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Abstract

Low and intermediate level radioactive wastes are solidified mainly

by cement, asphalt and polymers. The bituminization process has such

merits that the volume reduction and the leach resistance are superior

to that of the cementation process. Also, waste treatment cost is less

and the volume reduction factor is better than the polymerization

process. Therefore, to utilize the bitumization process for the treatment

of radioactive wastes, research and development on bituminized waste

forms having better mechanical and demensional stability and high leach

resistance has been carried out continuously in many countries.

In this report, research and development results on the

bituminization of radioactive wastes are closely reviewed, especially

regarding waste treatment technologies, solidifying procedures, and the

characteristics of asphalt and solidified forms.

A new concept of the bituminization method is suggested in this

report which can improve the characteristics of solidified forms. Stable

solid forms with high leach resistance, high thermal resistance and

good compression strength were produced by the suggested

bituminization method, in which spent polyethylene from agricultural

farms was added.

These results will be useful for the further development of improved

bitumen-based waste forms that will secure long term stabilties in

disposal sites.
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0.99-1.2)

1. aj-

A. ^fl- ^^^^.(Straight-run distillation bitumen)

- Softening point : 34~65°C

- Penetration : 2—22 mm

14 A]-^. O^^-E.(Oxidized bitumen)

- 200~260t:°IH -8-8-^ ^^-^1-^^:^611 ^-71

- Softening point : 70-140 TC

- Penetration : 0.7—4.5 mm

bitumen)

i ^ ^ - (Cracked bitumens)
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S.VA <>J-^S}-;E (Cutback bitumens)

«}. &<$. o}^^:^. (Natural bitumens)

2. 6}i|E

7V.

15% ,

ORNL (Oak Ridge National Laboratory)<$*\
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1960^

2.

Marcoule^

fe- 1960^^-^ I964id ^W ^ - i s ] ^ 1964^

^-^^r ^ ^ - Karlsruhe^l

Eurochemic

, 71 E)-

3.

27wt% ol-S-̂ 1 ^- l -^^l ^^-^<H Sl-g: ^rS. 91

°-v\, 1001C S

38wt% &A ^4

^ l ^ A S . 70°C

(saturated hydrocarbons)

(cyclic hydrocarbons)
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(resin)

i ^ (asphaltene)

10-32%

(CHCbW
1?]: -§-*fl^4. <»l-i€^l^: ^>4i(3~ll%)

J 4 ^ ^ heterocyclic

180-280T:

10%^1

naphthenic acid

(heterocycUc com- pounds)^ 500-5000

thiophene^ benzthiophene^l 61"1

^ d b ^ pyridineJ2}- pyrrole-type compounds. 6"M

hydroxyl, carbonyl, ester groups] °1^] ^^11^:4. ^rSj-^r^ ^r^:^ 35%

&U ^ 50% £ ^

(C/H
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fe C/H = -0.5, « (benzene)£ C/H = 1,

(naphthalene)^: C/H = 1.2<^14.

V Table

Table 1. Typical composition of bitumen[9]

Main compounds

Aromatics and naphtenoaromatics

Asphaltenes

Saturated i- and cycol-olefins

Neutral heterocompounds

Basic heterocompounds

Acid heterocompounds

Saturated n-olefins

Main elements

Carbon

Hydrogen

Sulphur

Oxygen

Nitrogen

Aluminium

Silicon, Vanadium, Nickel

wt'%

38.3

15.6

16.1

14.2

8.5

7.2

< 0.1

wt%

84

10.3

4.1

1.2

0.4

~ppm

~ppm
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4.

4.

} i t ^ 7 } 2501C £ ^ a

nH o. n>e.4[13].

fe 2.5~5mm

(blown bitumen)fe- ^ s H cflsfl nfl-f •& ^l^-^-g- ^"^cf. <$ dOf*
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. o]ej# Ai#«>l tfl7l5l

f i ^ e ^ ^^(hardening)l: «>7]

200°C

Table
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Table 2. Resistance of bitumen to the effects of chemicals at room
temperature

(years) Time
Mexphalt

40/50,20/30,10/20

0.5 1.0 1.5 2.0

Mexphalt
R85/25.R85/40,

R115/15
0.75 1.0 3.5 5.0

Inorganic acid
Hydrochloric acid
Hydrochloric acid
Hydrochloric acid
Nitric acid
Nitric acid
Nitric acid
Phosphoric acid
Sulphuric acid

Organic acids
Acetic acid
Benzoic acid
Butyric acid
Formic acid
Lactic acid
Phenol solution
Picric acid
Salicylic acid

Inorganic alkalis
Ammonia
Caustic soda
Soda solution
Soda solution (saturated)

Salts
Chlorine-containing brine
Common salt . JNsoTuuonlsaturated)
Formaldehyde solution
Magnesium chloride
Sea water
Sodium hydrosulnhite
solution Tsaioaratea)
Sodium hypochlorite
Sodium sulphite ,-.solution X saturated)
'Teepol'
Waterglass

^10%
10-30%

40%
sU0%

10-25%
25-50%

5%
<i50%

20%
1.0%
10%
85%
10%
1.0%
1.0%
0.1%

25%
<30%

10%

30%
14%

5g/l

+ Not affected, ± little to moderate attack, - strongly attacked.
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5.

^ Fig. 1 ^ Table 3°fl>M

Table 3. Equiviscous temperatures CC)

Mexphalt
Grade

180/200
("Spramex")

80/100
60/70
50/60
40/50
30/40

20/30
10/20

H 80/90
H 100/110

R 85/25

R 85/40
R 95/15
R 115/15
R 135/10

Viscosity in cSt

20,000

70

78
85
88
91
95

101

111
133
154

126
127
143
166
190

5,000

85

94
101
104
107
111

117
128

150
170

144
144
161
185
210

2,000

97

106
113
116
119
124

130
141

163

184

157

157

176
202
225

1,000

108

117

123
125
130
135

142
153

172
195

169

168
188
216
240

200

138

149
155
158
162
168

175
185

206

227

205
201
225
(266)
-

100

156

166
172
175
179
185

193
206
224
245
225
220
245
-
-

50

176

187

193
197
201
208

216
228

246
-

248
243
-
-

-
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IW*-«T«'Vh«MT.t1»~~«M»l

- 5

j *

Fig. 1. Typical temperature/viscosity chart for bitumens
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cf-g- 4 i ^S

- ^ 2 0 poised

5X10U poise, lSr^fl^i ^ lxlO10 poiseS.

^ 1 0 0 0 cSto^

i ^ E 40/505] 3-ft- Fig.

Jit}-.

Table

(Penetration)

7]- ^ - S | - ^ H>^C»I 25TC

(Viscosity)
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Table 4. Applicable standards for the measurement of bitumen
properties

Property

Softening point (R & B)d

Hardness (Penetration)

Viscosity

Flashpoint

Density

Loss of weight on heating

Ductility

Test
ASTMa

D36

D5

D2171

D92

D70

D70

D113

AFNORD

T66.008

T66.004

T60.118

T66.007

T66.011

T66.066

DIN0

52011

52010

DIN ISO 2592

52004

52016

52013

a ASTM: American Society for Testing of Materials,

b AFNOR : Association Francaise de NORmalisation.

c DIN : Deutsches Institut fuer Normung e.V.

d R & B : Ring and Ball test.

(Softening point)

5.91 ^%(melting point)^

Ring and Ball

(Flash point)

. 7>>g- Cleveland open cup test
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(specific gravity)

PycnometeHl

hydrostatic balanced

Table

Table 5. Specific gravity of bitumens

Pen. 100 g/5 sec/25t:

300

200

100

50

25

15

10

5

< 5

Specific density at 25V.

1.01 ± 0.02

1.02 ± 0.02

1.02 ± 0.02

1.03 ± 0.02

1.04 ± 0.02

1.04 ± 0.02

1.05 ± 0.02

1.07 ± 0.03

1.07 ± 0.03
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o.S Table

^^^^ (c racked bitumen)^

0.99~1.2g/cm3fi]

40/50^1 o} 1.03 ±

(Coefficient of cubical expansion)

^ -§-71 -g-^fil ^AV-g- $i%

^ % M 1 ^ ^ 15~200°C ^

: ^ (%'og£ 23-196, 100g/5sec,

15~200°C ^^<H]Ai 0.00061 ±

0.0001

(specific heat)

^ 0.00032<>]tf.

^r^cf. Table 6«\}*]

Table 63 ^ - f I t :
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Table 6. Specific of bitumen
(Blown bitumen, penter.40 at 251, soft point 85)

Temp., t! Specific heat, cal/g. °C

0

100

200

300

0.430

0.462

0.491

0.526

0.45

0.00078?}-

(Thermal conductivity)

kcal/mX.hS,

kcal/m.iC.h

cal/cm.iC.sec

i m
2

0.00278^
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DAt
N = (Pi - P2)

X

N :

D :

A :

t •

X :

(Pi -P2

i -P2 ^

DS.

g/cm.hr.mmHgS

of. M ^ (Surface tension)
Table 7-8: ^7}*] -gr^*\)*] ^ i f E o ] ff^^.^^. d y n e / c m
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Tabel 7. Surface tenstion of bitumens

Temp. °C Surface tension, dynes/cm

25 33 ± 1 (extrapolated)

100 29 ± 1

120 28 ± 1

150 25.5 ± 1.5

%• S-^^lM^l (Total surface energy)

do
Es = a - T

(Resistivity/conductivity)

dT

a =

T =

^ ^ ^ ^ 51 + 1 erg/cm2
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Temp.(°C) Resistance (ohm/cm)

30 1014

50 1013

80 1012

(Dielectic strength)

*\}7}±: kV/mmS.

(a) %

(b)

£ 170/200?! ° > i € S

Temp.CC) ^ 3 #

20

50

1- OJ-^SKE (hard bitumen)

20

50

J£(kV/mm

10

5

••C C\r\T/mm
-n.^Kv/nini

30-60

10-20

(Mechanical and rheological properties)
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poised

i f ^ i ^ ^ (elasticity)

c bitumen)

bitumen)-̂ ]*\

300

5.31 x 109

^ S . (poise) = —

. 7}-^-
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(plastic bitumen)^ 2 ^ 3 M

40X10"6

600 xlO"6 o]H

15 kg/cm2

^ l - ^ ^ ^ o i i 1()oo
105 £ f e ^.

fiUer ^a&l-Si #^r 417]- € 4 . ^S . ° lH^ ^S(bentonite)^ 1.5

- 26 -



- i e ^ (Ductility and brittlence)

lOOcmt:

Fraass^l

a, ff,

1-700 rad/sec

- # ^ i ^ l 109 rad

- 108 rad ^-rA] o f ^ ^ ^ i g ^ ^ 0.5~lcm3^ H2 ^ ^ (25*0,

- 1010 rad
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C4HX,

- 107 r a d ^

- 108 rad

2.1.5 ^<H1^ <a^-^^r o f ^ g : : ^ i-el^ A ^ ^ . ^ . ^ ^ - ^ Table
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Table 8. Physical properties of Bitumen

Property

Specific density

Coefficient of cubical expansion

Specific heat

Thermal conductivity

Permeability of H2O vapour

Surface tension

Total surface energy

Resistivity / conductivity

Dielectric strength

Dielectric constant

Dielectric loss

Viscosity

Heat combustion

Compressibility

Permeability of H2 diffusivity

Value

1.04±0.03kg/« (a t25 t )
6.1XlO~4tr! (in the range 15~200t)

1.88 J • g"1 • t " 1

0.54 K J - r n " 1 - f ^ h ' 1

9.75XlO"ug • h"1 • cm"1 • Pa"1 (at 25 t )

(29±l)XlO"t'N/cm (at lOOt)

51 ±0.1 ii]/cm

1014fi -cm (at 30*0

20-30 kV/mm (at 20TC ; flat electrodes)

2.7 (at 20 TC)

0.015 tan 8 (50 Hz ; 2CC)

10J-10*' P (in the range 50-01:)

4.2X104 J/g

~4xl0"&cm7kg

=3X1O"1Z g • h'1 • cm"1 • Pa"1 (at 25TC)

6. 6>^^r^

20~30

- 29 -



7K o f ^ ^ M

(1) 1-B]*

-H.cf.
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(2)

7}^ JH^°g^(micelle

l ^ C02,

co 71

^ ol el
l7)

- ^ ^ - ^ 50/60
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1.2 x 10"6 cmVsec (50TC4M)

: 0.10 cm3/cm3.atm (50*C4H)

, 30-501C

31^S)<H6>

71^-1-

41 ^

#4.(0.001-0.01%
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ufl-f

10"8 g/cm.hr.mmHg Q 10"10 g/cm.hr.mmHg

(hydrophilic)

5mm ¥^il^ ^ S } - O ] . ^ ^ - E . ^ ^ 3

^1-S(H 80/90, H 110/120)^

^-^[16,17,18,19]

Drentfe "^1-^^-S.

Molecke°ll

80~200r ^ x r

-^ pH 6 -
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. Pseudomonas

Ontario^ *}+%*L

pseudomonas asphaltenicus^ oV

Harris<Hl

a-i-^2.(coaltar)S

pseudomonads, corynebacteria, actinomycetes

5(14. ^ f l ^ ^ ^-Eile)

heterocyclic S}-f-#^.4 c|
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naphthenic

0.025mm a

6.S. «Val i f E f e Ŝ r] AJ.̂ .

7.
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^^-ofil-S.71- Af-g-5)^ 7l7fl^ ^ ofl o]

^Efl(extruder)<>ll^

5H4. Table 9 ^ ^ i
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Table 9. Characteristics of "Shell" Bitumens

" \ TYPE

R E F I N E D \
BITUMENS \
Spramex 280/320

Spramex 180/200

Mexphalt 80/100

Mexphal 60/70

Mexphalt 50/60

Mexphalt 40/50

Mexphalt 20/30

Mexphalt 10/20

BLOWN
BITUMENS

Mexphalt R75/30

Mexphalt R85/25

Mexphalt R85/40

Mexphalt R95/15

Mexphalt RllO/30

Mexphalt R115/15

HARD
BITUMENS

Mexphalt H80/90
Mexphalt
H110/120

Mexphalt 135-10

Mexphalt 155-7

Specific
density
at25t

Kz/l
0.99-0.14

1.00-1.05

1.01-1.05

1.01-1.06

1.01-1.06

1.01-1.06

1.02-1.07

1.02-1.07

1.01-1.06

1.01-1.06

1.01-1.05

1.01-1.06

1.01-1.06

1.01-1.06

1.03-1.08

1.04-1.09

1.02-1.07

1.02-1.07

Ring and
Ball

softening
point
t

33-38

37-48

45-52

48-55

50-58

52-60

59-69

65-75

70-80

80-90

80-90

90-100

105-115

110-120

80-90

110-120

130-140

150-160

Penetration
at25t
100 g/5s
Nd. No 2
0.1 mm
230-320

180-200

80-100

60-70

50-60

40-50

20-30

10-20

25-35

20-30

35-45

10-20

25-35

10-20

6-12

3-7

7-12

5-10

Ductility
at 25"C

cm
> 100

> 100

> 100

> 100

> 100

> 100

> 30

> 5

> 2

> 2

> 2

> 2

> 2

2

> 1

Solubility
inCS2

wt%
> 99

> 99

> 99

> 99

> 99

> 99

> 99

> 99

>99

>99

> 99

> 99

> 99

> 99

> 99

> 99

> 99

> 99

Flash p.
Cleveland

open
cup

> 200

> 200

> 225

> 250

> 250

> 250

> 250

> 250

> 200

> 200

> 200

> 200

> 200

> 200

> 320

> 320

> 200

> 200
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7] oil

10001C

^ 3.711

Inorganic Based System Organic Based System

Portland cement

soluble silicates-cement

pozzolan-lime

pozzolan-cement

clay-cement

gypsum

bitumen

urea formaldehyde

polybutadiene

polybester

epoxy

polyethylene

4-g-s)^

-§--§-£] <̂  ^ - ^
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^^1 (extruder^ thin fUm evaporator)^

71-̂ 1

nfl-f ^-o. ^ o. 200~2301C

2001c c«a-
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80 Wt%4*l

40-60 wt%

1.

37HS.

7f.

- 160-230^

^ JlSfl

-8-7H1

£71- o]V& Hm*] <>)$•
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-8-7H

o] ^Tfl jLiife ^ - ^ ^ t E f A)~g-

NOs 4 NOz

71-XlJL

01

fe^l Fig.
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Bituminizer
System for immobilizing

radioactive wastes

Discontinuous

Batch

With
Evaporation

Without
Evaporation

Continuous

Thin film
evaporator

One step Two steps Bitumen
Emulsion

Molten
Bitumen

Fig. 2. Classification of bituminization systems

(1)

(2) 47fl ^ =83

(3)
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ATKAssociated Technologies, Inc.)34^ ^3^3: TVR-IH
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(1) Pot

O

-S) 2-$,

o ^ ̂

(2) <y-#7l^(Extruder)

O ^ 3

o ^ ̂
- 71 Til

(3) 5L«]:7l «]-^-^^7] (Thin filme evaporator)

O ^ 3

- 71 7)13
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O
Ji#, 220-240^)

I ! ' I COOLING
" • IINSTAULA-

CONTACT i 1 " *
• rnunrw. / -A ^ - —

TO WATER PROCESSiNG

ELECTRO-
STATIC
FILTES '

41-
41

HEATING

Fig .3. Flow sheet for the bituminization facility at Mol using a Pot
form
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oonoenuate

REFRGERATING SYSTEM

MONORJMP

CONDENSER

coding water
irvfet

FREEZING*
THAWING
VESSELS

OfL
SEPARATOR

lining)

S O 0 5 E TANK lochemicdl ireaUrent plant

BITUMEN
FEED
TANK

Fig. 4. Flow sheet for the bituminization facility at Oarai using a
Drum form

Fig. 5. Simplified diagram of a Thin film evaporator process
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Emulsifying
agent lank

Bitumen
tank

200 L

Bead resins

Powder resins

Liquid
wastes

600 L

6~20L/hr

nGrlndei

Resint
tank
3 m3

Feeding
tank

5 m3

Metering
wheel

•40L/hr

2 mVhr
LUWA
Thin film
evaporator

Filter
Ventilation
system

]Condenser

Oil filter

^ondensatts
storage tank

Y

Cooler

Heating oil
*- (~240°C)

32 L/hr

200 L Drums

Turn t a b l e

Fig. 6. Flow sheet for the bituminization facility at KAERI using a
thin film evaporator form

Bitumen,
80 kg'h

Slurry,
133 kg/h

• Heating (3 kg/cm2 steam) or cooling

133 kg BWP/h

— Drum, 220 L

Extruder

Heating
(20 kg/cm2 s'eam)

40kg/h

1

(D
30*9.11

1
1
1

10 kg*

Distillate, 80 kg/h JL_J

Fig. 7. Simplified diagram of an extruder process
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Table 10. Extruder/Evaporator installations for radwaste volume
reduction & solidification

Location

Bellefonte,
USA

Seabrook,
USA

Angra
2&3,
Brazil

Marcoule,
France

LeHague,
France

Hope
Creek,
USA

Trillo,
Spain

Fermi 2,
USA

Clinton,
USA

Palo verd,
USA

North
Anna,
USA

Surry,
USA

Plant
type

PWR

PWR

PWR

Reproce
ss-ing

Reproce
ss-ing

BWR

PWR

BWR

BWR

PWR

PWR

No. of
Extruder
/Evapo
-rator
trains

1

1

2

1

2

2

1

1

1

1

1

1

Start
-up

dates

1987

1985

1987

1985

1986

1987

1986

1987

1986

1987

1990

1991

Primary Wastes
Processed

ConcentratesCsulfates and
borates) bead resin,
powdered resin.

Concentrates, Bead
resin.

Concentrates, bead resin.

Concentrates (primarily
nitrates).

Concentrates (primarily
nitrates).

Concentrates, bead and
powdered resin, dry
active wastes.

Concentrates (primarily
borates), bead resin.

Concentrates, bead and
powdered resin.

Concentrates, bead and
powdered resin.

Boric acid, sodium
sulfate bead resin

Boric acid, resin

Boric acid, resin

Comments

Centrifuged resin feed.
Cement system retrofit

Centrifuged resin feed
UF system retrofit
System hardware
delivered.

Centrifuged resin feed.
System installed.
Preoperational testing
in progress.

System installed.
Centrifuged resin feed.
Cement system retrofit
Start-up in progress.
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Location

Palisades,
USA

BM/PNC,
Japan

LaHague
France

Midland,
USA

Laguna
Verde,
Mexico

Lagun &
Verde,
Mexico

Winfrith,
England

Iran
Project,
Iran
JGC,
Japan

Goesgen,
Switzerla
nd

Japan
organo,
Japan

Plant
type

PWR

Reproce
ss-ing

Reproce
ss-ing

PWR

BWR

BWR

Reproce
ss-ing

PWR

Reproce
ss-ing
Resena
ch

PWR

Reproce
ss-ing
Researc
h

No. of
Extruder
/Evapo
-rator
trains

1

1

1

1

2

2

1

2

1

1

1

Start
-up

dates

1982

1982

1983

N/A

1987

1987

1980

N/A

1981

1979

1978

Primary Wastes
Processed

Concentrates (primarily
borates) bead resin,
powdered resin.

Concentrates, powdered
resin, bead resin.

Concentrates, powdered
resin, bead resin.

Concentrates (primari ly
borates), bead resin.

Concentrates, powdered
resin, bead resin.

Powder, concentrates
(primarily sulfates),
bead resins.

Concentrates (primarily
nitrates).

Concentrates, bead resin.

Concentrates, powdered
and bead resins.

Concentrates (primarily
borates), bead resin.

Concentrates, bead resin.

Comments

Processing radioactive
wastes since 1984,
287 drums of shipped
by end of 1986.
UF system retrofit

System installed.
Start-up in progress.

Operating since 1983.

System installed.
Plant construction
suspended.

System installed.

Work suspended.

233 drums produced to
date On-site storage
facility (over 4,100)
drums.
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Location

CRNL,
Canada

Eurochem
ic,
Belgium

Karlsruhe,
W.Germa
ny

Karlsruhe,
W.Germa
ny

Cadarache

France

Marcoule,
France

Plant
type

Researc
n

Reproce
ss-ing

Researc
h

Reproce
ss-ing
Researc
h

Reproce
ss-ing
Researc
h

Reproce
ss-ing
Researc
h

No. of
Extruder
/Evapo
-rator
trains

1

1

1

1

1

2

Staty
-up

dates

1976

1978

1973

1972

1970

1965

Primary Wastes
Processed

Incinerator ash (both
dry and slurry feed),
borates, sulfates, decon.
Solutions, bead resin,
powdered resin.

Concentrates (primarily
nitrates).

Concentraces (primarily
borates and sulfates),
bead resins (both
slurry and dry feed),
powdered resins, decon.
Solutions.

Concentrates (primarily
nitrates). Power plant
wastes including
sulfates, borates, and
resins.

Concentrates (primarily
borates and sulfates),
bead resin (both slurry
and dry feed), powdered
resing, decon. solutions,
laundry waste.

Concentrates (primarily
carbonates and nitrates).

Comments

Filot plant

11,800 drums produced
in 28,000 operating
lours.
On-site storage for
20,000 drums.

Pilot plant research
work completed in
1976. 1,000 operating
hours. System in
storage at Eurochemic.

1,400 drums produced.
Inactive since 1977.

Over 7,500 operating
hours.

31,500 drums produced
up to mid 1982.
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2.

-•a-

, Doylea}- Burns ]£*> fe£ -̂8-̂ 11

Table 124 £<>] €-^«r^4[26,27]. Table 13^

Table

Table 11. Comparative costs for cementation and bituminization
processing of spent resins

Item(s)

Solidification

Transportation

Burial

Total

Cost (in $/W)

Cementation

2649

1843

2889

7381

Bituminization

2649

971

1353

4973

(based on data in [Doyle, 1986])
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Table 12. Comparative costs for cementation and bituminization
processing of sludge

Item(s)

Materials (Cement/bitumen,
drums, power, etc.)

Non-material costs (wages,
overheads, depreciation,
maintenance, interest, etc.)

Processing cost

Transport and disposal

Total cost
(per 4.55 m3 sludge)

Cost (in pounds sterling)

Cementation

23.60

59.00

82.60

17.10

99.80

Bituminization

20.60

98.80

119.40

5.00

124.40

(based on data in [Burns, 1971])
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Table 13. Economic example case

Chemical
NsfeSO/

Cone. Liquids"

Resins/Sludges
Dewatered

Cost of Service

Treatment Cost
(Incl. Equip.

Lease)

Container Size

Solidified Waste
Volume

Burial Volume

Number of
Shipments

Transportation
Cost

Burial Cost

Total Annual Cost

Annual Savings:

EXAMPLE CASE 1

1100 MWe BWR
600 MILES FROM BARNWELL

CEMENT

10,000 ft7yr.

2,000 ft7yr.

5,000 ftVyr.

$ 55/ft3

$l,188,200/yr.
(Including Liners)

178 ft3 Liner

22,590 ft7yr.

25,276 ft7yr.

142/yr.

$915,790/yr.

$l,137,420/yr.

$3,241,410/yr.

TVR-m

10,000 ftVyr.

2,000 ftVyr.

5,000 ft7yr.

$ 125/ft3

(Including
Drums)

$2,125,000/yr.

55 gal Drum

4,460 ftVyr.

4,598 ftVyr.

44/yr.

$142,000/yr.

$206,890/yr.

$2,473,890/yr.

$767,500 and 20,673 ft3

burial volume

EXAMPLE CASE 2

1100 MWe BWR
2500 MILES FROM HANFORD

CEMENT

5,000 ftVyr.

2,000 ft7yr.

2,000 ftVyr.

$ 55/ft"

$ 848,200/yr.
(Including Liners)

178 ft3 Liner

11,960 ft7yr.

13350 ftVyr.

75/yr.

$675,000/yr.

$467,250/yr.

$l,990,450/yr.

TVR-ni

5,000 ftVyr.

2,000 ftVyr

2,000 ftVyr.

$ 125/ft3

(Including
Drums)

$l,125,000/yr

55 gal Drum

3,338 ft7yr.

5,400 ftVyr.

52/yr.

$300,820/yr.

$189,000/yr.

$l,614,820/yr.

$ 375,630 and 7,950 ft3

burial volume
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3. :

-g-713 AJTJis}. ^g_^ alf^tf-if^] "Ŝ L

A ^ f e -§-71

-8-717>

tflsj] 7K> ^ 5 ^ A}~g-£lJL o^^ -g-7lfe

170-2201 <>]

.a. -E .^ c e AV-e-^-^T^-, Etu-ochemicH] Ai ^ -^sn<y^ , c|->i^j

Slt6l -£ -8-71

^ "chromized steel" olej- l:5|-f^ 20% Cr-g-

70-110//

c-ll 55 gal(210O H^ollAi^-^ 1.4~9.1m3

%*i n^3. <±, HIC(high integrity

container) -§-3f ^ ^ - ^ «^ 5 i ^
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] o j ^ ^ - 1 - DOT- 17E^- DOT-17C2}

&^r ^ - 1 - DOT-17HB]-JI ^ - # 4 . o

*l*r\ rolling hoop^ ^ , ^ £ S r ycV

Fig. 8 ^ D0T-17C1- M-^^ ^J^H Fig. 9 ^ D0T-17H1-, Fig. 10^ ui

-g-71 HICt- M-E]-^ ^<=>14. 10CFR 61 (Code of Federal Regulation)

"fe -8-717V

Q^£ 0.5 wt%

(fflC) : t^r- i-

IS 32 in lS9&mm| M j .

17-t'4 in (43S mm) M>r

17-J<4 in. (4S1 mm) M>i

conlenl SS gailoi* (203 ;»len|
M.n.mum .olu-
mtmc conlcnl S7 20 qjltorn (216 $ l i l t n )

m»Wic conlrm- ST7S g*tl0oj (2ia 6 I i tcn)

Minimum •ct^ht: S3 7 pounds (24 4 kilorjf i m i |

11-7/Birt
(302 mmi

- I l l 3m |S7Jmm>-

(102 mm)

In (19r

Fig. 8 . DOT-17C drum
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I

-23-11/16 In. (602 mm)- 7/8 In. (222 mm)

1

-23-27/32 In. (606 mm) .

. 23-1/2 In. (597 mm).

> 1
3 In. (76 mm)

8-11/16 In.
(221 mm)

-22-1/2 In (572 mm)-

3/B In. (9.52 mm) MIN
3/4 In. (19 mm) MAX
(SEE NOTE 2)

34-3/8 In.
(873 mm)

11 In. (279 mm)

11-11/16 In.
(297 mm)

34-13/16 In.
(884 mm)

3/4 In. (19 mm)

Fig. 9. DOT-17H drum
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Lilting
Straps ior
Attachment
to Sling

Cable Lugs

Foam Top

-High-Density
Cross Linked
Polyethylene
Molded Vessel

Fig. 10. Representive high integrity container(HIC)
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4.

<$SLg.^ NaCl, Ca(NO3)2.

BaSO4, Nal ^ ° ] 5Z4. S ^ * i ^ # ^ ^ ) - i # ^ ^ «V-g-*H ^ ^ ^ S a i ^ -

*ll<>] 73§\-o) ^6]o] s ] ^ nflsfe ^ # ^ ^ - ^ 7 H T ' 1 : & C ) 1 sodium

metaborate, calcium methaborate, sodium orthophosphate (NaH2PO4,

), MgCl2, MgSO4, Alumium suIfate(Al2(SO4)3.18H2O)

Sf ^ ^ . S f e Ca3(PO4)2,

CaSO4 calcium carbonate (CaCOa), sodium carbonate(Na2CO3), sodium

bicabonate,sodium sulfate (Na2SO4) -f-̂ l

fe lOOt: ol^^l -grS^l^ «J<Hu|.nJ ^*J1 7}^£\ ^&-& trimethylamine

^ ^ 180T: °lcK 6f^l^ ^V^M # ^ 7 l ^̂ flA^ -gg-

3^711-5]

(pH 7~10)«-3. ^>#^^> ^ 4 .

fl^^ ^ ^ i ^ ^ Sr-90, Cs-137
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barium sulfateCBaSO^) £-c- calcium carbonate(CaCO3)

nikel ferrocyanideiiL -tt^

Cu, Fe(II) hydroxide^] £ ^ 1 - 3 . pH 8°1M ^ ^ i

^f7fl ^ " ^

- 150°C

- 190

~200t:S. ^ - ^ 1 wt%
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- Fe 3 7 ^ ^ < g 1% oj^i-4 NaNO3 £fe

#7)1- ^ ^ 1 - ^ e ] ^ #;§) (hygroscopic substances: Na2CO3

,Na2SO4, NaaTOrf)^ 50 wt% ^

- 220°C 6]4>^ -grJEoflAi 15 wt% (150g/«)

NaNO3

. Fig. 11^ 4 ^ € ^ 55

wt%/NaNO3 45wt%^l ^ ^ ^ t ^ - J l ^ ^ ^ ^ z ^ ^ E l - v+Ej-ifl ^ o ] 4 . =.^

l ^ ^ ^ vSzHfSlTr ^ 2°C

50-55

Eurochemic°ll^ ^ i L

^| 3.7], £.<£,
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Bit-45

yĵ fl

, Fig. 12fe

. Table 14^

T
•Cl

ISO

100

so

\ ^ \

E

c
r- •_ 2

ORUM : h . 88 cm;

CELL TEMP.••^20'

• i r

1̂ 0 CTi frcf^ bottom)

(10cm from boilom)

0 . S7 cm

72 (hours!

C O

100

50

1

• \ \

2«
i i i

*F

F

1wi
2

OFlUM ; h - BO cfn;

CEiL TEMP. .^28*

" ^ ^ q

1 I f

7:

US cm from bo(Iom)

(1 Jem from ««H)

9 - 5* Cm

i I i

(hours]

Fig. 11. Cooling curves of bitumen-waste product(55wt% bitumen/45wt%
NaNOa)
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Table 14. The relative activity distribution when the activity
at the bottom was chosen as 100%

Sample

Granular :

- Surface GS

- Center GC

- Bottom GB

Powder •

- Surface PS

- Center PC

- Bottom PB

Co-58
{%)

45

55

100

95

97

100

Mn-54
(%)

51

62

100

96

97

100

Zn-65
(%)

52

62

100

96

98

100

Co-60
(%)

55

66

100

95

97

100

xlO

POWER RESIN PI

as --

a* --

03 --

02 --

oi --

HEIGHT FROM THE BOTTOM (m)

R1 GRANULE RESN
06

—r~
100

—r~
200 300 WO 500

r~
600 xlO

SPECIFIC ACTIVITY , Bq/g

Fig. 12 - The distribution of the activity along two vertical samples
from both a drum of bituminized powder and granular resin
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5.

. ^-«] NO3

.71

^r 200~320°C

^3(spark) f̂-

7\.

sodium nitrate(NaN03)^- sodium

390-4301C Afoloi^( o] ^ £ ^ NaNOs ^ NaNO27>
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-§-§-££1- ^ -&S. ^ 3 . * ) NaNOs 4 NaN02 A

Mexphalt R 85/404 4 ° ^ ^ 3 <g, <*• NaNOs^ NaNO2

^ ^ ^ S « y Mexphalt R 85/40^1 € 4 i ^ - ^ 1 4 ^

C : 84.0 %, H : 11.0 %, S : 2.7 %, O : 2.3 %

Mexphalt R 85/40 13.13%4 NaNOs 86.87%^ H ^

315T: ^ l f e ^^1^3: ^v<i«]:-g-^: Sal , 400"C

13%/87% ^ ^ " l - 2Lt\- ci ^ ^ ^ ^ - 4 1 - JlSSl^cfl Mexphalt R

85/404 NaNOs 41.94%, NaNOa 16.47%, l:-g-^ ^ ^ # 28.46%#

2501C olH ^-^*-§-•§• 4E|-iflji ^ 350°C^l^ ^ k M

f / g ^ ^ ^5K^!:E. /NaNO3 + NaNO2

, Differential thermal analysis)A

295t: ol̂ -oflAi ^-«i^^-ol go] 14*1

40

\ 280°C

(Mexphalt R 90/40 £ ^ R 85/40)$}- ^ # E ^ H ] ^-^-^ NOs^- NO2

50 Wt%7V
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7]

NaNO37l-

70 Wt%<U*fl 7f# ^-^r -̂JLtiV-g- ^ E f ^ . 5 4 ^ ^ H nflô  £-£7^ 350°C

Mn(0H)2)

°-} 240°C 3. ^ ^ ^ 1 4 . ^l^^r NOs

o g ^ ^ A ] . ^ ^ 180°C~250t:

NO3

PH 9-10^-S. a ^ ^ ^ 180°C~

^ ^ ^ f e 400TC

%

sodium citrateCNaaCeHgOT) 20

»1|-f ^^gr ^ ^ ^ £ ( 2 3 0
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: 300°C

4, 44, Na2SO4H cfl^ <>}-^fe 50

50 wt% £ ^ i - ^ ^ ^ ^ ^ 400TC

o f i ^ : ^ (B15) 50 wt%/Li4 B7}-

40 wt% , # 10 wt% <?!

S^r^r^l^ ^ 1201C <HH

^ U ^ M t - a H 40 wt% o f i ^ s / ^ 60

(self-ignition point)^ 360°C

50wt% ol-y-o.

230°C
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7>.

3711

Table 15^-

2.
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Table 15. Summary of solidification media characteristics and attributes

Data available:
Short-term
long-term

Waste stream
limitations

Sensitivity
to changes in
waste chemistry

Radionuclied
retention
ability

Modeling
development

Ease and
safety of use

Relative costs;
materials
processing
transport
disposal

Cementation
r^rocesses

Vluch
Some

[on exchange
resins; oils;
organics;
Dorates and
Doric acid.

Very
sensitive

Cs hard to
retain; Co,
Sr much more
tightly bound.

Some

Materials safe
to handle;
process simple
but detailed
characterizing
of wastes
needed.

Low
Low
High
High

Thermoplastic
Dolymers

vluch
Little

Oxidizing
agents (e.g.
nitrates);
organic
liquids.

Relatively
insensitive

Retention
ability much
better than
cement

Little

Process simple
but potential
fire hazard
due to high
temperatures.

High
High
Low
Low

Thermosetting
3olymers

Adequate
Some

Boric acid;
Borates;
Wastes must
oe dewatered.

Relatively
insensitive

Retention
ability much
better than
cement

Some

Processes
more complex;
material may
be flammable.

Very high
High
Moderate
Moderate

Gypsum

Adequate
Little

?ew

Very
insensitive

Cs and Co
very hard to
retain.

Little

Similar to
cementation;
process may
be simples;
detailed
characterizing
of wastes not
needed.

Low
Low
Moderate
Moderate
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7\.

^ 4oLAl

^-[38,391. 7 H

. Afl

4. Z\^6\)X\ t\jl

o.«. ^

«:°m-

IAEA
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iso , ANS

MCC-4

} Soxhlet^^l

si4.
X\

^4 ^51

MCC-27]-

ANS S ^ A I ^ W ^ IAEA

. ANS

L(g/cm2day)S.
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S-t

an =

m =

S = (cm
2)

SI i i ^ f e kg/m2.s

>z ^ ^

t(sec)

re

an

Ao

S

p

Ao

= sampled

= •H'iMl6fl

= sampled

• S

# Un

it?)

i *

' P ' tn

r \J 1̂ a t ! <

S sample^) ^

[kg/m3]

\ kg"1]

t =

- 71 "



errors 7}^ &±1= £ ^

tffl7]

-a- #^

¥5-, PH)

(l)

(Cs, Na
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[41].

20-60 wt%

\ • 3 x

: 5 x

JL^^o] 20wt% ^ i

Ru-106 1̂ ^ # # : 7

BN-IIIS1 ° } i f l £ a

•NaNOs 40 wt%

• Ca(NO3)2 40 wt%

•CaC2 40 wt%

o } i | E 45

jL^^-o] 60 Wt%

10"4 g/cm2 day

10"4 g/cm2. day

I f f : 1.5 x 10"4 g/cm2. day [42]

x 10"6 g/cm2. day [43]

10"4 g/cm2.day

10"5 g/cm2.day

10"6 g/cm2.day [14]

f i # E . 40, 50, 60 wt%

NaNos (~500/£

Na

NaNO3 content
(wt%)

mean leach rate
(g/cm2.day)

1

Not
detectable

5

4X10"°

10

7X10"°

20

2xiO"s

38

9xlO"°
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^ j e / NaSO4 JLij-^K^fi^t^ 50% / NaSO4

NaCL -§-°JMH : 1.7 x 10"6 g/cm2.day

31.2%, MgSO4 1.85%, KCI 0.56%,

NaCl 0.18%, H2O 66.12%HH : 1 x 10"6 g/cm2.day [35]

6 wt% 4 * 1 ^ ^ M 0 ! ] ^ - i -

"1 g/cm2.day

sodium carbonate > Na2CO3 . IOH2O

sodium sulfate *• Na2SO4 . IOH2O

disodium hydrogenphosphate *• Na2HP4 . I2H2O

sodium tetraborate > Na2B4O7 . IOH2O

sodium chromate > Na2CrO4 . IOH2O

^ F i c k o)
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Medium
semi-infiniter

homeogeneous,
chemically inert

Transport mechanism

diffusion

Ao ~ S i n )
finite cylinder,
homogeneous,

chemically inert

2fl . , 32 * f« ^

Semi-infinite,
uniform

initial concentration

diffusion

Jem2 ( 2» - l ) 2

diffusion + concentration
-dependent dissolution

semi-infinite,
uniform

initial concentration

diffusion + surface dissolution
(moving boundary)

V * I = «"»"[(• +A) ̂ w + (J*)* •- +']
* an = Amount of substance of interest leached in interval n;

Ao = total amout of substance of interest originally present;

(V/S) = volume to surface ratio; t = time;

D = diffusion onstant;

k = dissolution rate constant; erf = error function;

R = U2/4D where U = velocity on the moving boundary.

Jom = m* positve zero of the zeroth order bessel function;

r = radius of cylinder; h = height of cylinder.
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(2)

NaNO3

^ 40/^ °1S}-Sm[32].

40 wt% ^W ^ 1 - ^ ^ : ^ . JLS}-^- nfl

(3)

^-i- 0.5 wt%

. 10 CFR 60 (Code of Federal Regu la t i on )^^

-§-717}

-8-71 : f-^^r 0.5 wt%

-§-71 (HIC) :

<9=<»1
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434

(4) ^ i^rS

Maxphalt 40/50)S-

(5) OJ-^^E

120TC7]-

ine

Si4.

- 77 -



0.5 wt%

(6) ^*M
] 4^-0] 27}-*]

- -§-7] (container)^

. (Eurochemic, KfK, CEA-Marcoule)

H 80/903}- H 120/1301- 6mmS ^^-g- <y*l ^ #ofl #<>}-

5mm

3XIO"6

g/cm2.day o ] ^ O ^ ^ - E . ^ . ^ S ^ I S H ^ ^ A } 5 . ^ 10"4~10"5 g/cm2.day

- 78 -



, N 2 )

radical^

, CH4)

radical^ 2^> «>-g-

^711

. ^ ^ - ^ ^ polyethylene

- 1X109 rad
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7],

s 0.25W/m.°C 103

Ci/m3(l C i /£ )3

~5 W/m3 6]HS

^ 0.05 W / £ 3 wl

200 £ ^ 7O°C

cfl^fl

60TC . 200 £

0.05 W/

70°C . 701

200

10 Ci/£

nfl ^ 351C
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. ^ 3

N03

(1)

^ * J ^ € ^ ^ ^ ] ^ - 4 ^ € S 55 wt%/NaN03 45

2201 ^ o f l 180^^ -8rHS 190

2-3 r / h ^ ^ ^ m - i - xfl ^ i ^ S nfl^ovofl^ NaNOŝ i %-s.

-[35] ^ EurochemiciA^

^ 30"C, 62°C, 105*C

^ 1-40^

2CC

H5TC

7\ AOX: «a H 30// «a^>^ ^ ^ ^ - £ # Tfl^^iS 5 x 10"3 mm/year

lmm

- 81 -



(2)

^ I M H 60°C
20°Ct- *

(1) e1*W: ^ ^ ^ 4 [33]

^Al<s].ofl^^ ^ ^ ^ - 4 ^ ^ - E ( B N K - 2 , BN-3) 7, 15, 20, 30 wt%

1- 4-8-^ 6 ! -^#^

^ ^ ^ o f i ^ S . 15 wt%

-^-^, ^ ^ ^ 15 wt%

s NaNOs, KNO3, Ca(NO3)2°l] TBP, kerosene,

naphthalene f- -fi ^

^ -fi-711- ^-^^1 6~15wt%

NO3 ^ S |

NaNOs 40 w t%M^^E( B N K - 2 ) 60 wt%^ NaN03 wt%/

) 40 wt% Ji^-^1 ^ £A}Jg ^-^ «1^-^ ^^db ^ l ^ l

^^1 ^-^-^ (flash point)3)- 4 ^ ^r£(burning temperature)^
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A 2 9 3 1 ^ 345*03. £^<>1-^^M

ij-^r£(self-ignition temperature) fe 500*0 # ^ 4 .

i^g.6( | cfl*V ill 71

(2) P]^- : ^ ^ ^ ^ [48, 49]

i ^ ^ 60 wt% (35 wt% NO3

A^v$\ ^^"f-^ $\%A TT^(Interstate commerce commission

regulation)^

60 wt% ol^€-i- ^-n-^:

N 2 ^ ^ ^ - ° 1 1 5351C

(3) Ais. : ^ ^ ^ 5 4 [7,35]

60 wt% ^-B-^

$) ^r^-^S.^: 4001: ^ l^AS. ^ i ^ ^ 4 . Ca(NO3)2 ^ ^

360^-380*0^4.
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^ 4 . 175 £ ^ 57% a ^ f e

NaNOâ i ^ 27%^ #

50 wt%

211kg51

COa^f 7}

all7]

400°C

20cm

test)^ ^-aele

. Table

t- ^ ^ 175 £

1-^^| 50^-

Table 16. Comparison of heats of explosion

System
(wt%)

Bitumen *** 13
NaNOs 87
Bitumen 6
NH4NO3 94
Bitumen 20
NH4HO3 80

TNT

Nitroglycerin

Heat of explosion*
(kcal/kg)

605

925

440

1,030

1,510

Oxygen balance
(wt%)

± 0

± 0

- 45.6

-63.9

+ 3.5

* H2O gas, constant volume.
** Mexphalt 15; 86.5 wt% C, 10.0 wt% H, 0.5 wt% N.
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(4) S#^ : ^ M 4 [50]

; differential

thermal analysis)41

290TC

25 wt% ammonium nitrate (NH4NO3)

37.5 wt% potassium chromate

37.5 wt% potassium chlorate (KC1)

45 wt% potassium dichromate

NO2 °l-8r, NaNO3) sodium borate, calcium borate4

(5) £ ^

^; 60 wt%

i ^ - ^ 1 ^ o . ^ , 300TC

^ 4 . ti]S. N 0 3 ^ ^ . ^o ] 0^4,1- ^ l i sV jn

fe Jî f- 200« ^ ^ -8-7H ^.fetj-. i f l f l ^ ^ ^ ^-s. (6j= 160-190*0
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cell •&5.('$ 20-30^)4*1 313**113 ^zM-£ 1.3-3 °C/hrS.

2 °C/hr^l4. 50wt% 31^-g- 3i3MI|s) Ss^jol q= 100 °c ^ £ O } H S

1.5-211 3 £ £ 3 4 . cfl^S-Ofl^ 24A]

^7]-, ^1-^:

7]

(1)

717)1^ 6} :^^^: ^ i ^ h S . 5L$*ft7} <&%& ^ ^ ^ H ^ 20, 30, 40

f ^ l 110TC

Ring and Ball

^ i "cyUnder bending

"hole migration test" y
o

v^°l <>l-il:B/3fl7ll

201c

7000m °llAi ^«a-S! 700
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. *}*^ 50-70

20 Wt%, ^ 3 ^.2:1- 10 Wt% ^

20-50

71

700 kg/cm2

- 1.2m fe^l^ 9.0m

- Na2SO4, NaaCOs, NaNOs

40-50%

(2)

f porosity)4]
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Afl

^r 0.2 cmVg.100 Mrad

(6

50 wt%

. °H

(1)

- 38 wt% CaCO3 (calcium carbonate)

17-44 wt% NaSO4 (sodium carbonate)

€DJ"f- 10*11 ^ ^ - 1 -

- 60 wt%

wt% <a(^S. NasPO^l- «-fr«l-fe ulSHlH 25T:



70~80wt%

- 50-60 wt% a s ^l^jiL^-^ll: ^-a-^fe Als.^ ^^M=4| 2-3

DVB (devinyl benzene) 8%

(2)

-t t6!-*6!^(hygroscopic)

5 x 107 rad <^HHlAi£ A]~§-O|



1. of^^^E

O

, pH

O ^ 3

1-^ (hygroscopic substances)

108 rad °l^e] ^Aj-Ai-g; 3*}^ H2, CH4 ^ gas

iflofl Zn, Pb, Cu SE^r
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, pH

. Fig. 13̂

3 - 1 3 ^ 1 ^ ^ pH

cm2

. 25°C

^ Of 1.3X10"8 cm.hr.mmHg . Fig. 14

14

13

11

PH

RECOMMENOED

OPERATING

RANGE

Assurance

of

Solidification

Fig. 13. Asphalt extruder/evaporator process pH range
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pfl E

AC 60/70-g- ^]-§-^H 200kg H ^ ^ 35,000^^1 7"^ W . A 1 ^ ^ 7 > 3,000

fe 5.3J-71- 91^. Fig. 15fe «.

(hygroscopic sub- stances)-I: ^°1 f-rrl!

^ NaaCOs, Na2SO4, Na3PO4

io wt%

200-320 °C ^ 3
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10'

/ ^ CEMENT

/ * • ' BITUMEN

1
l i l t

- _ •

POLYES

( 12. 5 *

«

( 1 3 . 1 *

( 37 wt

1

TER RE

n% DR1

tS CRY

. •

% CRY

1 ,

SIN

( R E S I N )

R E S I N )

—•

R E S I N )

20 MO GO 80 100

TIME. D A Y S

Fig. 14. Co-60 Release from immobilized ion exchange resin
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ION - EXCHANGE RESIN

( 5 0 <ni% WATER)

DIRECT IMMOBILIZATION

INCINERATION THEN

IMMOBILIZATION OF

ASH + CARBONATE SLURRY

1 m3

POLYESTER

CEMENT

BITUMEN GLASS

II
1.6 m3 3 m 3 1 m : I m3

0 . 2 m3

CEMENT POLYESTER

' A S H '
BaCO;

BITUMEN GLASS

0.5 m3 0.6 m3 0.2 m3 0. 2 .n

Fig. 15. Comparison of volume generated by different processing
techniques
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-o)

TBP(tributyl

phospate)^ $)& ^ ^ ^ - ^ ^ l ^ .

r NaNO3 <=>}

3) NaNOs

- NaNOa, NaNO27|- ^ 6 ) ^ ^ « f ^ -g-^^fl Fe+3

NaNO3 ^ -§-§-^r£ 315"C ^ J L , NaNOs + NaNOz +
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85/100 60/70?l

7 H

Wl-§-°l

60/70*1

. Table

. ^ - £ E 60/70^

Table 17. Physical properties of asphalt 60/70

Description :

Penetration

Asphalt cement AC

25 °C, lOOg, 5s

Softening Point Ring and Ball

Flash Point

Ductility

Solubility in

Cleveland Open

25*C, 5 cm/min

trichloroethylene

60/70

Cup

(AP-5)

1/10

°C

V

cm

KS 1

mm

VI 2201

63

48.8

328

150

99.8

2.

7\. %(sulfur)
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. MSC(modified sulfur cement)^ 4 ^ S

1972^ " 1 ^ Bureau of Mines^l

^l%(Waste sulfur)^: *

°^^ DCPD(Dicyclopentadiene)^ CPD

(Cyclopentadiene)S ^ £ ) ^ - modifierl- %• 5wt%

o
OCPO

s 8
HiHighly exothermic

Linear polymer
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H CM, H H CH, H

vwwv i C=C — C—C— C=C C

1 * J \ " »
I H H H H '
t C=C—C—C—C=C
I I 111 I
H CHj H H CH, H

•NAAAAA-

^Bfl^ a -sulfurCorthorhombic

112.8t:

-. Polyethylene

70TC

Si^^l 0.91-0.925 g/cm3-!- ^ ^ £ l-sj^l^KLDPE), 0.926-0.94

g/cm3-i: ^ S . #e1<>ll^^(MDPE), 0.941-0.965 g/cm3 -i

4-8-4
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H
\

H

C=C www,
/ \

H H

Ethylene

H H

Li-
A I

H H

•U-l
H H

H H

-Li-Wl/Wl

II H

Polyethylene

300°C

124°C . Table 18

o . ^ 0 2 i C O 2

^ 90%7}

n 711-S. ^r^^fe <££ ̂  90,000 ton/yr
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Table 18. Properties of polyethylene

Property

Compression moulding
temperature

Density

Tensile strength

Water absorbance
(24 h, 1/8 in thick)

Flammability(burn rate)

Average extent of burning

Average time of burning

Effect of weak acid

Effect of strong acid

Effect of weak alkalies

Effect of strong alkalies

Effect of organic solvents

Low density

135~177t

0.91~0.925g/cm
3

-

/A fil 0/

1.04 in/min

0.8 in

<5~25 s

Resistant

Attacked by
oxidizing acids

Resistant

Resistant

Resistant below
60T: except to

chlorinated
solvents

Medium density

150~315°C

0.926 ~0.94g/cmJ

-

1.00-1.04 in/min

0.6 in

10-60 s

Very resistant

Attacked slowly

Very resistant

Very resistant

Resistant below
60t except to

chlorinated
solvents

High density

150~230t

0.941 ~0.965g/cm
3

18.61-24.82
MPa

2700-3600
lb/in2

<om%

1.00-1.04
in/min

-

-

Very resistant

Attacked slowly

Very resistant

Very resistant

Resistant
below 80 t

- 100 -



1.

3.7)7}

^-S l̂r-g-71 18.7 cm °]

°C

Mixer^ DC 70-550 rpm

25T:~240

37fl5]

mixer

. ^-§-71

. Fig.
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Fig. 16. View of heated mixing vessel and mixing blade for the
production of laboratory scale asphalt waste forms
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2.

pot*§4

150rpm ^-S. 3i

^i^rl- 50rpm^-

moldi

• 7] °\]

-8-71 <fl ^ a f «!-

5cm, &o) 8.5

24*1 # ^4*1^14. mold

- £. 7̂1-̂ =
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(1)

Brookfield Viscometer^ ASTM Spindled 4-§-^H 25T; ~240°C

^ 9X^ Theiroocell System^-

(2) ^ ° g £ : ASTM D5

»l-^-ol 25°C

(3) < 3 5 ^ : ASTM D36

Ring and Ball uoVi?Hl

(4) SJ -^^S : ASTM D10740-83

Universal multitest machine (Model: Zwick 1445)-i:

^]fi S « H rfl-sf-c-i 0.05 in/min.in ^

%

(5)

AlS-t- ^-8:^] Cfl7l^o)l ^-71 ?V
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o)

Table 193}-

Table 19. Comparison of the properties of Immobilized waste forms

Leach resistance

Radiation resistance

Mechanical stability

Fire resistance

Costs

Cement

Polymers

Bitumen

Bitumen

Glass

(taken from TABLE XVI in

< Polymers <

< Bitumen <

< Polymers <

^ Polymers <

> Polymers >

[IAEA, 1985])

Bitumen <

Cement <

Glass <

Cement <

Bitumen ^

Glass

Glass

Cement

Glass

Cement
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Table 19<>IH ^-^

Hl^r

#71

. Fig.

JLSH

5~10

40

Wt%

Fig.
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E
U

s—

1 /

Tlm«

Fig. 17. Schematic model of expected leaching behavior of bitumen
waste forms incorporating soluble waste and/or waste which
swells upon hydration. The dashed vertical line separates
Region A, in which no swelling has occurred and region B, in
which there has been enough water uptake to cause swelling.

2.

Efl

717H

polyethylene l̂M- polymer
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$]•

Fig. 18. Simplified diagram of an enforced concrete-steel drum
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71 Ti l^

2.

7l;7> §jl^

5~10 Wt%

^11^ 40wt%

3.

4. ^V^^E.
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PE

20wt%

5.

^- JLS}-^ ^ E f l

o

O

O

O

#7]
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improve the characteristics of solidified forms. Stable solid forms with high leach

resistance, high thermal resistance and good compression strength were produced by

the suggested bituminization method, in which spent polyethylene from agricultural

farms was added.

This report can help further research and development of improved bitumized forms

of radioactive wastes that will maintain long term stabilties in disposal sites.
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