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Measurement of Hydrogen Generating from Radiolysis of Highly Active Liquid

Waste and Its Quantitative Evaluation

Masahiko YAMAMOTO, Naoki SURUGAYA, Eito MORT¥, Shigeo TAGUCHI
and Soichi SATO
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Tokai Reprocessing Technology Development Center,
Nuclear Fuel Cycle Engineering Laboratories,
Sector of Decommission and Radioactive Waste Management,
Japan Atomic Energy Agency

Tokai-mura, Naka-gun, Ibaraki-ken

(Received August 20, 2015)

The concentrations of hydrogen generating from an actual Highly Active Liquid
Waste (HALW) of Tokai Reprocessing Plant and its diluted solution have been
measured in a closed experimental system. The results show that hydrogen
concentration gradually increases at first. Then, it approaches a steady-state due to
the hydrogen consumption reaction by Pd ions. The highest hydrogen concentration
in the experimental temperature (23-28 °C) is about 1200 ppm (0.1 %). It is found
that the concentration of hydrogen generating from HALW is equilibrated one order
of magnitude lower than the hydrogen combustion lower limit. Moreover, a model
based on the hydrogen generation from HALW by the radiolysis and the hydrogen
consumption by Pd ions is proposed and applied to evaluate the calculated hydrogen
concentration in the gas phase. The calculated hydrogen concentrations from the
model agreed well with the experimental values. It is demonstrated that the
behavior of the hydrogen generating from HALW can be evaluated quantitatively by
applying the model in this study.
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1. 1IC®IZ

H AR 7 JIHFFE R T8 HAE o Bifg FRALER i 5% CERA SN T D PUREX VAR ALERCI
OB TR D E L~V PEBER (UL T . HALW: Highly Active Liquid Waste)#%’\é
95, HALW 1%, #5524 /(LU R FP: Fission Products), #8775 /AR t3E, BlE N
DGR E R %55 VIR KA T b, HALW ([Z& DK, FP SR AETH
HEBRCZD St e KRB OIRRNZ /2 5KFEDR AT D, D72 HALW D

BPFECI, FAELTZAKREDREE TR CThD 4 %IZBZET 2055 175720 BrfliZEfi s
ﬁm?‘é#®ﬁéﬂ%7ﬁ)ﬁé%ﬂf W5,

HALW BFfENSRATHKBITOW T, Becker HIZEDHEDRHD, #H1E, WAK 7
BT T NI — VA —x RAYNZEITDH HALW Ui DA 7 T AR D KB IR EZTTAY
a7 CRIEL, HALW 225K FEMNFEAEHHEN QRN EEFRRIL Q0D 2, £
7o REGIE, HALW 24505 U 7= 3URHATR Oyit BN FRERES 5h . HALW 25584957k
FOEN, THEEKEIR DRSO R CHRAETHREO RIS 20 %KW LA TRILT
W5 B, ZNBDORIFETIE HALW IbF AT LK EDORIL, S BAMNL TSN 'L
DH DI NZEEFRRL Qe ZDJREIE AR Th o7,

IR T, ZORRICHOWT, HALW FUSEEND Pd A4 1258 B LI MTHi T
W5, Kodama 5i%, HALW ZHEHE LU EREEH ORI KR EZEARISRNTIREYTH L,
Pd A A %GB CIIKBIRENBAD T2 E2MEL TS 9, F2, RILEE~y %
MRS58 SRS FRIC LV AT 2K B DR EE NI ORGE IO —EEA R L, P
WHEALBETHZENBRISIE 9, ZOBRIZHOWT, BT, FRUIRTRKBOHEIC
FROBUST, Pd AF 2 DMER L TKFEDO B A IS D ZEZ2HMEL TS 9,

3H: + 2HNO3 — 4H20 +2NO
2Hs2 + 2HNOs — 3H20 + NO + NO¢

Z 2T ARFZE IR HALW CBLUISIZ Pd A A NS K DK FE DM BN ARD UG FE

¥ HALW TiEEZoTWAZEAMER T 5720 B LB a0 HER UL 7= HALW F54&
Y HALW ZA RT3 DR AT KA DK EIR EE | RIS D\T/E'J/Ebto ES
Tos ZOBGETTURREIROT VT VN RV A NESKIT BT | R RIS
KFEOFAEL Pd A4 NZEKDKEOHE| Jﬁé)ﬁﬁﬁ%{}imbfc%Tw%%%b‘(\ HALW
DOIEAT HKRFERE D E RGN Z R AT, AREETIE, IRHOMERIZO W TR~
o
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2. EE

2.1 AB

HALW 1%, Rk 25 4 7 ARG FRALBR RS O & i PR BE R AT A% (272V35) 755 40 mL
BTz, BB SRR B A = TOHIEIC BT, HALW 1% SUS304 FLD R4S 25 250
TERE LT, 7eds, (R I 12 HALW ORMENEUZ7280  sREBRBIAARATNICE & IEICXD 2
M B2 IRINL THIEL 72, ZD1%  HALW 1%, AT R T 78E & AR 5C. (R R 1
1 um)BLORA T LT E— RV IVR T A L= T | FL% 0.2 um)Z& VT, AT
oV EL A LUTOL | RBRICHEHL T, A1tk O HALW % Photo. 1127”77, 72, HALW
OAHGEEHT, HALW % 2 M E2C 10 7128 R CRFEL -,

2.2 ¥E

KFEREEDORIEIL, Fig. 1 BXL0 Photo. 2 (IR HEE AN T T T o7, AREE T,
REIRRR, TIRY, KT HAIa<w 7 (GONOHER LTz, BB MRBLOT IAXIL,
SUS304 T, Fig. 2 [ZRTIDNTHIEL Tz, Zeds, AKSBRAEITLADIE ) O BN X
OMBREB I3 57280, REMESIITIY—7 £ 10 kPa DVY—7 FRLUAFEZESR R-10)0%
RETDHEEHIT, TIROH RS I DT-8 | i 1EFr(Swagelok £ SS-2C-EP-1/3)& 7% &L 7=,
W7 MEARR 73 DM-360ST 4L L . &gs P Lkt &4 270 mL/min T
NIV T FHIET, BWAELTKEPXTFHBIIFGERINAIOINZ LT, GC 1%, =77 A=A
SGHA-P2 ZfEH L., KobrEH D744 —(GL A = ZABA— /=T — 2 TT AT 4 )V 5
—M). E#X L7 (Valco 8 EH4C6WE) B LY 1 mL »H > 7L )L—7(Valeo il
SL1IKCW)AEWfHF 7=, GC D3 BERN T ATTEMER . v VT TATELEZHE ALz, GC O
fil# H PC X, Dell # Lattitude D630 Zffi FHL7=, GC %, FERATZ I KB HET A(GL
YA B KB 97.4 ppm. 1010 ppm. 3800 ppm. /XT AN A Z850) % AW TIR
EL7-, 72, CG ORERIT, KFEHAGL A28 HE 99.99 %)ETRT— v/
(GL H A= 2% CEK-1)C 0~4000 ppm (ZARL TIERIL7-, sUEHR SR, TIAX R,
GC O##HiL, SUS316 T a—T7 BIWF a—Taxs¥ = F V7 E AL, R
EANOIRE, JET), fE RO EIL, IR EFH(TGK ®ANE KPR S1-Pt-1.6), J£ /15t
(Keyence & AP-C30). #if&it(Keyence ! FD-ADZEHH L=, %7 —#1%. #Hlll==vh
(Keyence i NR-HA08, NR-TH08, NR-500, MS2-H100)3 10" PC(Lenovo ¢ T420i)
Z W TEAG LTz, SRBRIRE OFEE IS, BUBHARR O T EBICER E LI HINBGRH 7 — 7
L—NT XU SCP-85) Cf1-7-,

PRI B X, B EALER SRR AT AT ANRLRRERER (O - L NICER E 1R FEREK A
T, 2EEDOERFEL IRV R E LT, FEIT, ZEEN~KFE T A(99.99 %)% 3.8 mL
WMALZOE, GC THIE L7 L AR O DA IR RNDR O 7=, Ok B (57T
145 mL Tholz, Fiz, IALEIL, KFEHR(99.99 %)ZHEEN~EAL T, RELZ T
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WCHIEL TR 7=, ZORE R HIEBAEDS 150 WEHIEGES OKZERE X, B ARFOEE
M5 13.5 %D ZRUT=08, GC ORER LG L CF B R OIRAVRI MRS N2 -
77e 20728 IBEORERIZIB W TRITELTZ KB IREIZOW T, IRILVROMIEIXL 20 o7,

2.3 REREAE

AUBHARHL, BB 30 mLINZ 720h | Bl 7 ZORIIE N vX AR EL THRE L,
KAHE DK R L, R 72 i@ S TERENOKH LY — LD b, — & O RHH
[T GC OEBEEN AN TEYVEZ T, o7 N — T NICTE LTS 2 8 S~ L
THIELTZ, 725, 1 EORER T T A —T NOZKFD GC DX VT HATHHZER,
ICEHSNDT-0  FEENOZFEIL, 1 mL FOFmRIND, 2072, PIELTKFIREIL,
ZOFRGEMIELTZ, 3BT, Table 1127392912, HALW 2 W CilEZ 28 CICRE
L7- RUN1, RUN2 X0 HALW Z W CGRERIBEZ 23 CIZEREL7- RUN3, HALW
OAPEEZ HWCREZ 23 CIZERELT- RUN4 23 fEL 7=,

2.4 HHT
HALW 35X O'HALW OARGEHF D Pd A4 25D 48 e R IR NOo R yiipesfi
DOEHRERREE, U IR, Pu iRE . BRIRE X, TeOFIETHIEL-,

(1) &EITHEA A PRE DI

HALW o Pd, La, Nd, Gd A4 #E 1T, k% 1 M 2T 10000 fFIZARL T
ICP-AES(SII # SPS-7700) CHIE L7=, HALW Z# R L7-3k o Pd, La, Nd, Gd 4
VR IX, AR 1 M AR T 1000 5 ICAIRL CRIEL 72,

(2) NO2 IREEDHT
HALW BEXOHALW 27 R U= B o NO2 1%, JIS K0102 D)7 F /L= FL v
TV R D BRI U AR RERINE TR D T, WIETRIRIT ., KFRIREOREKR T
%, RBREE DR 0.1 mLEREL, fiK T50 mLICERL CHIEEL, 770 7ikhE,
U 2(4.38 M)% 0.5 mL., HIERKZ 0.5 mL Nz T, #i/kT 25 mL IZEARL TREELZ,
FEHERANERBH T, R aRIE™ 1 % 0.5 mL, WEEHKZ 0.5 mL 3 2z 720H NOg HE
(5 mg/L)&ZZ1 0, 0.5, 1 mL N2 CTHIZK T 256 mL IZER LTz, D% 20 /7 EHiEL
7=oh BB O NO2 JEE 1, WO FHHACH i DR/890)T 520 nm D FIZkI1T5
W EE A EL TR Tz,
M1 FEAIK
FAGRIEIT, 4TI _B AR TR 4 g 2V 10 mL Sk 50 mL EORA
AR IRt . N-1-F 7 F LT LoD 70 NG 0.2 g Z23RMNL ., #i/k T 100 mL
ICERLUCHHEELT,
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(3)  YHREZFE D FSREIR EE D43 AT

HALW H Oy AZRE OFS e BEIE, 0B 1 M AE2 T 100000 f5IZARL7T=0b H
EE /T 1T mLEEERL AT LT 543 —T 20000 FOEHEIEL TR T2, AR
LT FFA4 % —1Z. CAMBERRA # GC2020 /7' /L~ =7 Lt 8%, DSA-1000 ~/LFF
YHNT FIAYF = KO T500SL 7L~ =0 KGR HER i HEEE A AL, 7 —4
DOfEMNTIZ, PC 12 Hewlett Packard . COMPAQ PRO 6300F. fiE#t 7" 12/ 7 L2
CANBERRA #! Gamma Explorer Z1{# L 7=,

(4) UREDOHHT
U RESHTHFEEHEL, HALW % 0.2 mL £80if%, 7 AL e BRI (1 %)% 1 mL 0
Z TR T A= A(1 M) EHERERIR (51%) DIRATAIR T 10 mL IZERL CREL, £
Dt ZOREHL, HEE—F /L 10 mL SRS, UL, U BE T, fHiE 1 mL
% DBM A% %2 T 20 mLIZERL THRASE-0b, WO EFH (B ERF TR UV-2450)
T 410 nm (2T DY EAHIEL TR 7,
%2 DBM Ak
DBM &%, o AN A% (DBM) 1 g 2V 500 mL ZIRRELIZOD | kil
<7 ZT BASKFAKEERR(0.74 M)% 100 mL, =F L7 2 PO EREE KRR (0.43
M)% 100 mL iz C, #i/K T 1000 mL [ZERL CHRHEL,

(5) PuiREEDsHT

Pu AT A OREHT, HALW % 1 mL $2HL CTINEAZE % | 2R A a3 57
W, 3 M e 21 mL UL CREE L7, 7eds, 7 v ERTAME2 SEhi L 7-aeh ., BUBHOER AR
BIIREE (T v ER%Z 0.025 M, filfta 8 M IZFHFELT-IRA TR 2 L CHIERRZE 2170,
3 M e CIAfREL TR L7z, Pu IR, ZoiEHT 3 M Alfe CHl& L7~ 0.5 M flle 7
=Y LBIT LR E 3 mL IIZ T, WO RH(H AR5 8 V-550) T 838 nm DRI
BTN EZRIEL TRD T,

(6) WAL DAY

WL EE S AT F O 3tEHT . HALW % 0.2 mL fREL7=0% | 8 R0k AN TRtk A
WU, ZO% ., BB OBRILE L, KT N MEHERR (0.2 M)Z AV E B 4
& CEYRPESESL TS-980) T EL TR 7=,
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8. RBREEDPAESFRLFARRAERLIVHART —F D IE

p.4

YL B E AR E L THMiL 7~ RUN1 75 RUN4 £ TOARBR I GC V&
JEDZESE), Jiwmat O, FlE OFEEVFEO RN EENIAL  KFERENHIE TEedleo
Too RBL, FELLE ARG FLOME, THRSNDFERBLOFEGIf N FEEL 7235k T
— 2D EIZ DN TR B,

3.1 HAZa~r/I7 0w Y BEDOEH

AFRBCHEMLZ GC 1, Bg R RET A P2 TS, BRI A
Y OBFEIEERE Fig. 31TRT, B HBE Vellid, 2.2 VOBENF IS TRY,
IKFRMEEE, GUAD LY HE BT DRI B D R Rs O2{L%, BIICHESE
L7=ARHEHT Ry MO EE AR B8R Vou 153K D 5, AERTIZ, RUN1 OFKERBA 4
M6 28 FEIIRELIC, LU EIEN 2.08 V TR T2 F L0 RS-, 7=, RUN2
ORBRHIIT, BV EEE 1.5 VETETL, £D%, RUN4 OB TET 1.5~2.2
V O TEE L 7o, EEEBRHIKFEELT Z(1010 ppm)Z HW TR EZREL 72/ R,
KPR TR AELO DI METH T, 2078 JIELTKFERE L, 3.5 iR I 4HIE
AT o7, ek ARRBR T Lo AR Tl U7 HRICZERAZBEAL TODE5E, B
PEIE Ve 2.2 Vb RELSBALTHZ 1T, 2D B EITX YT H AL O AR
FANDIRAL . BIEEBMECTZ AIREMEN DD,

3.2 FEEHDOHE

RUN1 OiERBHIAD 25 KRR mH%&IZ, JEeFOME2 K 270 mL/min 76K 200
mL/min FTETL, Z0#%, MEOFHIN TER2-7-(Fig. 4), AERCff L7 &
FHEL KA R 351 D8 AR D OIREE A3 A s Dt S R b H B an =l |5 T D,
ZDEAT DY EFHE, A L FEFH O KUAT % 1 %FEEORSE TRODZENTEDLN,
K EDNRHE AT B LIS AT, BIEN CTERLRDREBHDH, 2070, fiiitoik
BEIE, K EEMMT B L THRAELIZEB 2 DD, BRI, i EOFNIT TE/Re o723,
HALW Z e U 7= a0k OGBS s it sl P D K SRR BRI TR B T Sk
PGS TN 9, 22T, LIBEORBRIT, & MEL - EEFE L7,

3.3 RERIEBNOEE DFEEY

RUN1~RUN4 OBl Fig. 5 17 8912, Reff ORI & EHITE SO T 2381
iz, K512, RUN4 OFRBRHIZHIELZE 1L, RUN1T~RUNS &AL THIK T O
R EL, BERBIAAD D 70 BEERGE 12, —25 kPa FRE £ TR F L7z, &512, RUN4 O
B e LK R AL, TARELD S KIBIZIRVWME TH -7, RUN4 OB T 12,
IKFAFHEN A% RN TEE R OKBIREZ MR LI R, ZTOMEITEraRmL  REEIK
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FIREZNE CERVIRREICHDZEN DT, 2072, RUN4 TETORBREK T LI,
B VI VERAOCTEBEORENICEREZBERL T, BENOR T2 REL SR, R
PR E R N EBICEA T 7= =5 VT OB OB E \ZEE EOMERSINT-, 207D, HIEL
JEDDOIR T, BLE OFEEVCIVRAELZEEB 2 OND, T, BLETE VORI, K
%Y&%fﬁﬁﬁﬁﬂﬁf‘%fﬁfxof:&%iﬁghéo

3.4 REBGEZLOKK

GC B VEBEDIK T, WEFOBIE, BIUOGRBIEENORE OFEEDIL, 2 TERYN
EENNMRALIZTZD AL BEMEDR 5, YLl TX, HALW OIXN3HDH, AR
HE Tl B AR O KM H MUY S TR E ANTo T IAZZ IO Tz, slBREE
B, BV E T AR Z VT ATV ZIZ R AT DIANDIEE N~ DR
BRNZEZ MRS LTy £ OREBRFRNI B IR E Th o7z, Ll FEEERORERIZ
Table 1 |12~ 3 EIZ, KT 259 Kl OFRERZ1T> T D, ZORKIZHOT- 508D 7
V22T HALW OIARR, FIAZABZ CEBNICRIKL 2L % 2515, ZHUcE
D, GC DR TIE, HALW OIARP P EANBAL T PEEOE T AL,
BRAEE N T, iXFﬁ§fﬂL%LT()IL$n‘l‘@ﬁiﬁﬂ%t\_bﬁo *7-. RUN1~RUN4 FToORER
ORIy A O RITEGEL TRT VT BT  TREELTZI AR S NITIED
?%T%‘ébf%i%i‘%ﬁibf:&%z%ﬂéo

3.5 RRRT —FDFHE

PHE AR RO B E AR, JIE TR EOE B0 IL, AR E D A%
THIEEFT>7=, Fig. 6 12, B EEN 1.5~2.2 VITEELIZFRIC, HEUEKED A% F
THELTZKFEDOE B EE R, 5 5L, B EEN 1.5 V~2.2 V OFEJEHFHIC
BT, EEOHINZENKRELARD  ZOMBIE, FHBIR$20.99 L EOBEMMEEZ R LT, 2
D72, RUN1~RUN4 ORER T EEN 2.2 VLEEL7-7 —4#1%, 2T Fig. 6 1
ARPTRIERRE AW C BERT — 22 MiIEL OKFERELZ RO, £7-. RUN4 OB T
L BB DR EHIE TRBNEENTH —ITH ST P — T ETEGELR D
STl KRBIREDNHIE TER2D-oT28E 265, 20728, RUN4 ORERE BRI, 2
INTARRINDT —FHFHIL T, T 21T o7,
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4, WWRBIOER

4.1 KRFBREOHIERFR

RUN1~RUN4 (ZOWTHIE L7 /KE R E ORIFELE Fig. 7 1277, HALW 5%
ATk FE IR, BRBRBAAE DR 2 (T INL . RUN1 3L RUN2 Tl 20 Bl 2R L T
HZIEIA 550 ppm, 370 ppm T—EfE% <L, RUN3 LT RUN4 Tid 90 Kefi]Z#%
MWL THHHK 1200 ppm T EfEE R LTz, 23~28 COIREHPH CHIEL =K HE DK FE
R, b @ GE T 1200 ppm(0.1 %) THY, F2FED HALW T K TR BE TRRF
ThD 4 %&b 1 HTFREARWRE THEIZRNZEL TWDIEN o7z, BUT ., Sl
PSRRI BE A RIE T BT HDOWNTEELT,

(1) Pd A A D
Pd 1403, K@), QTR OMAEA L TR R TR AELT-KFELZHEL.
HALW 50K B3 EAMH D2 L8 HlE S Tng 9,

3H: + 2HNOs — 4H20 +2NO (1)
2H2 + 2HNOs — 3H20 + NO + NOq¢ (2

HALW Z e L 7= il k2 WV CE AR SN TR B LIRS SE BTk, PA 4025

TeB COBKEDTHE SN TRERRIE~EGEL, Pd A4 28 700 GEHCIIKE DOTH

B3RS, Zo728  HALW H1(Z Pd 4’2]‘/7})7?7("L/7‘£b\i75'7/a\ KBTI

ﬁ‘ﬁ FTHZEMTRENDD, KRB CHEALEEFICIE, AEEDO PAAA U E2EATEY,
D FCHN T 0 K SRR B 703 A (5 %Lt&%z%h&é

(2) TAIRIRFE DA
HALW % 23 CIZi%EL7- RUN3, RUN4 (281} 2 i oo /K E A 1%, £ 1200 ppm
THY, IHEA 28°CIZi%E L7 RUN1, RUN2 O/KERE LV & ME ThoTz, KERRE
DOIRER ML, Kinuhata HIZE> THRESIL TS 9, f51%, (D, @DIoRT Pd 74
ANZEDKREOWHENARDFOGIEEE EE A BT L= AR TEESI, B DR T ISAE il E
PMETFLC, P OKFBRENELIRDIEEREL CQND, ZOZEND, ARBRCHIEL
72 RUNS3, RUN4 O/KEREOHIINT, IREDEEIZLALDOEEZ LD,

(3) HALW D7 o g

HALW Z#7 R L7 RUN4 Ok F 1%, RUNS L[RICZEEEZ7RL. K 1200 ppm £ THY
MUC— Ml Aotz ZORERLD, FR LI DR AT 2K FE 1T, R AE~F
HZEMNSGy Do T, Table 2 (R4 5512, HALW 27 R L= o0 Pd A4 BL UV NO2
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REEIL, HALW O58 06K 105 EB IR TL TOAICH BT, SR K FE iR I,
RUNS3 HZIE[FEIC TH -7, Kodama Hix, HALW ZAE L 7=k 2 O =585 AR
[ZEOBEH D Pd AF U AREDND LT85 1%, KBEOEEfRD PN E LK FER LIS
LD ISR E D FIRFIAR T 357280 SPHRFO KFREIZIES2NWETRL TS Y, 207
. RUN4 OO KRR IE 1L, RUNS S B o7o b8 2 bivd,

(4)  KFBLS D I A D5

RUN1 & RUN2 Tid, RICSMCTRERE EhtiL 72128 B b MR O KB FE 1, 550
ppm FBLEU 370 ppm 7225, ZOJRKEL T, HALW IOIA T HKFE LSO T AD F 2
NEZ BT, Fig. 8 ~ Fig. 11 {2 RUN1~RUN4 ORER CHIE L=/ a~b T 5% K17,
Krav NI LE T D8 RUNT CIEREFRE Y 14 B ORI KB OE — 7 IS
A ARFERER Y 70 BPOEIRICH 7 m—R7ee — 7 BELIS VT, BREFFERTAY 70 AP fEIkC
Bl —271%, BBRBIAAE B DIFERICREZ R TV, 20k, 2O —71%,
KFOE—ILERY, 28 FHRIEZITIIKFOE — I LXKFITERLIeoTo, ZDT®H,
RUN1 O A OKFREIL, ZOE =B3RS QWD TEENED D, — 7, RUN2~
RUN4 TIIRFFREREAY 70 B OEBICB W T, B =213 BE N2 > 7=, HALW HH% 4
TLEIRIE, AKRFELIAMZ Oz, NO BLOYNO2 %D NOx AN S, RUN1 Clidakik B dhmi
(2 HALW FRUZIEfRL Tz O BE O NOx HAR ATV 7o iEniztE 2z b, 8
RSz 70 BAHEOY =213 bDO T ATHL Al RetEnd b, 4% T A% T
Oz, NOx HADE — /([ [E4 R L , KFEDOE — VR EIZ G2 DB OV TR T D0 2
NdD,

4.2 BV BEIR HP D4R 3 S T SR

Table 2 1 HALW XU HALW #4760 Pd, La, Nd, Gd 14> BLW
NOs 7 OJIEHE R 9, RBRBIAAATE RUNS ORBRK T OHIER: RE T 5L,
Pd, La, Nd, Gd A4 REBID NO2 JREIFHML THY, N7V IO IR HE
DAL TNAZEN G357, RUN1 LD O A RERKE T %D NO2 I B OB N A bk
T HL, REOREMET RUN2 T 1.3 fi5, RUN3 T 1.7 % CThoiz, /=, HALW BI O
HALW OF7 B V=2 TOMBRT NO2 AL Pd A4 IR DITH 1:2 THY,
HALW Z #3887 P TS SN QOBIRE L E B W — & /R LT- 9,

HALW H Oy#_EEFR O KU RESR FE D43 Mt 5% Table 3 1Z/R T, v DY &I E TR
LL E DY B %k LT AR D U BRI B 12D\ T A T LU I VB — 2 LA Am R Tl
BT DL, 9Zr DHAIMEITIREDOENP MR I N, o, ZNUSNOFEIL, Ak
TR FE DD SRS U, FFIT, R AT IS LY IEREZ2 I E 23 FIBE7R 134Cs, 137Cs DRFEIT,
HIBHTOR) 6 BIFLE IZE TR LTz, HALW HUZIE, @i, Z<DATy VNG T
Do ATV T4 NA—IZED | BB OAZ N EOBRDITZ T2 | ATV EEBITFTEL
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TN —EROEFRDIRFE N A D LT B 2 B, — T, ATy VD ERK D ThHD Zr
THER ST 57y OPEFEEDOBINNTHOUNTIE. A4 . SEZA RSN LETH S,

U, Pu, BEIFED 5506 5% Table 41753, U, Pu OABRATHOMEE A i 5L, U
TR FE VXM S 72 o 723, Pu IR I X AR B R E D LT, 7 v ERTE
fifgZe Ffa L CRIE LT-3B O A1 2 O Pu JREEIE, 7 v ERSiRZ FhiL T e WakE ks K
AR LT, ZOFEEDD, Pu ik HALW I CAT YV LEBIZFEL TRY, Ak =
SRR T Pu EEEOWUD BHERS T L E 2 DD, AFFZECrL. SER St
AL D720 ATy VEBREL TGRRZFRL 7228, KO BB TR AT DK FHE
DR CIE, Pu 1 bOBICE DB IS 2L TERV, 2ot U, Pu B
DEBIZOVTHARMAT DBEI DD,

4.3 JABEOKBRREDET VL

Kodama 5%, HALW (ZEBWTHEHRICIVF AL AKEN, O Pd /4 128-
TR, QTR TINTHESNDEEZHREL TND 9, T T, AFZETIE, HALW 5
SIS KA O K E IR L2 ARG 357280 . KBREDET M LA To72, Fig.
12T VO ERZ R T, RET M, KOG RIZEDKFEDHA L PAdOIERIC
FBKFOWEBNARD IS Z R E L THEE LT, /KOSy iR Cid, FAELTZKFnE
IKSEIR A, FTUHNVEDR 1010~108 DX A LA — L ThR &2 ICROG L, BB L LT
IKFEDFEAET D O, £, EEA T L DB R D EARIE NO2 & O THY, /K
DRI G LW ZENRESNTND 3, ZD7=8 . HALW TK DR fRIZ L0k 3
INHEBERETHECET DL, TOAEREE L, KFERAE GEBLOHFHROBERISX
B)TkdBNAS,

G-Dp
Q= N,

3

IKFEDEROHE (mol L1 s71)
KFEF4E G fii(molecules/d)
G=G"A
G’ G fi(molecules/100 eV)*
*100 eV DT /L — RIS U BRIT A B ST KSR 5y 75
A HAHREEH( eV/1.60x1079 J)
D #MEFEGysi=Jglsl)
p  EIREE( LY
Na  TAHRHFe%(6.022 X 1023 molecules/mol)

QD
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TEEED HNOs ThDH HALW 054, (1), OB W TIHA K [HNOs]&725, ZD7= .

Pd (Z8DKFBDHENARDUSIRE E B L T8, ROBiE ¢ 1231 DKA MR, i

—RBUSHREATR T IENTED 9, SHIT, KT OKRFITEFFE T IR TLEHS)
(AR ERBAT T DL MESIL TSI 9 KHRE DK TR EIZLL T o) TRISN

50

dCq

— = =Q - \C|, (4)

Co SXAHEDIKFHEREE (mol L)

C.  KFHERD K (mol L-l)

A KRFEOWHEIRD NI DR E (D)
t EEE (s)

SHHER EAKAHE O RNV IR BT RN T 5720, Cp = hCq DOBIRI(h 1T R T~
V—EH)Y 2R ~RAL., FIHIEHE(t= 0. Co=0)>5 t=0~t, Co= 0~ CoDHiHT
958, TRtloRTIcRGB) B HELND,

dCq

Q- o, U

Ca _dCg jdt
0 Q— AhCq

Co= 2 (1 = eh0) (5)

ZIT. TR AR LI R AR BV TE, B = 0 Liagl | PO
Ik £ RELTRO) B ELND,
Q@ G-D-p
%_E_ETE (6)

- Bl 9AK

IKFBEDTHENARD SUS IR EHME, Pd A4, NO2 . BROGEHAKOIRE T 1Z52%
SNDHZENHESITEY, Pd A4 L NO2 OPREN 22.5 mM OFATIE, MIR(T)TH

shb 9,
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(7

—7700)
T

%= 1.83x10° - exp(

SIHIT, AT, Pd BELIERGIOBMRE RS 9, £z, ME, NO2 B E QAN ENEINL |

NOg JREN Pd 2 E LB LUWRRZ R KIEZ LY Z DR ITIEE O350, 20

Tty BERBREAFC BT AT, DIV ELIIRE T \ZHB0 5% 52, Pd, NOs i

DB IELT, 728, T /LVOMALDT-8 . KR L OGO REILRE — S EL
770

4.4 KFBREOFHEELERIED LB

ATTE CHR LT T L& VT, SRBREEE N TRA L= KAHER O K E R E O FEE R
D77, FHEICHZ /3T A— 2 —% Table 5 (<3, AAEEEVE 1T, BER D LIRTREE p
DFETHFEND, ORIGEN 79 Z AW THELZ HALW ORREERREL L, ik CTh D
9%7r, 131Cs, 137Cs, 241Am OFGRERRIE S HTHES: HALW HFDORTy U At OREFE DV
FRELT ¥Cs OABATEDIREL, N7V IR B OREMERA2 R THIELT, G
EBLOMER T~V —EE h 1%, Kodama HOWEIVSIHLTZ 9, /-, Pd /41285
IKFE DO ENARD UG E EHMT, R(DERITRD  HALW BEL U HALW 7R L7k
B Pd A4, NO2 #EEETHRIIEL 7=, Table 5 (T3 T4/ 3F A—2—% FV T, RB)7H 5
SROTKFIRE OFFAEA Fig. 7 HOMBRITR T,

RUN1~RUN4 O£ TORBRIZB W TEHE TROIKFERE T, ERCTELNIKHRE
FE LRI @A R L, 2O BERERE 0.9 LLET—E L7, Table 6 (TR LI D
IKEWEFE DFHRMEERMEDO 1T, RUN1 & RUN2 TiE 22 %. 36 %& KED 7273,
RUNS3 & RUN4 TiE 1.1 %. 5.9 %L FEF /NS, FHAEEERMEII RV —HE "L, 4.1
H Tk ~721912, RUN1 Tl A7V 2712k, HALW 255 KELISO T ANTEAL, W
HER~SRAL T ATREME D 8D, ZO T ADREZIY, RUNT & RUN2 O/KFERE D
B ERIEDENRKELRSTZOTIIRWNEE 2 H5N5, £72, RUN3 TIER(5) F o,
T L= ARUTHED T2 | IR E OB IR FRREN EL< I o TWDHI LR b o7, HALW
DOFIRFEE A2 RUN4 [2oVWTid, RUN1~RUNS LEik LT, R ET 5% T
DKFIRED EFBEIERLTHHA, FHEEE BRI AR L, HALW %4
UGB DR AL KBREIZOWTHOARET LV CTIHME 22808 &, KE)BLD
HK(5) L0, RUN4 TIXAIRO B TKFEDOELNARDSIE OB E EHAMNME T T 550D,
[FIRFLZ KB DI AN AR DI & D IR T 2, 2072w | RO K EIR 1L RUNS &
BRI 282 R B 2 DiLd, ZDDORERED | AL CTRELIZET VT, BEHRIZ
FBWTHALW 384T 5K B IR EA B E BRI CEL 203 0T,

RET VL, EALDT=0 | KB L OEHEESORFEIXF — L L, ARMECRAELA
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TOKREIE, BEHIZKMREA~BITTHEE LT, Lo, LV IEMRET LV OBEIZIE, K
FRES . AR D EFE AR DRI B L OB ALK FBO G ~DOBITREE IOV THE
BT DUENDD, £, KFBREOFHHETIL, G HEL Tyt AR O R0 0G0 7
EZAE L7225, K DRI iR CRAT DK FBOARGEIE T, afic OV THEEL
AT ERRESNTWS 100, Z -6, FEICHERT S GEIL. oo EEs %
BLIEMEEAVWDRERD S, 512, Pd A 42 & B KEOHEITIR D GO E
TEHN FEBIEEFE D /NTA—Z— DN Th , BFORME - AR L DR B 2 TR
TOUENRDD, 5% ET NVFREBIOGHRICHEH T 5/ 37 A—4—% BB L7 iiz 5=
M4 52T, FHEEO ERMIEDE ENEEND,
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5. Aenm

FRHALPR % JOER L7 HALW 5 X OVHALW OF B S I8 A4+ 2K B %2 iR
BLORREZRBLRWERICB W THIE Lz, KBRS 6Dk 2 ([2HN
T2, ED%, Pd AA4 2 DIKFEDOTEEINARD NI | FEF ORIEIZf O —EEZ R L,
PHPRBE~BIFET DL 0T, 23~28 COIRE TEML -3 BRI T, KFERE
I, b EWE A THH 1200 ppm (0.1 %) THY, KFEOREE FIRATHD 4 %L0H—H7
LU ARV BE T2 > TODZEMNBASNE 2R o7, RRBROFE R I L~
BEIRATIE O K 22 OB M IE LT 56 T KRR BT ~BIE T 5720 | frtl
WOIKFZBIREDN 4 %ZE2 THEIMUETHZE3RWEEB b5, Fo, RRBROFE D
IREED BRI OKFIREIL, LVIRWETHER 322 L03bhotc, 207, %2
KB IME I L7235 615 HALW OFREEBNC IR E N EF-42528, KFERE D FFIT
ZHT, REOE L VBRI AT B T KB BERE O ZD Al e RS TR &
EZOIND, IHIT, KB EEINIGHM T 2720 B IS E FDKDHUE R g s
Pd DIERICEDKFEDHEBEIANRD IS EBELTET VARG | KR IREOFEHZ R
DTz, ZOFER KBREOFFEEE ERMEIT, R BW—BE "L, KET VA2 HNTE
PSRNIZHWT HALW 55843 2KE 2 E &I CE 5280300 o7, KB
OFEMEL, ET VBLOFHBEIER L ST A—F —FE MRG58 T, 5%, HEMAR
DIEMEMED S22 %A EINEEND,

728 AW CEMURBR I, RBREE O R A PRS-, REAFLORIKE
L, B hic32iiL 72 HALW O TV T XD RAELTZIANDEENE 2 bb, 20
78, Stk FBRLOREBREITHO AT SANOREEZ B IE T 5720 DT IAZOU R, Bl
FEEVEP LT 27D ELE RO HEDIBEIZOW TR T AL ENRHD,

i

KHFFEDEEIZHT-> T, KRt E&E 77 /% —E 20/ NFEIR K, #HE A K
LRI R TEE U2 LRGN L E T,
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Vessel

Photo. 2 The picture of closed experimental system

The system set in the cell is composed of vessel, demister, pump
and GC.
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Carrier Gas (Air)

Three-Way /_vt I

v
|
| Moisture Filter |
Cooling and Heating Plate Pressure Gauge
N @ GC
Demister —= | Detector |"_ PC
[ i Rotary
One-Way | | ] Valve
/ \ Valve i Flowmeter l L—<
‘D‘QF Vessel i, :: Pump ;, ,,,,, (
Relief Pressure K / i | -
Valve C'Ib ! i T |

1 Thermometer Valve -
: l I [ &> Introduction Pipe
. i 1
| Mesuremelnt Unit | T—«/»— for Standard H, Gas

! One-Way
| PC | Valve

Stainless-steel Tubing (SUS316, Outer diameter 1/8”, Inner diameter 2.17mm)
—— Stainless-steel Tubing (SUS316, Outer diameter 1/8”, Inner diameter 1.00mm)
------ Signal Cable

Fig. 1 The schematic diagram of closed experimental system
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Table 1 The test condition for each experiment
HALW was used for RUN1~RUNS3 and diluted HALW was used for RUN4.
The temperature was set 28 °C for RUN1, RUN2 and 23 °C for RUNS3,
RUN4 by using the cooling and heating plate.

Experimental ) Solution Experimental
Sample Solution i
Number Temperature Time
RUN1 HALW 28 °C 48 hours
RUN2 HALW 28 °C 140 hours
RUN3 HALW 23 °C 259 hours
RUN4 Diluted HALW 23 °C 210 hours

VC Vout

: Circuit Voltage

: Output Voltage

: Heater Voltage

- Sensor Resistance
R; ‘ Load Resistance
Ry ‘ Heater Resistance

Fig. 3 The electric circuit diagram of semiconductor gas sensor
When the sensor detected Hs2 gas, the change of Rs is obtained as the change

of Vout across Ri..
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Fig. 4 Flow rate of gas in the experimental system during RUN1 experiment
Flow rate could not be measured in RUN2 ~ RUN4 due to a failure of the

flowmeter.

10

] I~ RUN1
° /—RUNQ

Tog A

h LRUNS

Pressure in the Experimental System
against the Ambient Air Pressure (kPa)
=
S

15 "
" +«—RUN4
.20 -
.25 -
.30 1 1 1 1 1
0 50 100 150 200 250 300

Elapsed Time (h)

Fig. 5 Pressure in the experimental system during each experiment

The measured pressure is zero-referenced against the ambient air pressure.
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1200

® 100 ppm Hydrogen Gas
@ 300 ppm Hydrogen Gas >
1000 1 © 400 ppm Hydrogen Gas
A 500 ppm Hydrogen Gas

0600 ppm Hydrogen Gas

©1000 ppm Hydrog:yjé

0 1 Il
1.0 1.5 2.0 2.5

Circuit Voltage (V)

®©

o

]
T

Output Voltage (mV)
IS o
S 3
3 3

Fig. 6 The effect of circuit voltage on the output voltage
The output voltage is proportional to the circuit voltage and their

relationship can be represented by a straight-line.

1400
E
\gmoo - OOy L\A’_A"% & L
O o=
§ 1000 o Pitte
§ 800 Re O RUNI1(exp.)
= O e RUN1(calc.)
§ 600 ¢ RUN2(exp.)
S —— RUN2(calc.)
g 400 S S A RUNS3(exp.)
S |2 A RUN3(calc.)
£ 200 O RUN4(exp.)
= — - -RUN4(calc.)
m O 1 1 1 1
100 150 200 250 300
Elapsed Time (h)

Fig. 7 The hydrogen gas concentration in the experimental system
Plots are the experimental data and lines are the calculated Ho
concentration. RUN1 and RUN2 were carried out at 28 °C. RUN3 and
RUN4 were carried out at 23 °C.
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Table 2 Analytical results of metal and nitrous ion concentrations

The measurements were carried out using ICP-AES and
spectrophotometry. The concentrations of Pd, La, Nd, Gd in HALW were
measured before and after RUN1 ~ RUNS3. The concentrations of Pd, La,
Nd, Gd in diluted HALW were measured after RUN4. The concentrations
after RUN1 and RUNZ2 were not measured due to the difficulty of

sampling during each experiment. The “N.A.” in the table means “Not

Attempted”. The NOz concentration is measured at each experiment.

Measurement Pd La Nd Gd NO2
Timing Conc. Conc. Conc. Conc. Conc.

eXpBe;ffrfsnts Qrnp | 238 | TO08L | a1gL | 8
f‘:‘[f;;rl N.A. N.A. N.A. N.A. &?iﬁ(&%
f‘:[f;g; NA. NA. NA. NA. é; nfﬁ)
RUNS Qomap | 2760 | 888L | 49gL | P8
RN G | 0338 | 11gL | 061gL | (TR

Table 3 Radioactivity concentrations of y-ray nuclides in highly active liquid waste

Radioactivity Concentration | Radioactivity concentration
Nuclides before filtration after filtration

(Bq/mL) (Bg/mL)

60Co 5.0x10% <3.7x10%™
9BZr <3.7x10%" 2.4X106

9Nb <3.7x10%" <3.7x10%"

103Ru <3.7x106"1 <3.7x106*1

106Ru <3.7x106*1 <3.7x106*1

125S] <3.7x106*1 <3.7x106*1
134Cs 3.2%x106 1.9x108
137Cs 4.5%10° 2.8%10°

144Ce <3.7x106*1 <3.7x106*1
241Am 8.4x107 7.4%107

*1 The radioactivity concentrations are below detection limit. The listed

values are detection limit of y-ray analysis.
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Table 4 Analytical results of uranium, plutonium and acid concentrations

JAEA-Research 2015-013

Analyte Concentration before filtration Concentration after filtration
U 9.0 g/LL 9.6 g/L,
Pu 0.31 g/LL*t 0.25 g/LL 0.12 g/LL
= e 2.6 M

*1 Sludges in HALW were dissolved before measuring Pu concentration.

Gas Phase
Cy: H, concentration in the
Henry’s law gas phase
(dimensionless) A
C,=hC;
Liquid Phase

Radiolysis

Rate of hydrogen

production

Q@:Rate of H, generation from
HALW, G:G-value, D:Dose rate, p:
Solution density, N,: Avogadro’s
constant, h: Dimensionless Henry’s

constant

v

C;: H, concentration in the
liquid phase

| Pd catalytic reaction |

/3H2 + 2HNO, N
— 4H,0 +2NO
2H, + 2HNO,
— 3H,0 + NO + NO,
A * H,, consumption rate

constant
-7700

9
=1.3x1
A=1.3%x10 exp( 7 )

- J

Fig. 12 The schematic model of hydrogen in the experimental system

The H: is generated by radiolysis from HALW. Then H: is consumed by
Pd catalytic reaction in the liquid-phase. After that, remained Hz in the

liquid-phase is transferred to the gas-phase according to Henry’s law

and diffused into the experimental system.
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Table 5 Parameters used to calculate hydrogen concentration

Decay heat is calculated from ORIGEN 79 with measured y-radioactivity

concentration. G-value and Henry’s constant are used from ref. 5. H»

consumption rate is calculated from ref. 6.

Experiment RUN1 RUN2 RUN3 RUN4
Decay Heat
700 770 910 110
Dp (W m3)
G-value
0.021 0.021 0.021 0.021
G (molecules/100eV)
Temperature
. 28 28 23 23
T (C)
Henry’s constant
) ] 0.011 0.011 0.011 0.011
h (dimensionless)
Hydrogen consumption rate
8.56x103 | 7.7x103 | 3.9x103 | 5.4x10*
A (sD)
Table 6 Comparison of measured and calculated hydrogen concentration
Experiment RUN1 | RUN2 | RUN3 | RUN4
Measured H:z concentration
at steady state 550 370 1200 1200
(ppm)
Calculated H2 concentration
at steady state 400 470 1200 1100
(ppm)
Difference
36 22 1.1 5.9
(%)
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