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Yuuki Iwahana

Department of Applied Chemistry, Meiji University, Kawasaki 214-8571, Japan

Abstract
Radioactive nuclides in incinerator fly ash of municipal solid waste before and after the
Fukushima daiichi nuclear power plant accident were determined using y-ray spectrometry.
Potassium—40, *'Cs, *°Ra, **Ra, and ***Th were determined in the ashes before the accident and
1Cs was also determined along with these nuclides in the ashes after the accident. Activity
concentrations of natural occurring radioactive nuclides (40K, 226Ra, 228Ra, 228Th) in the fly ashes
were constant, while the concentrations of radioactive cesium (**Cs, '’Cs) increased due to the
accident; the reason why **Cs/"*’Cs activity concentration ratio was equal to 1, corresponding to
7Cs existing in environment before the accident. However, concentration level of radioactive
cesium is not a ploblem for disposal or recycling at all.

Notification No. 13 elution test and an adsorption experiment with its solution and andosol
were applied to predict elution and adsorption behavior in a disposal site. Forty percent of *’Cs
in incinerator fly ash eluted by the elution test, and adsorption ratio of Cs" onto the andosol
showed 90% as primary concentration was equal to or more than 5000 pg L. In addition,
desorption results used to 5 types of solvent showed that desorption ratio of adsorbed Cs' from the
soil was 3.6% at a maximum. Hence, it is anticipated that using a soil which is similar in
composition to the andosol suppresses leaching out radioactive Cs from reclaimed land.

A sequential extraction was carried out for the nuclides in the fly ash, since the
characterization data is useful for a management of incinerator fly ash. ~Alkaline metal nuclides
(K, Cs, 'Cs) in the fly ash have high water-solubility due to basicity (Ca/Si ratio) of
municipal solid wastes and/or operation condition of incinerator plant in Japan. Hence a
treatment of leachate would be necessary for management of the nuclides in incinerator fly ash.
In contrast, 226Ra, 22Ra and *®Th were enriched in the residual material of fly ash, corresponding
to the fact that these nuclides are generally incorporated in the SiO,, which is one of major soil
minerals. The distribution of *'°Pb is different from that of stable Pb, although *'°Pb and stable
Pb are isotopes of each other. The differences in the chemical states of *'°Pb and stable Pb might
result from their distinct origins; *'°Pb originates from the decay of *
aerosols, whereas stable Pb is mainly derived from relatively inert chemical forms.

Rn and is associated with

Keywords: Fly ash, Radioactive nuclides, Radioactive Cs, Monitoring, Cs adsorption, Sequential
Extraction
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1-1 #h A BERIR

H T Z ABEENR VAR T Z A 2 BEAIAFE 3 D BRI T L, IAFEOHS T Z A OB fE
VN, BB S ABEAK OFAE B EEI L TV 5, AT Z ABEEIK I ZBEEIFR I Cd 5 BEH]
TIR & HEEEE THIE SN D BERIRIRICE SN D, FRCBERIRIRIZ., BEAIRRICRE
AT DERMEA A (FEIT NOx, SOx, HCI) & FFIHl & O SOGE oK GTHA IR & &
AL H D, ZD XD TR A BT LB A BERIK X, Cr, Ni, Cu, Zn, Pb &
Wo L EARBERC A XV R SREICEAT D D 20, MEOREE R
~OAFPRE, o, THOOFEWEIL, BERIKZ MO TRBZIZHARCHT
K. TENTRELEAERE E OEMIZ L > TEHT 2803 H 5, Lz~ T,
HEWEOGHEOH 72O TIEHIRE b L < HIRE ., AEWE OB EIET 5
P\ FEIEMRLIRIEZ D » & o THAReF L— MEfk, & A v REE & o 7 AL e
BRI IR G~ DN T HN D Y, AR TI, B Ly5 OBINL TREAAESL
DEA L TR, 208 LWL - ORER S R EE /2 IRBUC B 5 Z & S Hb
THBEHIR NG E LCHAMA SN D Z L bbb, #5 S ABERIKIEE A v MR
ELTENRTEY ., OUEINE#RE T 2REEMHT 2050355 V. £, AV
K & BEAITFRIK ORI TN D T2, KA ESLThER T2 Z & a2 v h&fE
BYHZENTEDLD, ZORBTHSBHEARET D ZENARETHD Y, BAV
NABb~OFEFRIIE, RGERRCHE S 2 KREO “BLIREDFEH ST D720
D EETIEBERIK O ERBRTIE L AL TRBREN ZAE P LN E T A R
O RUAHEY v YLEBL T B, Ra LY 2o R~ A & i
DHENTWD, DN TR Thiv, FFIHTHIL, BERIKOMRZ T 57201
HEZIGE U B Th 0, 40t X ok ¥, bk 0, Kt
WAL D, BERES T T A~ BRIERCH G A T T A REEE Y 2D
T ICRNTR, BR X O RREIT ML 2 O RSS2 MThh T E T,

F 72, 2011 FOREF TSI BT AR, BREE A < PEE L 72 o
7L (PCs, 11, =2.06 y; P7Cs, 110 =30.1 y) IZ K DIEYEMRE S 2p o T2, T Z A BEA
FEIRIZOVTE 100000 Bq kg' M 2 EE > T AR EREZZ b2 0
KERAGE LT DA, 2012 4 1 H 1 BHafTO BTG YR FETE TrX, 8000 Bq
kg! ZBZ HIEREEDIENETEE L > TS T HEENT, LLREL, 20
VAR OIS HESEY) O ALBR I THE ] S T ERIENF IR TIT U, BEAF O BEFEM AL PR 5% %
BRLTEHATLZENRED LN TND, & HICHT ZABEAK %2 BRI 2545,
JFFARERHRIEIC IS 27 U 7 T oA D (2 X 0 N TR L 0 Bk LV 100
Bqkg!' &) ETRERE IEYEES E D TR Y . I, HRHVThOEA TH K
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MR D AERBERS DN T2 080 EE SND, BtEET 72055, 4
HWoEW s, PCs 1V TR b R_R—FH e B o~ E RT3, 20 2 R
PR T 2 T2 DAL A B A T RE AR T2, [l sREHNICIRAE T 2 i v o A0
NR—ZREHNE, ZOFRE EEDOTHREETH D, LEN->T, BEHEEY 7 20E
BIE RN T o~ AT va A N —RHWBRD,

122 AUIBAR ) b A R —

o= AR7 ha A N —TRE D S D o~ ERiER Tt LT
SRR O B & B REEAT O ETH D, H U wBUIMNI T V7 7 fo— 2 i %
W DEFIZIENENT VT 7B ART v A R — R—=ZRAXT ko X K]
—CHLHENRETH D, BIEIET VT 7 MO FE 17355 < ¥ 7 ik o ek
BINRMETH Y, BEITHEOND AT MVRHEFHEANT ML TH DT DICEEEE
[FIRFIZFRET 5 Z ERWEHETH D | H— O A 1525 72 O I MR RTLER S L EE & 7
Ho —Hi. TR ART ha A N —X, Ho<BOBERNBIEN D, k2T
BEORBIRTHET DI ENTE, o, BFOND AT MUVTRART ML TH D,
ST RO RN X —N O LR Z RN FRET 5 Z BB TH D, L
7o 35 TUET HRUBORIEITIK & TRBCHRIET 5 721T THOM TE 2HB8 01320,
FERE SN 285A. FEREETH 58500 LTH < BIE R ISt o 5Tk
THRE T2 2L b HHETH D, SHIT, HERNLROBFERFRN AT o~ B & ik
LRV CH > T, T OEEEREEFRN A o~ B AR T D BLEEFR O -3
WE 0 b+ E, A AEREREO BRE N BUSEO A RE L HE L RD 2 &
AR LT (), Boes e &T 52 LB ARETH 5,

T RUET N T 7 RN —Z R EE N, K- TERLNEFTH Y ERE R0
O, IOk & X RS TR OMAAERICE SN TH <R AT ML ES
Do W <HETIE, BN TON A= R — ORI A F T A L TRt
THER U FL—a URRHERR, RS A A — RIZWSA T RAEHNL, &2
THUTZEZ BN TH v~ & OMBEVER TR LI frExt 2 E5U5 5 & L TR
L E R NERS VB D,

ERS o TFL—a URIERIT TI O X5 721 EE 2R L7= Nal <° Csl @
fiihd 2 WX ERER NS, b OMRIIREMEEG T H7-01IC7 VI HMOBEER
HCEALTHWOND, ZOREIFIETET O ARSI ORKH E TOREIE
WICHE BRHZE G SV, =RV X =3 fRREDMRN 2D RENGUEH O F LR
ZRET 256, AT MUREILOERONPREL RV EENPKNEL 725, —5T,
PERRHER I EHIE D Si, Ge HAEILS Ga-As FEARPMRMEHIAN DD, —
RN T = BT 2B BERINGHE K & < BEIED BRI AL = kL
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—HIZ VI AR L, BHE CIRIEREREERNEOND R EORENE D Ge
PEARHEBR L AV SN D, N R v T3NS IRNVERNB K Z W, il
MRHCRREREE (77 K) ETHHEIT2LENH 508, MRS & < [EH
Ky v F L —a VRHEICHER TR X — e B S E N E WO RN S D,
Ty <ARY ha A M) — TR Z 8T 256, TOMSHE 4 1ZLLF
OXEHWCHEE S,
A=C/(e)* + * 1)
C ITHETHLNIZE—2 OFHBER (cps), y 1T57IkLL, ¢ 1TMHBIREZ 4, 4y i
JCSHERAE A i U728 v~ o i HEIS CHEAEEZ & 0 R ¢ ERHgtcA
LIz o~ OZFF— By ORNZITLLFOBMRR S 2,
SZaEyb° )
a, b IFRHERDOZEZJE DR E &, BIROBTFHITCR /e L1 K - TERIZE T S
HIRBCTH D, EEEROT < ETIX, HZREORE S, F—ofitsz v
FINEE 2 — BT IULH I —ETH D720, JEROKMFNIIRE — I LTl
AT O FTHHREEET 5, SBIT, MEROYLaAf o7 o AR R
BTN K o THIRBEDHIEEAT 90 a3 T U ZNFIE, P ERERED 4
FROWFHMFRE L U BEWERERINIC 2 [BIBL B U235 1 v~ BROFHICEE D )
FITHIN L, ARBFETIE 'Cs BR%NT D, Z OB RITMR RSV o B A 22
FHZ LT, WBAMMATEDIFE /NS THIENARETHL '), £, HORIL
WFNTERB B U ST T o~ e 2 Bl 3 HBRC. BA T 2 RIS
T~ BRENBET 285 TH D, A LW >~ RO =3 — L W ORI
O/ E B E LA, WiniEEE dc ICA7ET 2WE S pdx (p: BE) & ASA
VRO TIHIT D, AT =AY de 72 A i L 72 BRI S
WD~ ROR4 —dI 13,
—dI=plpd + + + +3)
LD, p ITEERIURE T, T <o L — L WEOMBUKAET 25T
H5, 3) XEWIURDIES(ZOWTHEDT D &,
I=Tlexp(-upX) + + + *4)
D5 D5,4) REWREBOES d [ZOWTHD UL L Z2XZNENBNT Okt 4
LIEDOHRE Ay ICEEHZ D &
Ao=Appd {1 —exp(-upd)} = =+ +5)

LD, B, RiSINIZBWT, hahadf v T U AR, BIOE IR
TR CE DRE TH o272, T E DM I T-> Ty,
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2-1 B EOE=41) 2T

T S HBEER N B BECXA XL O EWE R SH L, R e
PEFEM TR E SN TS Z 2T TICH 1| TR, TR0 EEFT 572
DOE=F Y U ZIFLRIDBITOI TV D, AEWENREFIZIRME 73R L T
RERKEBF T D &, AREREEICH L CE KR ARZ 0T, FHIEREDNOENGE
IIAFEES|E T, BEAK OS50 JE R CIILsy 7= O IZER T Z A BERK 234
T3 2720, RERPRHKDE=4Y 7 %75 Z & T, AEWEORHCRBIZ KT
L CHERIZKINT D2 &Rk bnd, T=H U oIR8 EWEH L. KE
BRESHVECIIKER, BRI UL . Afizves, eFEwLy, v 7r, AU#E, 7
v, AHERMEZER N, KB AKFEMECIZ Z AU T Y T A, KKERBEHECIIUKER,
= b B NY Y TA Uy PR ARHEIE L LTET RTINS 1,
HEYEEROBLR G FRR 11 FIZHIE S PRTR $lEO S & ¥Rk 27 48 11
ABUETIT 462 WEBF IR ELEWE L LTED LR TS Y,

07, S EAZRRIL PRTR RIRWVEIZHRE SV TVRWDS | AR D 72 B
WBEHEZDTDE=2) UM TbhbIvCnd, FEMIE < B EITHRNEE T 24
mSv TH O ZDIFEALENT N & ZOEELEEWTHD Y, T N Admn 20—
T, P2Th (51, = 141 x 10" y) BL O 20 (10 = 447 x 10° y) OELEIC LY ZhEh
*Rn (110 =55.65), Rn (11, =3.82 d) 2NERET 5, T RATHE & ZOEEA KM T
VT 7 RYERRERECH VIV IAENTZHAD L A—UBRREL, BiBADY 27
EMRESED P 22O AME~ORBE M SNDHENE N, FIRBEAIKEITT
¥ & 4% TENORM (Technologically Enhanced Naturally Occurring Radioactive Nuclides)
1T 27Th ° 20U ZBHi L CB VA H V. TENORM #HIEE L7 Ak o R
RED FADRHLNDZ LD, EHITEEITRN S ODORNRE E~ORLED LE L
ERTVD 2, it K 5 aWE Tt YK (np =128 x 10° y) b O THIE
L. Ra Z5ffifAci g 2 X Activity concentration index™ & FEEH % 55 ThickAE
REZTHIT 52 &b D,

Fio, RKRAOT=4Y) 7 Cld, KRB IZBRSCF )38 BT X - TBREE
W SN > T ADT= S U U T INREGMFIEATIC Ko ThElT BT Ty
1997 4E DRI F0T X DB o AEE ERABRE STV M, &5
oy F b ) T4V FER D RGBT ) OBEZITHNEE Y T A0
WHEIUERET L2 ENBIHIENTWD, BdHMEEoE=21 v 7 ChRbnk
T2 IAEWEOER BRIORR BT WESSKKOBBMTICHWND Z & 6 AlbE
Thb, 7 RrOEETELTE Pb (11p =223 y), 2?Pb (12 = 10.6 h), 2"*Pb (11, = 26.8
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m), 2'°Po (11p=53.3 d) X "Be (110 = 53.3 d) 1T DO S5 KO BHREMATIZ W
S5, BlZEED, S5 Y, BF VRO Bk LEBICERGEONTND
T LTI D SRR O E L AME S Z R ST D,

S — R )RR AR, # T Z ABERENK O BUHERERE D43 AT 1A T C
WARWS, BT B DR T DA D, P A B3 ol RO 4y
FrlIf A snTns, £, BAO B OWTTEARGH B =0 5T — 2 M3
ARENTNDE Y, Lieho T, EEOERH ZBHERIK O HOFREREE % & L 5%
EMZ D56, ZNVoOT —2 % AW THUNRBIRE 2 k425 Z L1272 5, miE 1-1
HiCIk~_7= L 51T 2011 Fta S8 — i 7 I8 AT s RS, T Z A BEAITRIK D ik
FHER w7 DZOWTIRBMEARR T ST Y . #H ZABEEK O3 55
I 2 Z E R RIAEN DD, ERRFEIEAFFROLKRETH LN TET,
OSBRI IR L CIE LW A 52 5 Z E R CH D, AETIE, AZ
EATERAE LB TH S ABERIK R O U EE A R L, TOEEEZHEa L, 1k
2011 4 3 HofaE e LCEnbianigy THdsni), Ditks [tk L &id 5,

2-2 #;h SHBEENFRI P OMSHEREDOEE
22-1 ¥ B

7~ PEILEME Ge HEAM A (HPGe-1, HPGe-2) % M\ /=, HPGe-1
(Canberra 4f) (FfEELFE 48.5 mm, FEbR & 49 mm @ p BUNSERZfif 2 7R T
RO JE BHZ SMAIA S 100 mm $7, 50 mm EFRSESH, Smm T2 U VKTl L.
FUINEEIEIL 3900 V & L=, HPGe-2 (y-PGT £6) 155 EE 48.5 mm, Ffh&E & 49 mm
O p BIMNSEIK A i 2 o g T BRSO JE P A AMAA S 100 mm £7, 50 mm £EfR
FE, Smm 77 UAKCCHGRE L, BN 2000 V& Uiz, DIBEO RO R
FEOWMIETL, Wi 72V R Y HPGe-1 & HPGe-2 # T 25,

2-2-2 #{h ZABEHEK

T & ABEHTRIK I 2006 4 4 A5 2007 4F 3 A, 2011 45 3 A5 10 H,
2012 £ 1 As 12 ATuNAEE o ZHERIG CRES N b O E v, Z Ok
AT 2 DA b= ABEAF 2 HEERe B CTHE L TRV . £ DOALFLEIX 40 ton/
day Th %, 7. RIKOHEIZIT 2 DOAT T4 N EZEZHANT, FFTIENCADH
BT T 4V THEL B TRIR). D% T 4 )V H il U7T=FED A Al %
F LTI AZWMET D G IRIK), M7 THBEAS Tld, BERIRHIZ A L
ToBETT AR EZWEHE L CHR AR S, ERE TV CA & RTHiET 2,



2-2-3 #RIRVER

401 A 2Ry FEYERIE 2 HE L CREE O = 2L X —KE & 2R MR o ER A2 1T -
Too TOEE BAWKE LV LR, HEOA— =T a—2iillT 5720, #Hi
ZRD Som EFITAEMERIIR A RRE LT, F£72. IGC-10200 1% H AR HTLFa 881 Tl
SRe st HEEEEY I JISAC 0471 ZHEL CERRIBRO N T —2a 24757, H
ERFOVF AN BT LI, REZDOERRLT VXA TF (N 69 cm, &S
1.7cm; BEOY NEE 53 em, &S 1.1 cm) 12, 105°C 24 h 8 L7- KCl RFEE2ENZ
AVBIZHREL TS 0.1 mg FTIEMEICHEL, 207 T 0OH L FHFORBZ R ¥
BHEEEEA] Araldite® CTHE L THLIEICHE L, Hohiz YK o v~y —2
BREE L KCl FRIHEND 1462 keV ICBIT DX T OMIMZEEZE N L, Zhihip 2 4l
ELT, #i SABEHIKZRRRO 7 ) a7 FICEICRE LT D, 0.lmg £C
IEHEICFF R LTz, PR, “Ro-""*Po MO P2 kT 572012, 2T F 0%
ERBROBRMN 2 TR X UBHIEREE A Araldite® THE L. 3 B LKE L ThHheH
Y BRIEICHE LTz,

23 BREER

2006 4F 6 A (Flan) LN 2011 4 8 A (FFldtk) ITERE L 7=#0 T Z A BE R
JKDH =g AT M)V Fig 1,2 \ORT, <A~ s sk YK, %'Cs, ?*Th
@’Z‘Qﬁiﬁk&@ (ZOSTI, 212Pb, 228AC), 238U %%éﬁk*ﬁ%ﬁ (214Pb, 210Bi) 75§ ﬁﬁ%?ﬁ [5 . 134CS
2% 2011 4 8 A DOFIKD B ENEIVRN S 72, 2011 4 8 HITEE L 72 BEAITIK &
S Uk 2 4 ERLL . 2 heh 1 BE Lz & & o YK, PiCs, PTCs e
JE O & AR A S, FHRGRRFEA Table 1 (2797, Table 1 X0, WP o i
PERZFEIZ 35U T U REIRE OFRIEMERZIT 2.2-9.5% TH O, WIhd 10% &~
[0 0 D OFHGR S L RSN E NN T O CTH - T-, £ D7, #hih Z ABEEITRIK D
SPERZFRIZE T D LMW LT, RIS, B OE =41 » 7§ % Fig.
3@y (N 1T7T, ZOEBMTHONT, HEEGIcE 5T 5,

K-40

K-40 |3 KRB PERFE T80T 1.28 x 10° £ TH 0, LZEH U 7 A1 0.012%
GEND, B THBEARIKITT v H ) SR E R LT < YK BIRIK B TR
JE L 72 0 o, F T S ABEAIRIK Th o> YK 13, 2006-2007 4E 1359 1300 Bq kg, 2011
FELIRRITAY 2100 Bgkg!' THER L TRV, “hi K BEICHETS & 42,68% &
725, HTH ZHBEENK DICFHEIREIL, R E 72 24T S AOMBIZ K & <KfFT 57
WEBNRE L, F—HIH Tho THH L BOFRM TR > TWeZ i
TV 5 9, 2011 4ELUEO BEHITRIK CITHHERE X E < 22> TV D b 0D, Jikdite
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Fig. 1 Gamma-ray spectrum of incinerator fly ash of municipal solid
waste, sampled at Northern Kyushu on June, 2006.
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(: Emitted gamma-ray energy



)
1024 =
a q 8
: . g :
87 L _@g =
&, T & Zg8E S
Sl RS 1 0
g £ 8§33
2 ="
£
2 10
o
L
200 400 600 800 1000 1200 1400 1600
Energy / keV

Fig. 2 Gamma-ray spectrum of incinerator fly ash of municipal solid
waste, sampled at Northern Kyushu on Augst, 2011.

ANN: Annihilation gamma-ray
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Table 1 Activity concentrations and their dispersion,
and counting uncertainty of 4°K, 134Cs and 137Cs.

Nuclides WK 134Cs  B37Cs

Average / Bq kg! 2470 7.27  16.6

R.s.d.* /% 2.5 8.6 9.3
Counting uncertainty / % 23 16 12

* : Relative standard deviation / % (n = 4)
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Fig. 3(b) Activity concentration variation of 34Cs in fly ash of municipal solid wastes.

Error bar: Counting uncertainty
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Fig. 3(c) Activity concentration variation of 137Cs in fly ash of municipal solid wastes.

Error bar: Counting uncertainty
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Fig. 3(d) Activity concentration variation of 226Ra in fly ash of municipal solid wastes.

Error bar: Counting uncertainty
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Fig. 3(e) Activity concentration variation of 22Ra in fly ash of municipal solid wastes.

Error bar: Counting uncertainty
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Fig. 3(f) Activity concentration variation of 228Th in fly ash of municipal solid wastes.

Error bar: Counting uncertainty
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IREDEIE RENZ &G, HERERE OLTIHA T ZHADAREMEIC L D2 b DT
% EfEmiT T b b,

Cs-134, Cs-137

e > o (PCs, PTCs) 13Tn R FARFUTIIAFAE LW N THSHERRECH 0 |
KB NAZ FEBR SO I8 Sl & ) o T BB IS O BRI BREE R I ik S D, Cs—134 133
WA 2.0 £ TH L0, FEF R HBEIFRLAN G Sz Pies 13EE
& DL TWT, BBEEITIIEE L2, B 7 203 YK & REECHET 2
IRBERITREIR T Ik S 23 < | Hedvall & Erlandsson 134> 5% 650°C CTREA L7-FX,
FRIK T 3Cs DI RELE IZHERIRT D 12 5 ChoT-Z LA WELTND Y,

o S ABEHIRIR T, PiCs 1% 2011 4E 3 A TSN, F4E 4 H LI
MO S NG T, £z, PCs SRS hD = 2011 4E 4 ALK PTCs ol
SHEEMRFE X, 2011 4F 3 ALGRIE L CRBE L - TR0, BEFH K5 E
AT OFBEN L CEIN D, 2012 TR OE S 1D PCs O EiR L 13K
PEIETTH D, KR E LT PCs O IR & FAMETH D, WS
JIFEEFTES Tl S i oo Aol aete (s 7 PCs ) 12 K1 T
b5 ENEERESNTEY ¥ F- 2D 1T KRB KBBEROK = -
72 2011 4E 3 J 15 ARFOMSE ML > 7 AOBITEICH EETT> T FHL T
% (BEMIE), BEMEEZIT> THLREE L 2011 45 4 5 2012 48 12 Ao
Bies/Cs e 1 1 2 T TEY  ZHIEERRTOIAET D s 0RETH .
IRAEMIET 57201 2006-2007 AEICBII Sz PICs HUFHEIRIE A 75 LWL
g es/ PCs teERFHT S L, 096+0.15 A0 dsEfp T Pis/ PCs bl
RTINS, WEE IR EITHE OB L - Tho
7o LINLIRMS . ABFZECTHWIZERT ZHBEATRIKIEZ, WIS M B 15 Yt
QUL D 2 % FEHEE 8000 Bq kg % KIEIC FIE1% 0T, 5 OBERITRIK O MLER %
T T RITHNL TV Ed, S DICHAA OO EYE > 7 AREERECH 5
100 Bqkg' & L5720, =k Ay hREVATA b~BH L TY B A 27 0 58I
e o0 AT/ D 2 B idau,

Ra-226, Ra-228, Th-228
FIKGIHERERE T 0 . M PICZ < F(ET D 2Th (**Ra, *°Th), 2*U (*°Ra) DI
EABEMETH D, 20 3 BRIV bLEVERIZR/FL, Kby 2Th ¢
191 £ TH 5, TS OEBEEARERITMNAD ) X7 ZBINSES T N FAEE
RS D, HTH S ABERTRIK T O Z S OBSTRERLEIL 20-30 Bq kg TH V., K
SRETREE DB G LB/ NS o T, 2 OIS RERREE 13 H A 58D [ B & [F]
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BETHY P, FEEKAZ DI TR LICE->TT FURER @D, MRz L&
TOBERT NSV E VR D,

U bAaF LD E RN TERERE CII B REIRE DA BN —4E 210 L TSV,
HHEE 0 A CITFIEF DR B E2 Z 1T < FRIZA TR W72 BEAITRIK o
Bcs CITBEDOIERIC L > TEUT BCs OFERRFITE > TS,

244 FED

AMFFE TN & R BERITRIK 1T K, PCs, PCs, 2°Ra, ?Ra, **Th %5 A TV
Too Fo. BEHIRIK RO YK, PCs, PTCs DIRETRERRE DX H O X 1T 10% LAN TR
BAEL Y LIRS, WETHDH Z LIVRENT, REMEERFE (YK, °Ra, **Ra, *Th)
DIFHERE OEBENL, FEEI% CED LR o7, T CHNEE > U L0 fithe
BRI 2011 4F 4 ALIBE BEH L TR0 WWEE I8 EIT F i OB A 2 i &
Bz HD, 2012 AL Cs OSBRI IZMANCEE U TV B A, LA O
PICs DHREIRIE & EE & U A OWEEEMIE LT b FLIE o s 1 PCs
HEBHT2 L, Z0HIE 096+0.15 SR VFEAERHT 1 L2220k, s
ONPINC X DWW LD b DO TH D LGt ond, L, AETHWHTT
T HBERITRIR DI S 7 A HENE T AL YERE SO R R O JEHEE T H D 8000
Bqkg' BX T 100Bqkg" % KIEIC FEI- TRV, BEISCHAMIC KEIZ 220,
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F3F REFETRE 13 SHERZAV-ET I A BRI PRSI E
Cs DBEHELBEHBED Cs DR RILEADKE

3-1 #ph SHBERN R DB HHER

%5 2 FECITAR T Z ABEER T O U E R S T A DSHENEC R O W o i e
IRFEFLMEE A Rl > T D 2 EAVREN, 2 OFRTH ZABERIKIT R BEREY) & RO
RUER 2N i S 0T s B AL BT D ST T DIV D BT Z ABEHIIR 2 DN T S A
HE RN AL A B TRH U CHN, CHIUELD O HEE0 K 215025 2 L A &
NTW5, WHERBIZHD LT ORI OBEHIR OBREER A A2 2 U, i) 72 0LBin
TN TOEDNENEHET L FiEE LTHATY, 20FEFSERENENED
VCI/ N 5 42, 43)0

A A CIIFEEMI IR T 2 A KA~ DA EWE O G2 RIRAE I L, Hofal
I ~SNT D BEFE DD O EWE O EOBAZ B E LT, 1973 FICERET
RS 13 SER (LA 13 BB & KiD) BNED b, ZOHEIL. pEEREEY
BT DRI, BE b« dE N TR KON BB AL RS T D BEFEM N S DK
WMER R R o U OB S 2 508 LT RE A CTH 5, 13 Bk CHR T 24
BEANK P O EABHOBRHEIT O BA. AR ZAEOE TERIL, IRBEHIHRE &K
it R U o A TpH6.0 720 8.0 1T L7MiA A /K& W, [EHikkt 10, =@ T 6
h ke 5 L, A TR EWHIRIEICOBEL T O o 2175 2 & it ST
2o UL, WEED pH FHEENT & A CTEHICEBE LN L ¥ KEEE 5 L
EIRE O TIRHENRR D Z 2 Y 2O AMIC X > TUIABM~OWENLZ 5 2
&) PR S NTR Y | 7R 2 RBRERAN C Ok RO L S IR S A B o T
S DITHITET LAV A X5 U DBRFEPEZEREFEMITINZ BT ST DB Ry
EDHENL SILVTWRIN o 1o, & 2 CWHIEIE A RIK, IRE 5 FIEEKFERE 9 & L,
AU ET O L5y B0 Sk A 8 O - B R E (DA e 13 SR e KL T %)
2013 4 6 A 1 HE VTSN, DX 9 R SEBR oS R BA T Z A EEK
OEABBEDKBNEEZ RTHAR S 0 | AR & ICESBIED LB 5 falRit & 45
T ESND D , FEEROBEAKIENL HIZ K T O TR T R < | Z OB &
L CRIEMHE A O o LB ~DOWE R S b T g 97,

— 5 TR SR BERIK > & OIS MERRR O TR U BT 2 8F281%, #T A BERIER
DBHMRAE O E R L AT TR D oo, Liaas- T, #8H ZABERKIR HK
D PERZAR O ZE BB U i, 7KV R O BURPEEZRE O 268 70 &0 D JHET 2
RS D, BHHEES D LEZT A VR THD Z D, KD E < #BH Z A5
HIKIZHKIZBAT LT WZ ENPREEND 20, BLEA~UEE T A2 WA S
B2 L THN THSAA~DO S EE 7 AORIEZELE D - LN TEX 5, HIZER:
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R DAL T S5 Frayed Edge Sites (FES) & PRI D30 I INMICE > ¥
LEWETDLZERMOENTND 9 30 M EA R SAHKER . 1 pH 12
FoThey U AOWAERITRARD 0, L LA b, # S A BERPRIR KT &
JEDOKBHHRIAEZ G L, M TH 255082 ZOX I REGMTFT Cs" R
P Cs OWAEZEAT T BlIT 72 < . IAFILRERIRE DENWD O RO ZFE 2 & 5 & 1TR
BIRNT, FEESOWE IR T D IRIR & AT Z ABEENRIR R O R RT3 C
179 2 TRV IEMEICHEEZ MDD Z LB TE D,

ZOFTIE, # S ABERRIKIC R L CSOE 13 Baklia i L, Bk Cs o
HEREPHEE L, 20Kk, B U LERMLESE 13 SRS min s 2R 7 1%
W=t o7 AOWERER BL O Y 7 A2 SEERR 7 + LUK SE 13 =
FRERFE M IAUR . WERRERR T N U U ARREAUR,. K Z W BAE FROFE R 6| B
R LEPEELE LTRHWEESIS, BRI BB U A REET 208 5 0%
LTz, B, B U LAOWAER LOWAE TR CIIBIRM Cs Wb Z &R TER
W=, LB Csw #AWTEREI T,

32 R B
3-2-1 RFBIEIES T

- RE AT E I Analytik Jena AAS ZEEnit 600S |Z[E A A — o7 T
— Analitik Jena SSA 61Z Z#AHDLET- b DE MW, JPITERRA F =27 2 Cs
h2gfafii s o 7% v ) T ONEMES AT Ar &, BEEREEE 90-110°C, 70 s,
JRAGIEEE 700°C, 20 s, BFfLIEREE 1900°C, 4 s THfb L. FEOWOEE A2 HIE L=,
CsCl Z¥FfE LC 1000 mg L' ¥EARI L, ZOwmiE% 10, 20, 50, 100, 200, 500 mg
L2722 X ICAIR L CRERER IR Lc, 2 OWHIE 0.13 M RASEERMEC
LThb, /o, v bV 7 A< v F o 7 L REROERIEO R LY 21305720,
TEWRHC SRR ER AR 10 uL I8 LCET 4 7747 10 uL ML, < B Y
JAET 4774 71X KCL1.00 g & NaOH 0.60 g Z#fi/k 100 mL (2R L Calisl L
77

3-2-2 E 13 SHER

BE 13 SR CIRIAHZ O EA 500mL PLEE EDTN5H, Al LI
DFNADEHEZ I D7D RERTIHIAE R ELY 150 mL & L7z, 250 mL =7 5
A2 AR 150 mL (2, #T ZABERIFEIK 15.0g & 10mg £ THEL T 6
%, THIEHE & HHlT25°C, 6 h K FEEE 5 CIsHEEETT 72, IEE O 5.0 cm, &
& O HE 200 [H] /min TP D, 3000 rpm T OB . FLEE 0.5 um DOFLKME PTFE
AT T T 4 vF— (Advantec f1) Tligi L. RIS 5.0 mL Z00% ThH»
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ST 7 v Ul ECAIRTE L, fEY & m Oy ORIEIXENENA—T T
100°C C 24 h Rz L T EEAWE Lz, BEllEk, iUz 7 v
AL FLERT 10 R L, ot L7l 1.1g 2 ABS #LD > 7 (NS 17 mm,
S 7 mm) ICHREL TS, XU T AT h— A RREGE LA A 2 MTIEE A,
EZMNERIES: (P-18, Riken Keiki) % VT 200 kgf em™ DJEST 60s MELT
MRSy FEERIL, NLy FOE®EE 01 mg £ CERICHEELTILLF v v
ARV IR AN TH < fHEICfHE LT,

323 ROt

BARY B KILRE R LU RS R E & )b T Ch D, H AR TITAHPEIC
AL, EITHHERIS VS, —fRIZKS 1 & bl L CEAMER @ Y, £, B+
KK DL HHECH 5B v — 28 HHITH LR I mWnW 2 G STV 5
S, ZOEBRTHWERY 113 2013 46 4 7T R IR A KR &N T
THEOEE 5cm OEDERBLIZLONLKONETHERLZ, £9°. 1 AR SE/-58
N7 4K 300g & 3L B —H—IZ AN, BiAF K 150 23S 1 HfE L7z, Z
DR % TT T ARETIRA LTS 30 ffikE L, EBREET o7 —v a Tk
LT, Boletbx 1 ARFZL TG, BEHE 250 um DA T L AR 50 % i
L7=bOE BRI 8 UCTHERRICHW -, KOBOBRRT LAt pEAEE
e KIKEALERR 7 LEMEND O TH D, £z, BRMIETHELZZORKR Y
OB KEE ks 1X 15.0°C T 197 x 10 ems' Tho7z,

3-2-4 EEBHBEZRAV-RRI TORE

CsCl 0317 g % 0.1 mg F CIEMICFFREL TG HiK 150 mL CTHM L, JRAH5%8
25mL ZMZTHH 250 mL IZERFR LT 1000mg L' Cs* izl Uiz, B
BRVER AR IE Cs™ 2N 20, 50, 100, 200, 500 mg L' & 722 X 912 1000 mg L' Cs”
WRIEAIR L, HNO; 228 0.13 mol L' & 725 X 5 (CImle A2 dsn L Casl L=,

30mL 7T AF v IR MUVZEARZ + 02g & 0.1 mg £ CIEMICHEE L., Bk
HIFR KIS T 20.0 mL A%, Cs™ #RFEAS 0.1,0.2,0.5,1,2,5,10,20, 50 mg L' &72%
L9512 1000mg L' Cs" ¥k 2B UT=, IREMEEET 55h ~ /% F v 7 AL —
T —Z VTR, m05BEEZ 3000 rpm, 30 min 175 TH> 5 EIEE 2 6
BESHTICHE L=,

3-2-5 BELT= Cs" DRRIEIHSORBE
323 OFNET Cs" FIWIIEE 1, 2 mg L' TRESEERRY L4524 —7 0T
110°C, 24 h Rz SH72, 30 mL 77 AF v 7R MUWZHE%E O+ 020 g % 0.1 mg
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FCIEMECFER L, ik, BEBRT pHS5.0 & L7- 0.1 mol L' CH;COONa /K¥ik, Hitst
BERKES R, 2014 4 6 HIZEREUL7-[7K (pH 6.85) #ZDFFE, HoH W Tk
— A5 AW T A LA ES 200mL 2Nz 7, IREWESIRT 55h v~ 7%
F v I AL —TF =% HWTHIR%, 2058% 3000 rpm, 30 min 17> T 6 EE K
e A RO BE AT Ik L 7,

33 EREER
3-3-1 #h ZHPEHRKRBPD 'Cs DEHE

FP. B S ABERTRIK I L CHE 13 SERBRA A L. T A A [FE
B LT, IWHRECE O H o~ ALY bV Fig 4 ISR d, HUo~fA~Ls hv
b, YK PCs LN L~ AR FIE Lz, 5B 2 FETEE LI TRIK O RERR R &
TEHUZ W= TRIR O B, BZE D O I RERRE L&D YK & PTCs oRRER
L7, o 13 Skl YK, V'Cs o= % Table 2 (2R d, i 13 Bl
HR 1T YK, 45.6-59.9%; V'Cs, 34.4-522% Tdh-ol=, MEHL LT A0V BETH Y,
FRSDOIEREDEMEEMETER LT W2 & D BERTRIK A O T4,
YK, PCs 1T A S IR T o Z 3 THlEa D, B, PTCs o BRI
TP IR i & BB+ 5 ATREtE 2 R L TR Y, AR DR a 4 = & 23 E
BThDHEVRD,

3-3-2 BHBEPRE Cs' OWE L BE

BEAIREIR o> BTCs 1ZIRHPER BN Z LY 3-3-1 RSN T, RO H Tl
BHENFAET D720, AR RIS T 2@l L b RESR SN D, £
T WRTORE Cs" AEETH0OREMRE Fig. 5 1RT, 1Bk LR
Cs" #faxti: 2.0 ng £ CRHREMRENSE SN, ZOMBRE r 1X 1.00 ThHoTz,
Fio. Cs" BZUI L TR WKEEIR 2 BIE LTz & & OWSERE OREERZE (n=10) @ 3
fE0 DR U7 FRRIEIEX 0.022ng Th o7,

WIZ, BE C" ORART L~OWEERME Fig. 6 [ZRT, ZOFERMEE
Freundlich =TTl L72fE S, ¢* = 1.459 x 107 C* 7 FBMRE r= 0976 ThH-o7=,
FTo WAELRMRORE RS, ZE Cs™ ORI RI T2 BAY L~ W55 H
Uizo ZME Cs' OWIMIREZRENC, & Cs™ OWEREHHENC T 2y LI2b D% Fig.
7R, BHHAHIE T O E Cs™ IES 0.1 mg L' 084, WERIT 48% Th-
oo L Cs" OFNHIREE ORI L TRAERIT FHL, FIIIREN 50 mg L' <K%
B 90% Lipofe, — TR, HHRERRZK, AR IHIR, KSR (RALER - Aifi)
ELETRBECERAR 7 LG L7 2E Cs" OBAER R % Table 3 1ORT, ZE Cs
OBIAEFRIT, PIRE 2.0mg L' TS Z21T\ ), DIASTABECHSERR AR &2 L 723k e,
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Fig. 4 Gamma-ray spectrum of incinerator fly ash of municipal solid
waste, sampled at Northern Kyushu on Augst, 2011.

ANN: Annihilation gamma-ray

(: Emitted gamma-ray energy
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Table 2 Elution ratios of 4°K and 137Cs
by No. 13 test.

Elution ratio / %

I
Nuclides Minimum Maximum Average
K-40 45.6 59.0 51.1
Cs-137 34.4 52.0 39.9
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Fig. 5 Calibration curve of Cs™.
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Fig. 6 The adsorption isotherm for Cs* in a

simulated eluate on andosol.
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Fig. 7 The adsorption ratio of Cs* in a
simulated eluate with primary concentration
of Cs* in the solvent.
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Table 3 Desorption ratio (%) of Cs™ from andosol (n = 1).

Desorption rate of Cs*™/ %

Desorption solvent 1.0 mg L! 2.0 mg L1
Deionized water 1.3 -
Acetate buffer (pH 5.0)* 34 3.6
Cs*-free simulated eluate** - -
Raw rain water (pH 6.85) No data -
Filtrated rain water (pH 6.85) No data -
-: Not desorbed )

*: 0.1 M sodium acetate-acetic acid buffer solution (pH 5.0)
**: Aqueous solution of 1.00 g of KCl and 0.60 g of NaOH in 100 mL deionized water
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3.6% 720 ZOMORBHIIIT DMAERILZ Offi% FlEl> T,
LLEOFERDNS | BAR 7 HIIBEAITRIK D DIRH L2288 Cs™ 2WaE L, RiZKSCREA]
FIRIZHAKIC L S TIHE LN Z EBRHLNTH D, LN -> T, BR Y HITREY
INTE S % BRI MO (2 E 30 cm)™ & LTHWD &, BEHIRHEH L
T B S 7 DT IREERE O S L, PN TS ~YEHCT D TR A IR S D 4
R CTE D,

34 FED

SOE 13 SRR A AR T & AR BEEIFR IR I KT U Cali FH L7 A5 5L, AR Z A BEEIR R
BiCs O¥HRIT 34.4-522% Tohol=, BN HICBR 7 +&2 W858 2 480E
U, TRIRVA HHHE 245 U - R VR 20 Cs SIS 38 K OVBAE FEBR 217 -
7o WSR2 VB L T BB WIMIRE I DLE Cs OWAERE R UI-kE R,
MRS 5.0mg L' T Cs WERIT 90% EiroT-, £72, PLEFBROFEENS BR
7 FICWAE LIZZE Cs IXIEEAERHAEET, BAZ LaPMELEE LTHWD Z
& T, BEENKHENL I & OB v A ORI RS IR CE B,
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$4F BHIHBRANRKDBFEZEDOLEREN I

4-1 {EEREERI S 4T

B3 ETIEWE 13 BRBREAT o THTT ZABERIRIK ORI X D2 A L
7o, K OBEYRERELT O LA ITITAKEENE 2 OB BT MM Z A
THMNEND D, LFERECHEATERROEWT, [F - tE0LAEWTH - THWIEL
REBRDGAE LD 0T GEla R 2292 5 X CEERINT-L 7D,
Bl Z1E 7 v LTI OEN T, b #ETIIERERE & AREROENTERE AR
DRI D Z b BT Tl AL FEREROEWE TH DI/ O LBV
SRR ST 2, IR T DAL T RERI AT I AR O RGN F S DBLED D |
BEEFEOBEARERET « 27 ZEBRADETHOLNS Z ENEL ., BikoZ v Lo
A B VTG A A T 4 R B A F T 4 AT A X CHERY L —
NMEET 4 27 & ¥ e BOBEIDEIZAF LUV E2ANRC BT 4 R
EMEIRT 4 A2 Zr & Ca ZHFFSWTPiA AT 4 A0 & TS b2 [E
DpEhZRHNER TV,

—Ji. BRI OROMFRESTIL, BHTD0RIC X MEiE L sk
AR MUINDAEIGEEHEE T 2 X RIS (XAFS) 2VHWHIL D, XAFS
IR CTH Y . T4 A7 FICHitE L7227 0 LD ARE L= %I LEE T
BRI ZATH ZERNARETH 5, EMr~ MU 7 A OB TEEMD Z L3
RECHIN, KEOY 7 a ba U BU RS LETH D . ERE L~V O
WZRT D, - J7C, 2R A A RO AR & RSB D M E A 0 R
LATO, AB RO DS 2 B R S BET Dkt © o, Bkl
HE TR AT C 2 OB ERRBRIRRENZ L U, E 7B EX S THEMECIE D D03, I
FVED & < FEBREE LUV THREICIT 9 2 L3 T& 5 0, BiiHiEo T8, Tessier
SAIEE RO EAREZ S ER L-TiE O (LI Tessier 14 & #i0) CHERIW
DEAEIHEZ %5 & LT the Community Bureau of Reference Program (Z X ¥ {22 &1
7= BCR 7£ Y, BCR LD 4y 2 L 0 Mok L7tk B BCR EB RS TV
D BERFR T OB TCFE D4 TIT Tessier AL < FAVSNTVT, Zn £ Pb
BFIERE & RIUTTE DTG T 2 LT RRAZR M5 A 2L AN E S5 2 &
EHIE LB Y 0, &1~ R ) 7 RE O Z ABEHIK TIX, Tessier 14
& XAFS ZHAE DO TH LN R LT 7 VG R ORI AA AL T
Ralb—YarETOD, ALFEERERET D N TELE LEBE LD Y,

2011 AFEOE B — R )BT SR R B U Ao bR RER ot &
WO BN Teo T, HSHEREFE DAL RER M7 1348 I O SR LR 2> B HUAL S
NDW, ZD% NIFRREMEREFEIZ W T TH Y Bunzl HixHEFoOU I R
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& Z DBEEARIICONT Y AlMasri Hi=7 2 Yo 2%b L 2o (2o
T P ZREh Tessier 1% W TLETERROHETE 21T > TV 5, R S 7 LD
{EZFTERERI 3 HT LT3 < ey, A B3 B ot v v AzonwT, &
IV BASHAGY (A A ASHAE), E ) BRIy (AHEMIE), PRI CRE Sk
WIlE ) (S LT 2 ARG LTV D Y, ki, AR T O et v
U DTERECIRH LT < < %O BRARHIEEOTBIRBEANK & [RIRR OFSHIME A o 0 Tith
ORI HISHARARE TH B2 9 LWV I HMERLRENTRY 7, S%BREHTO
BREfRATICRNL COND THA D, LU s, HESOTHIREEAIK & AT & A gEH)
FIKTlE~ R U 7 ANRKE R0 | e v 0 Ao EERE S T 13872 %
LEZLND,

Z DT, B S HBEHTIK OMIR & IEHECHR T 5 720, Tessier 5% &2 L=
BRI 2 AR T ZABERITRIK IS U, TRIK TP O BOR MRS, Je3k & kb i ot o
REPETEBLEL, FEREEZHE L, SO0 FENS, #ii ZHOMES
BEHIRF OMRBEICOWT B PR TEZR LT,

4-2 R B
4-2-1 Tessier %

AWFFETIE, BT ZAREHIK DI BN\ Tessier {EDRTC, [EHREE 10, iAo
FrkERGTERT 6 h #2175 TKIRRE) 2Nz =i sz Lz 9,
B AT v 7T SN O WEOREE R~ T,

i) KIBHE (WS)

BEAITRIK 2 JLBR$ D BE, BN AR TN D Z & b EESN L0 D, A3
e L VTR AT o 72, Z OILFIREITE KB EZ R D72 FRZKSCHET K
DERE TR I T 5,

Z OREORIHITHIK & V72, 110°C, 24 h A — 7 0 Tzl U 7= 88T Z A BEHITRIK
10.0 g {2k L CRiZK 100 mL 2 W F|IRT 6h ~ 7/ X F v A —F—THL LI,
BIHRE T No.5C Bb i — 2 ARt A FICls g U g &l LT 1 vol% @
TERYIR A2 TN L=, fiHZEMEIE 110°C, 24 h A —7 > T L TH 5 0.1 mg £ TIE
HEWCFRE LT D, et 0% oftic it Uz, HhiH& TR oEEIX At ot
WTHD,

ii) 4 A AEHRE (IE)
—WH7R Tessier 151X Z DALBRAE—EFEORhHRE L LT\ 5, ki Ly, 8- ~
VI VOKRIERIbE), T R VR Wola A AU e R AT OWE LS LB A
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9%, TERCIIZOX A U BEE AT OWEITEE Th DL I, BEA
FEIK CIIBERNBFR T, BT 2720, KZ LT\ 5,

IE Of1HIE 1 mol L' @ pH 8.0 IZ7H%& L7 CH3COONa /KI&RHE. & %5 & MgCly
KW A VD05, #OHHC pH 5.0 IZHH#E L7z CH3;COONa /KIS A W5 728,
1 mol L™ MgCl, /KiFiE% Fiv 7=, flityAfE 8omL & WS i 2, =R T 1h ~7
XF v I AB—=F—EHTHEE LT,

iii) RPN 7/ (CB)
Tessier 7 ClE Dolomite (CaMg(CO;),) DIAfiR%Z LLCRIBIEREAEE L T D,
CH;COOH T pH5.0 [Z##% L7= 1 mol L' CH;COONa /KA 80 mL % v, =Rifd
T 5h v/ X F v I RE—F—% T EIT5 7,

iv) UFEEEIER)RE (OX)

FRLEROm b~ o T NTHEBBIHAWAE T DR NEL< . BE o EEE & 4t
w5,

OX HhHiI% 25 vol% CH;COOH - 0.04 mol L' NH,OH*HCI /K&#E 200 mL T, 7K v
K7 L—h T 96°C,6h 7 AT 10min Z & IZHAL LN BMHEIT- 72,

v) hittE¥)RT 4 HE (SB)

Tessier LD BEMFE G RBITA Y 3 2 HHHHTERE CTd 5, BEAIFRIK 1T Z A BEHIRFIZ AT 1
WNIorfE L CR Y ity & L CABREAEIZS SDb LW EIEE 2RV, O
I3ix. A - Feie @, BMEMERERE Y R L LS ESETH D, T2 T
fEFEGRE LIRSS L LT 25,

30% HyO0, 80 mL (ZH#EANER 1 mL Z 0% CIfMd UzhhHiatit s oX fhtizgiichh
A EZ A, | T Sh v/ X F v I AF—F—EHWTHIEL,

vi) FERIHIEE (RES)

SB F CIAHH SH-BICHEEL LTS T=WEIZ. —KEWSS  REMTHD LE
2 HNTND, ZOIBRETIHAET D HEa BT LM SEENIZIV IAEN TR |
WH OBRBER CIRH LR EE X LTV D, Tessier 15 CTld HNOsy/HCIO/HF JEf% %
NI R 24T 5 25, RIBR T, DAFEREE T T L2RVWE) & LT RES &
L7z, L7e23->7T SB 7% & RES IR LCTH D,

4-2-2 IRER
WO U7 Rh AR O 0 <~ IE R 2-2 LRRRD T TIT - 72,
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REERTSIN U 73 & . Araldite® ZPNEEICEAT L7 ) a5 (NEE 102
cm, &S 43 cem) ISHEE LTS, PRo-"*Po MO K P& Emk§ 2 -1, 2
T D L RABROMRM Z TR RS A] Araldite® CHE L, 3 ML FikE L
T o~ EIC g Lz,

Pb-210 OEHlE, A EME Ge 8RR HE A 2 72 K= 2 ¥ — 7l
=g A~2 ha A—% LEPS (Princiton Gamma-Tech 1) %\ 7=, LEPS |3/
geftt 19.5 mm, FideR S 10 mm OVEREHME Ge 8K Z 2 /- HgR <. il
2RO JEPHZAMAIDNS S mm RS, 50 mm JEE0A. 10 mm JEEERRESIN, S mm JE
77 UVK, 3 mm JE-127 mm FREERESEE Ttk L. FUINEEIT 1300V & L7,

Pb-210 1T U BEEARERO—>Th 0, i 223 £ ThH D, H o~k
B CH DO ~ARZ Fa A N —CEENIETHS, LrL, T
HH ROV = 465 keV EH L IRW=D, WBHEOH <A~ b
A=A TIIEENRRETH D720, KR AX—DH o~k E CHIE rTREZR S % H
WDMLENR D D,

401 1 2Ry FEAERIR A JIE LC LEPS O XX —KIEZ{Tol-, 2D & X ¥
WL LoV LR, EBEOA— =T a—&MiliT 5720, RilidE2 Db Sem B
(AEHERRR 2 G U, IS~ A T —HE U L7 o X7 78 > 7 (N8E 39
mm, &S 11 mm) (ST U 72 IHWVE A T8 e AR EYE JR-1 ZJIE L. 46.5
keV (2B 2K ORIESRER N Uiz, K~ A 7 —BE LT T 2AF v 7
B BEHTRIRZ B L T B EE L, EENTORBIOMRIEEE [ <72,
B Z~A 7 —TREICEATH LI L,

4-2-3 | X B

HOE X BT T Rigaku Rix 3100 % V-, X #EERIT Rh FEkE AV, &
I 50kV, EHEE 20 mA (Cl, Br JI7E), 80 mA (Z DO jiKE) TEMES W7,

100°C THZME LTo RALEEFRIK . 38 T OSHIHRIEZ, 2 DRIAR—1 L (P-6,
Fritsch GmbH; %% 500 cm®) % VT 300 rpm, 60 min 5/ L7, By, 184S L=k
Bl 1.1g % ABS Y > 7 (WEE 17mm, @& 7.0mm) ([CFELTHD, Z T AT
VII—A R A A 2 BT & A, WEANERSIES (P-18, Riken Keiki) % H
VT 200 kgf em™ DJEST 60 s MIEL TRy hEMERL, <Ly hoEHES
0.1 mg £ CIEMICHEL T L7,

4-2-4 ¥R X REFHH
R X #RETEERE T Rigaku Rint 1200 38 £ O Rigaku Rint TTR-III % AV 7=, X
BERITL Cu BERE HW, HEEOFETE & FEHIE 40 kV-30 mA (Rint-1200), 50 kV-300
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mA (TTR-III) CTENENEVMES BT, WESRFITEGIE GHEOENL cps; dtad), I
EAE 10-70° (Rint-1200), 5-90° (TTR-II), ] A 0.010° (FLid@), AEAHE 0.6° / min
(Rint-1200), 3° / min (TTR-IIT), Z& k- #ELA U » b 1° (GLa@) =AY » b 0.30 mm (3t
|m) & L7,

100°C CHZME: U 72 RAEFEIK, I L OKHIHHERIE A . A S0 08 (Ishikawa
Kojo) T 20 min (2006 4E 6 J) &HDHWME 7L I FRULEA L AT 10 min TRy
(2011 A 8 H) LThH, I T A ETREE TV IBELER V2 — (A X 18 x
20 x 1.5 mm’) (ZEEHZ el L, $EAMEAE FICE W THE T 1 min # LED =6 0 2]
EIAE L7,

43 BREER

FRT Z AR BEHIRIK R O RE AT & Fig. 8 12/, FHEATF K OVSrss #R T = A e
TRIK DX IEREIZZE NE A WS: 25, 33%; IE: 0.8, 8%; CB: 23, 22%; OX: 18, 15%; SB: 3.5,
8%; RES 30, 15% T& V. FHHT & St ORR T ZHBERITRIK DTERE /AT K & 724
BIXR SN2 0o 72,

FHIHERRIC B DAL A HEE T D 7201, Tz ORI & T %
1To7-, AHHEEREIZR T 5 X BRIETXIE A Fig. 9(a), 9(b) (2. BERTRIK DIk
DIRE /A % Fig. 10 1T 7o RAFBEAITRIK O [FIHTE > & | Anhydrite (Anh, CaSO4),
Calcite (Cal, CaCOs), Gehlenite (Geh, Ca,AlSi0;), Halite (Hl, NaCl), Hematite (Hem,
a-Fe,03), Perovskite (Prv, CaTiO;), a-Quartz (Qtz, a-Si0O,), Rutile (Ru, TiO,), Sylvite (Syl,
KCl) #FET 5 Z LN TE MEEH I EITFHAT# CETRIIZ B> 7o 28
fBIXR SN2 o7z,

WIT, SAH AT CHEITMIE 2 e 2, RAPIK & WS FRIEZ ik T 5 &0 WS
PO EIPT K A5 Halite & Sylvite DRI E— 27 23142 LT\ 5 Z & 23 HCH
NDe [T E—7 OWRITAIC Z V| 3047 S5l - 2ff S Cakis iz
FAE L7 & 2R LTV %, Halite X° Sylvite [J/KIEMEGM TH Y | Na, K, CL, Br D
80% LLEAY WS & LTHFELTWD Z Einh, MK Tt S o BEATRIK o 428
DEL B F A TH L EHEETE 5, IROFIMEZRE T, it S mE » 4
RN ELH O, P LS B OWRITELS . B o 22 b BB S e
ol MATZORREE UTHHET 20E bIT L AV EFE LR -T2, CB filili Tl
IREEYE Cd % Calcite OIRfRZ RET 5 B — 27 J8IE O BB S v, TR 0HA D
tH Ca R°T7NAH Y HHEBOBEHB LTI D, T, Tessier i£TH &b & %f
G Clo o T R 188 & Ll U CREAITRIK @ Calcite 832020, REE
925 Z LM TE RNl W -7 Calcite 13RO OX filtH Coe&lc e — 7 %k
DRD BN, £lo, ZORMBETIIETOTENRHL TR, #ii T BERITREIR
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Fig. 8 Mass distribution of the extraction fraction from
incinerator fly ash of municipal solid waste.

B, ws; I, 1E;[_], CcB; A, oX; [, SB; M, RES

34



> B 1:05
= —
| >
= & wn =
Z» = < = E» = = )= = = 5
.d: 5 — 5: D = 5 — E 5 —
z2 15 SS)|3E|R NEs 8838 N8 2 © =
= RA
£
= WS
E
5 IE
|
<
-g - Ao N oo ..CB
8
n 0OX

RES
20 25 30 35 40 45 50 55 60
Diffraction angle / degree

Fig. 9(a) X-ray diffraction patterns of raw fly ash and residues obtained
from each extraction step of the Tessier method for the 1st fly ash sampled
in northern Kyushu, Japan, in June 2006.

Anh, anhydrite (CaSO,); Cal, calcite (CaCO;); Hal, halite (NaCl);

Hem, hematite (a-Fe,05); Geh, gehlenite (Ca,Al,SiO,);

Prv, perovskite (CaTiO;); Qtz, a-quartz (¢-SiO,); Ru, rutile (TiO,);

Syl, sylvite (KCI)
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Fig. 9(b) X-ray diffraction patterns of raw fly ash and residues obtained
from each extraction step of the Tessier method for the 1st fly ash sampled
in northern Kyushu, Japan, in August, 2011.

Anh, anhydrite (CaSO,); Cal, calcite (CaCO;); Hal, halite (NaCl);

Hem, hematite (a-Fe,05); Geh, gehlenite (Ca,Al,SiO,);

Prv, perovskite (CaTiO;); Qtz, a-quartz (¢-SiO,); Ru, rutile (TiO,);

Syl, sylvite (KCI)
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TIIRBEL AN FE AL FEED D Th D Z NI R x5, OX HIHRETIE
Gehlenite @ B — 7 {5 & IEEVEAHDOFAEZ R T e =B HBL LU=, Z O e — 3k
FIZ RES £ CTHEREL TR, OMBIEEZFF->CnbEEXH x5, £12, Ca DK
50% 13X OX JERECIFEL TV 523, T Calcite <° Gehlenite #hh DA Z -
TW5H72) XRD OfiREBAET 5, —F T Gehlenite ZHRT HLFETHD Al
& Si OEHBENAMTIE OX FHIFLEAERLS, 22 &% Al Si KR E LT
OX fhiHAEE I EF > T\ D Z & 2R L TV 5D, Gehlenite XGRS L TE T F
T 5 2 ER RN BT D03 R R A V2 OX flH C b [RlER
DY T F AL Z o T [ REMER @, > T, 2D a2 —(E Gehlenite 43 fifH
WZAETCTET N 72D = MV Toh D aRetEd m, Ca, Al, Si LSO LTI,
Mg, Cu, Zn, Pb |% OX &L L CFET 2HIGN RN E S, WIhd 2 oA 4
VCHDHI END Ca LRBROILFAERECTHET D2 ENRBEN5, SB i Tlx
Anhydrite DY —27 23ERL TR, 0RO ORRNG S Ca, S DL LGOS
TWb, LU 5, SB BENEEAMIRIC EO L0 MHIxd E 0 2L iz, 20
R T D eHEDEA /NSNS, Cu I L T4, SB flE OX REICKW\ T
WEHECodH - 7=, Tessier 1:%717 5 & Hematite, Perovskite, Quartz, Rutile 23 <17
IZHERE UCTHERET D, FKRIBIERIKH @O Gehlenite 23 2% 7 = U FRIZx L CIAfRY
D DIZKE L, Perovskite & Quartz [T RAMETH 7= LWy GRS TRY ¥,
RES 2788 U7 fE A OMEREDS @ 2 &3 9 N 2 D, JeA Tl Al Si, Fe, Ti,
Cr &\ oo [BREDS m OISR SE 2 RO ot B ER ISR T 2 FA 03 E < 72 o C
AV

B VR FR O TERERI T OFE R AR’ d, £9°, S R R BT Fa]
DBEANKIZ I T 2 A& fhHHAEFRME & fHR P O BUNRBIR S % Table 4,5 (27”3, Table 4,
5 OfED G, TR OB HEFEOWREIN S 23T 2 & R il &4
T ORSTMEREAEIZ I CRAZERIPHN TS AT B L7, 2011 4F 8 H ORlEFCTK
BREICOWCHEREN KB L YK, PiCs, PCs oI A LIZE A 25
FAZEHIPHC B LT,

S 55— IR ) IS AR TSR & S O T Z B BERITRIK T O S A O T B Sy
fiz T2 Fig. 11(a), 11(b) I1Z7°7, £7-. CB £ TCOFMHREDIERE A 2HT 5
Z L TR AR Z P 5 Z ENTRETH D P Db, BEEOR
BRvRHME (WS +IE+CB) &5 H L. Fig. 12 12753, Pb-210 [XHFHATOFRIK D2, 3*Cs
I XEH T OYIK DI DWE TH D,

K-40, Cs-134, Cs-137
T SHBERITRIK o> K T SRR SRS AT ORI 80%, ik
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Fig. 11(a) Distributions of radioactive nuclides in the 1st fly
ash sampled in northern Kyushu, Japan, in June, 2006.

0, ws; I, 1E;[], CB; lll, 0X; ], sB; [, RES
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Fig. 11(b) Distributions of radioactive nuclides in the 1st fly
ash sampled in northern Kyushu, Japan, in August, 2011.
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#%TIX 90% 25 WE & LCIFEL T\ %, £72,%Cs 13 WS, 55%; CB, 45% TH 1 |
FARBREE H CHid TR IR HIEZ R L, P7Cs TIdsFikaio WS 28 80% % 5 TH
D, FHE L WS 2% 75%., CB 28 10% & Faith OBRBEEAHMEIZFRLE CTh - 7=,
Z DRE R AE AR O L OEENNT OSSR & it 5 & YK IIRES Y U LIS
—EEIETEEND D, Sylvite IBENEZ 5 WS & LT “K MBEET D2 L3
YTHY, ALFFII A T A TH D RREMEN X DD TEVY, LRI MOLEN
UL E RO EZ TR LTV 5, K40 LRI TH D Cs, P Cs & EREER HPEA
< FREOZFEEZRLTND Z b, ~Na AR FT- 660 Th 5 rlRetkns
B, BERTRIKH O 7 V71 U BRI DL P REIL, BERIRFOIREE & SRPHA, A 2
FHDORBIZ L > TR Y | BEENREE & < . BRBESRPASKA L 0B CHEHEKTH O . AT
T S B O (Ca/Si ) MEWIEE, TAh U BRIFRIKA~BIT Lo 07, &
T8 AR GH BN S W EEAE & Ak LoT < b 72, BERIIK O BB
HPMEIEE < 722 00TV, HARO— 72 BERI Tl X A X2 v O R AT 57
DIZER (>850°C) THEHIEN D, Fl-—MRIRE T A0/, HESH RN
WEISRENRZ < oA BEAROZNEE ZHOEIE /NS, REBRTHW:
BERIFEIK A ERAE U T2 B HI O #RTH Z A OFARIE, #FH - A7 59%, BIAFEE 19%; A
2%; DM 20% THY P HARD RAVREH ZHOMBICI LW ™ 2 22D,
ARIRCHWBEARIKFPOT VA ) BEEOKEEREL ol EZ 2 bivd,

Pb-210

H i & ABERITRIK R o> 21Pb D43 AR IE WS, 33%; CB, 17%; OX, 33%; RES 17% T&
D FESRFRAHTORE R L OFETELRT S & PP DB RRIT R & L CIAET D
AIRBMEDS VY, — 5 C Pb OILFETORER & T 5 & ZDNAIT BN #
STV, Pb-210 1T 7 1 Y LREINIAFE LTt S d Z & A —MRICZIE< FHiT
W, BEMERATH D Rn DEEZRIZ L0 AT %, 728 20E, K& ES D *Pb
OFERGHEIE SB THY ) HHEFTIE OX ®° RES & LTHEET S ¥, 7,
R Z RBERIRIK T O E Pb D F T 2B PbO, THDHZ &ERHES T
% 9 F7-. Bunzl & Y 1ZFE—TEEF O 2%Pb LZ2E Pb OOAANEL S TVWS D
LaRRL, &5 P 2 Ete T v VL OHEREINLTE Pb DRERICE 2 5 L
BCEDIFENENEEGRAT T D, LLEDORERN G | #H ZABEHIRIK o> *'Pb
ERE Pb O OENL, ENENORAEELFROBEBNNIERT L EE2 65,

Ra-226, Ra-228, Th-228
TS UBIONNY AR TCH D PRa, PRa, Th ITHEAMMECH D L EZ
S, EBRIZ OX BN T2 ETH D, 7700 b U AITHIES SO PITAFEE
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TLIEND, EEIEMTH L REYO, EORRIZ L > TTE LRI TIZE
SFETDHEBZOND, FHETORECIEX XRD OFERN D bR < fF7ET
L) Cé % Hematite X° Quartz Z5¢e RES NEZDEETH D, Filltg OFENT
IZ RES & L COFERAMEL 2o TWED, BRE~DIEHMEZZE LEEA
BRI CARITA O,

TR LSRRI S ABEHRIK OEHICEA T 5 Z EREE LW, 2Ex
E YK, PCs, PTCs 1TV KIETE R EE O Z 2 S L TRIKIRHIKICEAT Lo <, ST
& D WITIR HKICES) 72V 2 il . NI~ ORI A2 S ER S D, — )
T Ra AR **Th OBEEE~ORHMEIZRN O T, #H Z A BERTRIK & ST =
e, 2D 3 BRI HERR NI K AN R U Dt E ORI - T
fshsEExbND, toTIND 3 BEOEHITELIZL > TAEL S PR,
Rn D HOYIEL A5 X O 5 R A M S 20 o, WA E R TS Z L
TT RUDPHBR LT 22 L9 xR A% CTh 5,

4-4 F&D

BT & BRBEHITRIK & B A A2 W C 6 RO HAEIZ /0B L C, XRD, XRF ®
i R B AR AHEE LTz, £ ORIR, KBTI a7 A, R
FEAREIT IR IR, IR L AR TR R & TR b, FRIEIE— RS IR T 5
T EMWRENT, TR YK &R ST MTOKIEEAE L . AU EAD
BEAIG OBBRM CHIVIZ Y RFERTH D, T TT VT LN U ATl L
W RRRIETER 2 < B HD T e, BT ZABEHIIK T o *Pb L 22iEe Pb D4y
HNFIR > TEY | WEORFENRRD 2 ERNBRROEN &> TR TV D e
DR ST,

TSP ERZFR O B U T — Z I TBEENK DRE B ORI TH O . O KEENE % Ho
EREOZE I U IR AKOLE R NETH S, — ., BENTHEETH LTV
U AR MY AT, HDNLTHND EPKANCT RUZRNT 5720, KM%
RLTT FUdmbOWIE ZMA D K5 RRRBnEE L 72 D,
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ESE #

#BTH Z A BEHITRIK h O S YR 2 B U SRR O X B A e =2 ) T LT,
TR VERZTR (YK, #°Ra, *Ra, *°Th) ORSTHERE OZEBNL, Finie TELb b7
Do T2, M 0 A O REIRE X 2011 4E 4 HUBKEER LTRY, wEE—
JR- B EFRORELZ T EL NS, £, 2012 ELE P'Cs ofidfe
TR 1T ITHE U TV D8, AR PCs D ETREE S & Y o Ao
AL L T L HESELMED HCs/ PCs A RIT S L ZOHIT 096015 L7320
BOERIPHT 1 &= lnh, MCs ORI L7223 THA LT 5 2 & A3
Bk TroT, TR, AWFIETHWZERT ZAREEIFRIK T O fdHEE > v Ak, HiNE
THYER LA RO JEMEE TH 5 8000 Bq kg 38 LT 100 Bq kg % Kilig iz T Ia]
STEY, FEIFLHAIC SR L2200,

HTH Z ABEETRIR P E 13 BaBRA A U, Bt v 2o E R L
Te & ZAWMERIL 344-522% Thole, BLIZERI LEHNTHEHLEZEY T A
EEICRESEDL I EME LSS, IR 5.0 mg L' T Cs WAEEIT 90%
LR ETBAEFEBRORE RS BAR 7 IR LI ZE Cs 12IEE A ERAEET,
B LaPREELEE L THWD Z & T, BERKINZHI) B ORI & T A D
HIHN RN CE D 2 o Tz,

S DIZFEMR PR REA AT 2 721, AT & ABEEITREIK 2 B U ik 2 HI v C
6 FEOMIHARIZ/EEL T, XRD, XRF Of5H2 b A O(L PR AHEE LT, £
DRGSR, IKIERRIT N 7 AL, IRERYERS O RBI TR R, WFBE LA AR LR IR & R
¥, BERNT R " IRGEM TH D Z E AR ENT, BT S ABERTRIK R o> YK
EFHEE > T MTKIEERE LS . T YT AR N U T AR LTI RE AN L <
DTN, T SABEETIK RO 2Ph L2 Pb OSAANELR-TERY,
WH DORIFEAN T2 5 Z L BNBRRODE N L 2> TR TW A AREMEI R ENT-,

T AR O BRI N T — 2 IIBEENR OFBLOBMCAH A TH O . @V KB E R
FROFHIZE L QX KOLER LI CH D -7, RENTHRECHDL T VY
L0 Y T AT, DT HND EKAMNCT R B NT D720, l%MEE et
LTI RUmbOWIEL 2 MAD LD kRN ME L 72D,
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% RRESR LT L T ET,

AWFFE T WA Z AR 22t L CIHE £ L () =M T2 FHEEE
it Ho~<BART ba A= 2SI ECNEEEE LEEREKSE R B X —
DOERRIZER S HALH L BT E9,

BBATTHNTIE L B 72 W) B & TR = B BE AT L 2 IE 58 | BREE A AR IE
A LA R 2B N AR R LT R S TR W e L E T,
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Radioactive Nuclides in the Incinerator Ashes of Municipal Solid
Wastes before and after the Accident at the Fukushima Nuclear

Power Plant

Yuki IwAHANA," Atsushi OHBUCHI, Yuya KOIKE, Masaru KiTANO, and Toshihiro NAKAMURA

Department of Applied Chemistry, Meiji University, 1-1-1 Higashimita, Tama, Kawasaki 214-8571, Japan

Radioactive nuclides in the incinerator ashes of municipal solid wastes were determined by y-ray spectrometry before and
after the accident at the Fukushima nuclear power plant (March 11, 2011). Incinerator ash samples were collected in
northern Kyushu, Japan, which is located approximately 1200 km west-southwest (WSW) of the Fukushima nuclear
power plant, from April 2006 to March 2007 and from March 2011 to October 2011. K, '*’Cs, 26T, 2'2Pb, 2!“Pb, 2I’Bi,
214Bj, and ®Ac were identified in the ashes before the accident (~February 2011) and '*Cs was identified along with
these eight nuclides in the ashes after the accident (March 2011~). A sequential extraction procedure based on a modified
Tessier method with added water extraction was used for st fly ash sampled in August 2011 because the highest activity
concentrations of 3*Cs and '*’Cs were observed for this sample. The speciation of radioactive nuclides in the fly ash was
achieved by y-ray spectrometry and powder X-ray diffractometry for the extraction residues. Little variation was
observed in the distribution of the chemical forms of '**Cs and '*’Cs in Ist fly ash of municipal solid waste; one half of
13Cs existed as water soluble salts and the other half as carbonate compounds, whereas 75% of 'Y'Cs existed as water
soluble salts with the remainder as carbonates(10%) and sulfides (15%). These results show that 88% of the total
radioactive Cs existed in water soluble and ion extractive forms and might be at risk for elution and diffusion with rain

and wind.

(Received August 31, 2012; Accepted October 31, 2012; Published January 10, 2013)

Introduction

The amount of municipal solid wastes (MSW), which is
generated from daily life and office activity and consists of
paper, garbage, saw dust, and small metallic objects (i.e.,
staples), still continues to increase. Most of these wastes are
incinerated, resulting in the increased production of ashes
(MSWI-ashes). Incinerator ashes are classified as cinder (also
called bottom ash) and soot (also called fly ash), and both types
of ashes are ultimately sent to landfills. A part of the fly ash is
recycled into raw materials used for cement. However, fly ash
contains large amounts of hazardous heavy metals'? and
dioxins,® because these materials are volatilized during the
incineration process and enriched on the surface of the fly ash
particles. Therefore, fly ash is categorized as a “‘specially
controlled industrial waste” under Japanese law* and the
concentration of hazardous materials in the ash and leachate
from disposal sites are strictly controlled. In Japan, a
certification is provided by the Environment Agency of Japan as
Notification No. 13,° and in the U. S., acid digestion with HNOs,
HCIO, and HF is often accepted for ash samples.® Consequently,
these materials are analyzed using various methods, such as
X-ray fluorescence analysis (XRF),'? instrumental neutron
activation analysis (INAA),”® atomic absorption spectrometry
(AAS),° inductively coupled plasma atomic emission

* To whom correspondence should be addressed.
E-mail: ukihana@meiji.ac.jp

spectrometry (ICP-AES),"® and inductively coupled plasma
mass spectrometry (ICP-MS).!' In addition, in recent years,
radon emissions from ash disposal sites'? and recycled
materials'® have become a problem. Radon is an inert gas
produced by the decay of Ra isotopes and taken into the lungs
by breathing. Because Rn emits an alpha particle when it
decays, it is a risk factor for lung cancer due to internal exposure
of alpha-rays.'* Hence, it is important to measure the radioactive
nuclides including Rn isotopes, their parents nuclides and decay
products as well as to determine other hazardous materials. In
addition, YK was also determined together with other natural
nuclides for the estimation of internal exposure from K, >2Th
and 2%U."5 In fact, the chemical and physical characteristics of
fly ash have been analyzed in a number of cases. Studies have
been done, for example, on the leaching characteristics of
thermal power plant fly ash in Turkey,® the activity
concentrations in surface soil for the fly ash disposal site in
Poland,'? the specific activity of building materials incorporating
fly ash in Greece,'” and Rn concentrations at three different fly
ash depots in Croatia.'® In addition, the radioactive nuclides in
natural materials, which could be a source of MSW, such as soy,
sugar, mint, and mate tea;'” wood and its incinerator ash;?
paper;?' and sugar cane and its straw?? have also been measured.

On March 11, 2011, the Fukushima nuclear power plant was
damaged by the Great East Japan Earthquake and Tsunami.
Subsequently, a large amount of radioactive fission products of
B5U in the fuel rods was released into the environment. This
disaster was assigned as a “Level 7” incident on the International
Nuclear Event Scale (INES), which is on the same level as the
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“Chernobyl accident” that occurred in April 1986. The
radionuclide contamination caused by the diffusion of
radioactive nuclides attracted significant interest around the
world directly after the accident and in particular, when it was
reported that drinking water, marine water, food, and soils were
contaminated by "'l and radioactive Cs. In addition, high
concentrations of '*Cs and 'YCs were also detected in the
incinerator ashes of the combusted MSW and sewage sludge.
Following the accident, the Japanese Government established
100000 Bq/kg as the activity concentration limit for radioactive
cesium in the incinerator ashes of MSW that were destined for
landfill. In this study, the radioactive nuclides in the incinerator
ash of the MSW were determined by y-ray spectrometry and
their concentrations were monitored. In particular, for Ist fly
ash sampled after the accident, a speciation of the radioactive
nuclides was performed via sequential extraction using an
improved Tessier method”® and powder X-ray diffractometry
(XRD).

Experimental

Apparatus

The activity concentrations of the radioactive nuclides in the
incinerator ashes were determined by direct y-ray spectrometry
using a well-shielded y-ray spectrometer. The spectrometer
contained a p-type high purity Ge/coaxial-type semiconductor
detector (Princeton Gamma-Tech. IGP10200, y-PGT Inc.)
surrounded by a 100-mm thick lead shield, with an additional
S mm of oxygen-free Cu and 5 mm of acrylic resin to reduce
the exposure to cosmic radiation and X-rays. This detector was
cooled with liquid N> and coupled to an amplifier (FP-6300B,
Aptec Engineer Ltd.) and multichannel analyzer (MCArd, Aptec
Engineer Ltd.). The detector bias was operated with 2000 V.
The efficiency curve was drawn with a S?Eu standard source
(25 mm¢ and 6.0 mm h), which was issued by the Japan
Radioisotope Association, and correlation factor of the curve
was 0.998. The standard source was set 5 cm away from the
Ge-detector in consideration of the coincidence sum effect from
2Ey standard. The intercept corresponding to the detection
efficiency of the efficiency curve was corrected using the
intensity of the 1461 keV y-ray emitted from #K in KCI, and
the efficiency curve was in validation with standard soil
materials (JSAC 0471). As a result, the calculated activities of
40K, 13Cs, and '¥"Cs with the curve corresponded closely with
those of the reference activities.

40K, 1%Cs, and 'Y’Cs were determined via their y-rays (1460,
605, and 667 keV, respectively), whereas 22°Ra, 2Ra, and *Th
were measured via the 7y-rays of their daughter products 2'“Pb
(351 keV), 8Ac (911 keV), and 2'?Pb (238 keV), respectively.
Although, '*Cs also emits 765 keV y-ray, this peak was not
used for the determination because the efficiencies with two
standards were identical and 796 keV y-ray emitted from 22%Ac
overlapped on the peak of '**Cs. The counting uncertainties in
the measurements are 2.6% (*°K), 16% (**Cs), 12% (*¥Cs),
19% (?**Ra), 15% (***Ra), and 7.5% (***Th), respectively.

An X-ray diffractometer equipped with a Cu X-ray tube (Rint
TTR-III, Rigaku) was operated at 15 kW, with a tube voltage of
50 kV and tube current of 300 mA. A Bragg-Brentano focusing
optical system was used for the qualitative analysis and the data
was recorded over the 26 range 5° - 90°, in steps of 0.01° with
a counting time of 0.05 s for each step.

All samples were dried in a hot air rapid drying oven
(DSE-113, Isuzu Seisakusho Co. Ltd., Japan) and weighed
using a micro balance (AB204-S, Mettler Toledo).

ANALYTICAL SCIENCES JANUARY 2013, VOL. 29

Incinerator ashes of municipal solid wastes

The incinerator bottom ashes and fly ashes of MSW were
collected in northern Kyushu, Japan, which is located
approximately 1200 km WSW of the Fukushima nuclear power
plant (129°06” E, 32°56" N, 87 m of elevation, and a distance of
280 m from the nearest shore of the Pacific Ocean), from April
2006 to March 2007 and from March 2011 to October 2011. In
the piant, the soot was collected on the first filter, and then the
acidic gases including Cl,, HCI, NOx, and SOx neutralized with
a spray of slaked lime suspension collected on a bug filter. The
soot in the first step was called Ist fly ash, and the material
collected in the second step was 2nd fly ash. The bottom ash
consisted of the generated cinder, which was cooled by water.

Sample preparation

Approximately 15 g of incinerator ashes were placed in
24.3 cm’ tin containers (inner diameter, 5.3 cm; height, 1.1 cm).
The containers were made gas tight by sealing with an epoxy
resin glue and stored for at least three weeks in order to allow
radioactive equilibrium among *?Ra and its daughters.?* These
measurement samples were set away from the Ge-detector to
prevent considering the coincidence sum effect. The y-rays
were measured for 48 h.

The solid samples used for XRD were ground with porcelain
mortar and pestle for 10 min. The ground samples were then
placed in an aluminum sample holder that had an
18 mm x 20 mm x 1.5 mm cuboid window on a glass plate.
Powder paper was then placed over the powder and the powder
was finger-pressed for 1 min.

Speciation of radioactive nuclides

All solid samples were dried at 110°C for a period of 24 h in
the drying oven.

The Tessier method?® was applied for the speciation of the
radioactive nuclides in the MSWI st fly ash. This method is
often used for the speciation of heavy metals in soil and
sediment samples, and the fractions are classified into six
phases; namely, ion exchangeable fraction, carbonate bound
fraction, Fe-Mn oxide fraction, bound to organic matter fraction,
residual fraction, and extraction residue using appropriate
extraction reagents. The Tessier method and related techniques,
including additive water soluble extraction, have also been used
for the speciation of trace metals in fly ash.>>?® The extraction
method used in this study included the following steps.
(i) Water soluble step. One-hundred milliliters of deionized
water were added to 10 g of the Ist fly ash sample, and the
mixture was agitated for 6 h at room temperature. The sample
was then separated from the residue and extracts by filtration,
and the extraction residue was dried at 110°C for at least 24 h
and then weighed. Six specimens were prepared and used one
at a time for the subsequent extraction/y-ray measurements.
(ii) fon exchangeable step. Five residues from step (i) were
leached for 1 h at room temperature with continuous agitation
using 80 mL of 1 M magnesium chloride.
(iii) Carbonate bound step. One mol per liter of sodium acetate
and acetic acid solution with an adjusted pH of 5.0 was added to
four residues from step (ii) for 5 h at room temperature in order
to leach the carbonate bound materials.
(iv) Free oxide step. The free oxide phases were extracted with
200 mL of 25% (v/v) acetic acid containing 0.83 g of
NH,OH-HCl at 96°C for 5 h.
(v) Sulfide bound step. The solid phase remaining after step
(iv) was agitated in 80 mL of 30% H,O, containing 1 mL of
nitric acid at room temperature for 5 h.

The solid material remaining step (v) was referred to as the
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Fig. 1 Gamma-ray spectrum of 1st fly ash of MSW sampled in northern Kyushu, Japan, approximately
1200 km WSW from the Fukushima nuclear power plant in August 2011.
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“residual materials.” 1st fly ash and the five residues from
extraction steps (i) - (v) were analyzed via powder XRD for
speciation of crystalline phases and using y-ray spectrometry.
Approximately 4 g of the 1st fly ash and the five residues from
extraction steps (i) - (v) were placed in 12.5 cm? tin containers
(inner diameter, 3.8 cm; height, 1.1 cm).

Results and Discussion

Radioactive nuclides in the incinerator ashes of MSW
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Figure 1 shows the y-ray spectrum of the Ist fly ash after the

accident, and activity concentration variations are shown in
Fig. 2. %K, '¥7Cs, 203T], 212Pb, 214Pb, ?!’Bi, 2"Bi, and 3Ac were
identified in the spectrum of the sample collected before the
accident (~February 2011), and 2%Tl, 2!?Pb, 2!4Pb, 2'’Bi, *"Bi
and #%Ac, with short half-lives, were also determined as 2*Ra
(2'%Pb, 214Bi), 2%Ra (*2*Ac), and 28Th (2%5TI, 22Pb, 212Bi). '*Cs
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Fig. 3 X-ray diffraction patterns of raw fly ash and residues obtained at each extraction step of the
Tessier method for fly ash MSW sampled in northern Kyushu, Japan, in August 2011.

was identified from the samples after the accident (March
2011-~).

The concentrations of “K, **Cs, and 'Y/Cs increased in the
order 1st fly ash > 2nd fly ash > bottom ash. The vaporization
points of most alkali metal compounds are lower than the
combustion temperature (over 850°C). These compounds were
condensed and attached to the surface of the fly ash particles,
whereas in the bottom ash, the concentrations of radium isotopes
and 228Th, which originats in silicate rocks, were higher than
those in the 1st and 2nd fly ash.

Homogeneity of 1st fly ash

Four Ist fly ash samples collected in August 2011 were
pretreated following the same procedure described in the
Experimental section. The concentrations of K, '*Cs, and
137Cs were measured in order to check the homogeneity of the
radioactive nuclides in the Ist fly ash. The relative standard
deviation (n = 4) of the concentrations of these nuclides were
2.5-9.5%, which is smaller than the 10-15% counting
uncertainty associated with the current y-ray measurements.
Therefore, the distributions of “K, '*Cs and "*'Cs in the 1st fly
ash were considered to be homogeneous.

Speciation of radioactive nuclides

The most dominant mass fraction (34.0 mass%) of the Ist fly
ash was the water soluble fraction. The ion exchangeable phase
was 3.7 mass%; carbonate bound fraction, 22.4 mass%; free
oxide bound phase, 15.3 mass%; sulfide bound fraction,
8.2 mass%; and remaining residual material, 16.4 mass%:;
respectively.

Anhydrite (CaSO,), calcite (CaCOs), gehlenite (Ca,Al,Siy),
halite (NaCl), hematite (Fe,0;), quartz (e-SiO,), rutile (TiO,)
and sylvite (KCl) were identified in the diffraction patterns of
the incinerator fly ash, as shown in Fig. 3.

The crystalline phase in each extraction fraction was estimated
on the basis of the disappearance of X-ray diffraction peaks.
After the water extraction step, the halite and sylvite peaks
completely disappeared, indicating that the eluted materials
were probably halides. After the extraction step for ion
exchangeable species, no remarkable disappearance was
observed, but an unknown peak at 78.2° appeared in the
diffraction pattern. This peak disappeared after the next
extraction step for the carbonate bound species. While the
calcite peaks significantly decreased with sodium acetate
extraction, the calcite was not completely removed. This result
is due to the higher concentration of carbonate compounds than
those of the soil and sediment. After the free oxide extraction
step, the remaining calcite and gehlenite disappeared and trace
rutile was clearly identified in the diffraction pattern of residue.
In addition, detailed observation showed gently sloping hills
from 18° to 35° in the diffraction pattern of the residue after the
free oxide extraction, indicating the existence of an amorphous
component such as glass and/or gel in the incinerator fly ash.
From the diffraction patterns of the residues for the oxide and
sulfide extraction steps, aluminosilicate and amorphous phases
were identified as the major phases after the completion of the
entire Tessier method. In the last step, anhydrite was extracted
into the sulfide bound fraction, whereas hematite, quartz, and
rutile still remained in the residual fraction.

Figure 4 shows the distribution of the radioactive nuclides in
the Ist fly ash of the MSW after the accident at Fukushima
(sampled in August 2011). “K, '*Cs, and '"'Cs existed as water
soluble salts and carbonate compounds, whereas 226Ra, 22Ra,
and 2®!Th were stable in their free oxide form and contained in
aluminosilicate.

Little variation was observed in the chemical forms of '*Cs
and '*’Cs in the MSW. One half of **Cs existed as water soluble
salts and the other half as carbonate compounds, whereas 75%
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Fig. 4 Distributions of radioactive nuclides in 1st fly ash of MSW sampled in northern Kyushu,

Japan, in August 2011.

of W7Cs existed as water soluble salts, 10% as carbonate bound
material, and 15% as sulfides.

In Japan, most of the incinerator ash of MSW is sent to landfill
and these ashes are thus exposed to wind and rain for long
periods. Typically, the pH of rainwater is approximately 5.6,
which is similar to the pH of the sodium acetate/acetic acid
extraction medium used in this study. Therefore, these results
suggest that 88% of the total radioactive cesium existed in water
soluble and ion extractive forms and might be at risk for elution
and diffusion due to exposure to rain and wind.

Mass balance of sequential extraction

In general, the eluted materials are determined with the Tessier
method and other extraction techniques by using a liquid
reagent; however, in this study, the residues were measured in
order to determine the distribution of the nuclides. Therefore,
mass balance verification of the water soluble fraction was
attempted because there was no contamination from any
reagents. The material mass of both extract and residue were
obtained. However, only the concentrations of K, '**Cs, and
137Cs were determined because the peaks for these nuclides were
detected in both materials.

Water extraction was achieved using 15 g of the 1st fly ash.
After separation, 2 mL of conc. HNO; was added to the
extraction in order to prevent adsorption to the glass beaker, and
the solution was recrystallized on an evaporating dish. The
precipitate was dried for 24 h in an oven (110°C) and then the
dried sample was stored in a tin container.

The calculated results for the weight and activity concentrations
of the raw fly ash, extraction residue, and precipitate are shown
in Table 1. As observed from the table, there is little difference
between the activity of the raw ash and sum of the activities of
the materials for each nuclide after extraction. In addition, the
weight of the raw ash was nearly equal to the sum of the
extraction materials; therefore, no contamination or loss of fly
ash occurred during the extraction.

Table 1 Mass balances between residue and extract in water
soluble fraction

Weight/g 4Cs/Bq '¥'Cs/Bq “K/Bq
Residue (R)  10.0869 33 52 1600
Extract (E) 5.4903 54 140 31100
R+E 15.5772 (102) 87 (124) 190 (86) 32700 (94)
Raw ash 15.2994 70 220 34700

( ): Ratio to Raw ash/%

Conclusion

4K, 1¥Cs, 22¢Ra, 22*Ra, and ?¥Th existed in the incinerator ashes
of the municipal solid wastes both before and after the accident
at the Fukushima nuclear power plant, whereas '*Cs was only
detected in samples collected after the accident. In four Ist fly
ash samples collected in August 2011, the distributions of “K,
134Cs, and ¥"Cs were considered to be homogeneous, because
the relative standard deviation (n =4) of these nuclides was
2.5-9.5%, which is smaller than the 10-15% counting
uncertainty associated with current 7y-ray measurements.
Anhydrite, calcite, gehlenite, halite, hematite, quartz, rutile, and
sylvite were identified in the diffraction patterns of the
incinerator fly ash. The crystalline phase in each extraction
fraction was estimated, and the eluted materials after water
extraction were determined to probably be halides. Calcite was
not completely extracted in the carbonate phase because of the
higher concentration of carbonate compounds than those of the
soil and sediments. In the free oxide step, the remaining calcite
and gehlenite were eluted and trace rutile and an amorphous
phase were clearly identified. In the last step, anhydrite was
extracted, whereas hematite, quartz, and rutile still remained in
the residual fraction.

40K, '#Cs, and 'Cs existed as water soluble salts and
carbonate compounds, whereas *?°Ra, %®Ra, and 2»Th were
stable in their free oxide forms and were contained in the
aluminosilicate. In addition, little variation in the chemical
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forms of '**Cs and '’Cs in the Ist fly ash of the MSW were
observed.

In Japan, most of the incinerator ash of MSW is sent to landfill
and these ashes are thus exposed to wind and pH 5.6 rainwater
for long periods. As a result, 88% of the total radioactive
cesium might be at risk for elution and diffusion due to exposure
to rain and wind.
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