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IMMOBILISATION PAR BITUMAGE DES DÉCHETS RADIOACTIFS AQUEUX DANS UN
ÉVAPORATEUR À COUCHE MINCE

par

S.K. Sen Gupta et L.P. Buckley

RÉSUMÉ

Au début des années 80, EACL a construit un Centre de traitement des déchets aux Laboratoires de
Chalk River (LCR) pour assurer la gestion des déchets solides et liquides aqueux de faible activité.
L'objectif était de démontrer les procédés pour transformer les déchets CANDU*40 en une forme
convenant au stockage permanent en satisfaisant aux règlements actuels relatifs à l'environnement ou
en les dépassant.

Actuellement, deux effluents liquides sont traités au Centre de traitement des déchets. Ds sont réduits
en volume par une combinaison de technologies de microfiltration tangentielle continue, d'osmose
inverse en spirale et d'osmose inverse sur modules tabulaires (Sen Gupta et autres, 1995a). Le
concentré produit à partir du système d'osmose inverse sur modules tabulaires et des solutions de
lavage à contre-courant réduites en volume par microfiltration s'évapore tout en ajoutant simultanément
du bitume dans un évaporateur à couche mince. Un produit de sels chimiques et radiochimiques et de
bitume sans eau est extrait dans des fûts en acier galvanisé de 200 L en vue du stockage provisoire et
par la suite du stockage permanent à l'Aire de gestion des déchets des LCR.

Le flux d'alimentation de l'évaporateur à couche mince a une activité ß/y type d'environ 1 à 3
(1 Ci = 37 GBq). Cette activité serait concentrée par un facteur d'environ 10, tout en étant
simultanément immobilisée. Le champ de rayonnement des fûts au contact a une valeur type de 0,5 à
3 R/h selon la concentration en matières radioactives du flux d'alimentation de l'évaporateur (5 à
30 mSv/h). La teneur totale en solides dans le fût de 200 L se situe entre 25 et 35 %. Une variété de
sels non radiochimiques sont enrobés dans la matrice de bitume et représentent la masse des solides
totaux qui sont dans le fût. Le fût contient moins de 1 % d'eau sous forme liquide, et le produit
répond aux directives de l'USNRC relatives aux formes de déchets solidifiées.

Ce document traite de la capacité de réduction de volume de l'installation, en mettant l'accent sur
l'immobilisation des déchets aqueux avec du bitume dans un évaporateur à couche mince.
L'expérience d'exploitation acquise au cours de plus de 200 campagnes est étayée par de la
documentation.
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Des formes de déchets bitumées simulées provenant du Centre de traitement des déchets ont été
lixiviées conformément à l'essai de lixiviation ANS/ANSI 16.1. Au cours de cet essai, la forme de
déchets est immergée dans l'eau pendant une longue période et on enlève périodiquement le lixiviat et
on en fait une analyse chimique. L'indice de lixiviabilité variait entre 7 et 9 dans le cas des formes de
déchets bitumées émulsifiées produites au Centre de traitement des déchets. Dans le cas des essais qui
y ont été effectués, les échantillons de bitume étaient libres et ils ont été immergés et soumis à un
réapprovisionnement fréquent de lixiviat. Les résultats de ces essais de lixiviation constitueront une
limite inférieure dans le comportement des déchets bitumés dans un environnement non saturé. Des
travaux ultérieurs dans des conditions plus réalistes fourniront une meilleure estimation du
comportement des déchets bitumés dans un milieu non saturé. Les indices de lixiviabilité signalés
dépassent les exigences minimales de l'USNRC pour les critères de forme de déchets. L'ajout de
surépaisseurs de protection de ciment Portland ou de bitume oxydé a rehaussé l'indice de lixiviabilité.
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Abstract

In the early 1980s, AECL built a Waste Treatment Centre (WTC) for managing low-level solid and
aqueous liquid wastes. The objective was to demonstrate processes for converting CANDU® wastes to
a form suitable for disposal while meeting or exceeding current environmental regulations. At present,
two liquid waste streams are being treated at the WTC. The liquid waste streams are volume-reduced
by a combination of continuous crossflow microfiltration (MF), spiral wound reverse osmosis (SWRO)
and tubular reverse osmosis (TRO) membrane technologies (SenGupta et al. 1995a). The concentrate
produced from the TRO system and the volume-reduced MF backwash solutions are evaporated while
simultaneously adding bitumen in a thin-film evaporator. A water-free product of chemical and
radiochemical salts and bitumen is removed in 200-L galvanized steel drums for storage.

The radiation field of product drums on contact typically has a value of 0.5 to 3 R/h (5 to 30 mSv/h)
depending upon the feed concentration of radioactivity to the evaporator. The total solids content in
the 200-L drum ranges from 25 to 35%. Encapsulated in the bitumen matrix are a variety of non-
radiochemical salts, which comprise the bulk of the total solids that are in the product drum. The
drum contains less than 1 % of free water, and the product passes the USNRC guidelines for a
solidified wasteform.

This report discusses the volume reduction capability of the plant, with an emphasis on the
immobilization of the aqueous waste with bitumen in a thin-film evaporator. Operations experience
gained from over 200 campaigns are documented.

Simulated bituminized waste forms were leached in accordance with the ANS/ANSI 16.1 leach test.
In this test, the waste form is immersed under water for an extended period of time, and the leachate is
periodically removed and chemically analysed. The leachability index varied between 7 and 9 for the
emulsified bitumen waste forms produced at the WTC. For the tests carried out here, bitumen samples
were unconfined and subjected to immersion and frequent leachate replenishment. The results of these
leach tests will be a lower bound for the performance of the bitumen waste product in an unsaturated
environment. The leachability indexes reported exceeds the USNRC minimum requirement for waste-
form criteria. Adding protective overcoats of either Portland cement or oxidized bitumen enhanced the
leachability index. Further work, under more realistic conditions, will provide a better estimate for the
performance of the bitumen waste product in an unsaturated
environment.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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1. INTRODUCTION

In 1975, the need for a Waste Treatment Centre (WTC) at the Chalk River Laboratories (CRL) was
identified. The WTC was built to demonstrate systems capable of converting liquid wastes to a stable
and leach-resistant form. Current operations in the facility involve the treatment of the low-level CRL
liquid waste using a three-stage membrane plant to accomplish most of the volume reduction
(composed of microfiltration, spiral wound reverse osmosis, and tubular reverse osmosis unit
operations). Further volume reduction is achieved with a thin-film evaporator (without bitumen
addition) and with another thin-film evaporator whose primary function is for bitumen immobilization.

Figure 1 shows a flowsheet and volumetric balance for the primary unit operations at the WTC. For a
basis of 100 units of liquid waste (or 100# in the figure), the quantities of liquid at various points in
the plant are indicated. A total volume of 93.5# is released by the two-stage reverse osmosis plant
(per 100# treated), whereas a combined 99.9# is released from both the reverse osmosis and thin-film
evaporator operations. A total volume of 0.4# (including emulsified bitumen volume) is the secondary
waste product from the thin-film evaporator used for bituminizing (TFE-1). This results in an overall
volume reduction factor of 250 for the plant, based on feed liquid volume to immobilized secondary
waste volume, in the product drum (i.e., 100 -r 0.4).

The TFE-1 unit is used to immobilize liquid waste concentrates with bitumen. The other (TFE-2) is
used to volume reduce microfiltration backwash concentrates and tubular reverse osmosis retentate
prior to immobilization. The bituminized product from TFE-1 is collected in 55-U.S.-gallon (210 L)
galvanized steel drums. A full drum weighs approximately 240 kg. The drams are capped, transferred
to a shielded container and then shipped to the site waste management area for storage and eventual
disposal. The evaporation/immobilization process is conducted remotely in a shielded facility that is
designed to handle product drams with contact gamma radiation fields as high as 10 Rem/h (0.1 Sv/h).
In practice, however, the radiation fields are maintained below 5 Rem/h (0.05 Sv/h).

At present, two radioactive CRL liquid waste streams are being processed by the thin-film evaporator
used for bitumen immobilization (TFE-1). One stream originates from the central Decontamination
Centre (DC). The other, an Active Drain (AD) stream, is produced from a large and diverse number
of research laboratories and radioisotope production facilities. The two waste streams, totaling about
3000 m3 per year are volume-reduced by a factor of 80 prior to immobilization by three membrane
systems and thin-film evaporation. The performance of the thin-film evaporation process used for
bitumen immobilization, and the characteristics of the waste form after standard leach tests (using the
ANS/ANSI 16.1 protocol 1986), represent the focus of this report.

Not many data are available on the performance characteristics of the current waste form being
produced at the WTC. Early work on leaching was on phosphate-based wastes encapsulated in
oxidized bitumen. The reason for this is that experiments conducted about a decade ago on waste
product simulants indicated that there was little difference between the leaching properties of distilled
(soft), versus oxidized (hard) bitumen. There are currently about 200 product drams of immobilized
secondary waste that have their own blend of contaminants and solids, and the performance of this
product is currently being evaluated.



The leaching work reported here is the first step in the evaluation of the waste product currently being
produced at the WTC. The ANS/ANSI 16.1 leach test (ANS 1986) is an aggressive procedure that
reflects unrealistically poor conditions for disposal in the unsaturated zone. For the tests performed
here, bitumen samples were unconfined and subjected to immersion and frequent leachate
replenishment. The results of these leach tests will be a lower bound for the performance of the
bitumen waste product in an unsaturated environment. Further work under more realistic conditions
will provide a better estimate for the performance of the bitumen waste product in an unsaturated
environment.

2. TECHNOLOGY DESCRIPTION

2.1 Membrane Plant

A flowsheet of the integrated plant for volume reduction and immobilization of aqueous radwaste is
shown in Figure 1. Liquid waste fed to the WTC is sampled and analysed for pH, conductivity, a and
gross j3/y activity, tritium (3H), turbidity, total solids, gamma-emitting radionuclides, and various non-
radioactive chemical species at the source tanks. Waste is then sent to a 45-m3 feed tank in the WTC,
and it is pH adjusted to the alkaline region (8 - 10); an adequate conditioning time of 12 h is allowed
to maximize precipitation of metals, prior to treatment with microfiltration (MF) for the removal of
suspended solids.

During MF, concentrate is recycled; filtrate is continually removed from each bank of filtration
modules at about 25 L/min and is directed to the spiral wound reverse osmosis (SWRO) feed tanks.
When the backwash (concentrate) solution exceeds 10 g/L, it is sent to the volume reduction
evaporator, TFE-2. The MF filtrate, free of suspended solids, enters the SWRO feed tank at a rate
equal to the permeation rate of the SWRO. The concentrate from the SWRO membrane process is
bled to the TRO feed tanks.

The TRO membrane system operates in a batch process mode, where the final tank volume is reduced
to approximately 10 to 15% of the initial feed volume. The concentrate, containing about 50 to 80
g/L of dissolved solids, is transferred to one of three 7100-L tanks in the active tank room, to await
further volume reduction by evaporation with TFE-2.

2.2 Liquid Waste Immobilization Process Description

The evaporator has a 10.8 ft2 (1 m2) heated surface, with superheated steam at about 100 psig
(720 kPa) applied to the jacket. Waste feed containing between 5% and 15% total solids is introduced
at a rate of about 2 ftVh (1 L/min), along with bitumen emulsion flowing at about 0.6-1 ft3/h (0.3-
0.5 L/min). The emulsified bitumen and the waste are introduced via a distribution ring to the top of
the evaporator and fall along the heated surface. The evaporator has internal rotating blades, which
sweep within 1 mm of the vertical heated surface. The blades in TFE-1 rotate at 900 rpm.

The evaporator does not operate full of product; the liquid or slurry forms a thin film or annular ring
of product from the feed nozzle to the product outlet nozzle. Holdup or liquid inventory in a thin-
film evaporator is very low, typically about 5 kg of material per square metre (= 0.5 pound per square



foot) (Freese and Glover 1979). A thin-film evaporator, which is an inherently low-pressure-drop
device, has mechanical turbulence and, therefore, good heat transfer properties over a wide range of
viscosities.

3. DESCRIPTION OF BITUMEN USED FOR IMMOBILIZATION

3.1 Bitumen Feed

Bitumen, a commercially available residue of petroleum or coal-tar refining, is the name given to a
wide range of hydrocarbons that have a high molecular weight. Its two major components are
asphaltene compounds, which give bitumen colloidal properties, and malthene compounds, which
impart viscous liquid properties. Most bitumen is obtained during the distillation of crude oil and is
called "direct distilled" bitumen. This bitumen has a high viscosity and must be heated to make it
suitable for mixing. The bitumen used in the evaporator was emulsified in water (contains 45% H2O)
and can be added directly to the evaporator without being heated. Table 1 shows the properties of
typical bitumen used in the Liquid Waste Immobilization System. The emulsifying water is driven off
in the TFE.

3.2 Rationale for Selection of Bitumen Matrix

Solidification of wastes in bitumen has been tested extensively in Europe and has been applied more
recently at Virginia Power in the United States (Morris and Halverson 1993) . Experience has
demonstrated that bitumen is also suited to most streams generated by nuclear power plants and by
industry (IAEA 1993). The stability of bitumen with respect to radiation is a property of primary
importance when bitumen is considered as a waste matrix material. The main factors influencing the
radiation stability of bitumen are the dose rate and the total absorbed dose. A total absorbed dose
limit of 108 to 109 rad (1 rad =10 mGy) is commonly reported for the radiation resistance of bitumen
waste forms (IAEA 1993).

Bitumen generally provides superior leach resistance in comparison with cement, which could be
important for certain species and disposal scenarios. One of the potentially more significant
advantages provided by bituminization processes is volumetric efficiency, which is particularly
important if waste must be stored for extended periods before disposal (Buckley 1982). Cement
solidification can result in as much as a 100% increase in volume, whereas, depending on waste
stream concentrations and the type of equipment used, bituminization can provide volume reduction
factors of 5 or more, because associated water is driven off during the solidification process.

4. OPERATIONS PERFORMANCE OF TFE-1

4.1 Effect of Rotor Change

Data were collected from TFE-1 after a new rotor was installed and operated at higher speeds.
Table 2 summarizes the performance of TFE-1 before and after the rotor change. The new rotor



operates at a speed of 900 rpm, compared with 600 rpm prior to its installation. A total volume of
26.9 m3 was immobilized with TFE-1 in 1994 with a volume reduction factor (VRF) of 2.92. A
volume reduction factor (VRF) is defined by Equation (1).

VRF = Feed VoUme ( T ^ - 1 ) (1)
7FB"1 ~ Product Drum Volume

Before the new rotor was installed a total volume of 13.2 m3 of liquid had been processed with a VRF
of 2.67. After the installation of the new rotor, a total volume of 13.7 m3 was processed with a VRF
of 3.21. The cleaning frequency was reduced by a factor of 3 after the installation of the rotor
operating at higher rpm. The higher VRF after the rotor change boosted the average volume of waste
concentrate immobilized per drum from 535 to 642 L. Over the duration of the year (including data
for both rotors) an average volume of 585 L of waste concentrate was immobilized per drum. This
represents an overall VRF of 2.92. On average over the duration of the year, there was about 64.2 kg
of waste solids immobilized in each drum. The drums contained approximately 30.3% solids by
weight. Inert solids (associated with grit and suspended matter removed by microfiltration in the
backwash stream) represent about 4 to 5% of the weight of the product drum. The immobilized waste
solids consisted primarily of sodium nitrate, sodium phosphate, sodium sulphate, and sodium
carbonate. The average concentrations of the primary radioactive and chemical contaminants
immobilized in the product drums are given in Table 3. The data are expressed as a quantity of
contaminant per unit mass of immobilized secondary waste, from TFE-1.

Chemical characterizations of the ammonium hydroxide and citric acid-based cleaning solutions used
for TFE-1 (prior to the installation of the new rotor), have shown that there is severe scaling of the
evaporator by phosphate- and sulphate-based salts. About 6 kg of sodium phosphate and 1 kg of
sodium sulphate were deposited on the 1 m2 of evaporator surface area. Significant quantities of
calcium, magnesium, iron, and silica were also detected in the ammonium citrate-based cleaning
solution. Visual observations indicated that large deposits of hardened scale were present on the heat
transfer surfaces, particularly within about 25 cm of the feed inlet. These observations indicated that
all the water associated with the waste solids was flashed off within approximately 0.3 m of the TFE-1
feed inlet. The length of the heated surface is 1.5 m.

Crusty deposits of scalable species are thought to be responsible for the reduction of the heat transfer
area, and lower product temperatures prior to the installation of the new rotor. Product temperatures
were recorded at 1-h intervals during a processing campaign, which typically lasted approximately 14
h. At the start of a campaign a process temperature of 155 °C was attainable but could not be
maintained at this level for the duration of the run, because of the chemical scaling.

The chronic fouling observed prior to the rotor change has now been minimized. The frequency of
chemical cleaning has been reduced by a factor of 3 after installation of the new rotor and this has
minimized downtime. It is now possible to maintain an outlet product temperature of between
135-145°C for the duration of a 4000-L campaign. This ensures that there is no residual liquid in the
product drum. There is less than 1% free water in a product drum based on mass balance.



For operations with the old rotor, the average combined distillate rate (evaporated from the waste and
the bitumen) varied between 0.4 and 1.0 L/min. When the new rotor was initially installed the
distillate rate increased to about 1.5 L/min, before subsequently decreasing back to an average of 1.0
L/min. However, the present distillate rate of 1.0 L/min can be maintained at an average product
temperature of about 135°C over the duration of a 14-h run.

4.2 Decontamination Factor of Radionuclides Treated by TFE-1

The removal efficiency of a radionuclide or other chemical contaminant in an evaporator is usually
expressed as a decontamination factor (DF), which is defined by Equation (2).

DF = [ P / Y ] *«* (2)
t P / ] effluent

Figure 2 shows the evaporator performance for the removal of the most abundant isotopes present in
the feed stream to the evaporator. The data were compiled from about two years and more than 50
operational runs. The first bar of each histogram represents the total radioactivity of the specified
radionuclide in the feed stream in curies. The second bar is the total radioactivity of the radionuclide
in the distillate stream, also in curies. Finally the line plot, which refers to the right ordinate, is the
decontamination factor for each radionuclide.

The first set of two bars shows the evaporator performance for the removal of ^Co. Over an operating
period of about 500 d, about 10 Ci of ^Co was introduced into the solidification plant. Of this, less
than 0.002 Ci was released, representing a DF of about 6000 in the thin-film evaporator. If the
fraction of suspended particles to the evaporator for a given batch of waste is high it is probable that a
large removal of ^Co will be achieved, since a large fraction of this radionuclide is adsorbed to the
surfaces of suspended particles.

The most problematic radionuclides from a decontamination perspective are 137Cs and 134Cs. About
80% of the cesium is present as 137Cs, but both isotopes are equally difficult to remove upstream of the
evaporators in the membrane plant, because of their low valence. The cesium isotopes are rejected at
about 98% by the membrane plant, compared with 99.5% for the other p/y emitters (SenGupta et al.
1995a). The bulk of the cesium is soluble and is not retained by the suspended solids in the backwash
concentrate stream. The decontamination factors for 137Cs and 134Cs are 4000 and 800 respectively.

The DF for the two cerium isotopes (141Ce and I44Ce) are 1 x 105 and 2 x 104 respectively. The large
DF for these two isotopes is partially attributed to the fact that the bulk of the cerium is adsorbed on
suspended solids removed by the MF system. Since the retention of suspended solids in the
evaporators is very high, it follows that there is very efficient removal of the cerium isotopes.

The lower DF for the two cesium isotopes may be related to the fraction of total cesium that is
dissolved. By comparison with 141Ce and 144Ce, where the decontamination factors are greater than 20



000, and ^Co (DF = 6000), most of the cesium is dissolved. About 60% of the cobalt isotopes and
75% of the cerium isotopes are associated with the suspended solid phase. These adsorbed
radionuclides are subsequently removed by the MF membranes as backwash concentrate. The results
suggest that the removal efficiency of the evaporators for radioactivity decreases when the dissolved
fraction of the isotope increases. It is known from operating experience at CRL that, of the
radionuclides discussed here, the cerium isotopes are the least soluble, and the cesium isotopes are the
most soluble.

4.3 Organic Carryover in Evaporator Distillate

Although the effluent quality from the evaporator meets all discharge criteria for radioactivity, there is
some carryover of organics into the distillate. The source of these organics is primarily the distillation
of lighter components in the emulsified bitumen in TFE-1, which is used for immobilization of the
mixed aqueous waste concentrate. The concentration of dissolved organic carbon (DOC) in the
distillate can vary between 1 and 300 mg/L, whereas the concentration of phenolics in the distillate
stream ranges from 0.02 to 2 mg/L. The oil and grease concentration in the distillate stream (T-13) is
usually less than the 15 mg/L Federal Discharge target (Environmental Impact Control Directorate
1976), but has exceeded 100 mg/L on occasion. The excess oil and grease is removed by filtering
through bags or charcoal before ultimate release.

It has been observed that a titanium dioxide photocatalytic reactor is capable of reducing both EPA
624 (volatile) and EPA 625 (extractable) priority contaminants present in the evaporator distillate to
below the method detection limits of the GC/MS analytical equipment (SenGupta et al. 1995b).
Dissolved oxygen was sufficient to remove the colour associated with organics from the waste water,
even though not all of the organic carbon was removed. A concentration of 500 mg/L of hydrogen
peroxide was found to be sufficient for the removal of the organics present in the evaporator distillate
stream. Phenolics were effectively reduced to well below the Canadian Federal Discharge limit of
20 (ig/L using this technology, and oil and grease were reduced to below the 15 mg/L imposed
guideline for Federal Establishments (Environmental Impact Control Directorate 1976). Other
aromatic compounds, including naphthalene and methyl-substituted naphthalene derivatives, were
removed or converted to other less toxic constituents. The dissolved organic carbon was not all
converted to carbon dioxide in the catalytic reactor; some intermediate oxidation products were
formed, which included organic acids.

4.4 Product Drum Radiation Field

The radiation field on the product drums is a function of the concentrations and distributions of the
specific p/y emitters immobilized in it. The contact field on a product drum varied between 100 and
1000 mRem/h (1 and 10 mSv/h) for the first 100 drums produced at the WTC, during which time the
wt % solids in the product drum was maintained below 25%. Thereafter, with more radioactive waste
introduced into the WTC, and by maintaining the wt % solids at about 35%, the average contact
radiation field increased significantly. There have been two runs to date where 5 Rem/h (0.05 Sv/h)
contact field drums were produced. The new higher speed (900 rpm) rotor has increased the volume
reduction potential of the evaporator (Table 2). The reason is that there is better heat transfer through
the vessel wall.



A semi-empirical correlation was employed that allows the radiation field to be computed if the
concentration of gamma emitters in the feed tank is known. Figure 3 shows the correlation between
the radiation field (as measured on contact on the side of the drum), and the estimated radiation field.
The correlation is accurate to within 7% on average, assuming that the radiation field on contact with
the drum exceeds 500 mRem/h (5 mSv/h). The correlation is accurate enough to allow fine tuning of
the liquid and bitumen emulsion flow rates. This ensures that the radiation field on any drum does not
exceed about 3 Rem/h (0.03 Sv/h) on contact.

The estimated radiation dose to the bitumen was computed over its lifetime. The gross beta/gamma
loading per kilogram of product varied between 5 x 107 and 5 x 108 Bq/kg. This resulted in an
estimated dose to the bitumen ranging between 1 x 106 to 1 x 108 rads over its lifetime. This was well
within the maximum allowable dose of about 5 x 108 rads per drum (IAEA 1993).

The estimated dose to the bitumen (from the known beta/gamma emitters) for the 40 product drums
generated in 1994, is shown in Figure 4 on the left ordinate. A large fraction of the dose to the
bitumen is due to radioactivity from w Co (shown on the right ordinate in mCi/drum).

4.5 Radiological and Chemical Characteristics of Product Drum

The total inventory of radioactivity and salt loading immobilized in the 40 product drums was
computed. These totals were divided by the total mass of immobilized secondary bitumen waste
produced from the WTC in 1994. Table 3 shows the distribution of radiological and chemical
contaminants expressed in the units of uCi/mL (of immobilized product) and mg/kg (of immobilized
product), respectively. Of the p/y emitters immobilized in the product drums, the most abundant were
Ce-144 (0.91 uCi/mL), Co-60 (0.44 uCi/mL), Cs-137 (0.90 uCi/mL), and Cs-134 (0.94 |iCi/mL). On
average, there was a total of 0.023 uCi/mL of gross a present, about half of which could be
accounted for by the two radionuclides: 241Am (0.0072 |iCi/mL) and 239Pu (0.0033 uCi/mL). The
gross a accounts for about 1 % of the total radioactivity in the product drum.

Five chemicals were identified as contributing towards the majority of the reactive solids loading in
the product drum. These include the sodium-based salts of nitrate (92 g/kg), phosphate (36.5 g/kg),
sulphate (18.4 g/kg), chloride (11.2g/kg), and carbonate (10.1 g/kg). Concentrations of sodium, iron,
and calcium are also given in Table 3.

5. LEACH RESISTANCE OF BITUMEN WASTE FORM

The bitumen waste form from the WTC was evaluated with the ANS/ANSI 16.1 test. In this standard
procedure the waste form is immersed under water for an extended period of time and the leachate is
periodically removed and chemically analysed. The test protocol is aggressive and not indicative of
disposal conditions. The test is meant to be used as a relative indication of product quality.



Leach resistance of a waste form can be expressed in terms of a teachability index (LI) as follows:

n 1

The units of LI are dimensionless, whereas those of D (diffusivity) are cm2/s. A high value of LI
implies a slow leaching rate (and a low effective diffusivity). A minimum LI of 6 is required by the
USNRC, and a value of 10 is considered to be excellent.

The leachability index using the ANS/ANSI 16.1 standard test varied between 7 and 9 for the various
salts present in the WTC waste form. Subsequent tests have shown that the LI of the bitumen waste
form is relatively independent of the processing conditions used at the WTC. Step changes in process
temperature did not have any significant effect on the results obtained.

To determine if the leach resistance of the bitumen waste form product from the WTC could be
improved, a series of experiments were performed out using a simulated waste (prepared in the
laboratory), immobilized with emulsified bitumen feedstock. The bitumen waste form created in this
fashion was itself further encapsulated in other binding agents including oxidized bitumen (used for
liquid waste immobilization at the Surrey Radwaste Facility in Virginia), and ordinary Portland
cement. Both encapsulating materials surrounding the bitumen core were evaluated at three wall
thicknesses: 0.25 cm, 0.50 cm, and 0.75 cm. Each sample, prior to leach testing, had a diameter of
3.5 cm and a height of 7.0 cm. This sample size was maintained to provide the same surface area to
volume for all encapsulated and unencapsulated samples. In addition, three different salt loadings were
investigated. Only results for the maximum loading are reported in this paper.

Some of the data are shown in Figure 5, where the leachability index (from the ANS/ANSI 16.1 test)
is plotted for the uncoated simulated bitumen waste form (zero wall thickness) and at the other three
wall thicknesses. One would expect the leachability to decrease with time as the surface of the waste
form became depleted. Intuitively, the leachability of the waste form should vary with the overcoat
thickness. The data are plotted for both the cement and oxidized bitumen encapsulations of the
emulsified bitumen waste form. Phosphate is among the most abundant chemicals present in the WTC
emulsified bitumen waste form (Table 3). The leachability index is shown as a function of the wall
thickness for both the cement (open symbols) and the oxidized bitumen (solid symbols) encapsulations.
For chloride with cement encapsulation, the LI increases from about 8.6 for the pure emulsified
bitumen product (without additional protective coatings), to about 11.5 at a cement wall thickness of
0.75 cm. By comparison, for the oxidized bitumen overcoat, the LI for chloride increases from 8.6
(with no overcoat), to 13 for an oxidized bitumen wall thickness of 0.25 cm. No further increase of
LI with a wall thickness greater than 0.25 cm is observed.

For phosphate, the LI increases from about 9.2 to 12.5 (at a wall thickness of 0.25 cm) for both the
cement and the oxidized bitumen protective overcoats (Figure 5). There does not seem to be much
improvement of the LI for wall thicknesses greater than 0.25 cm, for either the cement or the oxidized
bitumen encapsulations.



Figure 6 shows the leach resistance of the two encapsulation matrices for cesium and strontium. The
teachability index for the bitumen waste form (without protective overcoats) is about 8.4, and it
increases to about 9 with coatings of cement or oxidized bitumen. For strontium the LI without any
overcoat is about 11. For the cement overcoat the LI increases to about 11.8 at a wall thickness of
0.25 cm but shows no further increase with greater wall thicknesses. This could be due to the fact that
natural strontium was also being leached from the cement matrix itself, which might bias the results.
For the oxidized bitumen overcoat, the LI increases from 11 (for emulsified bitumen waste form), to
about 15 for a wall thickness of 0.25 cm.

The results from Figures 5 and 6 show that the addition of protective overcoats of either cement or
oxidized bitumen can significantly improve the leach resistance of the bitumen waste form. In general,
the oxidized bitumen encapsulation was superior to the cement encapsulation for most of the chemical
and radiological contaminants that were evaluated. The cesium leachability was the same for both
encapsulation materials at all wall thicknesses. Longer term leaching tests would have to be conducted
to determine if the jacket breaks down or if the waste form surface becomes depleted first. A lack of
sensitivity was observed in the results by varying the thickness of the jackets. This suggests for the
short time period of leaching that the thinnest layer was more than sufficient to reduce the leaching
rates of the waste form.

6. CONCLUSIONS

Product drums from the thin-film evaporator facility at the CRL Waste Treatment Centre have an on-
contact radiation field of between 500 mRem/h (5 mSv/h) and 3000 mRem/h
(30 mSv/h), depending upon the radiological and chemical characteristics of the feed. The dominant
p/y emitters in the product drum include 137Cs, l34Cs, 144Ce, 14ICe, and ^Co. On average, there is a
gross p/y loading of 2.6 |iCi/mL in the immobilized bitumen product. The concentration of a
emitters constitutes about 1% of the total radioactivity, and the principal isotope is 241Am. The
radiation dose to the bitumen varies between 106 and 10s rads per product drum (over its lifetime),
which is less than 20% of the maximum allowable dose for the matrix.

The decontamination factor of the thin-film evaporator varies with the radionuclide. It is about 20 000
for 144Ce, 6000 for ^Co, and about 4000 for 137Cs. Those radionuclides that are more strongly
adsorbed to the inert solids associated with the MF backwash solids are more efficiently removed in
the evaporator.

Installing of a new rotor, and increasing its speed from 600 rpm to 900 rpm, has significantly
improved the operation of the thin-film evaporator. The cleaning frequency of the unit has been
reduced by a factor of 3, and the solids loading has been boosted from about 25% to 35%. The
volume reduction factor increased from 2.67 to 3.21 after the installation of the new rotor operating at
900 rpm.

There is some distillation of the organic fraction from the emulsified bitumen used for immobilization
of the mixed waste concentrate. Photocatalytic oxidation can effectively remove the organics
volatilized in the distillate.
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The addition of protective overcoats of cement or oxidized bitumen can significantly improve the leach
resistance of the emulsified bitumen waste form. On the basis of ANS/ANSI 16.1 test it was shown
that the diffusivity of many of the chemical and radiological species can be reduced by up to 3 orders
of magnitude with protective layers of these encapsulating agents. The oxidized bitumen matrix was
superior to the cement encapsulation of the emulsified bitumen waste forms.
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ICAL BITUMEN USED IN TFE-l FOR IMMOB1

PROPERTY

Density, gem'3

Viscosity, Poise at 60°C

Softening Point, °C

Penetration at 25°C, mm

Ductility at 25°C, cm

Flash Point, °C

VALUE

1.02

516

41

185

> 150

308

TABLE 2: EFFECT OF ROTOR CHANGE ON TFE-1 PERFORMANCE

PARAMETER

VOLUME
PROCESSED (L)

NUMBER
PRODUCT
DRUMS

VOLUME
REDUCTION
FACTOR

AVERAGE
VOLUME
PROCESSED PER
200-L DRUM

PRE-ROTOR
CHANGE

13160

24.6

2.67

535

POST-ROTOR
CHANGE

13740

21.4

3.21

642

SUM

26900

46

2.92

585
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TABLE 3: RADIOLOGICAL AND CHEMICAL CHARACTERISTICS OF
1994 PRODUCT DRUMS

RADIOLOGICAL

CONTAMINANTS

(mCi/L)

CHEMICAL

CONTAMINANTS

(mg/L)

PARAMETER

GROSS BETA

AM-241

CE-144

CO-60

CS-134

CS-137

EU-154

EU-155

NB-94

NB-95

RU-103

RU-106

SB-125

ZN-65

ZR-95

NI-63

PU-239/240

ALPHA

PHOSPHATE

CARBONATE

NITRATE

CHLORIDE

SULPHATE

SODIUM

IRON

CALCIUM

AVERAGE

2.57E + 00

7.19E-03

9.14E - 01

4.42E - 01

9.35E - 02

9.01E - 01

2.63E - 02

1.57E-02

1.11E-03

2.25E - 02

2.51E - 03

9.78E - 02

4.95E - 03

4.01E - 02

9.58E - 03

2.46E - 03

3.34E - 03

2.28E - 02

3.65E + 04

1.01E + 04

9.24E + 04

1.12E + 04

1.84E + 04

6.10E + 04

1.77E + 03

5.5OE + 02
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Figure 1 : Integrated Radwaste Processing Plant at AECL



Figure 2: Decontamination Factor for
Radionuclides Total Radioactivity Treated
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Figure 3: Estimation of Radiation Field
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Figure 4: Estimated Radiation Dose to Bitumen
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Figure 5: LeachabiMty Index of Encapsulated
Bitumen Waste Forms (1,2)
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Figure 6: Leachability Index of Encapsulated
Bitumen Waste Forms (1,2)
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