4 kmfEi 7@ o IRIRITATIZ 5 THREE L 72 EBUEHT R L C, RifTE 534 12
BOTIRIE SNl St OB REE i L, B v T AOBREDREZFT, RBE
Bl BCs I3k 5 S AEIX 9600 Ba/kg pH 1% 6.8, A& A &1T 11.240.2 %CH V),
S L ONHER EORFE AR A I T 5 HETH o 7,

YRRANRYT b a A —F =T XD YR RO B RERIE OFE IR, pH 5 D/KES 5Tk
RN IOWE T L TEY, FICKHWEBIZET L Ebnstr UL 137TORENHER I N

(Figure 5-13), —C, 50 mM HIDS & 50 mM NHCl OIRA Beidk & A L7 fE R, '
7 A 137 SRR B BRI 59 WA L, FL— bR E T =T A O TSR K E
AW E LR TEBL D Z RS,

HR LR o' v T AORYERIL, BURPERE (B2 7 4134 137) & A TRERNL
Ko7 A13BNBERLTEY, ZTO&EE 0~26 MglkglRETH 5, D7, HiEIAl
W T AOFEREITK L CHRMmBENI RS S, Bt o0 L7550 Rl FIC BAF e BEE
RIRDRENTZEFZZBND, FTREONIED H1E, FDNNP 2 HREH L 72ttt v o
LD—ERDKREBENEDRN 2 um 1T E DR+ & L TIRBL TWDH Z &R ER I T 5[42),
TEERERCI T g S VTSR O T TR TRENIE MRV Z LM 6T b — 5 T,
DX O IRTFIARET 5T T Ao ENT, T K A~OWAE L ITR AR LIRS B R
T 5 AREMED B <, OV T AR~ OBIRE FTREMO L E IR RS T 2 BB R TH

AEIOERETIE, Bl v U MG TIEL EOWHENR PRI TE Y, L7k
FIOBIFIC BN TR v T AHYTT VAR L, LMV A 7 = X 5050 7% Pl
SHLUENDHD EZEZDLND,
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Figure 5-13: Comparison of3'Cs radio-activity among washed and un-treated cointated soils.
“% RE” is removal efficiency rate fof*’Cs in soil. “Un-treated” soil is no treated soilVvater”
indicates a water washed soil. “HIDS+NEH" is replaced to washed soil by 50 mM HIDS + 50m

NH4CIl washing agent. Washing agent’'s pH: 5, washimgti24 h, washing temperature: 25 °C.
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54: EFSEDFLH

ARETIE, FL— MEFZBSEE 7 255 H8IE T U, REREARD EHERE /2 R
RFEERETH LA HMNE Lic, ETRERNMAE T T A 133% N LIICE E W75
THY B A st EE o T A 134, 13775 RO 7 Fa 7V, BRI IE(SSEYZ S0
TEY U LHERTBIZBIT 22 U MEFRERO A D0 7ER L & b — MEEORHn %
1Tl olc, 20 ETHEROB AN L F L— MESFSEFOR 7 ) —=v 7 LHiBiAlE LToO
T =T MO R LT Sl R O VER SR 2 FER O KSR EE U AG T R
WAL, ABFFE TR LI O R 2D, HFONIHMAITIKRD LB TH S,

1) B FUOCIEEIC L DB v U AERSFMEAZHA LN LTz, SSE THW LI L3R
~ MU 7 AR LT, JKARIREE : 750 C, JRFKIRE : 1900 C, ~ kU 7 ZEHiH - 1%
Wl PR Ch o To, 7ol L, ~ A 7 w BRI X 5 TR Rk LTI,
JRAGIREE : 1050 C, F{ALiRSEE : 2400 C, ~ KU 7 R Effifl : 1% kg% A\ iz T~ b
V7 A=yF o ZiEE WD Z L TR SHTEIEIC I T 2 WINEIER 90~130 %% 15
72

2) BB L LT, B 7 LB 35~48mglkgd HEAZER LTZ, B v AEE
Ek, BV UL, FEYEICEETIIAOHENRD by, AR TIERoT, HEEf
DEV T L% SSEIZ L > THME LIZ& 2 A, X072 CIXERAEDOE v T A%<,
FIZHEOZ A P I > TR HEMETH 28 T AL, L0 HREETH HIERE
WZBAT LT,

3) FL—hAITHS EDTA L, AHiRE, [REERE, AHMRED T T U AEHIZKTEEL L
DRRAET LTz, F b— M K 2WEHBEOEIER T 2 L Bbih s, £ b kTR
ERENFL— FEIZ50MMHIDS Th V), @RS DRI K X < 7e HEMESAE T Tl
bRV T ARESEE R LT,

4) PEEMBIAIE LToOB0mM LT »E=7 A%, HIDS & & HICHWD Z ETERE
NEHMTHWAHAELU EOBwESREZ R L, BRICEESNZEY Y A0OBREICED,

-177-

Chapter 5— Decontamination of Radio-Active Cesiumt@omated Soil by Chemical Washing Treatment



FHE — v AR IR ORI TEEE O B3

FL— MlOBE 2 Lzbo LRI,

5) S TOWEE, @ER TRty v A5t (F20E) M Lz-s 2
%, KU (BREFRIW LLEORESDRE (59% %L, ABFFE TR LE T T ARG
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