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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Sommaire des méthodes de conditionnement et d'immobilisation

des résines ëchangeuses d'ions

par

R.A. Speranzini et L.P. Buckley

Resume

On se sert de résines échangeuses d'ions dans les centrales
nucléaires CANDU-PHW pour purifier l'eau lourde employée comme modérateur
et comme caloporteur primaire. Deux techniques prometteuses de condition-
nement des résines échangeuses d'ions devant être évacuées ont été évaluées:
immobilisation directe et incinération puis immobilisation des cendres et
épuration des gaz dégagés. Lorsque les résines ëchangeuses d'ions étaient
immobilisées directement, les volumes des produits bitumineux atteignaient
environ les trois quarts du volume de la résine non traitée tandis que les
volumes des produits S base de ciment et de polyester étaient 2 ou 3 fois
plus volumineux. Les volumes des produits bitumineux et vitrifiés étaient
respectivement 6 et 10 fois moins volumineux que le volume de la résine
non traitée tandis que les volumes des produits S base de ciment et de
polyester étaient environ deux fois moins volumineux que le volume de la
résine non traitée.

Etant donné que le dégagement de Cs-137 par lixiviation était
le plus faible dans le cas des produits résultant d'une immobilisation
dans le verre, les résines PHT qui ont de fortes concentrations de Cs-137
devraient être vitrifiées. Les résines employées pour la purification du
modérateur, lesquelles ont une grande teneur en C-14, doivent être incinérées.
Les cendres de cette incinération et les solutions d'épuration contaminées
par le carbone 14 doivent être immobilisées. Le traitement préalable de ces
résines avec du chlorure de calcium ou du dioxyde de carbone permet de
libérer le C 14 présent dans la résine S des températures inférieures a la
température d'inflammation de la résine. La technique du traitement pré-
alable réduit la quantité de dioxyde de carbone inactif qui doit être épuré
pour capter le carbone 14. Les dégagements de C-14 provenant de la solution
d'épuration S base d'hydroxyde de baryum ayant été immobilisée étaient les
mêmes que ceux provenant de la résine immobilisée.
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ABSTRACT

Ion-exchange resins are used in CANDU-PHW nuclear power stations to
purify heavy water in the primary heat transport (PHT) and moderator
systems. Two promising techniques for conditioning spent ion-exchange
resins for disposal have been evaluated: direct immobilization and
incineration combined with immobilization of the ash and scrubbed off-
gases. When ion-exchange resins were immobilized directly, volumes of
bitumen products were about 0.75 times the volumes of untreated resin,
while the volumes of cement and polyester products were 2 to 3 times
larger. While incinerating the resin is an extra processing step, much
smaller volumes result from the latter option. Bitumen and glass product
volumes were six and ten times smaller, respectively, than the volumes of
untreated resin, while cement and polyester product volumes were about
one-half the volume of untreated resin.

Since the releases of Cs-137 by leaching were lowest for products
made by immobilization In glass, PHT resins which have high concentrations
of Cs-137 should be vitrified. Moderator resins which have high concentra-
tions of C-14 should be incinerated and the ash and C-14-contaminated
scrubbing solutions should be immobilized. By pretreating such resins with
calcium chloride or carbon dioxide, the C-14 present on resin could be
released at temperatures below the ignition temperature of the resin. The
pretreatment technique reduces the amount of inactive carbon dioxide that
must be scrubbed to trap the C-14. The releases of C-14 from immobilized
barium hydroxide scrubbing solution were the same as releases from
immmobilized resin.
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1. INTRODUCTION

Ion-exchange (IX) resins are used in CANDU-PHW nuclear reactors
chiefly to purify heavy water coolant and moderator systems. These IX
resins, stored on-site, contain about 80% of the gross By radioactivity
produced per year in CANDU reactors excepting the activity within the fuel
bundles (1). While contaminated resins make up only 3% of the total
unprocessed reactor waste volume generated each year by Ontario Hydro,
processing of most of the other wastes increases this to 12% (1). Since
the IX resins are contaminated with high concentrations of the long-lived
isotopes Cs-137 and C-14, a method for their permanent disposal may be
required. If the volume of IX resins, produced at the rate of about
130 m^ per year (2), cannot be reduced, they are expected to take up
approximately 20% of the space in a reactor waste repository (3).

In previous work (4), traced and reactor-contaminated resins were
immobilized directly in cement, plastic and bitumen. The processes and
products were evaluated to determine which method of direct incorporation
provided minimal releases of radionuclides, particularly C-14 and Cs-137.
The releases of radionuclides and the volumes of products were lowest when
resins were bituminized.

To reduce the volume of IX resin products, IX resins can be
incinerated and the ash immobililzed. The work reported in ref. 5 was
undertaken to evaluate the incineration option and to characterize the
gaseous releases of C-14 when IX resins were burned. As a result of these
studies, a CaCl2 pretreatment procedure was developed which can be used
to release C-14 at temperatures below 500°C, the combustion temperature of
IX resin (5). The C-14, released as carbon dioxide can be trapped in small
volumes of barium hydroxide scrubber solutions before large amounts of
inactive carbon dioxide are produced by incineration or vitrification of
the resins.

As reported in ref. 5, the ash from incinerated reactor-contaminated
resin and the barium carbonate residue (containing C-14) from a barium
hydroxide off-gas scrubbing solution were immobilized in cement, plastic,
bitumen and glass and the products leached as a test of their durability.
The releases of radioisotopes, in particular C-14 from the barium carbonate
products, were found to be about the same as the releases from products
made by immobilizing IX resins directly. Releases of Cs-137 from the ash
products made with cement, plastic and bitumen were about ten times higher
than the releases from corresponding products made by direct immobiliza-
tion. However, the volumes of products obtained by immobilizing the
combustion products were up to six times lower than the volumes arising
from direct immobilization of IX resins. Releases of Cs-137 from glass
products, and volumes of glass products, were the lowest of all products
prepared.



In this report, the work reported previously (4,5) is summarized and
updated. As well, the following results are reported:

(a) inorganic ion exchange materials, in particular Zeolon-900
(Na form), were found to reduce the releases of cesium from cement
products by a factor of 50 after 100 days of leaching.

(b) a CO2 pretreatment procedure was developed which can be used to
release 100% of the C-14 initially present on organic IX resins.
At a pretreatment temperacure of 70°C, the C-1A can be released from
the IX resins as carbon dioxide and trapped in off-gas scrubbers
before large amounts of inactive carbon dioxide are produced by
incineration or vitrification of the resins.

(c) organic IX resins have been immobilized in sphene-based glass-
ceramics. The sphene crystalline phase of the glass-ceramic is
thermodynamically stable in granitic groundwaters, so the glass-
ceramic may be a more suitable product than glass for disposal of
long-lived radionuclides.

2. ION-EXCHANGE RESINS USED IN THE EXPERIMENTS

Organic mixed-bed ion-exchange resins are used in CANDU-PHW
reactors: Amberlite IRN-i50 in the moderator system and Amberlite IRN-154
in the primary heat transport (PHT) system from the Pickering Nuclear
Generating Station. The major contaminants on the moderator and PHT resins
are C-14 and Cs-137, respectively (5). As well as being present in high
concentrations, the Cs-137 and especially the C-14 are long-lived species
and must be contained for long periods of time.

In the experiments reported here, IRN-150 resin, traced with C-14
and Cs-137, and reactor-contaminated resins were used. Contaminated resin
columns were obtained from the 25 MWe Nuclear Power Demonstration (NPD)
CANDU-PHW reactor at Rolphton, Ontario. Two columns labelled M-177 and
M-187 containing Amberlite IRN-150, an H+/0H" mixed-bed resin, were
used in the moderator circuit. A third column labelled P-84 containing
Amberlite IRN-154, a Li+/OH~ mixed-bed resin, was used in the primary
circuit. After use, the columns were dedeuterated, excess water was
drained out and the inlet and outlet tubes were welded shut. After storage
at NPD, to allow for decay of short-lived isotopes, the columns were
shipped to the CRNL Decontamination Centre where they were cut open with an
oxyacetylene torch. The damp IX resin was scooped from the column into
plastic-lined paint cans. About six 1 L samples were obtained from each
column. Using a small scoop, 1 mL samples were taken from the paint cans
for analysis by y spectrometry. The samples of resin were spread evenly on



the bottom of plastic petri dishes and Y counted. Samples (2-5 xnL) were
analyzed for C-14 content using a hydrochloric acid stripping technique
developed by Nott (6,7).

As shown in Table 1, the major contaminants on the NPD resins were
C-14 and Cs-137 so this resin was considered a good simulant for resins
from the larger power reactors. Resin from the spent moderator column,
M-177, and from the spent PHT column, P-84, was used in the direct
immobilization studies reported in ref. 4 and summarized in Section 3.
Resin from column M-187 was incinerated and the ash used in the
immobilization studies reported in Section 5.

3. DIRECT IMMOBILIZATION OF ION-EXCHANGE RESINS

Traced resins and contaminated resins from the NPD demonstration
power reactor were incorporated in cement, polyester and vinyl ester
resins, and bitumen. The immobilization procedures and the product
characteristics were described in detail previously (4), so are only
summarized here. New work is reported in more detail.

3.1 Incorporation of Ion-Exchange Resins In Matrices

The procedures for immobilizing the ion-exchange resins in cement,
polyester and vinyl ester resins are summarized below.

3.1.1 Cement

One of the objectives of the work was to load the maximum amount of
resin into cement to minimize the volume increase associated with using
cement. In the experiments reported In ref. 4, IRN-150 resin was added to
a mixture of water and Portland III cement and the mixture was poured into
polyethylene molds; the water-to-cement weight ratio was 1:2. The samples,
containing 10 wt% dry resins, were cured In a humid atmosphere for fourteen
days. The products were visually good, but fractured upon immersion in
water. To obtain higher resin loadings and more durable products, the IX
resin beads were coated with water-extendible polyester resin (without the
initiator) before being mixed with cement and water. Products with
loadings as high as 23 wt% dry IX resin were prepared. These products did
not crack during curing, and wet and dry cycling of the products did not
result in any deterioration of the products. The procedure for wet and dry
cycling entailed immersing the samples in water for a day, removing and
drying the samples In stagnant air at 25°C for a day, then repeating the
daily wetting and drying for several weeks. As illustrated In the phase
diagram, Figure I, significantly higher loadings of IX resin can be
obtained when the resins are pretreated with water-extendlble polyester
resin as compared with untreated resins. For example, of the compositions



made by Manaktala and Weiss (8), only one product, with a dry resin loading
of 6 wt%, did not fracture during soaking tests. Chrlstensen (9) indicated
that stable products containing 7 wt% to 10 wt% dry resin could be made.
By pretreating IX resins with liquid polyester resin, loadings as high as
23 wt% dry resin can be obtained. These cement products do not disinte-
grate when immersed in water. The shaded area of the phase region in
Figure 1 represents products which had corapressive strengths less than
5 MPa, were difficult to mix thoroughly, but still did not fracture when
immersed in water.

Having established techniques for preparing durable cement products,
Portland III cement products were made using the spent moderator resin from
NPD (column M-177). Products were made over a range of 5 wt% to 15 wt% dry
resin and these samples were leached.

Since the leachability of Cs-137 from the cement products made with
NPD resins was high (see next section), attempts were made to reduce Cs-137
losses from cement products by using additives. Since sodium-form
Zeolon-900 had been identified as an effective sorbent for retention of
Cs-137 in cement products (10), products were prepared with varying
loadings of powdered Zeolon-900 in cement/IX resin mixtures. As described
previously, the IRN-150 resin, traced with Cs-137, was treated with water-
extendible polyester resin before being cemented. Details of the products
are given in Table Al of the Appendix.

Releases of C-14 by leaching from the NPD resin products could not
be measured because of the Y interference from cesium and cobalt isotopes
in the leachant. Hence, products were prepared for leaching that contained
only C-14 adsorbed on fresh IRN-150 resin. Details of the NPD resin and
C-14 traced resin specimens are given in Tables A2 and A3 of the Appendix.

3.1.2 Polyester Resin

Water was mixed with liquid, water-extendible polyester rein (AROPOL
WEP-661 P obtained from Ashland Oil Ltd.) in the weight ratio of 1:2 to
form an emulsion. The polymerization reaction is exothermic and water
prevents the products from cracking. Spent moderator resin from NPD
(column M-177) was added and mixed into the emulsion. An initiator,
methyl-ethyl-ketone peroxide, was added with stirring and the mixture was
poured into polyethylene molds. Products with 15 wt% to 25 wt% dry resin
were produced for leaching tests. As before, fresh IRN-150 resin was
traced with C-14 and immobilized in water-extendible polyester (WEP) resin
for leach testing. Details of the NPD resin and C-14 traced resin
specimens are given in Tables A2 and A3 of the Appendix.



3.1.3 Bitumen

Spent moderator resin from NPD (column M-177) was immobilized in
Type 85/100 direct-distilled bitumen using a twin-screw extruder and poured
into polyethylene molds. Products containing from 15 wt% to 55 wt% dry
resin were prepared for leaching tests. Fresh IRN-150 resin was traced
with C-14 and immobilized in Type SP-^70 oxidized bitumen, again using a
twin-screw extruder. Details of the NPD resin and C-14 traced resin
specimens are given in Tables A2 and A3 of the Appendix.

3.2 Leach Characterization of Products

The products made by incorporating ion—exchange resins directly were
evaluated by measuring the leach rates of the incorporated radionuclides.
All leach experiments were carried out using the International Atomic
Energy Agency (IAEA) method described by Hespe (11). Except for the
bitumen product made with NPD resin, the IAEA method was modified so that
the whole sample, rather than one surface, was exposed to the leachant.
Past experience has shown that more reproducible leach rates are obtained
by Immersing the whole sample. In the case of the bitumen product made
with NPD resin, the direct distilled bitumen would have slumped during
leaching, leading to non-reproducible results. The schedule for water
changes during leaching of some products was altered slightly from the IAEA
schedule for convenience.

The leach data, based on Cs-137 releases from the cement, polyester
and bitumen products made with NPD resins are illustrated in Fig. 2. The
results are plotted as the cumulative fraction of activity leached from the
specimen

V
Ao

 X S

as a function of the total time of leaching (Etn)

where an = radioactivity leached during the leachant renewal period
Ao = radioactivity initially present in specimen
S = exposed surface area of specimen (cm^}
V = volume of specimen (cm^)
tn = duration (days) of leachant renewal period.

The cumulative fraction leached, expressed in cm, can be visualized as the
depth that water has permeated the products In time, £tn. The cumulative
fraction of Cs-137 leached from the polyester products was about 5 x 10"^ cm
at 300 days after leaching started. Releases of Cs—137 from the bitumen
products were about 2 times higher in the same time period. Approximately
100% of the Cs-137 initially contained in the cement sample was released in
165 days of leaching. These releases were comparable to the releases from



cement products made with Cs-137 traced IRN-150 resin as shown in Figure 3.
Releases of Cs-137 from the cement products were reduced by a factor of
about 50, at 100 days after leaching started, when 5 wt% of powdered
Zeolon-900 (Na form) was added to the cement/IX resin product, bjt these
releases were still a factor of ten higher than the releases from
blturainized resins. The high releases of Cs-137 from the cement products
are probably related to high concentrations of calcium in the cement mix.
When ion-exchange resins are mixed with cement paste, calcium displaces the
cesium from the resin and the exchanged cesium diffuses readily through the
porous cement products. Zeolon-900 has a high selectivity and capacity for
cesium and readsorbs the Cs-137. Figure 4 shows that maximum benefit of
increasing the Zeolon-900 content of the cement products is reached at a
Zeolon-900 to cement ratio of about 0.2. This corresponds to a Zeolon-900
loading of about 5 wt%.

As shown in Figure 5, the trend for releases of C-14 from IX resin
products was the reverse of the trend for Cs-137 releases. Releases of
C-14 from cement products were lowest and releases from the bitumen and
polyester products were 2 and 20 times higher, respectively, at 120 days
after leaching started. The low releases of C-14 from the cement products
can again be attributed to the high concentrations of calcium in the cement
mix. Calcium reacts with displaced carbonate anions to form an insoluble
precipitate which releases C-14 slowly. The releases of C-14 from the
bitumen products, 10"^ cm, were the same as the releases of Cs-137.
The releases of C-14 from the polyester products were 10 times higher than
the releases of Cs-137 from polyester products at 120 days and may be
related to the diffusion of C-14 as carbon dioxide from the products. This
possibility was suggested by the low pH of the leachant, pH 4.5 to 5.5,
brought about by release of hydronium ions from the unexhausted resin used
in the experiments. At pHs lower than 10, carbonate anions are unstable
and decompose to carbon dioxide.

4. PRETREATMENT OF IX RESINS TO REMOVE C-14

In order to reduce the volume of IX resin products, IX resins can be
Incinerated and the ash immobilized. If resins containing C-14 were
incinerated without pretreatment, the C-14 released as carbon dixoide would
mix with the large amounts of inactive carbon dioxide which are produced by
oxidation of the IX resin and large volumes of off-gas scrubbing solutions
would be required to trap the C-14. Two pretreatment methods, designed to
release C-14 from IX resins at low temperatures, were investigated and are
described in turn.

4.1 Pretreatment with Calcium Chloride

As described in ref. 5 the procedure for liberating C-14 from
IX resins, at temperatures below the ignition temperature of IX resin,



involved heating the resin with 2 mol% CaCl2 at about 500°C. The reaction
describing the C-14 liberation are:

(RZNR3)2
14CO3 + CaCl2 ( > 2RZNR3C1 + Ca

14C03 (1

Ca14CO3 + S02 + \02 —^—y CaSO4 +
 14CO2 (2

where Van Houte et al (12) showed that the rate of the reaction of S02

with CaCO3 was substantially increased in the presence of 2 mol% CaCl2.
The S02 was liberated as a result of thermal decomposition of the sulfonic
acid groups in the mixed bed IX resins. Because S02 is consumed in the
conversion of CaCO3 to C02, the S02 omissions into the off-gas stream
are minimized.

A.2 Pretreatment with Carbon Dioxide

A second pretreatment procedure for removing C-14 from IX resins at
relatively low temperatures has recently been developed. Using the
apparatus shown in Figure 6, air enriched with C02 was drawn, using a
vacuum, through a bed containing 45 g of dewatered, C-14 traced, IRN-150
resin. The moist resin was supported on a stainless steel screen in a
2.5 cm i.d. stainless steel column. The C-14, displaced from the resin,
was drawn through 3 off-gas scrubbers each containing 200 mL of
2 kmol/m3 NaOH and 0.4 kmol/m3 BaCl2. As shown in Table 2 about 22%
of the C-14 initially present on IX resin was liberated by passing air,
with 10 vol% C02, over the resin at 2.5 mL/s for 2 h at 25°C. The
release of C-14 was not affected by increasing the time of exposure of the
resin to the air stream, or the volume fraction of C02 in the air stream.
However, at increased temperatures, release of C-14 was enhanced such that
at 70°C, 100% of the C-14 was liberated in 2h. If resins are dried by
passing air over the resins for 2 h at 70°C, no C-14 is released when CO2
is contacted with the resins, suggesting that H20 is important in the
mechanism for release of C-14. The mechanism for release of C-14 can be
explained on the basis of the hydration, exchange and dehydration reaction
described in ref. 13 and shown below:

C02 + H20 ( ' H2CO3 (1

( R Z N R 3 ) 2
U C O 3 + H2CO3 <

 v (RZNR3)2CO3+ H 2
i 4 CO 3 (2

H2
14CO3 ;nnf

 14CO2 + H20 (3

The simple pretreatment step of contacting C-14 contaminated resins
with C02 at 70°C can be used to recover C-14 from the resins before the
resins are incinerated or vitrified.



4.3 Immobilization of Barium Carbonate from Off-Gas Scrubbers

If scrubber solutions are used to trap C-14 released during
pretreatment of ion-exchange resins, the C-14-contaminated scrubber
solutions must be immobilized and disposed of. Barium carbonate waste
slurries would result if C-14-contaminated NaOH scrubbing solutions were
treated with soluble salts of barium or if Ba(0H)2 solid sorbents were
used to fix C-14. To evaluate possible materials for disposal of these
scrubber solutions, slurries of 50 wt% barium carbonate traced with 6 GBq/L
of C-14 were immobilized in cement, polyester and bitumen. The cement,
polyester and bitumen products were leached to measure C-14 releases.
Details of the products and leaching experiment are given in Table A4 of
the Appendix. As illustrated In Fig. 7, releases of C-14, 10"^ cm in
120 days, were lowest for the cement products. Releases from the bitumen
and polyester products were 2 and 20 times higher at 120 days after
leaching started. The releases shown in Pig. 7 are similar to the C-14
releases shown in Fig. 5 for products made with C-14-traced ion-exchange
resins.

Since Ba(0H)2 in C-14 off-gas scrubbers will not be completely
converted to BaCO3, the effects of Incorporating Ba(0H)2 in cement were
examined. A slurry, 50 wt% water using a solid phase of 30 wt% BaC03 and
70 wt% Ba(0H)2 traced with 6 GBq/L of C-14, was immobilized in cement and
leached to measure C-14 releases. After 30 days of leaching, the C-14
releases were the same as those illustrated in Fig. 7 for the BaC03
products.

Unsuccessful attempts were made to incorporate BaCO3 into boro-
sillcate glass. Even at low loadings of BaCO3, 5 wt%, the BaCO3 formed
a separate phase on the top of the glass.

5. IMMOBILIZATION OF ION-EXCHANGE RESIN ASH

Ash from incinerated NPD resin was immobilized in cement, polyester,
bitumen, glass and glass-ceramic, and the products were evaluated by
measuring the leach rates of the incorporated radionuclides. The incinera-
tion and immobilization procedures, and leach results are described in
turn.

5.1 Incineration of Spent NPD Resin

The cement, polyester and bitumen products were prepared using ash
from incinerated spent NPD moderator resin. Samples of the resin (column
M-187), with activities shown in Table 1, were heated in air in clay
crucibles at 850°C for 2 h. The ash was analyzed using a Y spectrometer.
The results, shown in brackets in Table 1, show that the radionuclides were
concentrated by factors ranging from 1.5 for Ce-144 to 3.4 for Mn-54.



5.2 Incorporation of Ash into Matrices

The procedures for immobilizing NPD ion-exchange resin ash in
cement, polyester, bitumen, glass and glass-ceramic are described below.
All products were made in batch processes on a bench scale. Detailed
characteristics of the cement, polyester, bitumen and glass products are
given in Table A5 of the Appendix.

5.2.1 Cement

Ash was added to a mixture of water and Portland III cement and the
mixture was poured into polyethylene molds; the water-to-cement weight
ratio was 1:2. After curing for fourteen days in a humid atmosphere, the
samples, containing 5 wt% and 8 wt% ash, were immersed in water and leach
tested.

5.2.2 Polyester Resin

Water was mixed with liquid, water-extendible polyester resin
(AROPOL WEP-661 P obtained from Ashland Oil Ltd.) in the weight ratio of
1:2 to form an emulsion. Ash was added and mixed into the emulsion. An
initiator, methyl-ethyl-ketone peroxide, was added with stirring, and the
mixture was poured into polyethylene molds. Products containing 9 wt% and
17 wt% ash were prepared for leaching tests.

5.2.3 Bitumen

An oxidized bitumen, SP-170, obtained from Husky Oil Operations Ltd.
(Lloydminster, Alberta) was heated to 125°C on a hotplate. Ash was added,
mixed throughout the bitumen, then the mixture was poured into silastic
molds. Products containing 8 wt% and 16 wt% ash were prepared for leachinj
tests.

5.2.4 Glass

Although NPD moderator resin ash (column M-177) was incorporated in
glass as described in ref. 5, the Cs-137 releases from the products were
too low to measure when the products were leached. To measure Cs-137
releases from glass products more accurately, IX resin from the primary
circuit of the NPD reactor (column P-84) which contained higher concentra-
tions of Cs-137 was imobilized in glass and the products were leached as a
test of their durability. Rather than incinerating the resin separately
the glass-making components were mixed with dewatered resin and the
mixtures were heated at 1150°C for 4 h in fireclay crucibles. The glass
products were annealed at 500°C for 1 h then removed from the furnace to
cool in air at room temperature. Visually good products containing up to
50 wt% dewatered NPD resin before firing were prepared using a base glass
of composition 67 wt% S102, 20 wt% B2O3 and 13 wt%
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5.2.5 Glass-Ceramic

Sphene-based glass-ceramic products were prepared by mixing NPD
primary circuit resin (column P-84) with glass-making chemicals (14). The
mixtures were heated in fireclay crucibles at 700°c for 1 hour to inciner-
ate the resin. The mixtures were then heated at 1400°C for 1 hour, cooled
rapidly to 750°C by casting on an iron plate, then reheated at 1050°C at
5°C per minute, soaked at 1050°C for 1 hour and furnace cooled. Visually
good products containing up to 50 wt% dewatered NPD resin were prepared
using a base glass-ceramic of composition 40.0 wt% SiC>2, 24.4 wt% TiO2,
11.5 wt% AI2O3, 17.1 wt% CaO and 7.0 wt% ^ 0 . The sole crystalline
product in the glass-ceramics was determined to be sphene by x-ray powder
diffraction analyses.

5.3 Leach Characterization of Products

The cement, polyester, bitumen and glass products were evaluated by
measuring the leach rate of the incorporated radionuclides. As shown in
Fig. 8, the cumulative fraction of Cs-137 leached from the glass products
was about 10~-> cm at 365 days after leaching started. The releases of
Cs-137 from the polyester-ash and bitumen-ash products were approximately
equal and 1000 times higher than the releases from the glass products. The
releases from the bitumen-ash and polyester-ash products were 10 and 50
times higher, respectively, than from the products made by direct incor-
poration. The Cs-137 releases from the cement-ash products were 3 times
lower than from the cement IX resin products suggesting that the cement-ash
products were less porous.

6. DISCUSSION

Two procedures have been examined for conditioning of ion-exchange
resins for disposal. The first procedure was to immobililze contaminated
IX resins directly in cement, polyester and bitumen. The second procedure
was to incinerate contaminated IX resins then immobilize the ash and off-
gas scrubber slurries in cement, bitumen, polyester and glass. In the
discussion, the two procedures are compared on the basis of the following
two criteria:

1. Minimal releases of radionuclides to the environment, over their
hazardous lifetime, are required for safe disposal of contaminated
IX resins. The leach rates of radionuclides from the waste
products, made according to the two procedures, are compared in
Section 6.1.

2. It is cheaper to store, transport and dispose of small volumes of
waste products. The change in volume which occurs when ion-exchange
resins are conditioned according to the two procedures is compared
in Section 6.2.
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6.1 Comparison of Radionuclide Releases

The releases of Cs-137 and C-14 from the waste products are
summarized in Tables 3 and 4, respectively. The tables were prepared using
the experimental data illustrated in Figures 2, 5, 7 and 8, adjusted by the
surface to volume ratio of a 210 L drum. A 210 L drum was chosen as a
convenient-sized container for handling waste products and calculations are
based on Its use. As shown in Table 3, the minimum amounts of Cs-137
present in the environment are released from glass products. The polyester
and bitumen products made with IX resin were the next most durable
products, releasing about 16 and 67 times more Cs-137, respectively, in 300
days. Releases of Cs-137 from polyester and bitumen products made with ash
range from 10 to 80 times higher than the same products made with IX resin.
These results suggest that resins which contain high concentrations of
Cs-137, such as PHT resins should be vitrified. If the resins are not
vitrified, the resins should not be incinerated but should be immobilized
directly in polyester or bitumen. Releases of Cs-137 from cement-resin and
cement-ash products are about the same and at least 10 times higher than
from the next most durable product.

As shown In Table 4, the maximum amounts of C-14 present in the
environment, as released from cement, polyester and bitumen products, made
with IX resins were about the same as from the same products made with
BaC03 slurries. These results suggest that releases of C-14 to the
environment by leaching would not be affected by incinerating moderator
resins containing C-14, trapping C-14 as BaCC>3, then Immobilizing the
BaC03 in cement, polyester or bitumen. Of the products made with BaCC>3
slurries, releases of C-14 were lowest from the bitumen and cement products
such that about 0.02% of the C-14 initially immobilized would be present In
the environment 120 days after water contacted the 210 L waste products.
The releases of C-14 from the polyester products were 5-10 times higher
than from bitumen and cement products. Glass could not be prepared because
barium carbonate forms a separate phase and is not incorporated in glass.

Since high temperatures are required to make glass products, off-gas
releases during processing are a concern. For CANDU-PHW moderator circuit
resins, the radionuclide of major concern is C-14, since it is long-lived
and present in high concentrations. Because the C-14 is liberated at
elevated temperatures, it is unlikely that moderator resins would be
vitrified, particularly since the other major radionuclides, including
Co-60, are short-lived. Because the longest-lived radlonuclide and the one
present in highest concentrations on PHT resins is Cs-137, PHT resins may
be vitrified. To estimate the amounts of Cs-137 volatilized during
vitrification, the glass products made by direct incorporation of NPD PHT
resins were dissolved in hydrofluoric acid and analyzed by gamma spectro-
metry. These analyses were compared with the initial gamma analyses of the
IX resins. As shown in Table 5, Cs-137 losses ranged from 4% to 24% for
loadings ranging from 50 wt% to 10 wt%. These losses are high because
relatively high melting temperatures, 1150°C, were used in the experiments,
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but are comparable to the 10% to 30% losses reported by Buelt (15,16).
Losses of strontium were reported to be 10% to 20% (15,16). Buelt
attributed the high releases of Cs and Sr to the high processing rates used
and the relatively low loadings of Cs and Sr on the resins. In order to
make vitrification of IX resins a viable process, an efficient system for
scrubbing or filtering Cs and Sr from off-gases will have to be
demonstrated.

Inactive process tests using pilot-scale, high-level waste
vitrification equipment have been carried out by Buelt (15,16,17). In
particular, an in-can melter and joule-heated melter were compared for use
in incinerating and vitrifying organic IX resins in a single-step process.
Resins loaded with inactive Cs and Sr were used to simulate the organic IX
resin fraction of EPICOR II columns. Both melters were considered accept-
able for vitrifying these organic resins, although the joule-heated melter
was considered more reliable for remote operation and capable of higher
processing rates. The maximum feed rate obtained with the joule-heated
melter was 3.7 kg/h.

6.2 Product Volumes

As well as leach resistance, volume reduction is a key criterion in
evaluating waste products. The volumes of products made by direct
incorporation of resins are a function of waste loading as illustrated in
Figure 9. By incorporating IX resins directly in cement and polyester,
volume reductions are not obtained at even the highest waste loadings.
When cement and polyester are used to immobilize IX resins, the volumes of
products are at least 1.3 times the volume of IX resin immobilized. In
both cases, water is incorporated in the products. For products made by
bituminization, at a 55 wt% loading of IX resins, the product volumes are
0.75 times the initial volume of IX resin since no water is incorporated in
the product.

When the IX resins are incinerated, the volume of ash produced is
five times smaller than the volume of the initial IX resin. By immobilizing
the ash in cement and polyester, the volumes of product are about 1.6 times
the initial volume of the ash. Bitumen products made by immobilizing ash
have volumes smaller than the initial volume of the ash as a result of
better packing of the ash particles. When NPD resins were immobilized in
glass at 50 wt% loadings, the volume of glass product was about five times
smaller than the initial volume of IX resin used. In inactive tests,
volume reductions up to 20 were achieved by direct incorporation of IRN-150
resins. At volume reductions greater than 10, inorganic residues were
encapsulated but not dissolved in the glass.

If resins containing C-14 are incinerated, the C-14 must be scrubbed
from the off-gas and immobilized. If barium hydroxide scrubbers were used,
a slurry of Ba*^CO3 with unreacted Ba(OH)2 would result. Approximately
20 L of a Ba14CO3 slurry, which contained 50 wt% salts, would result from
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the incineration of 210 L of dewatered resin containing 4.5 GBq/L of C-14.
In calculating the volume of Ba(0H>2 scrubber needed to trap C-14, the
C-14 was assumed to be released at temperatures below the combustion
temperature of the IX resin. If this were not possible, large amounts of
inactive carbon dioxide from the oxidation of IX resin would have to be
scrubbed along with the C-14. Approximately 1500 L of 50 wt% barium
carbonate slurry would be required to scrub the inactive C-14.

When the BaCO3 slurry is immobilized in bitumen, no increase in
volume occurs because water in the slurry is evaporated. The volumes of
cement and polyester products are 2.6 and 3.4 times larger than the volume
of initial slurry since water is incorporated in the products. Because
BaC03 cannot be incorporated in glass, the scrubber solution for the
vitrification option was assumed to have been immobilized in bitumen.

The volumes of products generated by direct immobilization and by
immobilization of incinerator ash and scrubbing solutions are compared in
Fig. 10. The small volumes of products resulting from the incineration
option are clearly illustrated. For the products made with incinerator
ash, the volumes of glass and bitumen are smallest followed by cement and
polyester.

7. SUMMARY AND RECOMMENDATIONS

Two procedures were Investigated for conditioning of ion-exchange
resins. The first procedure, which has the benefit of requiring minimal
pretreatment, was to immmobilize contaminated IX resin directly in cement,
bitumen and polyester. The second procedure, which is more complex, was to
pret-^.at contaminated IX resins to remove C-14, incinerate the resins, then
immobilize the ash and off-gas scrubber slurries in cement, bitumen,
polyester and glass. The second procedure provides the benefit of smaller
volumes for disposal.

On the basis of the Cs-137 and C-14 leach results and of the volume
reduction data, the following recommendations can be made:

(1) Resins such as those from the PHT system of CANDU reactors which
contain 3 GBq/L of Cs-137 should be either vitrified or bituminized. The
lowest releases of Cs-137, and the smallest volumes of product were
obtained for glass products, however, glass-making is a complex and
expensive technology. Bituminization is an intermediate technology and
provides acceptably low releases of Cs-137. Although the volume of bitumen
products made by direct incorporation of resins were about 10 times higher
than the volume of glass products, bitumen is probably the best compromise
material for immobilizing Cs-137 contaminated ion-exchange resins.
Releases of Cs-137 are higher and volumes of products are larger when IX
resins are Immobilized in polyester and cement.



14

(2) A sphene-based glass ceramic, as described in Section 5.2.5, could
be considered as a second-generation matrix for immobilizing IX resins. As
described in ref. 14, the sphene crystalline phase of the glass-ceramic,
which contains at least some of the long-lived activity, is thermodynam-
ically stable in the granitic groundwater found in the Canadian Shield. As
a result of the thermodynamic stability, the leachability of radionuclides
from the glass-ceramic products will be reduced compared to glass
products.

(3) Moderator resins which contain up to 4.5 GBq/L of C-14 should be
pretreated with CaCl2 or CO2, then incinerated to obtain the benefit of
reduced product volumes for storage and disposal. By pretreating the
resins, the releases of C—14 at temperatures below the ignition temperature
of IX resins can be enhanced to minimize the volumes of barium hydroxide
slurries needed to trap C-14. After collecting the C-14, the temperature
can be increased to burn the resin. The ash and scrubbing solutions should
be immobilized in bitumen, because it is the best compromise material.
Although releases of Cs-137 were lowest from products made by incorporating
resins into glass, the concentrations of Cs-137 on moderator resins are
expected to be negligible. Also, BaCC>3 cannot be incorporated in glass,
implying that two systems would have to be built for immobilizing ash and
scrubber solutions separately. Since the volumes of glass and bitumen
products are about equal, bitumen is the better choice if C-14-contaminated
IX resins are incinerated and the ash and scrubber slurries immobilized.
Releases of C-14 are higher and volumes of products are larger when ash is
immobilized in polyester and cement.

As well as providing small product volumes and acceptably low
releases of radionuclides, the two-step procedure, pretreatment and
incineration, followed by immobiliztion of combustion products allows for
segregating C-14 from shorter—lived isotopes.
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Table 1

ACTIVITIES (Sy) OF MAJOR* RADIONUCLIDES ON NPD ION-EXCHANGE RESINS

Radionuclide

C-14

Cs-137

Cs-134

Ce-144

Zn-65

Mn-54

Co-60

Sr-9O

Half-life (t|)
(years)

5730

30.1

2.1

0.8

0.7

0.8

5.3

29.0

Activity
(MBq/L)

Moderator Resin

#M-177ir #M-187

98 15 (ND)f

17 1.5 (4.1)

8.4 2.6 (8.5)

2.2 8.9 (13)

3.2 7.8 (26)

4.1 1.1 (3.7)

6.0 1.5 (4.3)

1.0 NA

Primary Circuit
Resin**

#P-84

NA

280

87

ND

ND

3.1

1.2

NA

* All other concentrations <1.0 MBq/L; 1 MBq = 27 yCi; radioisotopes with
t£ <0.25 year are not included.

** Average of analyses of two samples

t Numbers in brackets correspond to ash from incinerated resin as described
in Section 5.

IT Average of analyses of three samples

NA Not analyzed

ND Not detectable
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Table 2

THE EFFECT OF CARBON DIOXIDE TO DISPLACE C-14 FROM ION-EXCHANGE RESIN

Experiment
Numbe r

1

2

3

4

5

6

7

8

9

10

Time of Exposure
to Gas Flow

h

2

2

4

2

2

2

2

2

2

1

CO2 In
Contacting
Gas Stream

%

0

10

10

50

100

10

10

0

10

10

Velocity of
Gas Stream

mL/s

2.5

2.5

2.5

2.5

2.5

12.5

25.0

2.5

2.5

2.5

Temperature
of Resin Red

°C

25

25

25

25

25

25

25

70

70

70

C-14 Removal
Efficiency

%

0.05

21.8

25.8

26.5

11.0

54.4

7.8

0.06

101.2

62.6
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Table 3

Cs-137 ACTIVITY (% OF TOTAL) PRESENT IN THE ENVIRONMENT*

Inunobilized
Waste

IX Resin

IX Ash

Immobilizing Matrix

Cement

7

2

Polyester

0.005

0.4

Bitumen

0.02

0.2

Glass

0.0003

* At 300 days after water has contacted the 210 L waste products

Table 4

C-14 ACTIVITY (% OF TOTAL) PRESENT IN THE ENVIRONMENT*

Immobilized
Waste

IX Resin

BaCO3 Slurry

Immobilizing Matrix

Cement

0.01

0.008

Polyester

0.2

0.1

Bitumen

0.02

0.01

Glass

-

* At 120 days after water has contacted the 210 L waste products
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Table 5

AMOUNTS OF Cs-137 VOLATILIZED DURING VITRIFICATION OF ION-EXCHANGE RESINS

Resin* Loading
in Glass
(wt%)

10

30

50

Activity in
Resin
(MBq)

2.75

8.25

13.73

Activity in
Glass
(MBq)

2.08

6.51

13.17

Amount of Cs-137
Volatized

(%)

24

21

4

* Dewatered resin was used.

** The glass samples were leached for approximately one year (see Figure 8),
then sacrificed to obtain Ao.
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Figure 1 Three Phase Diagram for Cemented Ion-Exchange Resin
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Table Al

Cs-137 TRACED CEMENT/IX RESIN PRODUCTS

Specimen
Description

Cement, vt%

Zeolon-900, wt%

Zeolon/Cement ratio

Dry IRN-150, wt%

Water Content, wt%

WEP* Content, wt%

Sample Weight, g

Sample Volume, raL

Surface Area exposed
to leachant, cm^

Initial Cs-137 activity
MBq, in Specimen

Volume of Leachant, mL

1

44.0

1.0

0.05

11.0

33.8

3.7

68.1

44.2

69.8

2.38

450

2

39.6

2.5

0.07

17.0

39.6

5.7

60.5

44.8

70.1

3.16

450

3

45.8

5.0

0.11

11.0

34.5

3.7

68.3

44.8

70.1

2.36

450

SPECIMEN

4

38.9

5.0

0.13

19.0

37.4

4.7

63.2

43.8

69.0

2.77

450

NUMBER

5

32.1

5.0

0.16

17.0

40.2

5.7

60.4

44.3

69.6

3.15

450

6

43.2

7.5

0.17

11.0

36.6

3.7

66.0

44.3

69.6

2.30

450

7

36.4

7.5

0.21

14.0

37.4

4.7

64.3

44.8

70.1

2.83

450

8

29.6

7.5

0.25

17.0

40.2

5.7

60.2

44.8

70.1

3.17

450

* Water Extendible Polyester



Table A2

NPD MODERATOR RESIN PRODUCTS

Specimen
Description

Matrix Material, wt%

Dry IX Resin, wt%

Water Content, wt%

Sample Weight, g

Sample Volume, mL

Surface Area Exposed
to Leachant, car

Initial Cs-137 Activity
in Specimen, MBq

Leachant Volume, mL

Portland
Type III
Cement

57.6

7.0

33.1

42.5

28.9

52.2

0.15

100

IMMOBILIZATION

Polyester
Resin

Ashland WEP-661-P

46.7

15

38.3

11.6

8.5

23.7

0.1

50

40.2

20

39.8

12.5

9.2

25.5

0.14

50

MATRIX

33.5

25

41.5

12.0

10.3

26.7

0.17

50

Direct-Distilled
Bitumen

Type 85/100

45

55

<0.5

119.3

106

20.4

1.8

100

* Cement specimen also contains polyester resin (2.3 wt%).

1 Ci = 37 GBq



Table A3

C-14 TRACED ION-EXCHANGE RESIN
(AMBERLITE IRN-150)

Specimen
Description

Matrix Material, wt%

Dry IRN-150, wt%

Water Content, wt%

Sample Weight, g

Sample Volume, mL

Surface Area Exposed
to Leachant, cm^

Initial Cs-14 Activity,
MBq, in Specimen

Volume of Leachant, mL

IMMOBILIZATION MATRIX

Portland
Type III
Cement**

37.1

17.0

40.3

61.1

44.3

69.6

19.8

260

Polyester Resin
Ashland WEP-661-P

50.5

12.4

37.1

41.1

40.8

64.9

14.9

270

Oxidized
Bitumen, Type

SP-170

66.2

33.8

0.5

69.4

67.0

20.0

39.5

100

* IX resin equilibrated with Na214CO3 before immobilization.

** Cement specimen also contains polyester resin (5.6 wt%)

1 Ci = 37 GBq.



A4

C-14 TRACED BARIUM CARBONATE SLURRY

Specimen
Description

Matrix Material, wt%

Dry IRN-150, wt%

Water Content, wt%

Sample Weight, g

Sample Volume, mL

Surface Area Exposed
to Leachant, cm^

Initial Cs-14 Activity,
MBq, in Specimen

Volume of Leachant, mL

IMMOBILIZATION MATRIX

Portland
Type III
Cement

60.0

10.0

30.0

81.6

41.4

67.4

96.9

250

Polyester Resin
Ashland WEP-661-P

50.0

12.5

37.5

43.4

36.6

61.6

64.0

260

Oxidized
Bitumen, Type

SP-170

60.0

40.0

<0.5

51.2

37.7

62.3

233.0

260

1 Ci = 37 GBq.



Table A5

INCINERATED ION-EXCHANGE ASH

Specimen
Description

Matrix Material, wt%

Dry IX Resin, wt%

Water Content, wt%

Sample Weight, g

Sample Volume, mL

Surface Area Exposed
to Leachant, cm^

Initial Cs-137 Activity
in Specimen, MBq

Leachant Volume, mL

61

8

30

48

29

52

1

100

Portland
Type III
Cement

.3

.7

.9

.8

.02

63.

5

31.

43.

24.

47.

0.

100

3

7

5

7

1

51

IMMOBILIZATION MATRIX

Polyester
Resin

Ashland WEP-661-P

60.6 55

9 17

30.4 27

21.5 23

21.1 20

42.4 41

0.51 1

100 100

.3

.7

.5

.3

.4

.02

Oxidized
Bitumen

Type Sp-170

92

8

<0

12

10

27

0

50

5

.8

.9

.2

.25

84

16

<0.

12.

11.

27.

0.

50

5

4

3

9

51

Borosilicate
Glass*

81

19

0

82

14

34

8

100

.9

.4

.0

.2

65

35

0

59

11

28

13

100

.1

.2

.9

.7

* Contains primary heat transport circuit resin. Other products contain moderator resin.

1 Ci = 37 GBq
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