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SUMMARY

It is necessary to develop the technology to treat spent ceramic filters
safely which have trapped emitted gases from the pre-treatment processes of
pyroprocess. Investigations were made on the characteristics of representative
immobilising materials and processes widely used, and the current situation of
immobilising technology domestically and globally. Based on this report, we
intend to develop immobilising materials and processes appropriate to spent

filter in the future.



CONTENTS

SUMMARY

Chapter 1 . IntrOdUCtiOH .............................................. 1

Chapter 2. Compositions of Spent Filters Trapping Emitted

Chapter 3. Introduction to Immobilising Technology -+«-+«------- 4

3.1 Cementation

3.2 Vitrification

3.3 Glass—ceramic

3.4 Metal Matrix Immobilisation

Chapter 4. Current Situation of Immobilising Technology ----- 12

4.1 Vitrification
4.2 (Glass—ceramic
4.3 Related Foreign Patents(U.S.A)

Chapter 5. Summary and Conclusions «:«-cesrerrrrrrrsreeeenes 2D

Chapter 6 Reference R R 26



i
N

2 o ¥
SUMMARY
| o] %]
Al T A A e 1
A2 A AR EQ F DE Q] TAEE e 9
A 3 BT EY] AT e 6
A 1 4 AlwlE 33 Cementation)
A 2 A el ask(Vitrification)
Al 3 A F8-A#Y 23 Glass—ceremic)
A 4 A F2 33 Metal Matrix Immobilisation)
A 4 A ZFEo] T3] T e 12
A1 A sty 43
A2 A4 FeE-AgE asrlE d3
A 3 A 9o #HAES (1)
A5 A QO W AR i 95



Table 1. Classification of filters according to their trapping gases «::«-:----- 2
Table 2. Elements of fly ash filter after trapping cesium «-::--ceoreerrerreeeees 2
Table 3. Elements of Ca filter after trapping Ru, I, and Re ------roreeveeeenes 3
Table 4. Elements of AgX filter after trapping I -«:-ccooreoermrrmerermeeen.. 3
Table 5. Masses of filters required to trap unit mass of each nuclide ------- 3

Table 6. Chemical compositions of various borosilicate glasses for the
Vitrification Of HLWS ..................................................... 8

Table 7. Compositions, melting, nucleation and crystallization temperature and
phase assemblages of celsian glass—ceramics -««-rcrmrrrmrrrarreeees 18

Table 8. Compositions, melting, nucleation and crystallization temperature and

phase assemblages of PNC glass—ceramics -«-rerrorerrrrorrreaeeeenes 20



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.

Figure 6.

o 0" 5 A

Schematic diagram Of infdmm lelng ................................. 6
SChematiC diagram Of in_line lelng ................................... 6
Stmcture Of borOSihcate waste glaSS .................................... 8
In*Can*Melter ............................................................. 13
JHCM used in USA, Russia, Germany-Belgium and Japan - 16
Induction melter in India ................................................. 17



A A F ] AA, & -
Sek FElel wel Ay WS ek ARt B A
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ARG AR RE BAEE P A5 1 setdie] daEne
2 el BAel AF® zAztel Aelwol Basith oy AxHALY A}
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o] Z7}e Wyt olyel A% AL 1L

e

= LAR Z1A 715 A Al2=dlol
olcf #rh AHgFAdR AAYTHLOREEH WA YA VA B
o] T A A%, FHE, A2AF T 4 22 AW A, 2gn PA
, ol EHsE Agy LHe

AAe FHS= 71AY F57ol wel fly ash, Calcium, AgX S22 FA%EC

Table 1& BEje] We TH/AES WeFI oM, Table 2-4% W/NAS ¥
4% W0y EWe TAY9AE BAY EE, Table 55 A% 9o¥AY Bad

Table 1. Classification of filters according to their trapping gases

Filter Trapping gases

Fly ash cesium(Cs)

c technetium(Tc), ruthenium(Ru), rhenium(Re),
a
radioactive iodine(I)

AgX radioactive iodine(I)

Table 2. Elements of fly ash filter after trapping cesium

Element Weight% Atomic%

O 33.81 62.53
Al 771 8.45
Si 17.82 18.78
K 0.64 0.49
Ca 1.65 1.22
Cs 38.37 8.54

Total 100.00 100.00




Table 3. Elements of Ca filter after trapping Ru, I, and Re

Element Weight% Atomic%
@) 44.06 74.68
Ca 30.52 20.65
Ru 1.49 0.40
I 11.64 2.49
Re 12.29 1.79
Totals 100.00 100.00

Table 4. Elements of AgX filter after trapping I

Element Weight% Atomic%
) 42.42 60.75
Na 7.35 7.33
Mg 1.20 Tl
Al 11.57 9.83
Si 21.56 17.59
Ca 0.72 0.41
Ag 6.89 1.46
[ 8.29 1.50
Totals 100.00 100.00

Table 5. Masses of filters required to trap unit mass of each nuclide

HE |Cs [Rb |[Cd |Tc |Ru |Rh [Te |Mo |C 1 Br

Woaps 83 83 1.6 (3.1 |31 6 (3.2 (261 (145 [22.2 |16
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A 1 A AW E 113 Cementation)

1 AMERse] 54

AMEE ol g8 nH7&e o A7 Bt F- AT A7 Aze] A4
8§93 9t 71eRA fel 5 ol&d e 9 AWME o Wy A7)E
2 Bygor a4 AsAR Agsts 540 gk AWEnse WAl
o7& Awuw ofze} 2Tl

7} AMEE Aol A¥sta AA FF 4 i ARl

1}, 2o destn THU G Zh,

. AME DeAE st gie ARl A

e EeA, oA, f3k 71 AASt A% ;A wspe] H gtk

ol AWIE s A, S, Be 4ol At

a AMEE @749 Bdeld ANH WA AFo] AuEd F 435

A erer

A ARE nEAE Bel @ B gy

of. AlME AL %% LT} S5 5

A A7 Aol o] gol st}

Az 3 FTEH= A (OPC : Ordinary Portland cement)o|t}, ¥ EH= A
E = lime(60-65 wt% CaO), silica(21-24 wt% SiO-), alumina(3-8 wt% AlOs),
18] 3l ferric oxide(3-8 wt% FexO3) & FAHW, A& k] magnesia(0-2 wt%
MgO), sulphur trioxide(1-4 wt% SOz)7} H7t¥+= A% b =35 OPCel
BFS(blast furnace slag), PFA(pulverized fuel ash) 59 H7IAE Yol v]§ =
,oolyA Aok ustA Y F4 F T 2HE AVE . AstEHA ¥
XEWNE AWIEY A3t FH A2 alite(CasSiOs-tricalcium — silicate),
belite(CazSiO4—B-dicalcium silicate), aluminate(CasAl:Og—tricalcium aluminate),
ferrite(Ca4(Al Fe):O7tetracalcium aluminoferrite)©] t}.
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g 7124 MAUSELS S 2o LEWUE AHEY T8 FAEEA F A
o Zp AYAE(CS, CS)7F B3I wHgstel  Za sheol=
tobermorite gel® &= Za AYACIE do]=HolER WalA HE= Ao
AHEZE B3t 71 7bA o] kg7 A 3GAR Ya T T

A& %= dormant 713,  AIZF B ALE = setting 71%F, 2Rl A o]
A4 %= hardening 7|3to] I Ao|th AL&stE A|HES X ~

A7) wel whg F mtEolA = AME 1A FH L ety

ARMESH #A7|5s Eete 348 HFT At=o] wEoX = &7]dA AFH
£33l in-drum mixing® tE £7]o A4 &35l in-line mixing WH O]
At in-drum m1xmg°ﬂ e AWES H7|Ee 2o Zojz ¥ M TS
FH 4s}ehaL LAE W] 918 thE 24 AWETE s AAeA ="

t}. in—-drum mixingEI flow chartE 29 1o YEMIS

in-line mixing ¥4 in-drum mixing¥ €2 #H 7=, #7MA, &, 283 A
g Adeth o] FAAAE AMESL #Hr]Eo] o mixer® 017}
E+= 23F feederdl A ol F5 3™, #H7] &2 positive displacement
pumpel] 93 FHET. 1 F AWMES #H7|EY =S mixerEHFH &7]E
FojAl=d FoAAE F2 29y 2318 98 AAEH. Hter §r=
B2, A, HAAE AAH AL HUZF Y in-line mixing® flow chartE ¥

2 e AT
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Figure 2. Schematic diagram of in—drum mixing

T

Cement bin

.

Waste feed
tank

Cement feeder

pump

Waste feed

Dewatering pump

Mixer
T 1, Fill port
Drum or
liner

L Ja

_/ /

Figure 3. Schematic diagram of in-line mixing
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ERES D

Table 69} 2t}

Table 6. Chemical compositions of various borosilicate glasses for the
vitrification of HLWs

Name ABS-118 GP 98/12 SRL-131 | PNL-76-68 | SRL-165
Component J.S.S FRG USA USA USA
S102 4752 (52.71) | 52.47 (58.50) |39.80 (52.22)|42.25 (51.10) 63.00
B203 14.65 (16.25) | 9.87 (11.00) [10.16 (13.33)| 9.43 (11.40) IO‘OO
Li:O 2.07 (2.29) 4.00 ( 5.24) 760
Naz0 10.30 (11.43) | 15.70 (17.50) [15.22 (19.96) | 14.15 (17.12) 1%' 00
K20 0.12 ( 0.16) .
TiO, 3.23 (3.60) 0.77 (1.01) | 3.07 ( 3.72)
CaO 4.22 (4.68) 4.04 (4.50) | 1.07 ( 1.41) | 2.46 ( 2.98)
MgO 2.96 (3.30) | 1.28 ( 1.68) 1.00
AlO3 5.13 (5.69) 1.43 (1.60) | 3.14 ( 4.12) | 0.74 ( 0.90) )
Zn0O 2.61 (2.90) 4.65 ( 5.63)
ZrOs 2.73 (3.02) 0.32 ( 042) | 1.78 ( 2.15) 1.00
LaxO3 0.93 (1.03) 0.34 ( 0.45) | 413 ( 5.00) ]




Name SON 68 | SM 513 | SM 539 | UK 209 | P 0422 AVM
Component F FRG FRG GB J F

Si10s 54.95 58.60 45.50 68.43 61.00 56.10

B203 16.92 14.70 33.00 14.99 19.90 25.30

LiO 2.40 4.70 4.50 5.39 4.30

NazO 11.91 6.50 10.50 11.19 1.40 18.60

K20 2.80

TiO, 5.10

CaO 4.90 5.10 6.50 2.80

MgO 2.30

AlOs 591 3.00 5.00

7Zn0O 3.00 2.80

7rOq

La>xO3

AZFo] $5@ 2740 AAL 90 T AL Bolo] A=F A% 1%
Aado) FE3 FelustAle] 2AS Si0b 51753%, NaytB.0s7b 24728%,

Al+Fe+d 7] 0] 21725% A=don, AEEL 5x10° g/cm’day A=t}

o
il

2. 914+ 72 (phosphate glass)
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A 3 A 8 -Age 313 (Glass—ceramics)
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DEG ANEE FEE olgstel BT FHE AW 500 W vt 7]
vk, S, %9, 006, olgelol, Qlw, A, B, Ao}, G, v
A @S Aol gk A felast 343 BAE FAH G A

Wl olgsl )

1. iyt
1950 o) FHubctell A A AF nepheline syenites 8 &2 & A3t F8
slE Hx=E A=std =, o 1S Ao} A 4 & &3E H &8

54
2o 1250-1350TCe] =Xl &FHth. 1 F U=l 7R A4l Chalk
Riverell AAEo] fFgst A tivR A5 7FeAds A8, 2 2%
1958 el A 19603 Akeloll frefarstel] ARE¥ = a7k AAE AT 22y 1960
d o] & Jfuttel A O o] AAE sHA ¥A Hol st zRaHME F
e vt

2. "=
PNNL (Battelle Pacific Northwest National Laboratory)°l A =
"In-Can-Melter" 7| = (18 4)& /IE3tdct. a2"dA He RAAF 2329 o]
calciner’b A8 AU =Holl 23 AZAE o] Qo oA #2 ke &719
Aade st FEsA AZFS A8l Fre frite calcine¥? 3= o] Y2
HE Sol7tv] $322 Bl AU2EE 1000-1100 T2 7hdso] 24
d T MU2He dibdgoz 90%7tA frelddo= 29A
W, 2ol EuA HWd &R EEFEH wAUYY 2 F gs #AdS ddl e
of AYAA B2 AULHE wA o] Z]io] ALt 1984 PNNLoA =
o &3 st Aletel AEe] B ¢t EAXN FEE H

Z o
1=
25 M. a”olA et o] iy uEs #AVIES H

o
g fritol} 8 dA HA7MAS A4 HoM JHCMel FHEH, 88 F29
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skt 199611 DWPF(Savannah River Defense Waste Processing Facility)&
9 H7ES HAx2 Fyustst AdulEA wid 200-250 AU 2EHe f8 st
A& AAstdnt. 19993704 F 738 AU 2=E(SF 1500E)9] e astAlE A %)
stRom A7t g Folth. WVDP(West Valley Demonstration Project)&
19961 olefl 240 Y =E ] e astAlE ikt on, 22080 W+ F9d
7l=e frelasks i

H

_4

HLW et air

Calciner furnace Off gas

(7000 \

Sintered stainless
steel filter

C 9

Glass frit

Processing and
storage canister

Zoned canister
/ furnace

Figure 4. In-Can—-Melter
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T H
Sgow shde] game WRERE Axwel A e Fe| @AHTh %, uh
o}

o] £g4 %ﬂ%, =99 calcineZ, 7F& SIFEY #1 Jd= 8 dAZFo|h

=g eIzl FH §RER SHAA AFE HH Y FdE
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o2 frity H7|Eo] AR AR &7]2 wA P FINGAL 34L& 1 %

Ay
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13



Experimental STudies)gl= ol&9 Fdo=z 2SI 1991 Windscale(d
A= Sellafield)oll 23} Au|E AR o™, o]de 83 HARVEST

50 z
A il AVM 349 ZFdES A&ste] 95ttt Sellafieldol Al 4 &3t &
A& AVH(Atelier de Vitrification de la Hague) & #dolg} &8, 8829 &

B7l dEde] old EHFToldteE Hol AVM vA I} trE Holth &A)
Sellafieldel]l $1x& F2lspdu]= 3709 Arkebdls 7FA AL lom wid 475-600
8719 fElnsAS Azsta vk T3 20059704 3179 £719] el wsiA S
A48k 9 e

19649 Hzo] gl Fre] Anel PIVER7F 7S A&ttt PIVERE
G4 FrRtdEE Fal aEEvIE &9 S Ao Ee i, 8 FA o
ot} 196314 1973 Atold] AEd oz 7Hewe] 50° Ci

o] WAs & FHE 1289 fEE AetAor, 197986 e nEFAR AR
= =3 w3tslrz] 9@l A 7hs = Aok PIVER

aL
© 1988l A 1990 Atolel sfAH AT 5 vHo = JdE AVM(Atelier
)

de Vitrification de Marcoule)> 297l st 34 & A3 Av|Z24 159
SHE 3 A AR A Y 5}71 A e 5% &= E §d ekt
= 434S ARG AVM 7|ES A8k Fx9 AdAdu]= 197839 Marcoule

of| A 7hE 7] A&t o, fFARgE AH[Ql R7 19894def|, T7-> 19921del La
Hagueoll 714 ¥ Aok R7¥ T72 wid FaasAE 600 Y2 +FdF A
Bt EE AP oM, 2000874 RT3 T7S % wals 350° Ciol WA s &
gk 10,000 A7 W= 8l AU 2=H(4000E) 5 ABAkekSt.

5. ® 7]
19851 Molel PAMELA $alstdn) 7l =il %55 .
=9 €889 78 frits A4 JHCMO Y3t F A= v=3st=

Al aF

ALEA Al2dle zZh3a v A WA viET = e astAlE AAkskr] fsl
el &8s WEste tolw, 7 WA wiE = 50 mm AA Y fFElds Aatet
of W& olth o] FEde d FH WEHxo EF o] "vitromet”o| 2
B e AAAES wEojdith PAMELA §§2% <3y 69002 wHE Y
Mol A=S 7 e, MoSix/t EstE Fxste] Hal 100 kWel 9=
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9 4 9tk PAMELAE o] &3] 1985-1986d Atelel] 411 7Y =E o] 64E 2]
2|5t 5 Al PAMELAS 95 #1718 o Pd, Rh, Ru¢t %2 noble
metalo] ZohE A &FE vigel] Fold WVHAERE Folv] wEel dH
A7 9 ZolAE AFE et Holth ol £33z ues 7] & oA

noble metale] &FZZFE A wAUd 4 A AAlstH 2T 5 Uk

6. 21l o}

1987\ JHCMell 7]wkst 19 f2lsh Au)el EP-5008 3 A 9o A3
Atk o] AHl&= 500 L/he e AT 7 de A Ay U
om 1870 E<F oF 1000 m’e] EYFA B0l Helste] & 40° Cio WA s S
2kt 160 Bo e astAE Azskdth. EP-500 &&= uldol] Axw o

.

2l e £y Euds A58 ol&s stdEn E=3 s A
FERE Tl do=2 ARrt s=20, 2o Had FHu de e
L5MWel o] £t} 1988 el A7 &= oldez <Qla) EP-5009 +9& 953U
3, 1991del] = WA EP-5000] A Eo] dEHAT. 39 o] 7 <t
6300 m’e] mEHH7Eo]l FalstEo] 460 m’(1200 E)o] & astA st A2
Atk frElastAel T3E F Ao %e 1510° Ciol @3

nm

7. 59
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a9 HIIEY FE3 ¥4 w5E dAVEY 9 I f2 94 A
THAE tE 2 AT FH &7 Fiste] o] Fot vF fk &%
2o dwrHl MEFEE 19 63 ) susceptor?] 7] £XEE 600 T2 #4
Ao 4 871 2o Adgw, Wikstd s iAol Hold Ni-Cr &+
(Inconel 690) 8.2 o]Fojx] Qlth. ofAF-Fol= HHAS Frezdol o 2=
st freeze WEH Tl Ak A& w53 ot Zo] Al FAH
wet DA-HATE AAE A2 ASsHA "ok AA HVEY] e 77 v
zolo] 93t thermocoupleo] <& AR d4E ©ojgli= oF 950 TelA

!

frelet EgEo 8AIZF Bt 950-1000 T2 7Fd = w#dsn, o1 &
Folgl= freeze valved] Zhsol ofaf 2l =8 AISI 304L AU~
K

ZH9, T s Az A AU 2B = AAE assembly Foll A A

b — et Wiped film
Additives Slurry tank evaporator

Off gas ] “

Container Shell

Cooling
plates

/
Refractory

Bottom drain

Pivot .
Storage canister

Figure 5. JHCM used in USA, Russia, Germany-Belgium and Japan
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T~

INDUCTION
HEATING

ZONES (170 4)
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Figure 6. Induction melter in
India

10. 3=
AAHATYS FHoT SL8FHRE o] &3 AFy|Ee Sausirt AP
FaA, HgA, FAtH e 52
TAES A7ES Ao r 3 FHuIr]ES 19909t o 3] A ek
AR o FE FEsEnE AAs 4L A dd H7lES v R
g 20 kg A= AgsHe Adu. AA FEH= H
AF H7IES] AS 5o, dF HIIES 200t AujE A 7Y
A, H7=s T OGA, a2, ASe R, 44x47], HEPA Filter,

w712 W71, AL7), AP ol R A E ] Sl

A2 A we-Ase asre 42

Frefastel Wig dicte = A frel-Aleke ast v)Eo] o yelelA AT-E
A glem, o= frElaste] mla o ZhA FHE AYa 5] WA, A
Z=7F 850 C olst= frelarstel 29-% = =:=(1100 T o h)rtt @A 3] vtol
A AR Z1Ae] §E o] vtk Aol Ed AEdrE Ao yEhA &
SHE 4 ARV Auder ofsiy, deHor = uf A= el W

AgA = =484 F= T BdFg Aol Aok
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19700 a0 ol wWEHS HMI(Hahn-Meitner Institut)ol A& 3stA|e] &4 <t
AR 7IAA Bess FEA7I7] f8l el -Al ek (glass—ceramics) S A 7-shal
Atk Z2As dAE AR T yeEuys FE AANLS  celsian(BaAlSi:Og),
perovskite(CaTiO3), diopside(CaMgSizOg), eucryptite(LiAlSizO2) 5 o]th. Z 7]
FElE Fole =X%& 1100-1400 TCeolar, 33 (nucleation)o] 7] $I3lA =
3-5A17F F<F 530-720 CellA 7Fa& ok &tk 1 5 6-244%F &<k 630-960
T=Z 7tgstd Fon= digf 50% BE=o AAo] AFHATt o 7k 7M &
gol golstal 1A Fsol e A celsianol] 7]WkE Fre]-AlebE] o]
olE AFE AL AT Folth celsian frEl-AlgtH S w57 A 24, AT
3l x4, ada 243t 30| ot e HelEo] uErd A EFE
FiA R RuE el FH dAFHA A EFEA A FEASA ALEE F i

T celsian frE|-Algtgo] #E deolH®= 7 derddv. AzkE -4l
AstA wiste] ofe] AgAbEe] FehE, ZdA 54 AddS S e

s

)
2Ag A% felmsAsh vas) MesAY 27 o 4 45 AAE Ao

rok

Table 7. Compositions, melting, nucleation and crystallization temperature and

phase assemblages of celsian glass—ceramics

Celsian
) B1/3 C31/3
glass—ceramics
S10, 28-38 28.00 34.75
AlO3 10-13 12.80 10.28
B203 2= 6.40 4.14
CaO 0-6 4.00 3.84
BaO 13-16 14.80 14.48
NaxO 0-2 1.60 1.12
Li:O 1-3 2.40 0.98
TiOq 3-4 4.56 2.80
Zn0O 3-5 3.60 4.88
PbO 0-3 - -
7rOs - 0.80 0.80
As203 - 0.40 0.48
MgO - 1.20 1.44
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Waste oxides 20 19.40 19.98
Melting
temperature(C) 117550 1200 1250C
Nucleation schedule 625+25C/3h 610C/3h 610C/3h
Crystallization 825+25C/(10-15h) 8007C/10h 800C/10h
schedule
) Celsian )
Celsian Celsian
Pyrochlore
Pyrochlore . ) Pyrochlore
Crystal phases ) Scheelite )
Scheelite Scheelite
_ Mo—-nosean .
Pollucite . Pollucite
Pollucite
2. \l=
19704 9 Corning GlassworksAte] €47} 7]4bo] = o] R.O. Lokken¥ PNLY
A FE O R basaltol ] ELR= =) B /‘ﬂﬁ}“‘ S skl ol A-e A A basaltic
S Jﬂﬂg calcine?} &3sle] AL& - AZ2A3} A4S AAH HEAX HAo=R
A ststA s o] basalt H7lE A7 371 o HlAXHE= Ao FFHH. basaltd

A
Agn) 24 e o) Si0,, 52.4; TiO, 1.6; NaO, 2.7, CaO, 10.3; MgO,
6.8; FeoOs, 11.9; AlOs, 14.1; MnO,, 0.2. frelo] &9 #H7]E calcines X9
Purex #7]E 20 wt%, 10 nCig '] <39S w=sE= TRU-S¢ #H7|E, 1

o] FAEARZ Ho . dub¥el £§ &5-i= 1300-1400 To]

<] E‘r 3 =4

), Ay AAstE Y= 272 670-700 C/0.5-1h, 900-950 C/4-8h =
%ﬂﬂ?/]‘ ok st} Purex #H71ES TS FE-Aete] Fd 2443 e
augite[(Ca,Mg,Fe™)»Si:0¢( o] ] <79 o] =] gk 7FE)],

powellite[(Ca,St)MoO,], 22 32 NiFe:Ouspinel, 22 12 A&#Fo] f2 Zo] &o|t}.
HEXNoZ BAE AR Ao AL augite®t A oF 20wt% 9] pyroxenes,
oF 15wt%2e] Ti-rich Fe:Os 183 t& ZAA Fo] F2(55-65 wt%)o| o}
basalt frel-Algt= el &2 - 318t4 5o dd w2 A 23 Felel s A
sol dAlR % Aor =outoy, AR Eo] HANL AFe] Hes HS

s 3gel offrh: wao] gtk

3. AR

1970 d th ol PNC(Power Reactor and Nuclear Fuel Development Corporation)
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9} Nippon Electric Glass Company® 352 & PNCoA WAd= 11599 A
Ad A7 ES 13td F e, Trﬂ% A fFe-AdEe A A
H FE-AgE e 9o HMIONA 7Bde fre-Alets 3 fA 48 7HA 3L
Row wol HriEo gdFe 20-30 wt, HW FElEE>EE 1300 Tolst=z
UEtETE o] AlFe]l 4 Ay tE HE F UHA ot AA, AR EHS
APAFor AT =4, NaOol v%7F #7I=] ¢ 30 wt%, LstAd
6-9 wt% AEZ FIs] & Helth ot o] Fol f7 A WE FEl-AE
o 2 AABLE Ueidde. AEAF 23 diopside®d Frel-AletE] o]
bulk, Cs20, SrO lossell w3t HE&Eo] 7H WA veston, vz 44 ¢

44, 7IAA A= R xR, ¥4 mE 243 5o AHew <l D62

R

diopside AlFel 7H¢ Az =ar Ak 65 kgo D62 EfelE 1300 ColA =
7hdEe] 474 300 mm, =] 350 mme] ZH A A A" @ g7 FUE
b 1 F 1050-750 CER APAZIE doidez AX gud F3(R 9

ufe

ol AAstd F WF FE7t 2AsE = BAHAA F=317] Witol)s A
-AletEl o] dAE k. D62 diopside #E-Algt 2 19 H7|E 13}
Aoz o] AAARE o} A 7R HAA| 159 #H7|ES usgoR

C}.

iy
o
ro

o )
e
i,

N
e
82
30,

Table 8. Compositions, melting, nucleation and crystallization temperature and

phase assemblages of PNC glass—ceramics

Oxide D62 C27 P50 E63 P71
Li2O - - - 7.5 -
CaO 6.8 4.0 25.0 - 10.0
BaO - 13.3 - - -
MgO 6.8 - - - -
Zn0O - 2.7 - 4.0 -
Fex03 9.5 - - - -
B203 - 2.0 5.0 - 3.5
Al:O3 6.8 15.0 10.0 125 6.5
TiO2 2.7 5.0 10.0 6.0 10.0
SiOy 475 35.0 30.0 50.0 40.0
Simulated HLW 20.0 20.0 20.0 20.0 30.0
Main crystal |CaMgSi2Os|BaAlSinOg| CaTiOsz |LiAlSixOs| CaTiSiOs
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Fe304 Ca5i03

CaMoOy4 cne e
phases CaMoQy ) CaTiSiOs | LipSiOs | CaMoOg4
] CaTiOs

CaTiOs CaMoOy

Melting . . . . o
1300°C 1300°C 1300°C 1300 1300°C

temperature . . . . .
o 1100°C/1h | 80C/1h | 900°C/3h | 800C/2h | 900C/1h
Crystallization

4. =94l
1970 =gldloA s AMEFIHAARE  HHSA ARsEE dEHo=
KBS(Nuclear Fuel Safety) Z2ZAEE W3t T2 AE 47| &= ALES
dgAzel Ayt #A7Ee] nsE Y Tkl Ay A Marcoule
glastdnld syS Fol AVl ZAE sdstaz st ey #H7=9
ekl 9-10%= g A anshAle AdAded ZAZE AVA Ho AR AT
[e3]

TS ZAGA HA 2ElA Vaxjool AdxE 29d Fod g LoAE

Na:0, ZnO, TiOE 7t &84 H=s ¥ ZAolvy. TAIA AFxAdv
=3 2t Nax0,0-4.0;Li:O, 3.8-4.0; CaO, 5.3-16.0; BaO, 0-3.4; MgO,
0-10.0; Zn0O, 0-6.0; Fex03, 0.6-8.0; Cr20s, 0-2.0; B203, 0-3.6; SnO2, 0-5.0; ZrOs,
0-2.0; AlO3, 7.0-16.0; TiOs, 4.6-6.6; SiO,, 40.7-49.7, 9 IF9 A7 &, 10.7.
S8 oHef 1200 CTolH, &% 400ge Z7A3fstel™ 900 CTeollA 6545t
dAH2E slofF do. FH  AAHEGS CaTiOs, CaZnSi:0O;, RE ftitanates,
(Cs,Na)AlSizOs, BaAlSixOsolth. ov] HEAd Ay f2]-A2h¥ -2 Marcouledl
A Ak Ak gl vlE wHEAe]l 2 Ao

AAl o % Aom vyt

aly

5. glAle}

aEAAN =S el Al s 7E = A=A basaltst AR -2
Al o] AFE o, o= blast ¥ =2 EH 1 slag sitallsol] 7S &
Aetolnt, 19t nEHF7|E calcines I %1 T AA st 1E 9T

71E5S A3A 71 A HH, CaO-MgO-Fe03-Al0O3-Si0; system o ZH-E LEFLE
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= T4 AL diopside(CaMgSi2Og), monticellite(CaMgSiO,),
fayalite(Fe;SiOg) 0] o}, 50%9] 3tA® 2o #Hr7|&S SHae a4 &83 H
900Cell Al 50-100A1 %t 7F7ke] dx e+ st mAlgh YAl Aol e
WHEAS dA=E el Harte Aoz dEzloy A dHole = Fo|A
UA gt 23S AT AP AlRre]l UF Aol astA] A FA] ol |yA] AR
7b A= el ¥ daoln

1. US Patent 4274976 (1981), Treatment of high level nuclear reactor wastes,
Ringwood

A= WA H71E calcines Ast7] AF ¢4 V=AM e 22 7
Aoz FAHEY. AA, 11579 calcines CaTiOs, CaZrTlOm BaAlTisO 5
AhetE . £t AAolt o W Akst=e] 4, g AFskE ) calcined

e fdl 5o Aol agdy. F, E¢Ec] tEHL WaH

o
k-3
o] W nFES H|EY dixE FAgrg Yo nLA)

2. US Patent 4834917 (1989), Encapsulation of waste materials, Ramm, et al.

S8 ARG H7E, ARES s s 22 BEdEo] ZHlY HolA
encapsulation® T QA st& 7]E2A, I2FHAA EHES ke vl 2
ol HI7IE FAE HAe LR uSAE AT AlzE astA = F-2
gk Adgel A3 5SS Adu. uskA] Az f18) 800 TeolA 20 MPaz
thgF 3k A 7F A% HIP(hot isostatic pressing)e Zolt}. 18] wpely &2
24 g8 ZEoly Mgk TS ARSI T3 SWUPdeR dsetr] Ha A
Ad el Aoz} @ a st

3. US Patent 6084146 (2000), Immobilization of radioactive and hazardous

contaminants and protection of surfaces against corrosion with ferric oxides,
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Barkatt, et al.
Wals H71 &0t YIEAS 20 witn AR F3te AHeE (FeO3) 3 $H

R ’
A2 A el E, phosphate, phosphoric acid, titania, titanate, 5% +% 5)& 7}
ahe] 180-400 CAHES T AElolA & (15000 psi)S 25547 A® 2o
A WA RS AAS] AR

< 3t A ES AAANINAY FEFEFES 2Hsn taFeE uskd
[e)

4. US Patent 6137025 (2000), Ceramic composition for immobilization of
actinides, Ebbinghaus, et al.

SE Yol E(F2 ety EFER)Y nAsE fe A A #E 7
zolt}h, AMge 228 sy e EAZ FAHEY. pyrochlore(XoTisO7) 50
vol% ©]AH(X : Ca, Gd, Hf, Sm, ¢}Elye]=) brannerite(YTi:Os) =t 50
vol%(Y : <¢tElYe]=) zirconolite(CaATi:O7) #HWl 50 vol%(A : Zr, Hf, Gd,
Sm), rutile(TiO2) #H ] 20 vol%), StElLo]l= H] 1 vol%. o] £ A& o]
st wrEo R Mgty EAE oed 22 SAS Ado 1) -
Eltfol=9 =& w8&A 3) 150 ym~ 2 mmell °]2E thEFE JAe] thI
incorporation 7bs 4) gk EFEE 2 Puet A FFAICEDE, StEZwE)

of dE =e FAR, 5 A4 A4, 6) ALeA B4 SolNel Fetd Am

5. US Patent 7078581 (2006), Encapsulation of waste, Maddrell, et al.
AHEFIAARS] AAEE FI HAEe aEd A "V EE
encapsulations}”] $1%F At Ao &g rlEolt. Ay &2 hollandite,
perovskite 123 zirconoliteZ T4 H AF LA ol H7|E o] At
A Zo] LA o] rEoA HEsuA e H7)2S PUREX A A e
| WAt dds FERAY ¥3H H A 23\, chromium, nickel 5 ©]
] 30-65 wt%e] Hl&= M Edy E3tE)
6. US Patent 7585270 (2009), Treatment of hazardous waste material,

(1=}
OHEI i
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Doumbos, ea al.

SEolY A4S Ad #HYES vl A= el B3 JEEA
o FAHowm AT AA, HAVIES M AFst mtavlas 3 uddd
Fot= AAHem Akl ey dlz EgE. 24, H7HAEA F7]

(citric acid, lemon acid, acetic acid, glycolic acid, oxalic acid, poly carboxylic

e o
rlot

acid, tartaric acid, salicylic acid, ethylenediamine tetra acetic acid(EDTA) &)

S FH7bstoh AA, bielg o] ME S 7FslelE 98 E A magnesium sulfate, iron
sulfate, aluminium sulfate, iron chloride, sodium chloride 522 JA% AH
= A<

agentE &olglol H7FSth Al® agentE MM =M #HI| & A o] A3}

ol AEEo] A8 FaHM VA Fr7F Stsks AdE A Ak
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As5dE e E=

L

stolz AAel FANA wANE AAE £HF o e hA Aes)E
2 Awets] A% BHoz o AEe TARASN /F naslEe] B A
Moz aolmgith EH mEWA AWE, §3, Fel-Aebd, FLe] 54
3 gAFe Frel dal Adngov], ssle] us )& Aol el b
2SS NEAFEALS B9 AVEe wgAdSat & W A%
o FFsh 540 wet nsuiAc e GebdtE AL AT + A
shels AA# H/Be obd wHAF At glon B du vgd =
sk B4 B FYE s Ast B ARl & Aol
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