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FOREWORD

The application of  bituminization for the conditioning of low and intermediate 
level radioactive wastes was described in the IAEA Technical Reports Series 
No. 116, Bituminization of  Radioactive Wastes (1970).

Since this publication, bituminization of  radioactive wastes has become a 
widely used method for conditioning radioactive wastes generated in the nuclear 
industry, research centres and radionuclide applications. Many full scale processing 
units have been operated in several IAEA Member States. The aim of this report is 
to review and evaluate the accumulated experience in the use of  bituminization tech­
niques fo r the immobilization o f radioactive wastes and give an assessment on the 
role of the bituminization processes in the strategy for radioactive waste 
management.

To review and collect  information on the current state o f the bituminization of 
radioactive wastes, the International Atomic Energy Agency convened a Technical 
Committee Meeting (TCM) on the Evaluation o f Bituminization Processes to Condi­
tion Radioactive Wastes in Vienna from 16 to 19 May 1989. The meeting was 
attended by 15 participants f rom eight countries and two international organizations. 
The TCM participants reviewed and completed the draft report on the above subject, 
which was prepared by the IAEA Secretariat and two Consultants, L.P. Buckley 
(Canada) and J. Claes (Belgium).

After the TCM the report was revised and rearranged in a series of Consultants 
Meetings. The final modification of  the report was prepared by the IAEA Secretariat 
with the assistance of  three consultants: C. Courtois (France), W. Hild (Germany) 
and L. Mergan (Belgium).

The officers responsible at the IAEA were V.M. Efremenkov and A.F. 
Tsarenko from the Waste Management Section of the Division of Nuclear Fuel Cycle 
and Waste Management.
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1. INTRODUCTION

Bituminization of radioactive wastes has been a technique used by the nuclear 
industry for nearly 30 years  and it has a ttracted interest in more than 20 Member 
States. Large funds have been committed to build and operate industrial scale 
bituminization facilities to trea t a wide variety o f wastes generated from the nuclear 
fuel cycle and the accompanying research and development programmes.

Management of  low and intermediate level radioactive wastes strives to use a 
strategy that incorporates a number of  technologies to convert wastes into suitable 
forms for handling, storage, transport and disposal [1], Among the conditioning 
techniques, bituminization is one that can, for some wastes, provide a form that  is 
mechanically, physically, chemically and radiologically stable for the subsequent 
stages o f radioactive waste management, including disposal.

This technical report is an update of Bituminization o f Radioactive Wastes, 
Technical Reports Series No. 116 (1970) [2]. The initial report focused on an emerg­
ing technology and the underlying optimism that b itumen was a universal matrix. 
With the experience gained from the operation o f full scale industrial facilities and 
from research into the performance o f bituminized products, an assessment on how 
bituminization processes can now fit into an overall strategy dealing with nuclear 
wastes is presented here.

This report is intended to describe the major processes that are operational and 
to clarify which liquid and solid wastes are suitably matched to the  physical, chemi­
cal and radiological properties  of bitumen. This is not an exhaustive compendium 
of all the literature published on bituminization, but is an attempt to cover the current 
bituminization processes and describe their basic features, including their limita­
tions, which, however, also exist for any other solidification technique.

In its form of presentation and with its extensive bibliography, this report may 
be of assistance to Member States in comparing the advantages and the drawbacks 
of the various processes, with the aim of  meeting their specific needs in the field of 
the conditioning o f low and intermediate level radioactive wastes.

In the Annex characteristic data from a number o f bituminization facilities in 
some Member States are tabulated. These facilities may be taken as representative 
of the current practice, as they are built and operated to cover, each in par t, a wide 
range of  wastes from different sources, e.g. nuclear power plants, reprocessing 
plants and research establishments.
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2. CHARACTERIZATION OF BITUMENS USED FOR 
WASTE IMMOBILIZATION

2.1 . ORIGIN AND  TYPES OF BITUMENS

In the c ontex t of  this report,  bitumen is a te rm used f or a  thermoplas tic organic 
mate rial, semisolid or solid at r oom  tempera ture and composed of a wide variety o f 
mixtures of  high molecular  weight hydrocarbons, which is soluble in carbo n 
disulphide.

Although natura lly occurrin g bitumens are known , the comm ercial ly available  
bitumens a re almost exc lusively obtained from aspha ltic crude oil afte r separation o f 
the l ight f ractions. According  to the mode o f thei r prepara tion  the b itumens used for 
the immobilizat ion of radioac tive wastes can be subdiv ided into the fo llowing types:

(a) Straight-run distill ation (distilled) bitumen, obtained as the bottom product 
afte r the distil lation of  asphaltic crude oils;

(b) Blown or oxidized bitumen , obtained by blowing air  through bitumen at 
temperatu res between 200 and 260°C;

(c) Emulsified  bitum en (liquefied bitumen) , obtained by  addition of  anionic (alka­
line soap),  cationic (amine salt) o r non-ionic aqueous solutions (emulsi fiers) to 
distil led bitumen.

Detai led informatio n about  th e production processes for the various types of 
bitumens as well as  about the complex chemistry  of bitumens is availab le in the li ter­
ature  [3 ,4 ],  For the purpose of  this Technical Report, a m ore complete descr iption 
of bitum en manufacturing processes is not considered  to be relevant. Applicable 
standards in some count ries for the measurement of  bitumen properties  a re given in 
Table I.

2.2 . PHY SICO CHEMICAL PROPERTIES

When bitumens ar e considered as  matr ix materia ls for the  embedding  of  radio­
active wastes,  a number of physicochem ical p rope rties  o f bitumens are important as 
they relate to:

(a) The storage and transfer  conditions of  mo lten bitumen,
(b) The operating  condit ions of  the process,
(c) The compatibility with the waste  material,
(d) The  packaging requ irements for the final product,
(e) The shipment and storage conditions of  the packages,
(f) The final disposal of  the bituminized wastes .
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TABLE I. APPLICA BLE STANDARDS FOR  THE  MEA SUREME NT OF 
BITU MEN PROPERTIES

Property
Test

ASTM a AF NO Rb DINC

Softening poin t (R&B)d D36 T66 .008 52011

Hardness (penetration) D5 T66 .004 52010

Viscosity D2171

Flashpoin t D92 T60 .118 DIN ISO 2592

Density D70 T66 .007 52004

Loss of  weight  on heating D70 T66.011 52016

Ductility D113 T66 .066 52013

a  ASTM: American Society  for  Testing of  Materia ls. 
b  AFNOR: Association franchise de normalisat ion. 
c  DIN: Deutsches Institut fur  Norm ung e.V . 
d R&B: ring and ball test.

In the fol lowing  sections, typical proper ties of  bitumens and methods  o f dete r­
mining these are summarized . Examples of  some physical propertie s are given in 
Table II [4],

2.2.1.  Chemical composition

Bitumens are composed of  hydro carbons with small quanti ties of  sulphur, 
nitrogen and oxygen compounds and traces of  other elements, such as metals.  The 
elementary analysis o f bitumens  shows that  they consist o f hydrocarbons,  and der iva­
tives originating from the condensation and oxidation of  hydrocarbons with the sub­
stitution o f carbon by sulphur and nitrogen. The  mo lecular struc ture is complex and 
still partia lly unknown. The main components can be divided into:

(i) Asphaltenes, which  are highly aromatic and have high molecular  weights,  
(ii) Maltenes,  which  constitute the fractio n of  high boiling point substances, con­

taining resins  and oils. The resin s are amorphous solids with chemical struc­
tures  comparable with asphal tenes. A typical featu re of  the resin s is their  
change in viscosity with temperatu re. The oils comprise  aromatic, 
cycloparaffinic and aliphatic fractions.

A typical  composition  of  bitumen is given in Table HI.
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TABLE H. PHYSICA L PROPERTIES OF BITU MEN — MEA N VALU ES [4]

Property Value

Specific densi ty 1.04 ±  0.03 kg/L (at 25 °C)

Coefficient of  cubical expansion 6.1 x  10"* °C"1 (in the range 15-200°C)

Specif ic heat 1.88 J- g  ’ - ’C ’1

Ther mal  conductivity 0.54 kJ -m  ’ - C ’ -h" 1

Perm eabi lity of  H2O vapo ur 9.75  x  1 0 "  g- h '-cm  ’ -Pa’ 1 (at 25°C)

Surface tension (29 ±  1) x  10 s  NZcm (at 100°C)

Total surface energ y 51 ± 0 .1  gJ /cm 2

Resist ivity /conduct ivity 1014 Q-cm (at 30°C)

Dielectric strength 20 -30 kV/mm (at 20°C; flat electrodes)

Dielectric constant 2.7  (at 20°C)

Dielectric loss 0.015 tan 6 (50 Hz;  20°C)

Viscos ity 103-1 0 2° P (in the  range 50 -0°C )

Hea t of  combustio n 4.2  x  104 J/g

Comp ressibility « 4  x  10"5 cm 2/kg

Perm eabi lity to H2 diffus ivity ®3  x 1 0 12 g -h ’1 -cm - 1 -P a '1 (at 25°C)

The majo r diffe rence in the chemical composition  between oxidized and dis­
tilled  bitumens is the high er fract ion of aspha ltenes  found  in oxidized bitumens.

2.2.2.  Softening point

Since bitumens are  mix tures  o f complex molecu les, they have  no well defined 
melting points,  which ind icate the t ransit ion tempera ture from  the solid to the liquid 
state. Instead, bitumens are characterized by a progress ive trans ition  from  solid to 
liquid that covers a rather  large temperatu re ran ge. The r ing and bal l test is a  normal­
ized procedure by which  the softening poin t is determined as the temperatu re at 
which the bitumen reaches an established level  of  soften ing under standard 
conditions.

For the bi tumens used to embed  radioac tive waste s, the softening point varies  
between 35 and 95 °C. The  lower  end o f the rang e applies to d istilled b itumens and 
the higher end to blown (oxidized) bitumens.
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TABLE III. TYPICAL COMPOSITION OF BITUMEN

Main compounds [5] (wt%)

Arom atics and naphtenoaromat ics 38.3

Asphal tenes 15.6

Satura ted i- and cyclo-olefins 16.1

Neut ral heterocompounds 14.2

Basic heterocompounds 8.5

Acid heterocompounds 7.2

Saturated n-olefms <0. 1

Main elements [6] (wt%)

Carbon 84

Hydrogen 10.3

Sulphur 4.1

Oxygen 1.2

Nitro gen 0.4

Aluminium -p p m

Silicon , vanadium, nickel -p p m

2.2.3 . Hardness (penetrat ion)

A standard test that determines the penetration depth  (penet rabili ty), in tenths 
of  millimetres, of  a needle unde r a given loading (100 g) at a given temperature 
(25 °C) du ring  a  g iven time (5 s) in a b itumen sample  of  a given size is commonly 
used  as a measure o f the mechanical resistance  to deformation. The penetra tion depth 
may vary  between 10 for the hardest bitumens and 110 for the softes t type. The 
higher the asphaltene content, the lower the pene tratio n depth.

2.2.4 . Viscosity

Both the  softening point and  the penetrat ion depth are re lated to the mechanical 
and rheolo gical  properties of  bitumens. These character istics depend upon  the 
asphaltene content of the bitumen. Increasing  the tempera ture lowers the viscosity  
exponentially  and heating  is therefore used for liquefying bitum ens, with the excep ­
tion of  emulsified  bitumens, which are fluid at room  temperatu res.
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TA BL E IV.  EQUTVISCOUS TE MP ER AT UR ES  (°C)  [4]

Mexphalt grade
Viscosity (10~6 m2/s)

20 000 5000 2000 1000 200 100 50

180/200

(‘Spramex’)

70 85 97 108 138 156 176

80/100 78 94 106 117 149 166 187

60/70 85 101 113 123 155 172 193

50/60 88 104 116 126 158 175 197

40/50 91 107 119 130 162 179 201

30/40 95 111 124 135 168 185 208

20/30 101 117 130 142 175 193 216

10/20 111 128 141 153 186 205 228

H80/90 133 150 163 172 206 224 246

H100/100 154 170 184 195 227 245 —

R85/25 126 144 157 169 205 225 248

R85/40 127 144 157 168 201 220 243

R95/15 143 161 176 188 225 245 —

R115/15 166 186 202 216 (256) — —

R135/10 190 210 225 240 — — —

Since pre cautions du rin g hea ting of the  bitum en ar e also linked  to the  fla sh­
po int (Section 2.2 .5 ),  it is important tha t th e real  condit ion s of  bitu me n app lica tion s 
ar e kno wn in o rd er  to  predete rm ine  the o ptimu m p rocess tem perat ure (fo r pum pin g, 
mixin g, ble nd ing , drum  fil ling, etc. ). The  rel ations be tween  tem perat ure, viscos ity 
and typ e of bi tum en  ar e giv en in  Table  IV.

The viscos ity  fo r blo wn  b itumen at  room tem perat ure is much less  dep end ent  
on tim e than tha t fo r di sti lled b itumen. This c harac ter ist ic is a lso  va lid  at  high er  tem ­
perat ures  (e .g . 60 °C ).

2.2 .5. Flashpoint

Th e low est  tem perat ure at which  the  vo lat ile  comp onent s of bitum ens  sta rt 
bu rning  wi th an o pen flam e un de r s tandar d condit ion s is re fe rred  to as t he flashpo int.
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The test indicates the tempera ture  that mus t not be reached during processing for 
safety reasons. The bitumens chosen as matrix mate rials  usually  have high flash­
points, typically in the range of  250 to 300 °C, with some excep tions  as low as 
220°C.

2.2.6.  Density

The  densi ty at 25 °C of  most bitumens is slightly  above 1000 kg/ m3 and 
increases with the asphaltene content. Therefo re, the densi ty slightly  increases with 
decreasing penetration depth.

2.2.7.  Loss of  we ight by heating

When bitumen is heated fo r a sufficiently  long tim e, volatil izatio n of  the consti­
tuents  with the lowest boiling points takes place  and this influences the properties 
of  the bitumen, for instance the hardness and britt leness are  increased.

The loss of weight  by heating is a measure of the magn itude  of  the modifica tion 
of  these properties. It also ident ifies the amount of  volat ile components  that can be 
released  from the bitum en during the  hot stages in the bituminization processes . Stan­
dard tests are  ca rried out at 163°C for a duration of  5 h. Weight losses of  0.2 wt% 
for oxidized bitumens to 2 wt% for distil led bitumens are  reported.

2.2.8.  Ductility

The ductility  o f bitumen is c losely related to its rheological properties. In the 
standard ducti lity tests, bitumen samples are stretched  and the elonga tion is 
measured.

In gene ral, the ducti lity of  blown  bitumens is low compared with that of  dis­
tilled  bitumens . This pheno menon is due to the oxidation of  blown bitum en, leading 
to dehydrogenation and polymerization. The same phenomenon can occur as a  resu lt 
of  ageing and irrad iation. Typical values  for the ducti lity at 25 °C are 1 to 5 cm for 
blown bitumens and 45 to ove r 100 cm for  distil led bitumens.

When the tempera tures to which  the b itumen is e xposed decrease, the ductility 
decreases and the  bitumen becomes b rittle . Usually at  temperatures o f -20 to -3 0° C, 
bitumens show an increased tendency to fracture.

2.2.9.  Other physical properties

The mean values  o f the other typical  proper ties and constants are summarized  
in Table II. Among th ese, atten tion should be paid to the low therm al conduc tivity. 
The design of  heating  equipment , in par ticu lar the poten tial for carbonization on 
heating  surfaces, should be addressed  when considering bituminiza tion of  a waste.
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TA BLE V . RESIS TA NCE OF BIT U M EN  TO T H E  EFFEC TS OF CH EM IC A LS 
A T RO OM  TE MPE RA TU RE ® [4]

Tim e (a)

Mexphalt
40/ 50,20 /30 ,10 /20

Mexphalt
R8 5/2 5,R 85/40 ,Rl 15/15

0.5 1.0 1.5 2.0 0.75 1.0 3.5 5.0

Inorganic acids
Hyd roch loric  acid <1 0% + ± - +
Hyd roch loric  acid 10-30% ± ± - +
Hydroflu oric  acid 40% +
Nitric acid <1 0% ± - +
Nitric acid 10-25% - ±
Nitric acid 25-50% - -
Phospho ric acid 5% +
Sulphuric acid <5 0% + ±  - +

Organic acids
Acetic  acid 20% +
Benzoic acid 1% +
Butyric acid 10% - +
Form ic acid 85% +
Lactic acid 10% - +
Pheno l solution 1% +
Picr ic acid 1% +
Salicylic acid 0.1% +

Inorganic alkal is
Ammonia 25% +
Caus tic soda <3 0% +
Soda solution 10% +
Soda solut ion (saturated) +

Salts
Chlo rine-conta ining  brine +
Com mon salt solut ion (satura ted) +
Form aldehyde  solution 30% +
Magnesium  chloride 14% +
Sea water +
Sodium hydrosulp hite solution +

(saturated)
Sodium hypochlorite 5 g/L +
Sodium sulphi te solution +

(saturated)
‘Teepol’ + +
Waterglass +

+  Not affec ted, ±  little to moderate attack, — strongly attacked.
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2.2.10. Chemical stability

Bitumens are generally  very resistant to many chemicals at ambient tempera­
tures . They  are  therefore app lied as coatings to p rotect materia ls that are more sensi­
tive to chemical influences.

How ever, at h igher te mperatures, bitumen ca n react with vario us agents such 
as oxygen and sulphur. These reactions mainly cause  the dehydrogenation of  the 
bitum en and the formation  o f asphaltenes (Section 2.2 .1) . The react ion of  bitumens 
with oxygen is important  in the manufactu re of  blown bitumen.

Chemical changes m ay also occur w hen the bi tumen, without being in contact  
with other substances, is exposed to high temp eratures  (> 30 0° C ).  These 
pheno mena , which  generally lead to a hardening,  should  be cons idere d not only 
when producing bitumen by means of  distil lation but also in the bituminiza tion of 
radioactive wastes .

In general, bitumens are less resis tant towards attack by  acidic solutions than 
that  by alkaline solutions. Bitumens do not seem to be  attacked by concentra ted alka­
line solutions at room  tempera ture , although dilute alkaline solutions reac t with 
acidic  bitumen  constituents to form  sal ts such as sodium naphthenates , which serve 
as excellent  emulsifying agents  for bitumen. This react ion is particularly noticeable 
in soft  bitumens o f high acid  value  and at a  concentrat ion o f 0.1 % sodium hydroxide.

The resis tance o f bitumens to acids depends on  the concentra tion of  the acids: 
in general, concentra ted acids attack b itumens. Prolonged contact with dilute acids 
may cause  a ha rdening o f the b itumen, due to the format ion o f asphal tenes.  Concen­
trated sulphuric acid (e.g . 96%) attacks the aromatic components  of  th e bitumen 
(acid ta r). The satura ted hy drocarbons are n ot attacked even at 200°C . Bitumens are 
resis tant  to  dilute sulphuric acid , and highly resis tant  to  conc entra ted hydro chloric 
acid solutions at room  temperatu re.

Bitumens are not resis tant to attack  by nitric  acid. Concentra ted nitric  acid 
causes oxidation and nitra tion.  Dilute  nitric acid also attacks b itumens, even  at low 
concentra tions  and at room temperatu re. Bitumens are therefore unsui table  for the 
protection of  materials  against the action  of  free nitric  acid.

The resis tance of  bitumens towards various chemical reagents for diffe rent 
concentrat ions and perio ds of  time is indicated quali tatively in Table V [4].

Fina lly, the high and fast solubility  of  bitumens in solvents, such as tri- 
chlo retha ne, is a favourable property  with rega rd to the cleaning of  bituminization 
proc ess equipment.
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2.3 . RAD IOLOGICA L PROPERTIES

The  stability of  bitumen with respect to alpha, beta  o r gamma radiations is an 
important property  that defines:

— The maxim um am ount of  radioactivity that can be incorporated in the bi tumen 
matr ix,

— The behaviour of  the  final product unde r storage and disposal condi tions.

2.3.1.  Radiolytic effects

Since bitumens are  high molecular  mixtures of  aliphatic and aromatic 
hydrocarbons , they can easily give rise to radiolytic decom posit ion products  as a 
resu lt of  a series of  rad iological and chemical processes.

Early experiments carr ied out in France [7], Czechoslovakia , the form er 
Union o f Sovie t Socialist Repub lics [8, 9] and the  Un ited States of  America [10] on  
diffe rent types of  bitum ens, using  external gamma sources,  have shown  that the 
production of  radiolyt ic gases  (H2 , CH4 , CO2) depends upon  the type of  bitumen, 
the dose rate  and the abso rbed  dose.

The  G va lue s1 for the total gas evolution from  bitum en are  between 0.4  to 
0.5 , i.e.  relatively small values, so that part  of  the radia tion energ y seems to be 
absorbed by excita tion without chemical transformat ion.

The radiolytic yield decreases by a facto r o f 100 as one shifts from  sa turated 
to unsaturated al iphatic hydro carbons and to aromatic compounds. In fact,  the satu­
rated  hydrocarbon fraction in  bitumen is r esponsible for the intensity o f the radiolog ­
ical react ions.  Thus, as the level of  bitumen oxidation increases,  both the rate and 
the yield o f the radioly tic products decrease, which  estab lishes the fact t hat  oxidized 
bitumens are generally more stable (radiat ion resistant) than the distil led variet ies. 
How ever , irrad iation  experiments with some types of  bitumen car ried  out in Ger ­
many showed pract ically no diffe rence  in the radiolytic stability  of  bitumen [11],

The  alpha radiolysis of  bitumen can only be studied a fter  incorporating alpha 
emitt ing radionuclides. Such a study has been condu cted in Germany [12] for  the 
bituminization of  concent rates from  spent fuel reprocessing . Samples of  bit umen-  
NaNO3 doped  with Cm2O3 or  PuO2 were exposed to internal alpha doses  rangin g 
from  106 to 2.4  x  107 Gy for 1 to 2.5  years . These a lpha  doses w ere  ca lculated to  
be the total lifetime doses for the average waste composition (60 000 a). The yield 
of  the H2 production was 1.2 mL -g* 1 MGy- 1 . Internal alpha  irradiat ion increases 
the average H2 forma tion yield by a factor of  2.7  compared with the external 
gamma irrad iation  or i rradiation by 10 MeV elec trons . The  detailed resul ts of  these 
exper iments are summarized  in Table VI. Similar effects were experienced in the 
United Kingdom [13].

1 The  G value is the num ber of  molecules produced  for  100 eV absorbed.
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2.3.2.  Alteration of  physical properties

Experiments car ried  out in the UK [14] show the influence o f the type of  bitu­
men  on the degree o f swelling . W hen oxidized bitumen (Mexphal t R85/40) is gamma 
irrad iated, the radio lytic  gases cause  mechanical tension re sulting in po re forma tion 
or  cracks and easier gas release. In samples of distilled bitumen (Mexphalt M35),  
the po re fo rmat ion is more diff icult and a  bubble growth m odel,  which considers gas  
formation , coalescence  of gas into bubbles and gas escape, can be applied . The 
resul ting swelling is plotted  against the  total dose in Fig . 1, whereas the visual effect  
of  swelling for the two irrad iated  bitumens is shown in Fig. 2.

Further observations on the swelling tests condu cted in the UK [15] confi rm 
the  validi ty of  thi s bubb le growth model and stress  that  the swelling is much less 
important  on a full scale drum  than with small samples, especially when oxidized 
bitumen is used.  Simi lar F renc h experiments [16] confirm  tha t swelling is im portan t 
for  distilled b itumens when gamma doses  exceed 2 x  106 Gy. How ever , oxidized 
bitumen does not show a volume increase for gamma doses  up to 2 X 108 Gy.

Total dose (MGy)

FIG. 1. Swel ling o f unfil led bitumens at diffe rent  dose  rates and  with diffe rent  specimen 
shapes and sizes. Curves A are fo r Mexphalt 35 and  curves B are  fo r Mexphal t R85/40 . I,  
material in 5. 6 cm diam eter  open top canister at 5.5  kG y/h;  2, 2 cm diameter, uncontained, 
righ t cylinder  at  4.4  kGy/h; 3, 3 cm, uncontained,  righ t cylinder  at 6.5 kGy/h; 4, 2 cm, uncon­
tained , right cylin der at 0.9 3 kGy /h [14].
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FIG. 2. The appearance  o f specimens o f unfilled, (a), R85/4 0 and, (b), M35 after irradiation 
[14].

TABLE VII. EFFECT OF GAMMA RADIATION ON SOFTENING POINT AN D 
HARDNESS OF MEXPHALT 35 AND R85/40 [14]

Bitumen
Mexphalt 35 Mexphalt R8 5/40

Softening  point 
(°C )

Penetration*
Softening  point  

(°C )
Penetration*

Manufacturer’s
spec ifica tion

51 -6 2 28 -4 2 80 -9 0 35 -4 5

Unirradiated 55 .5 37 95 .5 31

Total dose,  0. 54  MGy 59 29 101 31

Total dose,  2. 16  MGy 60 23 109 .5 28

Total dose,  10 .50  MGy 91 15 124 14

Penetration: 0.1  mm per 100 g and 5 s at 25°C .
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Under the  influence o f irradiation  the physical propert ies of  pure bitumens will 
change. Irradiation of  up to about  106 Gy may resu lt in products with improved 
prop erties, whils t at very  high irrad iation doses  (>  107 Gy) not only bitumen but 
almost all polym ers are converted  to technically useless mate rials . A significant 
increase of  the softening points  of  bitumen and consequently of  their  viscoelastic 
prop erties takes place at  total in tegrated ir radiation doses  exceeding 0 .5 MGy. At the 
same time a d ecrease of  the penetration depth occurs, demonstrating  an increase in 
hardness.  Table VH presents  experimental data  demonstrating  these radia tion 
effect s. The  presence  of solid or solidified inorgan ic waste components does not s ig­
nificantly worsen the radia tion stability o f bituminous  m aterials nor  im prove it; i.e. 
they can act as a kind of  iner t diluent. The amount of  ra dioly tic gas produced  is 
mainly  governed  by the percentage  of  bitumen conta ined in the bituminized waste 
product, provided the product is free  of  water  and organic waste constituents.

2.4 . LONG TERM BEHAVIOUR OF BITUM ENS

The  tendency o f bitumens to age un der the influence of  atmospheric conditions 
has been known for a long time. Ageing  is influenced by several factors, such as the 
presence of  im puriti es in the air  or in the water in contact with the bitumen, the 
nature, state and amount o f inco rporated so lids and the radia tion effects . Two addi­
tional facto rs need to be considered:

(a) React ions with materia ls coming into con tact with bitumens (for instance aqu e­
ous solutions and backf ill materials) ,

(b) Possible biodegradation  of  bitumens.

The  general conclusion to b e drawn f rom available data on  the reactions o f bit­
umens with materials that contact them un der storage and disposal conditions, is that 
the important bitumen properties are affected only at and near the surface of the 
product and a re not modified in a way that would endanger  their functions as pro tec­
tive coating  materials [4]. The ability  of  bitumens to resis t attack  from different 
chemical solutions suggests that they may show a good resistance against the less 
aggressive aqueous solutions and against the various solid materials occurring  in 
nature and in waste repos itorie s.

As to  the possib ility of  biodegradation, the follow ing relevant elements ca n be 
deduced from  the available literature  [3, 4, 17-20]:

(1) Microorganisms, which  are widely present in nature, are capab le o f attacking 
bitumens under aerobic and most  probably also anaerobic conditions.

(2) The  speed at which microbes  attack aspha lt is very slow. Under optimum 
grow th condit ions a thickness of abou t only 0.025 mm of  bitumen was found 
to be affected after  3 years .
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TABLE V m.  IMPORTANT PROPERTIES OF BITUMEN-WASTE MIXTURES 
IN THE VARIOUS WASTE MANAGEMENT PHASES [4]

Property
Waste management phase3

Solidification
process

Interim
storage Transportation Long term 

storage

Ageing + +
Burning point + + + + + + +
Burning rate + + + + + +
Cold resistance + + + + + +
Compressive strength + +
Content of  solids + + + + + +
Density + +
Dose rate + + + + + + + +
Effect of microorganisms + +
Flashpoint + + + + + + +
Gas generation + + + +
Homogeneity + + + + + +
Ignition point + + + + + + +
Leaching + + + +
Penetration + + + +
Phase separation during burning + + + + + +
Plasticity + + +
Porosity + + + +
Radiation stability + + + +
Shock resistance + + + +
Softening point + + + + + + + +
Specific activity (a ,(3,7) + + + + + + + +
Swelling (due to radiolysis) + + + +
Swelling (due to water) + + + +
Thermal conductivity + + + + + + +
Thermal expansion + + + + + +
Viscosity + + + +
Water absorption + + + +
Water content + + + + +

+ , important;
+ + , very important.
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(3) The exposure conditions would have to remain in the range of the op timum  for 
a long time to produce any noticeable damage.

(4) The probability that microorganisms destroy bitumens appears extremely 
small. The demonstra ted stability of  natura lly occurrin g bitumens over  mil­
lions of  years is the fact that corroborates  this conclusion.

2.5 . BITUMENS USED IN  CONDITIONING PROCESSES OF RAD IOAC TIVE 
WASTES

When selecting the bitumen  best suited to meet the re quirements for a bitumini­
zation  process, a ser ies o f bitumen proper ties are generally considered and assessed. 
As a guideline, to be appraised in relation  with the  applicable na tional rule s, a compi­
lation of  such properties is presented in Table VIE , toge ther  with an initial assess ­
ment of  their importance.

In general,  the incorporation  of  solid matter into  bitumen causes a considerable 
decrease of  the penetr ation  dep th and of the ductility of  the bitumen  with increasing 
solids content. Fur thermore, significant increases of  the softening poin t and the 
flashpoint result from  this incorporat ion. As these changes in physical prope rties 
affect  both the operating condi tions of  the  bituminiza tion process and the product 
characteristics  of  the bituminized waste, a careful se lection  of  an appropriate  bitumen 
has to  be made, which best  meets the particular  requirements. Repre senta tive inco r­
pora tion tests and analyt ical measurements are mandatory  to achieve this selection .

A large  variety of  bitume ns are commercial ly availa ble, which is reflected in 
the choice of  bitumen types for radioactive waste b itumin ization in vario us technical 
facilities as can be concluded from  Table IX.

3. TYPES OF RADIOACTIVE WASTES SUITABLE 
FOR IMMOBILIZATION IN BITUMEN

Radioactive wastes arise f rom all nuclear activit ies. Cur rent practice indicates 
that some low and intermediate level wastes  from  nuclear power plants, fuel 
reprocessing plants  and nuclear research  establ ishments can be embedded in bitu­
men. How ever , this does not exc lude the future  use of  bituminization  fo r wastes that 
are dive rse in thei r chemical composition  from  othe r nuclear activit ies and other 
types of  waste from nuclear power plants, fuel reprocessing plants  and nuclear 
research  establi shments. Several bituminization processes  are available but not every 
waste type can be bituminized because of  fa ctors  such as the form  (solid waste ), 
adverse chemica l composit ions affect ing safety or the pro duct quali ty as  well as sub­
sequen t radia tion damage to the matrix material.

17



00

TA
BL

E 
X

. 
C

H
A

R
A

C
TE

R
IS

TI
C

S 
O

F 
TY

P
IC

A
L

 C
H

EM
IC

A
L

 P
R

EC
IP

IT
A

TI
O

N
 S

LU
D

G
ES

Ph
ys

ic
al

 c
ha

ra
ct

er
ist

ic
s 

Ch
em

ic
al

 c
ha

ra
ct

er
ist

ic
s 

Ra
di

oa
ct

iv
ity

 c
on

te
nt

So
ur

ce
 

---
---

---
---

---
---

---
---

---
---

---
---

---
---

---
---

---
---

---
---

---
 

---
---

---
---

---
---

---
---

---
---

---
---

---
---

---
---

---
 

---
---

---
---

---
---

---
---

---
---

---
N

at
ur

e
D

en
sit

y
D

ry
 s

ol
id

s 
co

nt
en

t 
(w

t%
)

Co
m

po
sit

io
n

PH
N

uc
lid

es
(8

-7
(G

B
q/

m
3 )

a
(G

B
q/

m
3 )

N
uc

le
ar

 p
ow

er
 

pl
an

ts
Fl

oc
cu

la
te

d
su

sp
en

sio
n

1.
01

-1
.0

5
2-

6
M

et
al

 o
xi

de
s,

 
hy

dr
ox

id
es

 a
nd

 
fil

te
r 

ai
ds

7-
9

A
ct

iv
at

io
n

pr
od

uc
ts,

fis
sio

n
pr

od
uc

ts

20
-1

00
ne

gl
ig

ib
le

Fu
el

re
pr

oc
es

sin
g

fa
ci

lit
ie

s

Th
ic

ke
ne

d
co

llo
id

al
 o

r 
flo

cc
ul

at
ed

 
su

sp
en

sio
n

1.
1-

1.
2

10
-2

0
M

et
al

 o
xi

de
s, 

hy
dr

ox
id

es
, 

su
lp

ha
te

s, 
fe

rro
cy

an
id

es
,

et
c.

7-
9

A
ct

iv
at

io
n

pr
od

uc
ts,

fis
sio

n
pr

od
uc

ts,
tra

ns
ur

an
ic

s

50
0-

30
 0

00
3-

20
0

N
uc

le
ar

re
se

ar
ch

es
ta

bl
is

hm
en

ts

Th
ic

ke
ne

d
co

llo
id

al
 o

r
flo

cc
ul

at
ed

su
sp

en
sio

n

1.
1-

1.
2

10
-2

0
M

et
al

 o
xi

de
s, 

hy
dr

ox
id

es
, 

su
lp

ha
te

s, 
fe

rro
cy

an
id

es

7-
9

A
ct

iv
at

io
n

pr
od

uc
ts,

fis
sio

n
pr

od
uc

ts,

1-
4 

00
0

0.
1-

50

tra
ns

ur
an

ic
s



To minim ize radia tion damage it is desirable to limit  the total radia tion dose 
to 107 Gy. Waste stream s for which th is requ irement is not a l imita tion include the 
arisings from  power  reactor puri fica tion processe s, such as filtra tion,  prec ipita tion,  
ion exchange and evaporation, which result in sludges, slurries and concentrate s. 
Nuclear pow er reac tor wastes contain activa tion prod ucts  like “ Co and fission  
products such as 137Cs.

Intermediate level liquid  wastes from fuel reprocessing  plants can have be ta-  
gamma radioactivity concentrat ions of  up to 4 TBq/m 3 with high  salt contents 
(nitrates). These wastes  are also alpha contaminated and may contain organ ic com­
pounds such as tributyl phosphate  (TBP) and its degradat ion products.  Depending 
upon the research  and deve lopment programm es car ried  out at nuclear research  
establ ishments, thei r wastes are a combination  of the above mentioned waste types.

3.1 . SLUDGES AND  SLURRIES

Removal of  the rad ioact ivity  f rom liquid waste stream s by  chemical precip ita­
tion and flocculation is a widely  applied treatment  process [21]. This process gene r­
ates sludges with concentrated radioa ctivity  contents and it has been prac tised  at 
majo r Euro pean  research  estab lishments in Belgium, France and the UK, at 
reprocessing facilit ies in France , and at some nuclear pow er plants  [22-24],

The  purpose o f this trea tment is to  process la rge volumes of radioactive  liquids 
and to genera te a  smal l vo lume of waste  concentra te. The trea tmen t involves adding 
small quant ities of  non-rad ioactive chemicals to the waste volume to form  inso luble 
precipitate s with which the radionucl ides can be fixed either by co-precipi tation  or 
adsorption . With the use of  this treatment  90 to 98% of  the radioa ctivity  can be 
remo ved from  the liquids.  The sludge is then concentrated by filtra tion,  centr ifuga­
tion or settling. The  dewatered sludges generated contain solids concentrat ions of 
between 1 and 20 w t% . Eac h treatment p rocess depends upon the r adioactivity  level 
of  the waste eff luent  strea m, the type of  radionuclides and the decontamination  factor 
requ ired.

In general , to  fix radionuc lides  into insoluble co mpounds, preference is usually 
given to:

(a) Ferrocyanides (Ni, Co,  Cu) for caesium and cerium;
(b) Barium sulphate for stront ium;
(c) Metal hydroxides  (Cu 2 + , Fe 2 + /F e3 + , Ti4 + ) for the alpha emitters ruthen ium 

and antimony [21 -23 , 25].

Typical sludge characte ristic s are outlined in Table  X.
While the radioactiv ity may be removed efficiently,  the sludges produced are 

often gelatinous, or do not flow freely  and may cause difficulties in t ransfer  fo r the 
bituminiza tion p rocess. Steps have to be taken to m ake the transfer  easier,  by using
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specifica lly designed equipment, e.g . stir rers , agitators and air pulsing systems [26, 
27].

A num ber o f precaut ions  should  be taken to prep are sludges for bituminization:

(1) The pH of  the water assoc iated with the sludge should  be neutral or slightly 
alkaline : the range of values should be between 7 and 9.  High alka linity facili­
tates oxidat ion of  the bitum en and can cause hardening and prod uct discharge 
difficulties  [28].

(2) When sludges conta in b oth sodium ni trate and unhydrolysed ferr ic nitra te the 
latter should no t exceed 1 wt% in the sludge. Above this limit the therm ostabil­
ity o f the bitum en product is lowered and, if igni ted, can rapidly  bu m out. The 
iron  has a catalyt ic effect on the burning rate [27].

(3) The concentration of  TBP or o f its decomposition p roducts in the final sludges 
should  be minimized and should  not exceed 1 wt% . Excess amounts of  TBP 
cause  a lowering o f the bi tuminized  product f lashpoint and can enhance ox ida­
tion  reactions in combinat ion with sodium ni trate ; in general the recommended 
value is the solubil ity limit.

(4) Provisions should be  taken to preven t the presence in the feed of  strong oxidiz­
ing compounds, such as potassium permanganate or MnO2 originating from 
this in decontamination  solutions, which  can give rise  to spontaneous exo­
therm ic reactions; or to prevent these reactions  by means o f suitab le chemicals 
and addit ives,  such as oxalic acid,  which  destroy oxidants. Otherwise  the 
product can becom e hard and thermal investigation and ignition tests indicate 
rapid and powerful exothermic reactions [4, 11].

(5) Granula r filte r aids (no fibrou s materials,  e.g.  Fibre Floe) should be used for 
sludge filtra tion prior to incorpora tion into the bitumen. The fibrou s mater ial 
can become matted together and impede discha rge from  the bitumen equipment 
[4, 11].

(6) Appropr iate mixing has to be provided to prev ent  high densi ty solids (e.g. 
BaSO4) from settling in the slurries.

3.2 . ION EXCHAN GE MATERIALS

The  spent ion exchange materials generated througho ut the nuclear industry 
are predominantly organ ic resins, either beads or powders , but  the re is some use of 
inorganic mate rials . Many applications a re for coolant p urification by ion exchange 
and for filtra tion of  pr imary and secondary circu its of  pressuriz ed water reactors 
(PWR ), of  moderato r and pr imary coolant c ircuit s o f pressur ized heavy water reac ­
tors  (PHWR) and feedw ater and coolant purif ication for boiling water reac tors 
(BWR). Some resins in use at power re acto rs a re regenera ted while  oth ers are used 
only once and then discarded. The  characteristics  of  spent  resins  are prov ided  in 
Table XI [1],
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Inorganic resins are used in the water cleanup system of fuels and in fuel 
storage ponds, e.g. at Windscale [21]; they are generally aluminium silicate struc­
tures such as chabazite or clinoptinolite.

Anionic organic ion exchange resins release amines during the bituminization 
process [11, 29]. However, chemical or thermal  adjustments to the operating proce­
dures can minimize volatilization. Of greater importance is the damage reported to 
the product as a  result of water uptake by dehydrated resins. Research has shown 
that the product swells as the resin reabsorbs water and expands [30]. Tests per­
formed indicate that this is a problem only with fully dried resins with a loading in 
excess of 50% o f the bituminized product weight [4], It has been reported  that when 
the resin is not fully dried  that some residual water ( =  5 wt%) left in the beads pre­
vents observable swelling in immersion tests. Bitumen product swelling with high 
resin loadings has raised concerns within a number of Member States, although load­
ings of up to 40 wt% do not appear to cause detrimental effects to  the product [31]. 
Additional possibilities exist in the partial destruction o f the resin or its loading with 
multivalent cations (Ba2 + , Ca 2 + , etc.)  before incorporation into bitumen to prevent 
subsequent water uptake [32], Swelling is discussed in more detail in Sec­
tion 5.3.4.2.

Density differences between ion exchange resins and bitumens as well as high 
water contents can cause severe mixing and foaming problems upon bituminization. 
In this respect, the extruder process offers more flexibility (Section 4.1.2.1 ).

3.3. LIQUID CONCENTRATES

Liquid waste concentrates resulting from effluent evaporation are generally 
characterized by large concentrations o f inactive soluble salts and a low suspended 
solid content. Some concentrates are kept heated to prevent crystallization. New 
techniques to decontaminate large volumes of liquid waste resulting also in liquid 
waste concentrates include membrane applications in reverse osmosis, ultrafiltration 
and electrodialysis [22],

The primary waste sources for liquid concentrates arise from nuclear power 
plants, such as water from primary and secondary circuits, from fuel reprocessing 
facilities, such as solvent washing, acid recovery and decontamination processes, 
and from research centres, such as research reactor operations, laboratory facil­
ities and auxiliary services. An example of the characteristics of  the concentrates 
from these wastes is presented in Table XII.

For a concentrate to be suitable for bituminization, appropriate pretreatment 
steps are often needed to ensure the following:

(a) The pH of the concentrate should be in the range from 7 to 9 [26].
(b) Corrosive anions should be precipitated, e.g. fluoride as CaF2 to prevent 

damage to the processing equipment [4].
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(c) Compounds th at decompose exothermically should  be converted,  e.g . ammo­
nium  nitrate  to sodium nitra te [26].

(d) Loading of  organics  such as TBP  or its degradation products should not exceed
1 wt% of  the solubil ity limit; organ ic complexing agents and detergents  can 
be destroyed  by oxidation with H2O2 [1].

(e) The  presence  of  signif icant  amounts of  hardening agents such as nitrates, 
chlorides and sulphates of  aluminium and iro n should be avoided . Precip itation 
as hydroxides  is an adequate pret reatm ent.

(f) Catalytic agents, e .g . ferr ic chloride or aluminium chloride, should n ot exceed 
1 wt% in the concentrate. Precipitation as hydroxides  is an adequa te 
pretreatment.

(g) The amount of  hygroscopic substances such as sodium carbonate,  sodium 
sulphate  or  sodium orthophosphate should be kept  under 10 wt% in the 
bituminized waste  product or conv erted  with bar ium or calcium to non- 
hygroscopic insoluble compounds.

(h) Limits should  be imposed on complexing  agents  in order to minimize thei r 
effect  on the leaching rates.

Moreove r, it is recom mended that the waste feed be  analysed for the detection  
of  highly exothermic  compounds by differentia l therm al analysis (DTA)  and by 
differential scanning calor imetry (DSC). In the event  that unstable  compounds are 
regi stered, ignition tests should be carr ied out on bituminized  produc ts prepared  in 
the laboratory  [26], This issue is discussed more  thoroughly  in Section 4.3 .1. 2.

3.4 . INCINER ATIO N ASHES

Solid waste arisings that can be incinerated  from  nuclear operations  include:

(a) Bagging and sheeting mater ials;
(b) Protec tive clothing made of  various plast ics, rubb ers,  textiles, pape rs and 

leathers ;
(c) Packinging materials of  cardboard,  paper, wood and plastic ;
(d) Cleaning materials  including rags, tissues  and mops;
(e) Filte rs of  tex tile,  glass, cellu lose or mineral fibre.

The burning of  wastes in incinerato rs resu lts in a signif icant reduction of  the 
volume, an inert  ox ide prod uct containing a few wt% of  carbon, and concentration 
of the radioa ctivity  in the ash [33]. Unless the wastes have been sorted prior to 
incineration, one of  the difficulties with ash handling is the wide  variabi lity in size 
and the presence of  metals. To prevent mechanical failure s of  the bituminization 
equipmen t, ash part icle  segregation must  be applied. Encapsulation of  incinerator 
ashes into b itumen  has been  contemplated [34], At present no  significan t application 
of  such  methods has been  reported.
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3.5. OTHER SOLID MATERIALS

An example of solid materials that might be considered for embedding in bitu­
men are non-combustible wastes, which could be cut  or shredded to provide some 
volume reduction. The limitations on the use of bitumen include:

(1) A total integrated dose to the bitumen not exceeding 107 Gy;
(2) Adequate embedding of the waste materials by the appropriate operating condi­

tions (temperature, bitumen type, etc.) during the filling operation;
(3) Ensuring that materials are not pyrophoric or will not ignite when contacted 

with molten bitumen (120-160°C).

4. IMMOBILIZATION PROCESSES: 
OPERATIONAL AND SAFETY ASPECTS

Research and development efforts within a number of Member States have led 
to the construction and operation of  full scale industrial p lants for  the incorporation 
of radioactive wastes into bitumen, some examples of  which are presented in 
Table XIII [2,8, 35-39]. The objective of this section is to discuss in generic terms 
the processes available for the bituminization o f both liquid and solid wastes. As a 
beginning, the various bituminization processes for solid and liquid wastes can be 
classified into batch and continuous processes  (Fig. 3). A batch process is usually 
considered for processing an identified quantity o f wastes to produce packages of 
conditioned wastes, within a given time period, while continuous processing suggests 
an operation to treat constant waste streams without stopping the process equipment. 
In any event the outcome of either type of  processing is the same, to condition the 
waste and obtain a solid product suitable for long term storage and eventual disposal.

One of the critical areas in a bituminization system is the correct adjustment 
of the waste. As discussed in Section 3, there  are a number of adjustments the waste 
solution may have to undergo before i t can be added to the bitumen. Depending on 
the chemical composition of the waste, pret reatment may or may not  be an extensive 
feature of  the facility.

The choice when considering either a batch or  continuous process depends on 
individual criteria such as the volume of wastes to be treated, time restrictions, 
limited waste storage capacities, space availability and process economics. In 
Section 4.1 bituminization o f liquid and wet wastes is described, while bituminiza­
tion of solid and predried wastes is covered in Section 4.2. In the subsequent sections 
of this report, generic system descriptions are provided giving guidelines for batch 
or continuous process applications. Examples of the facilities operated in some 
Member States are  presented in the Annex.
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TABLE XIII. BITU MINIZAT ION PROCESSES USED IN SOME COUNTRIES

Country Origin of
wastes Type o f process

Belgium (Mol) Miscellaneous
reprocessing

Batch
Continuous extrusion

Germany (Karlsruhe) Miscellaneous Continuous extrusion

France (La Hague)
(Marcoule)
(Saclay)

Reprocessing
Reprocessing
Miscellaneous

Continuous extrusion
Continuous extrusion 

Continuous thin film evaporation

Japan (Tokai)
(Mihama)
(Tsuruga)

Reprocessing
NPP a

NPP

Continuous extrusion 
Continuous thin film evaporation 
Continuous thin film evaporation

Sweden (Barseback)
(Forsmark-1, -2) 
(Forsmark-3)

NPP
NPP
NPP

Continuous thin film evaporation 
Batch
Batch

Switzerland (Goesgen) NPP Continuous extrusion

Former USSR NPP Continuous thin film evaporation

NPP, nuclear power plant.

FIG. 3. Classif ication o f bituminization systems.
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4.1. BITUMINIZATION OF CONCENTRATES FROM LIQUID WASTES

Concentrates from aqueous wastes comprise evaporation concentrates, spent 
ion exchange resins, filtration sludges, sludges from chemical precipitation and con­
centrates from membrane processes. Bituminization of these wastes after appropriate 
pretreatment requires mixing with molten bitumen at elevated temperatures to 
evaporate water and to coat residual waste components with bitumen. The end 
product should be homogeneous as it cools and solidifies. Table XIII provides infor­
mation about the bituminization processes used in various countries.

4.1.1. Discontinuous processes (batch processes)

Batch processes are applicable to various types of liquid wastes and sludges 
[40-43] . In  general terms, wastes are continuously introduced into a known volume 
of molten bitumen with the mixture maintained at temperatures ranging from 180 to 
200°C. The water is evaporated and the remaining solid particles are incorporated 
into the bitumen. After a predetermined amount of wastes have been added to 
achieve the required waste form composition, the feed is stopped. The process con­
tinues until the residual water has been evaporated and then the mixture is discharged 
into containers and allowed to cool. A general schematic diagram of this process is 
shown in Fig. 4.

FIG. 4. Simplified diagram o f a batch bituminization process.

27



General requirements for the waste pret reatmen t and /or  feed tanks usually 
include the following equipment:

(a) A sampling system to ensure that feed quality  is within set standards;
(b) An in-tank stir rer  to  ensure that a homogeneous sample can be extra cted and 

to assure complete mixing o f additives and slurry content as requ ired to es tab­
lish a homogeneous  feed quality;

(c) Liquid  level and temperatu re measuring  systems;
(d) Connections from the chemical addition rese rvoi rs to the ventila tion system 

and to the process mixer.

Additional or optional functions are:

(e) To enhance mixing through the use of  a  reci rcula ting pump;
(f) To transfer  liquid to a backup tank in the event  of  leakage;
(g) To provide a prehea ted waste solution to the process mix er and  reduce the  heat 

transfer  necessary to b ring the slurry  or  sludge  to dryness  in the process  mixer .

As the feed quality is of  prim ary importan ce, and as the waste  loadings  must 
not be exceeded, both  th e bitum en feed rate  (or the total volum e introduced to the 
mixing vesse l) and  the waste so lution feed rate must  be well metered  and cont rolled .

The bitumen storage tank should not be la rge.  If  it is u nreasonably la rge , then 
either the c ost to keep the bitumen molten may affec t the  economics, or the time to 
bring the bitumen from  a cold solid to a p umpable l iquid  may be unreasonably long. 
In addition, a long residence  time may adversely affec t the quality of  the  bitumen 
(Section 2.2 .7) . The b itumen  storage facility  should be  equipped wi th a re circu lation 
and filtra tion system, a level indica tion and possib ly an iner t cove r gas system to 
minimize the oxidation of  the bitumen if  it is maintained in a molten  state.

The design of  the heated feed line to the process is important  in preventing  
blockage during transfer. If  possible this  line should drain  into the process equipment 
and the number of  valves should be limited . The  line should  be heated with steam 
or hot oil. Direct elect rical  heating may lead to local  overheating and subsequent 
coke formation.

The heat  supplied to the proc ess mixing vessel must  be  limited to p revent the 
mixture temperatu re from approaching the flashpoint of  bi tumen. Cont rol can be 
mainta ined by l imiting the  temperature o f the heating  medium (steam o r hot oi l sys­
tems). Dire ct elect rical  heating  should  not be applied .

The  mixing o f wastes and bitumens is critical for two re asons. Firs t, sufficient 
agitation m ust be  im parted  to  the mixture to re lease  the  water  vapours.  The  thermal 
conductivities of  bi tumens are low and to ensu re adequate heat  transfer  between 
waste s and bitumens, efficient mixing must take place to prevent localized cooling  
and poo r product character istics. Second, withou t suffic ient agita tion the mixture 
will become non-homogeneous. Sedimentation of  waste parti cles  can resu lt in the 
coating of  the  inner wall of  the  vesse l and in a further reduction  of heat transfer.
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Sedimentation also gives rise  to a non-uniform distr ibution of waste partic les 
throughout the bi tumen. In this  case, the waste product would not m eet the expected 
quality objectives. The mixing device or stir rer  must  be capable of  handling the 
increase in viscosi ty as the solids content increases in the bituminized wastes.

Waste partic les o f light density a lso result in mixing problems. Strong  shearing 
forces  providing  vortex formation  are recomm ended to overcome the flotation of, 
for example, ion exchange resin s (Section  3.2) . Possib le foaming should also be 
taken care o f through proper  waste feed control and engineerin g provisions such as 
foam breakers  in the mixing vessel .

The off-gas system  removes evaporated  water from the waste solution  and also 
oil vapours released from  parti al distil lation of  the bitum en. The decontamination 
factors (DFs) realized for batch systems are dependent upon the evaporation rate , 
the use of  de-entrainment  devices in the vapour outlet and on the radionuclide c om­
posit ion. If  the evaporat ion r ate is high, usually through a  combinat ion o f high o per­
ating temperatures and high feed  rate s, a significant  release o f entrained d roplets can 
take place causing po or D Fs. How ever, good design can  brin g the DFs o f the system 
up to 100 or more [8]. Because there is part ial distill ation of  th e bitum en, oil is 
expected to  be found in the condensate. Concentrat ions o f up to 6000  mg o f oil per  kg 
of  condensate have been repo rted  [37] bu t, with p roper separation  equipment in the 
vapo ur discharge line, this concentrat ion can be lowered  to less than 1000 mg [44], 
It should also be recalled  tha t the correct choice o f the bi tumen type af fects the f rac­
tion of distil led oil.

The mixing vessel  should be designed to prevent local overheating and cold 
spots (e.g . crystallized waste salts on the off-gas  exit point ). This phenomenon is 
caused by temperatu re f luctua tions. Incrustation may lead to lower evaporation rates 
and to a higher water content in the final produc t.

Although a large number of  specific  design  crit eria have to be considered , 
batch processes are  generally of  simple construction and satisfactory operability . 
Batch systems normally operate in the evaporation  capacity rang e of 0.05  to 
0.1 m 3/h [1, 2, 8, 37].

Batch bituminiza tion systems for concentrates from  aqueous waste s were the 
prec urso rs of  the continuously operated systems that will be described  in Sec­
tion 4.1 .2.  Some industria l batch  facilities are instal led in nuclear pow er plants , 
because of  their  eff iciency and the ir capabili ty for processin g small amounts of  dif­
feren t radioactive wastes .

4.1.2.  Continuous processes

In this  section, the m ain charac teris tics of  continuous bituminization  processes  
are descr ibed.  The term ‘continu ous’ refers to that par t of  the process where the 
waste stream  at a  constant flow rate  is mixed with a constant flow rate of  bitumen,
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resul ting in a constant flow of  final product to be poured into the appropriate  
containers.

The processes that are  cons idere d here  are  extrusion  and thin film evaporation.

4.1 .2.1. Extrusion

General process  descrip tion. The extrusion process is applicable  to a wide 
varie ty of  wastes such as evap orator concentra tes, sludges  from  precipitation , slur­
ries of  powde red or  bead resins  and  diatomaceous earths  f rom  filt ration. The essen­
tial component s of  extrusion processes are given in Fig.  5 and comprise:

(1) Waste  feed equipm ent, includ ing pre treatment units for,  e .g ., precipitation  and 
insolubilizat ion of  rad ionuclide s, to improve the chemical compatibility with 
the bitumen matrix and parti ally dewa ter the waste;

(2) Bitumen storage and feed equipment;
(3) The ext ruder itself,  where the waste is m ixed with the bitumen and the water  

is progressively  evapo rated;
(4) The off-gas cleaning to condense the water vapo ur and separa te organ ic frac­

tions that  may volatil ize from  the bitumen during the residence time in the 
extruder . It also includes filtra tion of  the non-condensable off-gas fraction;

(5) The filling  station  of  the final product drums.

Extruder s for  bituminization have  been developed from  conventional plastic 
extrusion equipment . Since 1965, when the f irst  extruder s tarte d up  at  the Comm is­
sariat  a l ’energie  atomique (CEA ), Marcoule (France) , numerous  extruders  have

FIG. 5. Simplified diagram o f an extrusion process.
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FIG. 7. Deta ils o f extruder screws. (Courtesy o f C. Courto is a nd A. Saas, Comm issariat a  
I ’energ ie atomique, France.)

250-300
rev. /min

Extruder •

Bitum en, 
80 kg/h

Slurry , 
133 kg/h

■ Heating (3 kg/cm2 steam) or coo ling

n

■ 133 kg BWP/h

1 /  L 6

1
1

I H
• Drum, 220 L

Heating
(20 kg/cm2 steam) © © ©

40  kg/h 30  kg/h 10 kg/h

Disti llate, 80 kg/h

FIG. 8. Flow  sh eet show ing an example o f the extruder heating zones . The bitumen -waste 
pro duc t (BWP) has the fo llow ing  characteris tics: bitum en, 60 wt%; solids, 40  wt%; water, 
—0.5  wt%; density, — 1.35  t /m 3; radioactivity , < 37  GBq/L; produ ct volume, — 200 L.  The 
distil late contains the foll owing:  oil, —0.4 g/L;  N O f 100 mg/L ; NO  J, 50 mg/L; solids,  
20 mg/L . (Courtesy o f I. Merg an, Belgoprocess,  Belg ium.)
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been instal led worldwide for the bi tuminization of different  concentra tes f rom liquid 
waste trea tmen t f acilities at various nuclear power plants, in reprocessing facilities  
and diffe rent nuclear research establi shments.

The extruder has two or four  co-ro tating  horizontal screw s, which  consi st of  
shafts fitted  with knead ing, mixing and conveying sections, that  alternatively  
homogenize  and convey  the bitumens and the wastes  th roug h the extruder until the 
disch arge  point is reached. The  feed materials  (bitumens and wastes) ente r the 
extruder, where they are immediately  combined by the mixing action of  the inter ­
meshing screws. Figu re 6 shows a general view of  a typica l extruder and Fig. 7 
shows detail s o f the extruder screws. The screws are housed in close f itting barrels, 
which make up the extruder housing.

The required  heat  to evaporate the free water in the waste feed and to main tain 
a sufficiently  low viscosity of the bitum en is usually provided by steam thro ugh outer 
jack ets located in  the extruder body. Figu re 8 presents a  typical b ituminiza tion flow 
sheet showing an example of  the p artic ular  heating zones of  the extruder. A p roper 
tempera ture prof ile along the length  of the ex truder is the reby  main tained to provide 
adequate evapo rative  capac ity and to yield  a predetermined residual total moisture 
content in the product. Under norm al operating condi tions the mois ture content is 
about  1 wt%. Depending on the requ ired  prod uct quali ty, the highest acceptable 
mois ture content repo rted  is 5 wt%.

During the evaporation, water vapour and small amounts of  the lightest oil 
frac tion of  the bitumen leave  the  extruder  via  steam domes and are strained in con­
densers.  The disti llate  is retu rned to the liquid  waste trea tmen t system  when it 
contains a  trac e o f radioact ivity , the amount o f which depends upon  the radiological  
and chemical compositions of  the l iquid  waste and the pret reatm ents  th at have been 
applied to it.

A separation unit is generally instal led to  remove oil entrainmen t from the dis ­
tillate . Non-condensible  gases from  the disti llate r eceiver  and ven tilation ai r from the 
system  are processed  with a conventional high efficiency partic ulate  air  (HEPA) 
filte r system. A Tef lon coa ting o f the evapora tor domes and water spray devices may 
prevent incrustation s of  the  steam domes.

Since the discharge o f the liquid bituminized  waste mixture is continuous, the 
filling  station  located at the end of  the extruder mus t include a positioning  system 
to allow for subsequent  filling, cooling and closing  of the final packages (usually 
steel drums). The filling  of the drum s is carr ied out in two or more steps to allow 
for shrinking and minimizing the inc lusion of  air bubbles. The d rums are completely 
cooled  (about 24 hours)  before closing for  transport and storage opera tions . Owing 
to a possible evolution of  radioly tic gases,  a non-gastight drum  closu re has to be 
provided.

Prac tical  opera ting experience. The experience gained  so far with extruders 
for the immobiliza tion o f radioac tive wastes is based upon mo re than 150 000 opera t-
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ing hours and over 20 000  m 3 of  wastes that have been processed [45]. Extruders 
are used especially in the following specific cases:

(a) Large volumes of effluents and wastes,
(b) High activity contents (more than 10 GBq/m3),
(c) Large contents of soluble and insoluble salts in the  concentrates.

Bituminized waste products resulting from extruder processes normally satisfy 
all the safety requirements for reprocessing facilities.

TABLE XIV. CHARACTERISTICS OF BITUMENS

Distilled o r straight bitumen 

Softening point (°C)

Penetration 

Flashpoint (°C)

Storage and t ransfer temperature (°C)

Blown or oxidized bitumen 

Softening point (°C)

Penetration 

Flashpoint (°C)

Storage and t ransfer temperature (°C)

38 to  72

10 to 100 (0.1 mm per 100 g in 5 s at 25°C) 

220 to  315 

120 to 160

80 to 90

35 to 45 (0.1 mm per 100 g in 5 s at 25°C) 

>260 

140 to 160

TABLE XV. FIELD OF APPLICATION OF BITUMINIZATION IN 
EXTRUDERS

Waste type
Nuclear installation -----------------------------------------------

Evaporator
concentrates

Spent
ion exchange resins

Filtration
sludges

Precipitation
sludges

Nuclear power plants X X X

Reprocessing plants X X X

Research establishments X X
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Two types o f bitumen are commonly used for the bituminization in extruders, 
as can be derived from Table IX. The main characteristics of these bitumens are 
given in Table XIV.

The radioactive wastes that a re currently processed in extruders are low and 
intermediate level wastes, the characteristics of which are described in Section 3.

The field o f extruder applications to the various waste types is summarized in 
Table XV.

Most of the extruders in use today are one step units. In some part icular cases, 
two units in series have been operated to increase the evaporation capacity. The same 
effect can be obtained by filtration or by partial water evaporation of sludges prior 
to feeding them to the extruder. A double stage extrusion process has been operated 
in Marcoule, France [6, 38], whereas a rotary  dryer has been inserted upstream of  
the extruder in the former USSR [8].

The extruders are almost always installed as a fixed item of equipment, 
although a  mobile bituminization plant using an extruder has been reported [46],

The throughput of the extruders is determined by the evaporation capacity. 
With the extruders available at present, the evaporation capacity ranges between a 
few tenths of a kg/h for small scale equipment up to 230 kg/h. The throughput of 
final product depends on the dry solids content in the slurry feed (see example shown 
in Fig. 8). The rotating speed o f the screws is variable within the range of 30 to 
300 rev./min.

The operational speed is usually between 100 and 250 rev./min. The bitumen 
feeding and bituminized waste discharging temperatures are generally kept below 
175°C. As already indicated, appropriate  temperature profiles can be adjusted along 
the extruder. The oil content of the off-gases is generally 0.05 -0.1 wt% of the 
bitumen fed to the system [1].

The bitumen-waste mixture leaving the extruder normally has a residual water 
content o f less than 2 wt%. This mixture is poured into the containers, which are 
usually 210 or 220 L drums [47]. The filling station of the drums often comprises 
a turntable system with four to nine drum positions, depending upon the sequence 
of  filling and cooling.

Since the radioactivity concentrations o f the various waste types that are cur­
rently being bituminized can be relatively high, especially in the case of concentrates 
or sludges from liquid reprocessing wastes, the extruders and the radioactive compo­
nents of the auxiliary equipment need provisions for shielding. The external dose 
rates in contact with the final packages may range between 0 .05 and 10 Gy/h. The 
existing extruder units are mostly remotely operated and are installed in shielded 
cells [26, 39],

The entrainment of radioactivity in the water vapour depends upon several 
parameters, among which the radionuclide composition and the applied pretreatment 
of the wastes are the most critical ones. The available operat ing experience shows 
that DFs of up to 6000 have been obtained [48].
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Depending upon thei r hardness,  the immobilization of  salts and precipi tated 
solids may lead to abras ion of  the screw elements, particularly with high contents 
of diatom aceous earths. Wear of the screw elements due to abras ion has been 
measu red at the EUROBITUM facility of  the reprocessing p lant at Mol in Belgium 
of  the European  Company for the Chemical Processin g of  Irrad iated Fuels 
(EUROCHEMIC ) afte r 5050 h of opera tion [49, 50], Since the exchange of  screw 
elements is an operation  requ iring  direct contact of  personnel  with the equipment, 
a thorough decontamination of the ex truder and su rrounding equipm ent must be  car­
ried out to minim ize the occupational doses [50]. Two facto rs facilitate this opera­
tion: the use of  solvents  and the fact that the holdup volume of  bitumen-was te 
mixture in the extruder is limited to about 0.03 m 3 .

4.1 .2.2. Thin film evaporation

General process description. Thin  film evaporation is the alternative bitumini­
zation process  for the continuous immobilization o f liquid  wastes,  i.e. concentrate s, 
sludges, slurri es and spent ion exchange resins (Fig. 9).

The five essentia l components of  a thin film evaporation p rocess for b itumini­
zation are identi cal to those  given in Section 4.1 .2.1 for extru ders :

(1) The waste  storage with chemical or physical pret reatm ent and feeding 
equipment;

(2) The bitumen storage and feed equipment;

FIG. 9. Simp lified d iagra m o f a thin fi lm  evaporation  process .
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(3) The thin film evapora tor,  where  the waste is mixed with bitumen while 
evaporating the water ;

(4) The off-gas  clean ing system for condensing the evapora ted water  toge ther with 
the oil frac tion and for processing any non-condensibles;

(5) The  filling station for discharging the bituminized  product into drums.

With  the excep tion of  known thin film evaporation  proc esses  in  India [51] and 
the form er USSR  [52], all continuous thin film evaporation applications for the 
immobiliza tion of  wastes are based  upon the use of  LUWA thin film evaporators. 
This  type of  equipment was first  applied in a bituminization process developed by 
the CEA at Saclay and Cada rache in France during the early  1970s.

There are fewer thin  film evap orator units for the bituminiza tion of liquid 
wastes  than  extruders; however this  technology is com mercially available and in  use 
at both nuclear power stations  and at nuclear research  centres [8, 53-55] .

The  thin film evap orator is a heat transfer  device  consi sting of:

(a) A vert ical,  cylindrica l, heated surface to vaporize the water from  the liquid 
waste feed;

(b) A high speed rotat ing set of  blades.

The  blade tips have a clearance  with the inne r wall of  about  0 .5 to 1 cm and 
rotate at speeds of  up of  10 m/s . The rotational speed is between 600 and 1200 
rev ./m in, depending upon  the  physica l size o f the evap orator. The speed decreases 
with increasing  roto r diameter.  The tight clearance between the blade tips and the 
heated  su rfaces  permits  the wastes and bitumen to  be strongly agitated and provides 
a high heat transfer  coeff icient (1300 W • ° C '1 -m '2).

The liquid wastes are fed a t a controlled ra te into the top section of  the ver tical 
evaporato r. Liquid  bitumen is simultaneously metered into the evap orator through 
a second feed nozzle located diametrically opposite the bitumen feed port.  The 
evap orator is heated coun tercu rrently by a heating  medium, typical ly steam or hot 
oil, circu lated  through an exte rnal jacket.  As both the waste and bitumen are  fed into 
the evap orator, the blades of  an internal rotor spread the two stream s into a thin, 
turbu lent film against the heated  surface wall. The action  of the roto r blades  and 
grav ity create  a spiral  flow of the was te-bi tumen mixture.  As the mixture flows 
downwards th rough  the evap orator, water is evaporated and the vapo ur flows coun­
tercurrently upwards and leaves  the top section through a mechanical entra inment 
separator.

Most entra ined liquid droplets are removed from  the vapo ur stream and are 
returned  by gravi ty to the  thermal processing  section of  the evaporator.  The cleaned 
vapo ur passes  to the condenser. Any non-condensibles from  the condenser are dis­
charged into the exhaust air system for further processing. The  dist illate will requ ire 
further  treatment to remo ve the oil carr ied over  to the condenser, and the residua l 
radioactivity carr ied through the separator , as liquid droplets from  the evaporator. 
A schemat ic view of  an LUWA thin film evap orato r is presented in Fig.  10.
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FIG. 10. Vertical LUWA evapora tor. (Courtesy of C. Courtois and A. Saas, Commissariat a 
I’energie  atomique, France.)

At the bottom of  the evap orator a discharge system allows the bituminized 
waste product to flow into containers, which  are usually  drum s of  220 L capacity. 
Since the process is continuous the filling station must  al low for the positioning of 
the drums to collec t the bituminized w aste product, to allow cooling  and harden ing 
of  the product and to perm it the non-gastight final closure of  the drums.

While the above desc riptio n applies  to stationary applications, the thin film 
evaporation  process can also be carr ied out with a mobile unit. An example of  such 
a unit  is presented in Ref. [56],
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Practica l operating experience. The first  LUWA thin film evapora tor system 
operation  began  in 1971 at the Cadarache Nuclear Research  Cen tre,  Fran ce,  fol­
lowed in 1975 by the fi rst u nit operat ing in a power station  at the Swedish Barseback 
nuclear power station . Since then the process system  has achieved abou t 500 000 
opera ting hours and ove r 2000  m 3 of  bituminized wastes  have been  produced  in 
nine sta tionary units and in on e mobile unit , that have  been in  ope ration since 1983.

The bitumens used  in thin film evap orato r units  are:

(a) Dis tilled bitumens, with softening points be tween 45 and 65 °C and flashpoin ts 
between 220  and 280 °C — storage  temp eratu res of  the bitum en are between 
120 and 130°C;

(b) Blow n bitumens, showing low softening points at about 6 0°C  and flashpoin ts 
of  22 5°C ;

(c) Emulsified bitumens, in which  the bitum en feed is a mixture o f straigh t distilled  
bitumen, containing 35 to 45 wt% wate r, and 1 to 2 wt% emulsifying agents.

The  thin f ilm evapora tor process is bas ically applicable  to waste types similar 
to those  desc ribed  in Section 3, prov ided  the solids content in the feed is below 
20 wt%. In the case of  fi ltered  precipitation sludges, resuspension is necessary  to 
permit  thei r introduc tion into the top o f the th in film evaporator, otherwise thin film

TABLE XVI. TYP ICAL THROUGHPUTS OF WASTES IN LUWA 
EVAPORATORS WITH HEA T EXCHANGE SURFACES OF 2.0 m2

Waste type
Raw waste feed rate to evaporator 

(m3/h)

Bead resin, dewatered 0.11

Powdered resin, dewatered 0.11

Filter  sludge, dewatered 0.10

EDTA steam generator, cleanup waste 0.18

12% boric acid evaporator, concentrates 0.20

20% sodium sulphate evaporator, 
concentrates (untreated)

0.16

20% sodium sulphate evaporator, 
concentrates (treated for swelling)

0.07
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evaporato rs can tre at the same wastes as are at pre sent  being processed in extruders. 
As for othe r bituminization processes , attention has to be given to the feed 
homogeneity and to poten tial foaming in the thin film evaporato r.

Thin film  evaporator ins tallation a nd opera ting characteristics . The through­
puts  of LUWA th in film evaporators depend upon their heat exchange su rface  areas . 
Current  operating  units have surface areas of  0.5 , 1.0 and 2.0 m2 . Fo r the largest 
LUWA evaporato r, which  has a heigh t of  about 2.5  m and a  diameter  of  0.3 m, typi­
cal process rates  are g iven in Table XVI. The veloci ty of  the rotor blade  tips is 8 to 
9 m/s . The  evap orator is heated with a recirculating heating oil system with an 
adjustable inlet tempera ture of  250 to  300°C. The tempera ture of  the bitum en waste 
prod uct can vary between  140 and 190°C and the  evaporation capacity between 0.05 
and 0.2  m 3/h.

Thin film evaporato rs opera ted in the form er USSR [52] ar e la rger in  size and 
use steam as a heating  medium. The reported data  on  evaporators with an evapora­
tive capacity of  0.2  m3/h,  which  were considered in the reference  design  of  the 
bituminization facility  for a four unit nuclear power plan t with WWER-1000 reac­
tors , are:

(1) Steam tempera ture,  170°C;
(2) Total heigh t of  eva pora tor, 6.3 m, with a diameter of  0.8 m;
(3) Rotational speed of  ro tor  blades, 64 rev ./min.

The low rotational speed of  the blades in contact wi th the bitumen waste mix­
ture  reduces the e fficiency of  the unit. This change in  operation requires larg er heat 
exchange surfaces  to accom plish the same thro ughp ut as the sm aller  LUWA evapora­
tors. The discharge temperatu re of  the bituminized waste leaving the evaporato r 
determ ines the water content of  the final product. Above  125°C the water content 
is less than 1 wt% , while  operating the evap orato r with a d ischarge  temperature of 
115°C will increase the wate r content to 10 wt%.

Since the bitumen waste  mixture is carr ied down  the vertical length of  the 
evap orato r by grav ity, the increase in solids content raises the viscosi ty and may 
cause  discharge dif ficulties for solids contents in excess of  50 wt%. Typica l product  
solids contents levels to mainta in the smooth opera tion of the thin film evaporato r 
are between 30 and 45 wt%.  At higher levels buildup of  materia l on the blades  and 
on the heat tran sfer  surfaces limit  produc tivity.

The entra inment o f radioactivity in the vapour released during evaporation  o f 
the liquid wastes is chiefly dependent on  the na ture of  the radionuc lides , the concen­
tration of the waste feed and the waste feed rate.  Typica l DFs where entrainment 
devices  have been used are in the range of  a few thousands [57],

Minimal routine maintenance is required for thin film evaporato rs. The major 
maintenance and repair items are the upper mechanical seal, the lower bearings and 
the roto r blades (Fig. 10), which should be serviced at least once a year.
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4.2 . BITU MINIZATION OF SOLIDS OR PRED RIED  WASTES

Basically  th ere are few bituminization p rocesses that  are solely devoted to the 
embedding of so lids; i.e . bituminiza tion processes without evapora tion [37, 58, 59]. 
The processes are relatively small scale batch operat ions in which solid or predried 
wastes are introduced into a vessel containing molten bitumen and the two compo­
nents are mixed to crea te a homogeneous product that is subsequently discharged to 
a conta iner and allowed to cool. The production  rates  are from two to five 210 L 
drum s per  day; one drum usually  being prepare d at a time.

The processes have been  applied  to dried sludges in Aus tria [59] and the 
form er USSR [8] to dried ion exchange resin s in Finland [58] and to incinerato r 
ash in Canada [33]. In each case the equipment  used is somewhat diffe rent , e.g . an 
extruder, a conica l mixer or  a ribbon blender. Only the Aus trian  process relies 
entire ly on sedimentation of  solids in molten bitumen to achieve  solidification. In 
gene ral, mixing is requ ired  to  al low wetting  of the solid mater ial with molten b itu­
men and to ach ieve a hom ogeneous p roduct. The p rocesses  re ly on weight  measure­
ments to achieve the correct ratio  of  wastes  to solids (generally 1:1), either by 
weigh ing the wastes  as  they are transfer red to the m ixing  vessel or by weighing the 
content of  the mixer. The processes are quite simple to operate. The products are 
discharged to 210 L drum s for subsequent  storage afte r the content cools and the 
drum s are capped.  The mixing operation  can be accomplished in one to two 
hours.T he processes a re vented  to normal HEPA filt er systems to remove fine parti ­
cles of  waste that become airbo rne during the transfer  operation . The mixers are 
closed  systems and therefore releases are  limited to the  filter systems. The operations 
can be easily handled by manual or remote manipulation .

When  dealing  with special pieces  of  solid waste or  scraps, the latte r can be 
packed into a  meta llic drum  in which all vo ids are thereafter filled with molten  bitu­
men to ensure proper  embedding of  the waste.

4.3 . SAFETY ASPECTS OF BITU MINIZAT ION PROCESS
OPERATIONS

4.3.1.  Conventional safety

4.3 .1.1. Storage o f bitumen

As described  in the p revio us subsect ions of  this section , bituminiza tion facili­
ties use liquid b itumen as  the matrix m aterial for the embedding process.  In the case  
the bitumen is no t emuls ified , the  storage of significant quantities o f bitumen  requi res 
heating  the bitu men a t temp eratures  that ensure  a sufficiently  low viscosity  whi le still 
remaining sufficiently far  below the flashpoint.
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In practice  the s torage of heated bitumen is ca rried out in ven ted fully insulated 
carbo n steel vesse ls with capaci ties ranging from  5 to 30 m 3 . Heating bitumen to 
temperatures between 120 and 160°C (depending upon the v iscosi ty and flashpoint) 
is done by means of  steam  or low power density electr ic coils . Because  of  the low 
thermal conductivity of  bitumen,  appropriate control provisions must  be available  to 
avoid local overhea ting of  the coils and the  forma tion of coke, which has even worse 
heat transfer  characteri stics .

A recircu lation circuit wi th a fil tration capac ity, as well  as an  inert  gas blanket­
ing system, is highly recom mended for  the improvement of  the storage conditions  
of the molten bitumen. The bitumen storage tank is usually  in stalled  separately  from  
the components  o f the  fac ility containing radioa ctivity  and is equipped w ith an ade­
quate fire  protection system, e.g . CO2 and heavy foam.

Fire  fighting with wa ter systems should not normally  be considered. However, 
a well des igned  and controlled sequential  water spraying sys tem may p rovide, in suc­
cessive steps with prop erly  limited wate r volumes, the required cooling effect, avoid­
ing undesirab le foaming and scatter ing of  the bitumen.

At the storage tem peratures  currently used and with the  rout ine process control 
equipment,  the conventional risks  associated  with the storage o f bitumen a re consid­
ered to be negligible.

A simplif ied diagram of  a bitumen feed system is given in Fig. 11.

To process

FIG. 11. Simplified diagram o f a bitumen storage and feed  system.
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4.3.1 .2. Analytical programme before processing wastes

As the immobilization o f certain types of wastes into bitumen may not only 
involve the danger of ignition but also of explosion-like reactions, much attention has 
to be paid to the monitoring and the control of the concentration of  these chemicals 
for the safe operation of  bituminization processes.

In this respect, the waste concentrates from reprocessing plants, especially 
those containing nitrates and thermally unstable or volatile organic compounds, can 
be identified as a critical type of  waste as well as concentrates of  changing composi­
tion resulting from the evaporation of different effluents produced in nuclear 
research installations. In addition to NaNO3 , there are other chemicals giving rise 
to redox reactions such as MnO2 and CoS2 , which can enhance the oxidation of 
bitumen with vigorous exothermic reactions. Moreover, compounds tending to 
decompose a t elevated temperatures in exothermic reactions should be monitored.

Analytical methods such as DTA combined with evolved gas analysis (EGA) 
and DSC are considered to be reliable means for the detection of  such compounds 
and/or the risk of corresponding uncontrolled exothermic reactions. These analyses 
are carried out on dried samples of  batches that are to be bituminized. In this way 
the thermal behaviour o f the sample residue is determined. Each recorded important 
exothermic deviation below 250°C is an indication of  a heat producing reaction that 
can constitute a hazard when incorporating the investigated residue into bitumen. 
From the numerous investigations that have been performed on bituminized products 
prepared from pure NaNO3 and NaNO2 with blown bitumen (Mexphalt R90/40 or 
R85/40), one can conclude [26] that there exists no risk of  a spontaneous exothermic 
reaction, provided that the bitumen-salt mixture contains at leas t 40 wt% bitumen, 
that the different salt constituents are homogeneously dispersed and that the tempera­
ture throughout  the mixture is kept below 280°C. If the homogeneous dispersion of  
the salts cannot be assured, a minimum content of  50 wt% bitumen is required and 
the temperature at any point of the mixture should not exceed the flashpoint.

Similar thermal analyses on waste-bitumen mixtures may also be recom­
mended — at least when the analytical results on the waste residues above reveal 
exothermic deviations below 250°C. The results will determine the appropriate 
bituminization conditions, e.g. the waste-to-bitumen ratio, and the operating temper­
ature or the specification o f an adequate pret reatment that has to be performed to 
eliminate the hazardous compounds (Section 3) and assure a safe bituminization of 
the waste batch.

The application of DTA in combination with EGA and/or DSC has been shown 
to be an effective and sufficient analytical programme to determine the feasibility of 
bituminization for non-routine wastes, especially those from reprocessing operations 
[26, 60].

Alternative analytical procedures to verify the chemical compatibility between 
bitumens and wastes are the determination of the flashpoint and ignition point on pre-
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pared samples [60, 61]. The lowering of these tempera tures compared with those 
relative to pure bitumen indicates the level of  hazard  at the operating temperature 
of the bituminization process.

A valid  analy tical investigation prog ramm e before starting each bituminiza tion 
campaign with new or undef ined waste streams is therefore mandato ry as an impor­
tant safety prov ision  and often a supposition for the acceptance  of  the bitumin ized 
waste product.

4.3 .1.3. Temperature control and  proce ss interlocks

There  is sufficient scientific  evidence from  all invest igatio ns, car ried  out on 
fire and explosion risks  associated with bituminiza tion proc esses, that at tempera­
tures  low er than the flashpoint these processes can be o pera ted safely, prov ided  that 
reasonable waste-to-matrix ratios  are maintained and that uncontrolled exothermic 
reactions are excluded because  of  the app ropr iate wa ste pret reatment. In combination  
with the analyt ical prog ramme described  in Section  4 .3 .1 .2 , adequate temperature 
controls throughou t the bituminization p rocess  and redundan t process  in terlocks a re 
important aspects when designing,  constructing  and operating  bituminiza tion 
facilities.

Typical  equipm ent components  that need to be inter locke d are the metering 
pumps  for the waste components and those for the bitumen. Other interlocks are to 
be installed  betw een severa l temperatu re sensors and the heating system, in pa rticu ­
lar in the drum filling and cooling  station.

4.3 .1.4. Fire  pro tect ion programm e

The main object ives of  a fire protection  prog ramm e comprise at least the 
following:

(a) Fire  prevention ,
(b) Early  and reliable fire detection,
(c) Effic ient fire  fighting ,
(d) Limita tion of  fire extension,
(e) Limita tion of  consequen t damage,
(f) Maintained  operability  of  safety functions,
(g) No unacceptable radioactivity release  or exposure.

Bituminization  processes may involve the following combustibles [62]: the 
bitumen, the bituminized product, the decontamina tion liquids  and,  in some cases , 
the heating  fluid.

The maxim um operating temperatu re of  the bituminiza tion process should  be 
set at least 50°C below the flashpoint of  the bitumen being used.  This temperature 
diffe rence  is adequate to p revent fires under most foreseeable opera ting conditions.
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Ventilation is required not only for nuclear safety reasons but also to ensure 
the removal of any combustible volatiles that may be  released from the bituminized 
products. In this respect, the most critical points are at the bituminized product outlet 
and at the drum filling and cooling stations, where extensive ventilation has to be 
provided. Other locations about which there is concern are the processing area where 
the mixing of wastes with bitumens occurs, and the venting system where volatiles 
may be collected.

At all the above locations, efficient fire detection systems have to  be installed 
(smoke, temperature and flame detectors). Typical fire suppression involves [62] the 
deployment of the following systems:

(a) Carbon dioxide,
(b) Heavy foams,
(c) Halogen foam,
(d) Water sprays.

As already mentioned in Section 4.3.1 .1 concerning water spraying, sequential 
sprays o f properly limited water  volumes have proven to be an efficient method of 
cooling and extinguishing that avoids undesirable mass foaming and spreading of the 
bituminized product, which would occur with large amounts of water. Furthermore, 
external cooling of the drum wall by water sprays has also been shown to be effective 
in abating exothermic reactions in the bituminized product contained in a drum [60].

4.3.1 .5. Solvent cleaning precautions

In cases where decontamination of  the equipment is required (maintenance, 
repair, etc.), appropriate procedures have to be strictly applied. An initial decon­
tamination can be achieved by feeding pure water and/or bitumen to the process 
equipment.

When bitumen or bituminized products have to be removed, it is recommended 
to use non-flammable organic solvents. An example of  a thorough decontamination 
and cleaning process of a screw extruder facility is presented in Ref. [50].

4.3.1 .6. Reported incidents

Literature reviews have indicated information on only five operational inci­
dents [57], Three incidents have occurred at the Karlsruhe Nuclear Research Centre, 
Germany [29, 63, 64], in relation to a twin screw extruder process, two of them 
causing a fire.

The first incident occurred when vapours were ignited while a drum was being 
filled. Organic solvents in the waste concentrate caused the fire. Only one drum 
caught fire.
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In the second incident, the evap orato r concentra te had a pH of  13.8 and the 
agitation facility in the feed tank was not in operation , allowing organ ic components 
in the waste (TBP,  degradat ion products,  antifoaming  agents) to separate. In this 
incident two drums caught f ire and fumes, which w ere  noticed to  be escap ing from 
the drum s, ignited .

In the  thi rd repo rted  incident, a newly filled d rum was immediately  sent to the 
storage cell,  rath er than first  be ing cooled. Escaping fumes , late r determined to be 
HC1 from polyv inyl chloride (PVC) powd er trapp ed in the bitum en produc t, trig­
gered alarms. The resul t of  packaging  the 175 L drum  in a re info rced  200 L shipping 
conta iner befo re the drum had cooled  down allowed the prod uct to rema in at an 
elevated te mperature continuing the decomposition o f PVC and the release of  HC1, 
but no fire occurred.

Another insta llation  that repo rted  a fire was the bitum en plant at the United 
Kingdom Atomic Energy Authority  at Harw ell, which  was decommissioned in the 
early  1970s [65] . The incident took place during commissioning  of a batch bitumen-  
waste mixing unit pro vided wi th electric immers ion heater s. When the fire  occurred 
there was not suffic ient bitum en to cover the elect rical  heaters  completely and the 
agitator had tripped  out. The  temperatu re of  the  b itumen at the immersion heate rs 
rose rapid ly and the bitum en ignited . The surface fire  on  the  bitumen only b listered 
the paint in the ven tilation duct connected to  the tank.  The fir e extingu ishing system 
(CO2) worked effectively and prevented further  damage .

A fire on 15 December 1981 at the EUROBITUM facility  of  the 
EUROCHEMIC  plant at Mol in Belgium was reported in Refs  [66, 67]. The follow­
ing facts associated with the incident are characte rized and are described  in 
Ref. [60]:

(a) Three drum s of  220  L partially filled with bitum inized waste product caught 
fire 8 h a fter being filled at  intervals of  1 to 1.5 h . By means of  CO2 injection, 
light foam injection and water  spraying, the f ire was ex tinguished  within a few 
minutes .

(b) The waste concentra te being processed  was  a  non-standard  mixture of  bottom 
residues from  a storage tank for evaporation  concentrates  con taining TBP and 
its deg radation products , decontamina tion l iquors and recycled extruder disti l­
late, containing bituminous  oil and othe r volat ile substances.

(c) The non-stand ard waste mixture,  which had to be bitum inized, was insuff i­
ciently  known regarding its composition  and therm al stability, because the 
prescribed analytical p rogramm e had not  been  carried ou t. Analytical contro ls 
performed thereaft er on the waste mixture have  demonstrated  that the refer­
ence analyt ical prog ramme (DTA , DSC) would have been  able to  iden tify the 
exothermic  behaviour and avoid  the incident .

With  the excep tion of  the Harw ell incident, which  was the resu lt of  a lack of  
equipment  inter locks  and the use  of  electric immersion hea ters,  all oth er known inci-
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dents were  caused by the presence of organic  materials in n itra te-nitr ite concentrates  
and the incomplete analytical knowledge of  the waste composition and its thermal 
behaviour . This underlines once again the im portance o f analy tical invest igations on 
the waste stream s to defin e the appropriate process condit ions guaranteeing a safe 
bituminization.

4.3.2. Radiation safety

4.3 .2.1. General considerations

The radia tion safety aspects that are of  par ticu lar concern when dealing with 
bituminization plants  are:

(1) Shielding  and monitoring provis ions to minimize occupational doses ,
(2) Radiat ion monitoring ,
(3) Prevention of contamination spreading in the process build ing,
(4) Protection against unacceptable activity  releases under incident condit ions.

Personnel radia tion protection  and radia tion moni toring  measures are com­
parable with those  taken  at all nuclear facilities. Contamination and unacceptable  
release aspects have to  be examined taking into  account the  spec ific conditions o f the 
bituminiza tion processes . Additional requi rements concernin g alpha  emit ters also 
need to be carefu lly assessed.

4.3.2.2. Shielding

Since bitumen has a low density compared with cement or cement based mat rix 
mate rials , the self-shielding effec t of bituminized waste  products is poor . On the 
othe r hand , the relatively high waste loading facto rs that  can be achieved with 
bituminization may resu lt in a considerable radioactiv ity concentra tion in the final 
product and significant radiation levels.  The opera ting expe rience gained with waste 
concentrate s and  sludges  from reprocessing  plants shows th at 220 L dru ms with con­
tact dose rates in the range 2 to 10 Gy/h may be produced.

In the case of waste s f rom  nuclea r power plants, the activity  levels are lower 
and the waste packages may have contact dose rates  up to 0.5  Gy/h .

It is therefore important  that a bituminization facility be designed and con­
structed to provide suffic ient shielding o f the d ifferent p lant components . In the nor­
mal plan t layouts, the waste storage and feeding component s, the prop er 
bitumen -waste mixing unit and the drum filling and cooling station are instal led in 
separate cells to allow for maintenance without i nter feren ce from  adjacent  rad iation  
sources. For ins tance , concrete w all thicknesses o f up to 105 cm have been provided 
at the EUROBITUM facility in Mol , Belgium [39], between the filling station  and
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FIG. 12. Typical example  o f shielding arrangemen t (TVR-III) a t Mol-Dessel in Belgium [53]. 
Shielding not  shown to scale.

the control room. In the case of  mobile bituminization plants , the shielding require­
ments  depend upon  th e radiological characteris tics of  the waste to be processed in 
each individual campa ign. The transportable volume reduction  system TVR-III is 
equipped with shielding that is des igned to allow for the processing of  typical PWR 
and BWR waste types  [53]. This shielding consists  o f steel plates, which a re located 
around the waste feed tank, as well  as the dru m fill ing and  loadou t areas. This shield­
ing is removed when transport ing the system.  In addit ion, the design allows 
increm ental  installation steps to cope  with the activity  level  of  the waste  being 
processed.  Figu re 12 shows a  typical  sh ielding a rrangement for the TV R-III  system.

4.3 .2.3. Contamination protection

The  spread of  airborne  contam ination  is avoided by increasing the negative 
pres sure  levels inside the contaminated  equipment  and by a room ventila tion system 
that ensures a d raft  from the areas  with a  lower contaminat ion hazard to areas with 
a higher contamination hazard.

Vessel venting has  to be provided for the waste concentra te s torage vessel, the 
waste pret reatm ent system,  the waste feed tank and the bituminiza tion equipment.
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A special venting system at the outlet of the bituminized waste products and the 
drums under filling conditions must also be provided.

Under normal operating conditions the risk of contamination in the cells hous­
ing the bituminization equipment and the drum filling and cooling station is 
negligible.

Possible contamination risks consequent to a fire incident have to be evaluated 
and adequate provisions  made, e.g.:

(a) Efficient fire fighting means producing as little secondary wastes as possible,
(b) Provision of drip trays to collect sprayed o r escaped liquids and bituminized 

waste products,
(c) Surface materials or coatings that are easy to decontaminate.

4.3.3. Conclusions on the safety aspects

From the above considerations the following conclusions can be drawn:

(1) Provided that the measures described on defined analytical controls of the 
wastes, on process controls and interlocks, on ventilation as well as on fire 
prevention are taken, the probability of occurrence o f a fire during bituminiza­
tion is extremely low and does not justify the level o f apprehension associated 
with bitumen flammability.

(2) However, appropriate technical measures can be integrated into the facility at 
reasonable costs so as to minimize the possible consequences of incidents from 
the conventional as well as from the nuclear safety standpoints.

(3) All subject items dealt with in this section have to be assessed in the safety 
analysis of any bituminization facility.

5. PROPERTIES OF BITUMINIZED WASTE FORMS

As this report  is a presentation o f the state of  the art and of good practice with 
respect to the bituminization processes in the management o f radioactive wastes, it 
may also provide some guidance in preparing good performance specifications for 
all bituminized waste forms. The criteria can be qualified by suitable tests.

To begin the quantification of  the quality control o f bituminization processes, 
bituminized waste products must be subjected to specific tests that determine the 
ability of  bitumen to provide a product suitable for disposal. It is essential that the 
products perform adequately during all phases of handling, storage, transportation 
and disposal.
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In addition to the safety aspec ts, the effect of  various  wastes,  and of  the radio­
activity conta ined in the wastes, on the propertie s of  the bitum ens is an important 
factor in determin ing if  a bitumen is a logical choice  as a  matrix m ateria l. Of  course, 
the requirements imposed by the storage facilit ies and by the disposal site shall 
influence the choice o f the matrix mate rial, the composition o f the final waste form 
and its packaging.

To understa nd and control the bituminiza tion process and to attempt to 
optimize the packaging,  transpor tation, handl ing, storage and disposal options 
requ ire knowledge of  the safety issues and of  the physical,  chemical,  physico­
chemical and radiological p rope rties  o f the final waste form.  Each o f these top ics is 
discussed below as it relates to bituminized  products.

5.1.  REQU IREMENTS FOR  STOR AGE, TRANSPORTATION
AND DISPOSAL

The bituminiza tion processes described  in Section  4 resu lt in final packages 
that ar e mostly metallic 220 L drums. After  cool ing, closure,  radia tion and contam i­
nation  moni toring  and identi fication, these final packages are ready for the 
subsequent steps in the management scheme: storage, transpor tation and disposal .

Depending upon  the status of  development of  the radioactive waste manage­
ment  strategy in individual coun tries , on-site  or off-site storage may be requi red 
while awaiting the availability of  a disposal  site. When th e disposa l site is available 
the packaged waste can be shipped direct ly to it.

A number of  requ irements , which  relate to storage, transportation  and/or 
disposal, need further  cons idera tion because o f some of  the typical characteri stics  o f 
bituminized waste products. The  purpose of  this section is to identify these charac­
teris tics,  which are described  in more de tail in Sections 5 .1.1, 5.1 .2 and 5.1 .3,  and 
to comment on the specific  safety measures that they may requi re.

5.1 .1.  Storage of  bituminized wastes

The mixing of  wastes with bitumen causes an increase in the softening point 
and a decrease o f the penetrat ion and ductil ity o f the bitumen. The mechanical stabil­
ity of  the end product,  howe ver, requ ires a conta inment vessel, that will maintain 
its integr ity and quality during the expected storage perio d. The use of  metallic 
drums, either galvanized  carbo n steel or stainless  steel, with wall thicknesses of  
1.0 mm or more, respo nds to this requ irement and allows remote stacking  o f drums 
five to six h igh. Vert ical storage of  drums is m andatory to avoid any possib le flow 
of  the bituminized  product outsid e of  the drum.

During storage , swelling o f the bituminized w aste can be  caused by the forma­
tion and accumulation  of  radio lytic  gases,  by reta rded  o r low speed chemical reac-
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tions or  by  wate r uptake  by salts. While  in mos t cases the natura l shrinkage of  the 
bitum inized waste af ter cooling allows suffic ient space for such swelling, in par ticu­
lar  cases, where a  significant swelling may be expected owing to  the characteris tics 
of  the waste, a reduction  of  the exten t to which the drums are  filled should  be consid­
ered . Pour ing a thin laye r o f pu re bitumen on top of  the bituminized waste product 
is also prac tised  as a mean of  coa ting and preventing water uptake .

The presence  of  radio lytic  gases  requ ires two specific  actions. Firs tly,  the 
drums must  not be  closed tightly in o rde r to  avoid pres sure  buildup ; in p ractice the 
cove r lids are mechanically  fitted to the drum s by bolting or crimping the lid at a 
distinct number of  points. Secondly, the buildup of  hydrogen  in the storage 
confinement (building or conta iner)  needs to be limited below the lower explosion 
limit  for hydroge n in air  (e.g. 4 vol. %). The rates o f hydrogen generat ion un der high 
radia tion doses, howe ver, are so low that the natural  ventila tion of  civil enginee ring 
const ructions due to  atmospheric pres sure  varia tions  is usually  sufficien t to evacuate 
the hydrogen. Forced ventil ation  can be instal led so as to be almost certa in of  safe 
condit ions [68].

Bituminized  waste products containing up to 60  wt% wastes  from  the operation  
of  reac tor and reprocessing  plants do not explode or detonate under storage condi­
tions , nor  do they bum if  they are not heated above 300 °C and an external ignition 
source is absent. These conclusions  from relevant invest igatio ns, carr ied out in 
Germ any,  the form er USSR and the USA [69-71], clear ly indicate that bituminized 
waste products  cannot be cons idere d as the main fire hazard. Even  at the usual 
maxim um specific  rad ioact ivity  levels, the decay energ y cannot h eat the bituminized 
waste product to such tempera tures in a 200 L drum.

As discussed in Section 4.3  the b ituminized low and intermediate level wastes 
require  shielding provi sions  as a resul t of  the low self-shielding capaci ties of  
bitumens (60% of  the value o f cemented wastes) and because o f the high waste load­
ing factors obtained. The retrievable storage concepts are complemen ted either by 
engineered const ructions on or  near the ground surface, or by shielded concrete 
casks , housing  one or  more drums , which can be  placed in  a light st ructure building.  
Examples of  both pract ices are  described in Ref. [1], showing th at these techniques 
are well known and widely  used.

5.1 .2. Transportation o f bituminized wastes

The basic requirements applicable  to the transport of  radioac tive wastes are 
given in the IAEA Safety Standard , Regula tions for the Safe Transport of  Radio­
active  Materia l [72]. In implementing the p rovisions o f these regulations, it may be 
necessary  for Member States to issue complemen tary national regula tions.

Available technology is adequate to meet  the transpor tation requi rements for 
low and inte rmediate level wastes.  These wastes, including bi tuminized  wastes, have 
been  packaged and shipped routinely throughou t the world for many years .
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Typical safety aspects that relate to the transportation of bituminized 
wastes are:

(a) Presence of a sufficient amount of shielding to meet transport requirements,
(b) Requirements on dose rate and surface contamination limitations,
(c) Mechanical stability o f the containment for the bituminized waste product,
(d) Behaviour of the conditioned wastes when incidents occur involving fire and/or 

explosion risks.

For bituminized waste drums with dose rates at contact exceeding the estab­
lished limits on radiation levels, transportation in overpacks with capacities for one 
or more drums is currently carried out. Examples of typical arrangements for 
reusable t ransport casks are described in Ref. [72].

The mechanical resistance of the primary package with its contents against 
impacts has been studied in relation to t ransport safety. Tests have been carried out 
in Finland with 200 L drums filled with bitumen that have been dropped from heights 
of between 1.2 and 20 m [73]. From these tests it was concluded that reactor waste 
immobilized into bitumen and packaged into steel drums has a very high mechanical 
impact resistance. It is almost impossible to imagine an incident situation where a 
considerable part of  the radioactive content could be released in dispersible form as 
a result of mechanical damage. The use of casks increases this mechanical resistance 
substantially.

Because of  the relatively high flashpoint of  bituminized waste products, it is 
impossible for a spontaneous f ire to occur in a transport accident if an external fire 
source is absent. There exists no risk of explosion during transport. Experiments on 
the effects of fire on pure bitumen and simulated bituminized waste products in 
200 L drums have been carried out. Other experiments have demonstrated that when 
concrete containers are used as shielding devices then protection against external 
fires [71, 74] is effective. Such a concrete overpack  would be mandatory should the 
safety evaluation of  an accident involving fire during transportation indicate that 
without such a shield, the release o f contamination could exceed the tolerance level.

The safety assessments on the transportation by sea of bituminized waste 
products from Swedish nuclear power plants, [75], lead to the conclusion that the 
sea transportation system can be deemed to meet very high safety standards.

5.1.3. Disposal

The long term behaviour of bituminized waste products is o f importance for 
the safety assessment of the disposal systems and the criteria for acceptance of the 
waste form in individual disposal sites.

Since bituminized radioactive wastes cover both alpha and beta-gamma 
emitters, the time span of  concern may differ substantially between wastes from 
nuclear power plants and wastes from reprocessing or equivalent activities.

52



The bituminiza tion of  the wastes, aiming at the conversion of  the wastes into 
a m ore stable form, their  packaging and any additional engineering b arri ers used in 
the repos itory design, as well as the natura l bar riers of  the actual disposal  site, are 
important factors for isolat ing the wastes from  the biosphere.  The  relat ive impor­
tance  of  the various bar riers can be determined by a safety analysis of  the total 
repos itory system and the pathways of  the radionuclides back to man.

Depending upon the requ ired  quality of  the source term , e.g . the bituminized 
waste radionuclides, othe r propertie s, which may need furth er consideration are:

(a) Radiat ion effects and stability ,
(b) Therm al effects and stabili ty,
(c) Dimensional and mechanical stability,
(d) Chemical stability ,
(e) Long term  sedimentation and homogeneity,
(f) Interaction  with surrounding  disposal media,
(g) Gas generation and effects ,
(h) Leach resistance ,
(i) Microbial stability.

5.2 . PHYSICAL PROPERTIES

It has been sugges ted, and it is considered  by a number o f Mem ber States, that 
the physical properties of  an immobilized  waste form are an integral part  of  a 
disposal system assessment. Some of  the more  important  physical properties of 
bituminized  waste forms that are relevant with regard to the bituminiza tion process 
as well as to the storage and disposal are discussed in the following sections.

5.2.1 . Waste-to-m atrix ratio

Many references express the waste content in the final product as a weight 
percentage . It is to be remembered th at several physical properties a re influenced by 
the volume ratio  between waste and matrix  as  well as by  the size distribution o f the 
waste pa rticle s. Since bituminization is a therma l process , most if  not all of the water 
is removed leaving  a dry waste in the final product. Solid part icle loadings in a 
viscoelastic  substance  such as bitumen alter its viscosity. The viscosity will increase 
exponentially as the quanti ty o f solid par ticles  increases [76]. Waste loadings that are 
too high may have detrim ental  effects . Firs t, an increase in viscosity could lead to 
discharge difficulties of  the produc t by b locking the discharge. Second, and o f more  
concern, are the difficulties expressed by a number of  authors about the swelling o f 
bituminized  waste  forms associated with water  uptake, as noticed in leaching experi­
ments  [77-79].  This issue is described  in more  detail in Section 5.3 .4.
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5.2 .2.  Homogeneity

The homogeneity of  a bitum en waste prod uct is quali tatively defined by the 
absence of  voids , bubbles, fissures and othe r prod uct alterations as well as the 
absence of  uncoa ted waste  parti cles.  Quant itatively, a bitum en waste product is 
homogeneous when the wast e material  and the radioactivity content are uniformly 
distributed , so that the resul ts of  chemical and radiochemical analyses of  a random  
sample  would not devia te from  the requ ired average chemical composition  and 
reference radioactiv ity content in the specifica tions.

As an example, the specifications for nea r surface disposal in France [80] 
requ ire that the devia tion from the reference values should not exceed  25%.  The 
level of  homogeneity in the  radioactivity can be  measured by non-destruct ive gamma 
scanning of the packages  or  by destruc tive analysis o f the sam ples. In the  latte r case,  
the sampling is car ried  out at a minimum of  three levels in the package with three 
samples per level.

Homogeneity  is dependent upon the in tensity  and duration o f mixing , the ratio 
of  waste to bitum en, the type o f waste, the rate of  water evaporation, the presence 
of  emulsifi ers, the scale o f opera tion,  the bituminiza tion equipm ent, the type o f bitu­
men and the process temperatu re. In general, inhomogeneity is caused by diffe rent 
sedimentation rates . The slower the mixing and the lower the evaporation rate , the 
larg er is the size of  the salt crysta ls and the probability  of  sedimentat ion. At high 
waste loadings o r when there a re more than two solid phase s, e.g . cation  and an ion

TABLE XV n.  CAL CUL ATE D MEAN SEDIMENTATION  RATES FOR  SALT 
PARTICLES EMBEDDED IN BITUMEN B15 [11]
(in un its o f mm/a)

Sample3

Tempera ture  (°C)

30 40 50 60 70 90

1 4 X 10"4 5 x 10’3 3 x IO"2 1 x  10 '1 6 x  1 0 1 7.5

2 2 x  10"* 3 x  10 '3 1 x  10J 5 x  10 '2 2 x  10_l 4.3

3 3 x  IO"4 3 x  10"3 2 x  10’2 9 x 10 '2 3 x 10’ 1 6.5

Bitumen:salt  weight ratio , 1:1; soften ing p oint range, 98° C — 100°C (ring  and ball test); 
average  salt  par ticle diameter, 30 gm; salt par ticle density,  2.261  g/c m3 ; bitumen density, 
1.045 g/c m3 .
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resin beads, which are d ifferent in density and size, inhomogeneity may result. It has 
been  shown that, with the use of  dis tilled bitum en, inhomogeneity will take place 
with a shor t mixing time  [81].

For denser or larg er part icles, the down wards movement  in molten bitumen 
may be accele rated  with the use o f a so fter, less v iscous  bitumen. Since bitumen has  
a low thermal condu ctivi ty, it will take more than 24 h to cool a full 200 L drum 
(cooling rate  is a bout 2°C/h) . In this time p erio d, phase separation co uld take  place  
if  the bitum en has a  low viscosity. In general, this i s one o f the reasons th at the  high 
capac ity bituminiza tion units  use drum s moun ted on a turntable and thus  limit  the 
amount of  material po ured  into a  container, allowing the product to cool down before 
adding more.

Inhomogeneity may lead to changes in various prop erties, such as increased 
leaching and modified microstructure of  the waste bitum en product. These  
pheno mena  have  been obse rved  by comparing two products with diffe rent waste  
loadings, and with diffe rent homogenei ties [82],

Taking into account the plast ic beha viou r of  bitum ens, the sedimentation 
phenomenon in the final products  has been  evaluated for storage and disposal 
conditions. Sedimentation rates can be calcu lated  according  to the Stokes 
formula [11, 71]:

w  _  -  §b)
18ij

where

W is the mean  sedimentation rate (cm/s );
<5P is the density of the inco rporated particles (g/cm 3);
<5b  is the density  of  the  fluid phase , e.g . bitumen (g/cm3);
dK  is the diam eter of  the inco rporated parti cles  (cm);
ij is the tempera ture dependent dynamic viscosity (P), (g -cm f1 -s*1); 
g is the gravitational constant,  918 cm /s2 .

In Table XVII the mean  sedimentation rates  have been calculated as  functions 
of  the temperature for three  simulated bituminized waste prod ucts  containing 50 wt% 
bitum en B15 and salts (mainly  NaNO3) [11]. The  viscosi ty of  these products had 
been  measured beneath th e softening point as a  function o f the tempera ture  at  a low 
shear ing stress . The bituminized waste  products  resu lted  from test  campaigns in a 
screw extruder pilot  unit,  yielding homogeneously dispersed solid  particles in the 
bitumen with a mean  diam eter  of about  30 /*m.

The resul ts show that relatively low sedimentation rates  were found; e.g.  
W <  5 X  10~3 mm /a for real istic  storage temp eratures  up to 40°C. This cor ­
responds to a  sedimenta tion rate  of  at most 1 mm in 200 years,  a ra the r small value. 
Experien ce shows that the calculated values agre e reasonably  well with the 
experimental findings  [25, 71],
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5.2 .3.  Density

The low dens ity limits fo r final waste forms are usually prescribed with respect 
to final disposal .

The relat ive density of  bituminized waste p roducts varie s f rom 1.06 to 1.1 for 
ion exchange resins, from  1.2 to 1.4 for concentrate s and sludges, and from 
1.4 to 1.6 for incinerato r ashes.

5.2.4 . Mechanical  properties

The relevant  mechanical propertie s a re hardness and viscoe lastic ity. They are 
of importance  during handl ing, transporta tion and storage of  bituminized waste 
products to absorb mechanica l impacts and to minimize  loading stresses. These  
mechanical prope rties are  influenced  by the choice of bitumen, the type o f waste and 
the waste loading factor . It has been  observed that radia tion can also alter the 
bitumen prope rties , generally making the materia l harder and less deformable [83].

The bes t known and most  frequently applied procedure  to  de termine hardness 
is the penetration test (Section  2.2 .3) . In gene ral, the pene tratio n value  of  a 
bitumin ized waste product decreases by a facto r of  2 with respect to pure  bi tumen. 
As an example, the shallow land disposa l requirem ents in France are for  a maximum 
penetration limit of  6 mm [84], For waste forms  buried in shallow  land in the USA 
the waste mus t exhibi t a  minimum unconf ined compress ive streng th of  415 kPa as 
requ ired by the appropriate specifications [85], At this comp ressive strength, the 
deform ation  should not exceed 10% of  the specimen height. An example of  the 
change in compress ive streng th as a function of  n itrate  waste loading  in oxidized 
bitumen is prov ided  in Table  XVIII  [86],

Impac t tests carr ied out involv ing free drops of  1.2 and 9 m indicate that 
bituminized waste products are resis tant to deformation because of  thei r plastic 
behav iour;  packages d roppe d from 9 m did deform somewhat, but no disper sion took 
place. In addit ion to an application  of  a pres sure  of  70  MPa , hydrostatic  pressure 
on proper ly m anufactured bituminized waste products (40 to 50 wt% salts) indicates 
no damage. These  tests were car ried  out in support of  research on disposal at sea 
of  low level radioactive wastes [83].

The bituminized waste product may in certa in Mem ber States be submit ted to 
a wide range of  temperatures, either during storage o r transportatio n. The effects o f 
therma l cycling  could lead to a deter ioration of  the waste product perfo rman ce or 
to possib le d ispersion in the even t o f a transpor t incident. At elevated temperatures 
some sedimentation might  take  place while  at low temp eratures  the product might 
be b rittle enough to  break  upon impact . Thermal cycling tests conducted to demon­
strate that bituminized waste produc ts are an acceptable waste fo rm for disposal indi­
cate that repeated cycling at  temperatu res between - 4 0  and 6 0°C  does  not affect  the 
waste form [86],
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TABLE XVIII. COMPRESSIVE STRENGTH AT 10% 
DEFORMATION AS A FUNCTION OF WASTE 
LOADING IN BITUMINIZED WASTE PRODUCTS [86] 
(bitumen: Pion eer 318; see Table IX)

Sodium nitrate waste loading  
(wt% )

Com pressive  strength 
(kPa)

0 1720

41. 6 2480

50.6 3520

60.2 4290

TABLE XIX. TYPICAL PROPERTIES OF BITUMINIZED WASTE PRODUCTS 
AT LA HAGUE, FRANCE [25]

Dry  matter  content in BW Pa 

Densi ty at 25 °C 

Penet rabil ity at 25 °C 

Softening point (°C)  

Flashpoint (°C)

Fir e point  (°C)

Flow threshold 

Viscosity for a flow 

speed grad ient  of  0.005 s’ 1 

Speci fic heat  at 30°C 

Ther mal  conductivi ty at 30°C

40 ±  5%

1.33 to 1.45 g/c m3

40  to 60 (non-irradiated, see Section 2.2 .3)

45 to 60 (non-irrad iated)

260 to 270 

310 to 320

1400 Pa at 40°C (non-irradiate d), 50 Pa at 80°C  

2.7  x  106 Pa -s (20°C)

100 Pa -s  (80 °C, non-i rradiated)

1300 to 1400 J/kg  

0.21  ±  0.01  W -m '1 -° C _1

BWP, bitum inized  waste product.
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5.2.5 . Other physical properties

Other physical properties that  may need considera tion in one or more  stages 
of the waste management scheme are:

(a) Ability to flow,
(b) Specific heat,
(c) Gas diffusion rate ,
(d) Therm al conductivity ,
(e) Softening point ,
(f) Flashpoint  and fire point ,

Typical values  for these properties of  bituminized waste products from the 
La Hague bituminiza tion facilit ies are listed in Table XIX [25].

5.3 . CHE MICAL AND PHYSICO CHEMICAL PROPERTIES

This section deals with the most  signif icant chemical and physicochemical 
properties require d for the safe handl ing, transport, storage and disposal of  
bituminized  waste products once they have been packaged and cooled. The compati­
bility of  wastes with bitumens has been  addressed in Section  2 .2,  but a complemen­
tary d iscuss ion is presen ted here in term s of  the re quirements for storage or disposal, 
since the prod uct should  rema in stable for long periods to ensu re the confinement  
of  rad ionuc lides.

5.3.1.  Chemical compatibil ity of  bitum ens and wastes

Since volum e reduction  is a majo r concern in waste management, there is a 
tendency to  maximize  the waste  loading withou t affec ting the d esira ble prope rties  o f 
the final  product. Evaluation  of  products  should th erefore  be conducted  to ensure that 
the quality  limits are  not exceeded, such as unacceptab le leach  rate s, swelling and 
prod uct stability.

It is w ell known that reprocessing wastes , containing sodium nitra tes, can be 
easily mixed with b itumens to form  homogeneous p roducts. However , the potentia l 
of nitra tes to  oxidize organic materials at  elevated  temperatures  has led  to a limitation 
of  the  NaNO 3 loading in prac tical  bituminiza tion opera tions  to abou t 4 0 wt%.

In addition to nitra tes there are other chemical s th at can enhance the  oxidation 
of  bitumens u nder certa in condi tions  even in low concentra tions , such as MnO2 , o r 
which  can adversely  affec t one or  more of  these propertie s. The concentrat ion of  
such chemicals in the wastes  must be known and controlled. Therefo re, an 
appropr iate analytical chemical p rogramm e must be applied  be fore  bituminizin g the 
wast e, as has been  desc ribed  in Section  4 .3. 1.2 . This  program me should  le ad to a
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valid definit ion of  the waste loading  limits as well as proper  p retreatm ent and safe 
bituminiza tion conditions.

In Table XX a survey  o f the main chemical components in radioactive  wastes, 
thei r waste loading limit s and th eir in fluence  on the p roduct cha racte ristic s are  given. 
Limita tions that apply to all wastes  are as follows:

(a) pH range of  7 to 10 for liquid  wastes  befo re bituminiza tion,
(b) Maximum tempera ture  for processing equipment  at most  180 to 190°C ,
(c) Drum  filling tempera ture in the range 115 to 140°C ,
(d) Loading of  con tainers at mos t 95% at room temperature.

Table  XX I provides  examples o f practical  requirements for the b ituminization  
of  reprocessing  wastes  in France  [23].

5.3.2 . Flamm ability

Data on the flammability of  bituminized waste products are  needed for safety 
assessments of  possible fire  incidents. Research efforts have main ly deal t with the 
consequences  of  a fire,  and not with the mechanisms  th at could lead to an ignition.  
Bituminized waste p roducts are flammable m aterials; howe ver, the amount o f exter­
nal energy  required to cause b ituminized waste produc ts to ignite or maintain a self- 
sustaining fire is the key issue for safety assessments  in handl ing, trans portation , 
storage and disposa l.

Some bituminized waste products  can be igni ted belo w a tem pera ture  of  300°C 
[61, 71, 81, 87, 88]. If  a fi re is sustained, a substantial fract ion of  the radioa ctivity  
in the produc t conta iner can be relea sed [25, 89]. Nevertheless, once the bituminized 
waste p roduc t has been packaged and has cooled down i t is incapable  of  self-ignition.  
Bituminized waste products are handled, transpor ted and stored at  ambient tempera­
tures  and, unless there is an external source of  ign ition, the waste prod uct should 
not catch fire. For  substantial external fires, it should  be  re cognized,  however , that 
the poor thermal conductiv ity o f bitumens  can lead to  partia l su rface overheating  and 
subsequent  scatte ring of  liquif ied bituminized waste products  that migh t then be 
ignited.  This possib ility should be considered  in the design and insta llation  of  fire  
protection  equipment.

The fire risks mus t be place d in  a p rope r perspective . Without the p resence of  
flammable mate rials , fires will not arise in handl ing, transpor tation, storage or dis­
posal. Perhaps the one scenario that must  be  considered is the event  w here  there is 
a collision on a public  road  between a vehicle carrying  a radioactive shipment and 
a vehic le having a la rge source  of  flammable  material such as g asoline, diesel o r pro ­
pane. Otherwise,  the risk  of  a flammable incident and loss of  rad ioact ivity  can be 
considered unlikely. It should be recalled  that transpor ting bi tuminized  waste product 
drum s in a concrete overpack  provides an efficient protection  against external fires 
(Section  5.1 .2).
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TABLE XXL PRACTIC AL REQUIREMENTS FOR BITU MINIZATION OF 
REPR OCESSING WASTES IN FRANCE [23]

Parameters Operating range

Ratio of bitumen to dry matter >1 .00

Surfactant 1.5 to 2.5 wt% of dry matter

Nitrate content in liquid wastes 0.3 to 2N

Nitrite content in liquid wastes 0 to 200 mg/L

TBP < solubility limit

Hydrazine hydrate3 (N2H5 mg/L) 0 to stoichiometric ratio + 10 mg/L

Sodium sulphide3 (S2~ mg/L) 0 to 600
Cobalt sulphide3 (Co2+  mg/L) 0 to 750

Fe(CN)^ (mg/L)3 0 to 600

Ni2+  (mg/L)3 0 to 200

Barium n itrate3 (Ba2+  mg/L) 0 to 4500
Titanium sulphate3 (Ti4+  mg/L) 0 to 300

Anionic flocculant3 (mg/L) 0 to 30

PH >7

Water content o f s lurry (wt%) >8 0

Diatomaceous ear th content (wt% of  dry matter) 0 to 15

Water content in the bituminized waste product (wt%) <5

To be applied per litre of liquid wastes.

5.3.3 . Radionuclide releases by leaching

Leaching tests on bituminized waste products are performed to evalua te on a 
comparative basis how well the radionuclides are retained in the matr ix and to p ro­
vide information  about source  term s f or the  safety assessment  of waste  disposal sys­
tems. Since the publication o f the  la st IAEA report  on  bituminization  [2], there has 
been a concerted  effort to standardize the leaching protocol s to avoid using unique  
test procedures that make  comparisons difficu lt. The Materials  Character ization 
Centre [90] and the American  Nuc lear  Society [91] have developed protocols that 
repla ce the leach  tests proposed  earl ier [92, 93].
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There a re two additional aspects to be considered about leaching rate data in 
the literature:

(a) Different mechanisms, such as diffusion, dissolution or  erosion, can proceed 
concurrently, so that their contributions to the overall release can change over 
time, at different temperatures, as a consequence of  the chemical components 
encapsulated o r possible chemical reactions, etc.

(b) The leaching test may not be indicative o f the actual environmental conditions 
in the disposal facility (e.g. with regard to temperature and aqueous chemis­
try), nor does it take into account the role that other barriers may have to 
influence the rate of release of radionuclides from the package.

In general, the leaching tests developed are conservative in their approach and 
indicate the maximum release likely to occur in a disposal environment. The leaching 
rates may be considerably reduced in some specific site environments, such as those 
where there are saturated salt solutions or water that has been in contact, for 
instance, with clay or cement.

There is a significant amount of leaching data available in the literature on a 
variety of  different  bitumen waste products. Release rates span several orders of  
magnitude:

(1) From 10‘8 to 10~5 g-cm "2 -d_1 for actinides and rare earths,
(2) From IO-6  to 10"5 g-cm~2 -d“' for reprocessing waste radionuclides,
(3) From 5 x IO"6 to 5 x IO’3 g-cm~2 -d_l for alkali and alkaline earth 

metals [1, 94, 95].

Time (d)

FIG. 13. Resu lts o f  leach tests  with B WP STE3 samp les from  La Hague with diffe rent sodium 
nitra te co nt en ts :------ , high NaN O3 content, 2 mo l/dm3 B W P ;------- , nominal  Na NO 3 con­
tent, 0.5  mo l/dm 3 B WP . A,  D,  Na;  B, C, NO 3; E , F, Cs.
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A number of  studies indicate that the  release of salts is dependent upon the 
waste loading and nature of the wastes [11, 86, 96]. As shown in Fig. 13, the salt 
leaching rate increases with the waste loading [97]. At the same time, while the 
release of salts may be substantial, the release of radioactivity may not change or 
remain at low levels, especially for radionuclides that have been converted to insolu­
ble species as demonstrated in the case o f l3 7Cs in Fig. 13.

With excessive waste loadings, e.g. soluble salts or ion exchange resins beyond 
50 wt% in the  bituminized waste product, high releases occur as anticipated. The 
mechanism for release is no longer diffusion, but is linked to dissolution, which 
occurs when the product  surface expands and ruptures from the excessive amounts 
of material incorporated in the bitumen.

Finally, the leaching of full scale samples indicates that the leaching results 
compared with small samples may be lower by more than one order of  magnitude 
[98]. Leaching tests on small samples allow an easy comparison of  different 
bituminized waste compositions. They are, however, in most cases conservative and 
the use of the results to evaluate full scale product behaviour requires validation. 
Realistic information about the long term stability of bituminized waste forms in 
contact with the leachants that most probably occur in final disposal facilities should 
provide a better understanding of releases and how to extrapolate these to disposal 
conditions.

Future leaching studies must attempt to assess the leaching characteristics both 
on the laboratory scale and in full scale facilities, taking into account the particular 
near field disposal site environment in order  to support the development of  a mathe­
matical model that gives a coherent picture of the long term release behaviour of 
radionuclides from bituminized wastes.

5.3 .4. Swelling due to water uptake

Swelling is the result o f water diffusion through the b itumen and water uptake 
by the incorporated material. Damage to the bitumen waste products, in the form of 
swelling or expansion of the product dimensions, has been observed during leach 
tests. Since this phenomenon may lead to damage to the integrity of the package con­
tainment, suitable provisions should be taken to prevent or limit this damage, and 
to account for its consequences. With some wastes the expansion is rapid, taking less 
than 24 h; with others, measurable changes in the product dimensions have only been 
observed after periods greater than six months [99] (see Table XXII).

The most rapid changes are reported for heavily loaded bitumen waste 
products, where the salt or resin loadings are  in excess of  50 to 60 wt% dry solids. 
Three dimensional volume increases of 200 to 400% have been measured on small 
samples, which were fully immersed [77].
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TABLE XXH. SWELLING OF BITUMINIZED WASTE PRODUCTS AFTER 
IMMERSION IN WAT ER [99]

Bituminized  waste product Type of  water
Time Swelling

(d) (vol.%)

Sample dimens ions:
4>, 80 mm; heigh t, 80 mm

Ambolite ion exchanger, 
bitum en R90/40 : 60 wt%

Demineral ized water 365 12.6

Chem ical sludges, STE 3/M Aa , 
bitumen 80/10 0 : 60 wt%

Tap water 730 0 to 2

Duolite ion exch anger beads, 
bitum en R90 /40 : 60 wt%

Deminerali zed water 365 23

Microion ex powder resins, Demineralized wate r 365 8.2
bitumen R90/40 : 60 wt%

Full  scale samples: 
200  L  drums

Chemical sludges, STE3/MA, 
bitumen  80/100 : 60 wt%

Tap water 365 0.5

Chem ical sludges, STE3/MA, Tap water 365 1 to 1.5
with TBP (solubi lity limit) , 
bitumen 80/10 0 : 60 wt%

STE3, La Hague ; MA,  medium active (wastes).

5.3 .4.1. Salts

Upon leaching bituminized waste products,  swelling was observed with 
dehydrated salts, e.g . sodium sulphate and sodium carbonate,  incorporated  in the 
bitumen [11]. The increase in volume o f the salt from the dehydrated  to the hydrated  
form would give rise to a stretching of  the bitumen membrane in place  around the 
salt crystal. For bitum inized waste products prepared with dis tilled b itumen the  bitu ­
men membranes rem ained mostly intact, but for the m ore viscous  products re sulting  
from  oxidized bitumen the samples tended to disin tegra te under the expansion forces 
when the samples w ere p laced  as fr ee standing products in water. Similar effects due 
to low ductili ty can be expected with water at low temperatu res [31, 100],

The volum e incre ase in the forma tion of  sodium sulphate decahydra te from 
unhydrated sodium sulphate ca lculated on the basis of  the density dif feren ce is 200%.
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How ever , sample measurements were in excess of  these values, indicat ing the 
forma tion of  open cracks and pore s as well as the presence  of  osmotic forces. 
Recen tly, products  with high loadings of  sodium nitra te salts have been measured 
for volum etric  changes and th e conclusions  of this work provide additional ev idence 
for  the high degree of  swelling of  dehydrated salts [86]. As an additional factor 
sodium nit rate  is easily soluble , hygroscopic and absorbs  wa ter. The osmotic forces, 
considered to  be  poss ible contr ibutors to sw elling [78], were calcula ted on the basis 
of  the disso lution of  salt crysta ls in the aqueous phase . Theoretica lly, osmotic 
pressures of  several hundred atmospheres  can be calculated. The water in contac t 
with the product moves into an area  contain ing salt c rysta ls. The water dissolves the 
crys tals,  causing the satura ted solution  to expand  and form a cavity. The formation 
of  many cavit ies provides interconnecting channels to the outer surface and allows 
the movement  of  sa lt solutions into the surrounding water.

The observations from  heavily salt loaded bituminized  waste p roduc ts suggest 
that  the process is time dependent, since th e wa ter must  diffu se through the bitumen 
membrane befo re reaching the salt crystal . Thus , for lower loadings, with grea ter 
membrane thicknesses m ore time must  pass befo re swelling begins [44]. The applica­
tion  of  a pure bitumen coating could prevent  swelling of bituminized  waste  products.

5.3 .4.2. Ion exchange resins

The swelling from  dehydrated  ion exchange resins has been examined exten­
sively [78, 101]. The wa ter uptake results in a  dimensional change to  the resin  bead  
that in turn  thins the bitumen membrane  and allows water to pass more quickly to 
the othe r dehydrated resins. The more resin  in the product,  the more rapid  is the 
change in the produc t dimensions. The presence o f residual w ater in the p roduct will 
decrease  the extent of  maxim um swelling [102]. Water uptake by bitumen -res in 
products i s significan tly reduced at  lower loadings. Again , as with bituminize d salts, 
water diffus ion is the controlling factor. The thicker bitumen membrane  has been 
shown to minim ize the swelling d uring the observation  periods. On the other hand, 
bituminized  waste produc ts containing cationic ion exchangers  satura ted with multi­
valen t cations  show considerably less tendency to swell.

5.3 .4.3. Swell ing p ressures

There have been  theo retica l calculations m ade to es tablish the maximum  pre s­
sure  that could be developed from  the swelling of  bead resin s and salts [102-104] . 
In each of  these cases, the assumption made is that  the products are incompressible 
solids. There are , however , resul ts of  measuremen ts reported where  ex tremely low 
pressures of  a few tenths  of  an atmosphere  have  been  found, in cont rast with the 
hundreds of  atmospheres calculated [105].
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The exper iments involved placing a sample of  bituminized orthophosphate 
(60 wt%) in  a confined space. A swelling pres sure  of only 21 to 2 8 kPa due to water  
uptake was observed , for a  period o f a few days. This waste load ing would normal ly 
produce a  doubling of  the produ ct volume for an unconfined sample  within 24 h. The 
explanation  given for the lack  of pre ssure buildup in the confined sample  is that the 
voids  created by  th e d issolu tion of  salts near the surface take up the volume expan­
sion of  the next crysta l to  dissolve.  The p roduct is elastic enough  to deform into the 
void spaces created giving  no further  indica tion of  pre ssur e buildup.

Long term  experiments have  been  condu cted with bituminized  ion exchange 
resins [78]. Observations indica ted some signif icant  delay for any pres sure  buildup  
from  swelling.

With excess ive waste loadings the swelling rate  is apparently accele rated 
because o f thinner membranes, punctures  o r cracks and p ores  in  th e membrane  and 
matr ix. Over the long term  the buildup of  high pressures may still have  to be 
considered.

Proposals  to minim ize o r el iminate swelling have been made  for ion exchange  
resins and salts. Placing less resin  in the prod uct will give a greater  bitumen mem­
brane thickness and decrease  both the rate  and the extens ion of the volume expan­
sion. When  feasib le, bitum iniza tion without fully drying the resins will reduce the 
possible change in dimensions  upon  rewet ting,  s ince the beads have not fu lly shrunk. 
Another solution  for resins migh t be partial oxidization of  the beads  to prevent 
rehydration, or saturation  o f the cation exchange resins with multivalen t meta l ions. 
For salts,  possible conversion to insoluble precipitate s or  to  forms with less hydra­
tion wate r could also minim ize swelling (Section  5.3.1 , Table XX).

5.4 . RAD IOLOGICA L PROPERTIES

Since the initial work reported [2] on the influence of  the absorbed radiat ion 
of  the incorporated radionuclides on the stability of  bituminized  waste form s, there 
has been  substant ial prog ress  in under standing radia tion effects on swelling , 
radiolytic gas release, and changes in the leach rate and /or  in othe r prope rties .

5.4.1. Radioactivity

Knowledge of  the radioactivity content in the waste material and the final 
product is necessary in order to:

(a) Define  the routing of  the  product packages for storage and disposal .
(b) Evaluate the influence of  the radionuclides and thei r radioactivit ies on typical 

final product character istics; e.g.  swelling, radio lytic  gas genera tion and 
leaching.
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In most  M ember States , the safety author ities require  the m easureme nt of  the 
radioactivity content as a  part  of  the classi fication system of radioactive wastes, prio r 
to their  trea tment and conditioning. These results, in combination  wi th simila r mea­
surements on final packages,  allow verification  o f the compliance to  upper  ra dioac ­
tivity limits for disposal prac tices , such as 3.7 GBq /t for alpha emitters in France 
for nea r surface disposa l.

In gene ral, knowledge  of  the  radioa ctivity  content in each final package and 
the contr ibution of  the mos t important  radionucl ides is requ ired  from  the operator 
of  a b ituminiza tion plant . This information can be obtained either by radioanalyses 
of  samples of  the  input  waste streams, that are usually  stored  in sufficient ly large 
buff er tanks, o r by a co mbina tion o f input samples wi th samples f rom the bituminiza­
tion process itself.

The following measuring  techniques can be used:

(1) Destructive analysis (DA): mineralization  of  bitu men-waste  samples, extra c­
tion of  salts and radionuclides;

(2) Non-destructive analyses (NDA): use of  scanning equipment , allowing  NDA 
on ful l scale  packages wi th radio activ ity levels in the  MBq to TBq range. Some 
of  these items of  equipment  can also carry out gamma ray scanning  to verify 
the homogeneity of  the  radioactivity within the packages.

Special measurin g techniques have to be prov ided  where alpha  emitters are 
expec ted, to obtain the requ ired  sensitivi ty.

The determination of  the rad ioact ivity  content and  the contribu tions  of the most 
important  radionuclides perm it the calculation of  the following:

(i) The actual dose rate  and its varia tion with time within the final product;
(ii) The contact or  nea r contact dose rate  of  the  packages;

(iii) The requ ired  biological  protection  for handl ing, transpor tation and storage .

In addition, the correct  evaluation  of the radioac tivity  content  and the radionu­
clides is necessary to quant ify the parameters that are  used by the safety author ities 
in the model ling of  the long term  effects on the disposal condi tions , such as:

— The dose rates  as a function of  time;
— The integrated  dose as a function of  time;
— The alpha, beta  and gamm a radio lytic  gas generation .

These m odels  aim at a bett er under stand ing and pred iction of  the swelling of  
bituminized products,  gas release and alteration  of  physicochemical  prope rties 
(hardness,  pene tration, etc. ) that may influence the final prod uct behav iour.

5.4.2 . Radiolytic  gas production and release

Experiments have  generally  been carr ied out using external gamma sources to 
irrad iate bitu men-waste  products  [13, 101, 103-109 ], The predominant gas is
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hydrogen with only minor contributions (up to 5% of  the  evolved volum e of  H2) 
coming from  carbo n monoxide, carbo n dioxide and low hydrocarbons . Related to the 
bitum en content o f a bituminized waste product the  G values  for  the radiolytic hydro­
gen production are  typically 0.2  to 0.4 , independen t of  dose [29, 107]. However,  
in oxygen [106] and at doses of  3.1 x  106 Gy [13, 109], the carbon  diox ide release 
rate  becomes comparable with the hydrogen relea se rate  as shown in Table XXIII. 
The carbo n dioxide p roduction  in p ure  bitumen is  independent o f the  dose rate  and 
lower than the hydrogen produc tion [95, 98] . The re is evidence to indica te tha t alpha 
radia tion can increase the radio lytic  gas production rate by a factor vary ing from 
2 to 10 [12, 13] for equivalent total doses. How ever, it is unlike ly that bitumen 
products contain more than 0.2  TBq/m 3 of  alp ha emitters.

When  eva luating  the radiolytic  gas production o f a b ituminized waste product 
the presence  of  additional organ ic waste compounds and the residual water content 
have  also to be assessed.

5.4.3.  Swell ing due to radiological causes

The swelling o f bituminized was te products caused by irrad iation is dependent 
on the dose rate, the tota l dose,  the  bitumen type, the nature  of  the waste, the loading, 
the final water content, the sample  dimens ions and the packaging.

There have  been three models developed to explain th e swelling o bserved. The 
IL 2 model predic ts that f or a  given bituminized produ ct in  a righ t cyl indrical config­
urat ion of  equal diam eter  and height L,  simila r amounts of  swelling will take place 
for the same total dose in cylinders of  diffe rent sizes, L,  at diffe rent dose rates , I, 
provided the value  of  IL 2 is the same. The model does not attempt to explain  the 
mechanism of  swelling and is only applicable to small samples [14],

The firs t bubble  growth m odel [14, 15] has been  developed from  the  theories  
that  have be en derived to  explain an d predict void swelling in neutron irrad iated  fuel 
elements. The complex model  assumes spherical bubbles form  and g row at existing 
sites such as tra pped a ir bubbles, or waste pa rtic le surfaces in the bituminized waste 
product. The continued diffus ion of  gas into the nuclea te bubbles allows them to 
grow  against the  viscous constra int o f the bitum en matrix . Some of  the gas produced 
escapes by diffusion o r bubble permeation  through open surfaces a nd/or can be redis­
solved from the bubbles into the matrix.

A second bubble grow th m odel [97] has  been deve loped  fo r application to the 
irrad iation swelling of  full  scale drum s and has been  valida ted by observations on 
actual d rums conta ining  im mobi lized  reprocessing wastes. The  model based on the 
diffus ion of  the hydrogen  and radio lysis  gases produced, and on the forma tion and 
growth o f gas bubbles and the ir m igration to  the surface, conf irms the swelling will 
level of f as the gas escape rate matches the production rate . The  experimental  da ta 
collec ted ov er the  years  for  a drum  containing representa tive bi tuminized  waste  from  
the La Hague  bituminiza tion facility with 11.5 TBq (312 Ci) of  beta- gam ma and
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FIG. 14. Comparison o f exper imen tal da ta on swell ing taken over six  yea rs (X )  with model 
predict ions (curve) fo r a fu ll  size drum  containing  bituminized reprocessing was te sludges fro m 
La  H ague: 11 .5 TBq (312 Ci), (3-y; 30  GBq (0.8  Ci), a;  prod uct viscosi ty, 1 M Pa s; gas 
prod uct ion, 0. 6 L -kg~ '-M Gy~ l  [25],

30 GBq (0.8 Ci) of alpha activity, indicate an increase in volume of  16%, which 
seems to remain stable at present (Fig. 14). External accelerated irradiation 
experiments applying higher dose rates lead to a more significant swelling than that 
which results from actual internal sources. Studies indicate that lowering the dose 
rate by a factor of 10 from 1.2 xlO 3 to 102 Gy/h halves the swelling rate.

These models have been tested with a variety of  waste forms [110]. The 
general conclusions concerning the IL2 model are that large samples (180 L and 
22 L) showed much smaller irradiation swelling than small samples (4 L) irradiated 
under the same IL2 conditions. This demonstrates that the IL2 model cannot be 
applied over a wide range of sample sizes and give reliable results. It is believed that 
this is a consequence of  the fact that  the model does not allow for  those parameters 
that have an influence on the swelling mechanism. The f irst bubble growth model, 
which makes partial allowance for these parameters, has been applied with some 
success to data for which the IL2 model is not accurate [15]. Application of the 
bubble growth model requires, however, the availability of a range of material 
parameters, some of which are difficult to quantify, such as the nature and behaviour 
of  the bituminized waste product microstructure and its influence on the transport 
of  gaseous molecules resulting from radiolysis.
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FIG. 15. Cumulative !3 7Cs fraction leached from RWF7, unirradiated (a), and ir radiated to 
1 MGy (b) and  10  MGy (c) (RWF7: reprocess ing waste concentrate incorporated into blown
bitumen R85/40) [110]. The curves are fo r :------ , diffusion +  sorption  mod el; ------ , diffusion
model. The data  ( • ,  Q) are fo r duplica te models.
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Nevertheless, both the theore tical  and experimental work indica te that the 
bubble growth models provide ve rsati le tools for a ssessing the radioly tic swelling of 
bituminized waste forms . For example, application o f these  models provides a valid 
theore tical  basis fo r the  assumption tha t it should be possible  to p roduce b ituminized 
waste forms  that  will not  show s ignificant swelling during the li fetime of  the immobi­
lized radionuclides. The composition  of  such waste  products would probably be 
based  on blown grades of  bitumen with waste loadings not exceeding 40 wt% and 
specific  activit ies of  at  most  37 GBq/L (1 Ci/L).

Both bubb le models also pred ict that no significant swelling (<  1%) will be 
observed for alpha  emitters  at waste  loadings of  le ss than 37 TBq/m 3 [13, 109]. 
Taking into account the above  mentioned radiolysis  gas production rate  in b itumen 
from  alpha  emit ters,  ranging up to a facto r of  ten higher than the corresponding 
production rate  for beta-gamma emit ters,  this pred iction should, however , be 
considered  with prudence . In practice, b ituminized reprocessing wastes will no rmal ­
ly conta in at most 0.2  TBq/m 3 of  activi ty due to alpha  emit ters and so their  
contr ibution to the overall swelling of  the  bituminized  waste prod uct should be at 
least  very  limited if not completely negligib le.

(a)

Water

Original
sur face

1 2 3 4 5

J Rapid water diffusion 
i  Slow w ater diffusion 
0  NaNO s crystal 
□  Saturated NaNO3 solution

FIG. 16. Schematic model o f leached zone development: (a), unirradiated RWF7; (b), 
a irradiated RWF7.
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5.4.4 . Radiation  effects on leaching behaviour

A number of  studies have  examined the leaching behaviou r of  irradiated 
bituminized waste samples [25, 13, 109] and observed that the re is litt le change with 
respect to unirradia ted samples. One of  the studies  [13, 109] reports a lowering of 
l3 7Cs release (Fig. 15), in sp ite o f some swelling from irrad iatio n and water  uptake . 
This appea rs to be due to the sorption of the system, which tends  to increase  with 
increas ing irrad iatio n dose.

In general,  re leases are  controlled  by a diffusion mechan ism, and there appears 
to be no  diffe rence  between a lpha and be ta-gamm a ir radia tion.  The additional swell­
ing from radio lytic  gas production has pract ically no influence on the release of  
radioactivity  from  irradiated specimens as the schematic model  shown in Fig.  16 
suggests [13],

5.5.  BIODEGRA DATION

As many microorganisms are able to use hydrocarbons as their  source  of  
energy, bitumens are  degradable  by microbes (Section 2.4 ). The degradation is 
dependent on type and availability of  the microbial  comm unity , on environmental 
factors that facilit ate or impede microbial grow th and on the chemical nature of  the 
hydrocarbons pres ent in the bitum en waste product. The disposal of  bi tuminized 
wastes in geolog ical deep unde rground repos itorie s, and especially in near  surface 
disposal faciliti es, requ ires considerat ion to be taken  of  microbial attack on bitu­
mens, regarding thei r possible consequent  degradat ion effec ts on the physical and 
chemical propertie s and in particula r the enhanced release of  radioac tivity  from the 
waste form.

Reviews in the literature  descr ibe bitumen degradation  by microbes [111-117].  
The rate of  attack is influenced,  for instance, by the environmental condi tions, the 
chemical composition  of  the bitum en, its physical state and the microbial  flora.

To es tablish  the rate of  biological  degradat ion, one must examine  environm en­
tal factors  such as temperature, pH,  the p resence or absence o f nutrimen ts and oxy­
gen,  the salinity  of  water, the hydrocarbon state (solid , porous or even liquid) and 
radiat ion. Tests were performed to find the optimal  condit ions for biological attack 
of  bituminized  wastes  and to measure the corresponding radionuclide leach 
rates [117], The  re lease  ra tes were not statistically diffe rent from  those for samples 
that were not contaminated with bacte ria. The work also showed that the microbes 
were  sensitive to radia tion and that, afte r a  dose of  500 Gy, there  were few micro­
bes surviv ing and none of  the microbial  cultu res were capable of  growth  at doses 
exceed ing 750 Gy. It was also concluded that a repository environment would not 
be conducive to microbial g rowth. Low temperatu res, high salini ty, high alkalin ity,
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radiation and scarcity o f oxygen would all contribute to restricting the aerobic and 
anaerobic growths of microorganisms.

Long term studies on the influence of microorganisms on the safety of disposal 
systems containing bituminized waste are under way at Cadarache [114]. 
Degradation rates for pure bitumen, and for b itumen and sodium nitrate products, 
are being measured. After nearly one year a thickness of  about 3 /zm of  bitumen was 
removed from the inactive test samples under optimum conditions for microbial 
growth, much less than the reported equivalent value of 25 mm for pure bitumen 
over three years [18].

Investigations carried out in Switzerland both under aerobic and under anaero­
bic conditions using a variety of cultures established that long term bitumen degrada­
tion rates were essentially independent of the culture [17]. Under aerobic conditions 
microbial attack resulted in a bitumen loss of 20 to 50 g-m "2 -a_1 and generated 
15 to 40 L -m ^- a" 1 CO2 at standard temperature and pressure. Under anaerobic 
conditions the degradation rate was found to be about 1 % o f that for the aerobic rate. 
The study extrapolated the anaerobic conditions to a waste repository and estimated 
the loss of bi tumen matrix from a 200 L drum to be 0.3 to 0.8% for a period of 
1000 years.

A similar Swedish study [115] also concluded that bacterial degradation of 
bitumen can occur  under aerobic and anaerobic conditions similar to those expected 
in a repository for conditioned reactor wastes. The maximum measured rate 
of  CO2 production was 2 L- m _ 2 -a_l for optimum aerobic conditions and about 
0.57 L-m "2 -a_1 for optimum anaerobic conditions.

It should be noted, however, that aerobic microbial  activity can only take place 
in ‘a deep geological repository’ underground when oxygen is provided by appropr i­
ate ventilation. This condition is limited to the rather short period when disposal 
activities are taking place; afte r which aerobic microbial activity will come to an end 
and anaerobic microbial attack could possibly take  over.

Investigations were carried out at Brookhaven National Laboratory on the bio­
degradation of blown bitumens (Pioneer 221) in the context of the shallow land burial 
of  bituminized waste products [116], Based on CO2 production rates from aerobic 
microbial activity, a bitumen degradation o f 1 % was estimated from a 200 L drum 
with bituminized wastes after 300 years provided that ideal aerobic conditions 
prevailed throughout that time.

Taking into account the results of investigations on the long term stability of 
natural bitumens and natural bitumen analogues [19, 20], bitumens have demon­
strated an excellent stability over periods of  from more than 104 up to 107 years. 
A comparison of empirical natural bitumen stability data with degradation rates 
extrapolated from experimental microbial decomposition tests under idealized condi­
tions reveals the extremely conservative approach of the latter. Consequently it 
appears up to now that the biological degradation of bituminized wastes takes place 
at rates that a re low enough to be of  no safety concern for the disposal facilities.

75



6. CONCLUSIONS

Since 1970, when information was first compiled by the IAEA on bituminized 
wastes  in Ref. [2], there has been additional extensive research and developmen t on 
bituminiza tion processes  and bitumen-waste prod uct performance . The basic tech­
nologies available in the late 1960s were essent ially batch or semicont inuous 
processes. Based on this  ear ly development work there are now full scale processing 
units opera ting in Member States. Continuous processes  use  ei ther  extruders or thin 
film evap orato rs. Batch processes handle smaller volum es of  liquid o r solid wastes 
and use  relatively simple mixing vesse ls. The majo rity of  the indus trial scale units 
have been put  in operation  at nuclear power and reprocessing  plants ove r the past 
twenty  years. The  quant ities of  bitum en waste products gene rated and either in 
storage or disposed of f are  g reater than 20  000 m 3 and therefore substantial opera­
tional  experience has been  gained  in several Mem ber States.

The f ield o f applica tion o f bitumens is the conditioning o f low and intermediate  
level radioactive waste concentrates resul ting m ainly from  proce ssing liquid wastes. 
For  this application  bitumens have been  well characte rized . The  physicochemical 
and radio logical propertie s of  bitumen are sufficiently well known .

Fire incidents during the operation  of bituminiza tion facili ties are well under­
stood and corrective actions  and procedures have been  established to eliminate  or 
minimize the risk  of  reoccu rrence. The corrective actions are  concentrated on the 
engineering and technology of  the heating systems, and on the instrumenta tion, 
process cont rol and chemical analyses, so as to characte rize  the waste s and their 
compat ibility with the b itumen fully. In addition  eff icien t fi re detec tion and fighting 
systems are prov ided  in the bituminization instal lations . With  the cumulative 
knowledge and the available opera ting experience , the probability  of  occurrence of  
a fi re during  bituminization  is extrem ely low and does not jus tify  the  level o f appre­
hension associated with the flammability of  bitumens.

The wastes to be incorporated into the bitumens need to be quantitatively inves­
tigated  to ensu re that  they do not detrimentally  affect the bitum en properties to an 
unacceptable  extent, and in  part icular that they will no t cause a low ering  of  the flash­
point of  the bitumen du ring processing o r subsequent degradation of  the waste  form.

Many diffe rent  wastes have  been  immobilized  ove r the years and excellent 
waste forms  have been produced. As is the case with  all mat rix materia ls, bitumen 
has its specific field of  app lication. Poo r performance is demonstra ted when:

(a) The selec tion o f bitumen as  a waste incorporation mat rix is on  the basis of  the 
unrea listic  assumption that  it  is a universal matrix material  for embedding all 
types of  wastes;

(b) Overcharging  th e matrix by embedding waste s t hat cause a dose  in  excess o f 
107 Gy, bitum inizin g wastes  at dry weigh t loadings above  a reasonable limit 
or incorpora ting waste materials incompatible  with the bitumen.
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Much effo rt has been spent in evaluating bitumen perfo rmance. Radiation 
induces  the production of  radioly tic gases; howe ver, only moderate  sw e ll in g  o f 5 to 
10 vol. % in 210 L drums is expected for doses  at  107 Gy. The drum sealing should 
be permeable to gases,  and adequate  ventilation during storage must b e considered 
to eliminate the buildup of hydrogen  gas.

Bitumen waste  products  can support combustion , but  they canno t self-ignite 
during handling, transportation , storage o r disposal, e.g . large  sources of  energy a re 
requ ired  to ignite bitumen waste products unde r these  conditions.

Swelling due to the uptake of  wate r is directly attributable either to poor  
pretrea tment or to the overloading of  bitum en with hygroscopic salts and ion 
exchange resins. Reasonable  loading and pret reatmen t will still yield  good volume 
reduction  factors compared with other  matrix m aterials, while  obtain ing satisfactory 
products  for disposal .

Bitumens and bituminized waste products can be attacked by microbial 
activity. However , microbia l degradation depends on the coincidence  of  suitable  
conditions to sustain  th e microbia l activity . Even  for ideal condit ions the microbial 
degradation ra tes are sufficiently small to  be o f no serious  safety co ncern fo r interim 
storage and final disposal , and this is  much mo re marked  when  considering the ra ther  
hosti le environme nt for microbial  activity in a repository .

The invest igation  of  natu ral bitumen deposi ts and natural analogues provides 
evidence f or the excellent long term  stability of  bitumens . Combined with the avail ­
able database on,  and the dem onstrated analy tical test procedures  fo r, the character i­
zation o f the bitumen and bituminized w aste product propertie s, safety  assessments 
and evaluations of  the long  term  behaviour under  disposal conditions are  possib le and 
are routinely performed for bituminized  waste forms. This is n ot only the basis for 
the def inition  of  the bituminized waste acceptance condi tions , bu t also for the real iza­
tion by the waste producers of  the quality assessment  and cont rol measures.  Thus, 
operational experience  in bituminiza tion facili ties, toge ther with supporting quality 
assessment and control  ef forts , have up to now  guarante ed the successfu l production 
of  a safe waste  form.
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Annex

APPLICATION OF BITU MINIZATION PROCESSES  
IN SOME MEMBER STATES

A -l . INTR ODU CTIO N

This annex  summarizes the info rmation about the  application of bituminization 
processes in the M ember States tha t have participated in the  preparation o f this Tech­
nical Report . A ll the da ta presented in the  annex w ere provided by exper ts nominated 
by Mem ber States to parti cipate in the development of  this repo rt. This annex pro ­
vides some practical examples on the types and characte ristic s o f the wastes incorpo­
rated  into bitumens, the types of bitumens used for  immobiliza tion processes and 
gives some d ata on the bitumin ization facilities, toge ther with a descrip tion of  some

TABLE A -l . PHYSICAL PROPERTIES OF WASTES INCORPORATED INTO 
BITUMENS IN VARIO US MEMBER STATES

Waste types
Memoer diaie

Slurry Concentrate Sludge Spent ion 
exchange resins

Solids content 
(wt%)

Belgium (Mol) X X 23-40

France (La Hague) X 9-16
(Marcoule) X 23

Germany (Karlsruhe) X 23

Japan (Tokai) X 30

Sweden
(Barseback) X X 20-25
(Forsmark-1, -2) X X 20-25
(Forsmark-3) X X 45

Switzerland (Goesgen) X X 15-30

Former USSR
(Ignalina) X X 20-25
(Kalinin) X X 20-25
(Leningrad) X X 20-25
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of  the safety precautions  applied  in the bituminization p rocesses. This is not a  com ­
plete review of  bituminiza tion prac tice,  since not all Member States utilizing  
bituminization techniques participated in the preparation of  this  report .

A-2 . WASTE TYPES

A descriptive summary of  the  wastes produced  in typical  reac tor operations 
and resul ting from  the reprocessing of  irrad iated nuclear fuel is compiled in 
Table s A -I , A- II and A-III .

The wastes a re slurries , ion exchange res ins, concentrate s f rom evapora tion o r 
decontamination and sludges  composed of  flocculan t mate rials  or co-precipitan ts.

The wide range of  chemicals and concen trations is mo re clearly shown in Table 
A-I I for  the complex was te streams a rising  in research and reprocessing centres. The 
radionuclide concentrations (Table  A-HI) are also highly varia ble. Alpha  activ ity in 
measurable quantities is found in the rep rocessing wastes. These wastes also contain 
the highest  activities o f fission  products. These tables  provide  a dem onstra tion o f the 
versat ility of  bitumen to immobilize widely diffe rent waste streams.

A-3 . TYPES OF BITU MEN

The inform ation  co llected about  the types of  bitumen that are currently  be ing 
used is summarized  in Table IX (Section 2.5).

Both distilled and blown bitumens are used  in continuous processes, whereas 
only distilled bitumen is used in the repo rted  batch processes. The softening points 
of  the different types  of  bitumen vary  between 38 and 93°C, while the penetration  
varie s f rom 10 to 102 m m (Section  2 .2.3).  The flashpoints of  these bi tumens a re all 
above  220 °C, in some cases even exceeding 250°C.

A- 4. PROCESS DESCRIPTION

Among the twelve processe s th at have been re ported, four  are batch processes 
and eight are continuous processes.

A- 4.1.  Batch processes

The relevant information on batch processes is given in Table A- IV , showing 
that more  than 3000 m 3 of  bituminized waste products  have been  generated so far.
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A-4 .2 . Continuous processes

Cont inuous  processes are,  and have been , operated on an indus trial scale, 
using both extruders and thin film evaporators. The waste feed rate varie s between 
100 and 500 kg/h, and the operating  temperatures are  well below  the flashpoint of 
the corresponding  bitumen.

The relevant data on the repor ted continuous processes  are presented in 
Table  A -V.

A-5. SAFETY PREC AUTIONS

All the processes surveyed in Table A- VI  use steam or  oil as the heating 
medium for the storage in bitum en of  processing wastes. The only excep tion is the 
small batch unit  at  Mol in B elgium that uses elect ric heating for the process vessel. 
With steam as  the preferred choice for the process heating, the process temperatures  
can be accurately  and safely contro lled.

Most of  the processes have  been  installed with fire  fighting systems that can 
use carbo n dioxide alone  or  in combination with othe r fire fighting media such as 
light or  heavy foams and consecutive water  sprays of  limi ted volume. Methods of 
fire detec tion include rate  of  tempera ture rise  detec tors and fum e-flame or gas 
detectors.

All opera tions  are carr ied out in shielded cells to prov ide operato r protection  
and to minimize doses  during the operation process.
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