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RÉSUMÉ

Un emballage (conteneur) de transport est en cours de réalisation
à l'Ontario Hydro; il servira à transporter des filtres et colonnes échan-
geuses d'ions usés des centrales électronucléaires de Pickering et Darling-
ton à la centrale nucléaire de Bruce à des fins de stockage. La. principale
raison de la procédure d'autorisation d'emballages de transport est la
possibilité que des radionucléides volatils contenus dans l'emballage
soient libérés au cours d'un accident de transport. L'iode présente un
intérêt particulier du fait qu'il pourrait devenir volatil en raison de la
détérioration de la résine échangeuse ri'ions. Dans le présent rapport, on
examine la documentation sur la détérioration thermique et radiolytique des
résines échangeuses d'ions et présente des formules et résultats permettant
de calculer la fraction d'iode volatil en fonction du temps dans des condi-
tions hypothétiques.
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LITERATURE STUDY OF VOLATILE RADIOIODINE RELEASE
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ABSTRACT

A transport package is currently being developed by Ontario Hydro
to carry used filters and ion-exchange columns from the Pickering and
Darlington Nuclear Generating Stations to the Bruce Nuclear Generating
Station for disposal. The main reason that the transport package must be
licensed is the possibility that volatile radionuclides being transported
in the package might be released during transport accidents. Of particular
concern is the iodine that might become volatile due to the degradation of
the ion exchange resin. This report reviews the literature on the thermal
and radiolytic degradation of ion exchange resins and provides calculations
to estimate the fraction of volatile iodine as a function of time under
postulated accident conditions.
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1. BACKGROUND

Ontario Hydro is currently developing a transport package to catty used
filters and ion-exchange columns from the Pickering and Dailington Nuclear
Generating Stations to the Bruce Nuclear Generating Station for disposal.
The package must be licensed because volatile radionuclides being trans
ported in the package might be released during transport accidents. Before
the transport package can be licensed, information is required on the vola
tility (gaseous or fine paniculate forms) of: the i adionucl ides that might
be released during normal transportation or under accident conditions. In
particular, the behaviour of radioiodine on the ion-exchange resins needs
to be addressed.

The transport package to be licensed consists of an overpack housing a
containment vessel, with dunnage to support a sealed shielding flask. The
flask holds a vessel containing the ion-exchange resin. During a postu-
lated transport accident, the containment vessel is assumed not to fail,
but, the seal on the shielding flask lid may fail. The flask lid failure
will not likely be large enough to permit air to purge the internal space
of the vessel.

The licensing concern centres on the possible oxidation of iodine adsorbed
on the ion-exchange resin and subsequent release of iodine, and the degta
dation of the resin and subsequent release of iodine with the anion gioups,
i.e., amine functional groups, of the resin. This study concentrates on
the potential problem of resin degradation as the main source of the vol.i
tile iodine. (Oxidation of adsorbed iodine duLing an accident or storage is
not likely to be important because of the inert atmosphere of the closed
vessel and an assumed low probability for air purging.)

This report reviews the literature on the thermal and radiolytic degrada
tion of ion-exchange resins and provides calculations to estimate the frac-
tion of iodine that might be volatile.

2. ION-EXCHANGE RESINS USED BY ONTARIO HYDRO

The ion-exchange resins used in the Pickering and Darlington Nuclear Gener-
ating Stations are Amberlite IRN-150 series resins, gel-type polystyrene-
based mixed resins. The IRN-150 resin is a 1:1 mixture of IRN-77, a strong
acid cation-exchange resin in the hydrogen form, and IRN-78, strong-base
type I anion resin in the hydroxide form. The minimum total exchange capa-
city of IRN-150 quoted by the manufacturer is 0.55 meq/mL. with a 99%
strong-acid capacity and a 95% strong-aniun capacity.

The resin used in the Primary Heat Transport (PHT) Bleed Purification sys-
tem is actually Amberlite IRN-154, similai. to IRN-150 except that the en-
tion resin is in the Li+ form. The lithium resin is used to control the pH



of the PHT streams at 10. The anion portion of the resin is deuterated
(OH" to 0D~) before being used in the PHT purification system.

The ior-exchange columns in the PHT system are operated at temperatures
below1 50°C to prevent the degradation of the resin (the PHT purification
streams are cooled before entering ti ion-exchange columns). These col-
umns spend six months to a year in t..e PHT purification system. After
being used once, the ion-exchange columns are not regenerated, but are
treated as active solid waste. On removal from the purification system,
they are de-deuterated, drip-dried and stored for eventual transport to the
Bruce Nuclear Generating Station for final disposal.

The used ion-exchange columns will be transported in a 44.5-cm-I.D.
x 90-cm-high vessel, and the total volume of the resin in the vessel will
be 0.127 m3. It is estimated that the resin will still contain -50 vol%
water after drip-drying. The original water content of IRN-150 quoted by
the manufacturer is 55% maximum. The degree of degradation and the
remaining ion-exchange capacity of the used resin were not available to us
at the time this work was carried out. We assumed that all or the
exchangeable ions (0D~ ions) have been exchanged and that no iodine
subsequently released from the used resin could be readsorbed.

The radionuclides adsorbed in a used ion-exchange column and their activi-
ties, have been measured by Ontario Hydro (Table 1) [1]. The main activity
comes from cesium-134 and cesium-137. However, the average radiation field
in the column was not available. A very simple calculation was carried out
to determine the average radiation field in the column. Assuming that
50 Ci (1.8 TBq) of cesium (about twice the total cesium activity) would
represent all of the radioactive sources listed in Table 1, the maximum
radiation dose, averaged over the cross section of the column, was
calculated to be ~15 Gyh"1. (A point source was assumed and the radiation
field at a distance equivalent to one quarter of the vessel I.D. from the
point source was assumed to be the average radiation field in the column.)
However, to be conservative, we used 60 Gyh"1 as the radiation dose in the
iodine volatility calculations.

The initial temperature of the ion exchange resin is expected to be 30°C
prior to packing. This may slowly increase with time because of the
radioactive decay heat. The initial decay heating power was measured to be
- 0.3 U (Table 1). With this low decay heating power, the temperature of
the resin is expected to stay at 30°C [2]. However, for the iodine volati-
lity calculations, we assumed the initial decay heating power was 6 W.
With this high decay heating power, the temperature would rise linearly
from 30°C over 40 d before it would reach a maximum of 90°C, and would then
remain at that temperature [2]. Thus the rate of the temperature increase
is l^C-d"1.



3. LITERATURE REVIEW

3.i CHARACTERISTICS OF POLYSTYRENE-BASED ION-EXCHANGE RESINS

Polystyrene-based synthetic organic resins are the most conventional ion-
exchange resins employed today. These resins are formed by copolymeriza-
tion of styrene and divinylbenzene (DVB) to form a cross-linked hydrocarbon
resin matrix (Figure 1) [3]. This structure gives a maximum resistance to
oxidation, reduction, mechanical wear and breakage, and is insoluble in
common solvents. A functional (ionic) group is then attached to the matrix
by

(a) sulphonation with sulphuric acid, sulphur trioxide or chlorosulphonic
acid for a strong acid cation resin, and

(b) the reaction of trimethylamine with the copolymer after chloro-
methylation with chloromethyl methyl ether for a strong-base Type I
anion resin,

as shown in Figure 1. The functional group attracts the exchangeable ion,
e.g., H+ or Li+, for cation and 0H~ or Cl" for anion resins respectively.

Heating and radiation degrade polystyrene-based mixed resins through the
decomposition of the backbone (hydrocarbon matrix) and the functional
groups [4-10]. However, the degradation of the backbone structure does not
contribute significantly to the overall degradation at temperatures lower
than 250°C [4-10] or at radiation doses less than 1 MGy [11-16]. This high
radiation dose can be reached only after 700 d at a dose rate 60 Gyhr1.
At low temperatures and low radiation doses, the main degradation process
is the decomposition of the functional groups, particularly those of the
anion resin; the quaternary ammonium functional group of the anion resin is
more susceptible to thermal or radiolytic degradation than the sulphonic
group of the strong-acid cation resin [5,6]. Iodine is held by the anion
functional group. Thus, this study concentrated on the degradation of the
quaternary ammonium functional group.

3.2 THERMAL DEGRADATION

The quaternary ammonium functional group is known to degrade thermally to
give a tertiary amine and an alcohol as degradation products:

) + OH- — > R-CH2-0H + N(CH3)? (1)

) + OH- — > R-CH2-N(CH3)2 +CH30H (2)

where R represents the cross-linked hydrocarbon matrix. These degradation
reactions are often referred to as Hoffmann degradation [8,9]. However, a
true Hoffmann degradation requires a 3-hydrogen [17] and, thus, the react-
ions are misnamed. The reactions probably proceed by a typical SN2 (or
SNX) substitution reaction, as illustrated in Figure 2.



Some have suggested that the following reaction may also occur:

(3)

However, it is generally observed that the degradation occurs mostly by Re-
action (1): about 60% of the decomposition occurs through this reaction
17-9].

The above reaction mechanisms have been studied for resins in the OH" form.
The degradation mechanism for resins in salt forms, such as in the I~ or
Cl" form, are not known. They probably produce the same products as shown
in Reactions (1) and (2), except that H+ and I" (or Cl~) are produced in-
stead of H20:

)̂ I- + H20 — > R-CH2-0H + N(CH3)3 + H+ + I" (4)

2 , + I - + H20 — > R-CH2-N(CH3)2 + CH30H + H
+ + I" (5)

Another possibility is that R-CH2-I and CH3I are initially formed and then
hydrolyze to form the corresponding products shown in Reactions (4) and
(5). For the iodine volatility calculations shown later, we assumed that
the degradation of the quaternary ammonium anion functional group would
yield a volatile iodine species (e.g., CH3I) regardless of the reaction
mechanism. This is a conservative assumption since the primary reaction
product, I", will be highly solvated in a water-saturated resin, and will
not be appreciably volatile.

Observations at high temperatures (>95°C) have shown that the thermal
degradation of the anion functional group (in the 0H~ form) occurs in two
stages, an initial rapid loss of exchange capacity followed by a slower
first-order degradation. This implies the existence of more than one type
of site on the so-called monofunctional anion resins. For example, about
15% of the exchange capacity of Amberlite IRA-400 is lost at 95°C by a
reaction that is essentially completed within 3 d, while a second, but
slower, first-order decomposition process has a half-life of 43 d [9]. The
possibility of more than one type of exchange site has been recognized for
a long time, but no explanation has yet been given. Most of the studies on
the degradation of the anion functional group have centred around the
slower decomposition, and not much attention has been given to the rapid
decomposition. However, both the rapid and the slow decompositions are
known to occur by Reactions (1) and (2). Since the rapid decomposition
appears to be only important at temperatures above 95°C, and its rate and
the temperature dependence of the rate are not known, this reaction was
ignored in the following calculations of iodine volatility.

Several laboratories have measured the first-order rate constant as a func-
tion of temperature for the slower decomposition reaction of anion resin in
the OH" form [4,6-9]:
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( U k(T)[RNj, <0;

where |RNJt represents the conceii t1 a t ion of u/idegi adcd anion functioriaJ
group, or the strong-base capacity of the resin at time 1, and

k(T) is the temperature-dependent first -order tats constant.

The rate constant dati are presented collectively in Table 2 and Figute .',.
Although the resins listed in Table 2 are all gel-type polystyrene-based
anion resins having quaternary ammonium functional groups, theii backbone
structures are different, giving different late constants. No data on
Amber lite IKN-150 or 154 decomposition rates were available.

The temperature dependence of the rate constants appears to follow the
simple Arrhenius equation (Figure 3):

k(T) = A., exp(-E3/RT) (7)

where Ao is the pre-exponential factor
Ea is the activation energy, and
R is the ideal gas constant.

The activation energy (Ea/R) and the pre-exponeniial factor, calculated
from the rate constant data using Equation (7), are also listed in Table 2.
The values obtained for Amberlite IRA-400 and Dovax 21K-8x vere used to
estimate the decomposition of the quaternary ammonium functional group of
IRN-150 or IRN-154:

kj(T) ( d 1 ) = 2.0 x 10lfl exp(-1.52 x 10;/T) and (8)

k2(T) (d"1) = 8.4 x 108 exp(-9.16 x 10VT) . (9)

These two rates were ciiosen because they contain the extrerna of the activa-
tion energy and pre-exponential factor values known for other resins.

The above degradation rate constants were observed for anion resins in the
OH" form. Anion resins in salt forms (Cl~, NO^ , BOj" forms) have shown tar
greater thermal stability [5,8,10|. For example, a differential ther-
mogravimetry (DTG) study has shown that the complete decomposition of re-
sins in the Cl" and BO;" forms occurs at a temperature 40°C higher than
that of resins in the OH" form [10]. The thermal decomposition rate con-
stant for IRA-400 in the Cl" form was observed to be -20 r'.nes smaller than
that of the OH" form at 135°C |8], and much smaller at lover temperatures
[5]. The thermal stability of the ammonium functional group in the I" form
is expected to be similar to that of the Cl" form.

Unfortunately, the decomposition rate for anion resins in salt forms has
not been studied extensively and activation energies and pre-exponential
factors are not available. To assess the effect of the salt form, we esti
mated a temperature-dependent rate constant for the decomposition of the
anion resin in the I" form, using the same pre-exponent factor given in



Equation (fi) hut a higher activation enoigy, so : ha i the rate- ,ji 1 •.:, cf :
10 times smaller titan that of the Oil form. Thu.r ,

k w l t ( T ) ( d 1 ) - 2.0 x 1 0 1 " e:-:p( -1.61 x K W ' I ; . (;

In addition to performing calculations using the ta'c constant*, give:: .:.
Equations (8) and ( 9 ) , we also perioimed iodine /oiatiJity <ai' i. ]at1< :r
using the rate constant given in Equation ( 1 0 ) . The latter c -a 1<ula: ! on'
were made to determine the effect of thermal stability on the rate of d<-
gradation due to the resin being in salt form.

3 . 3 EFFECT_ _0F_RADRATION

The quaternary ammonium functional groups of strong base anion resin.- U,-..-
been shown to lose exchange capacity at high radiation doses, accompanied !
the release of amines and ammonia. The radioly.sis of the anion functional
group initially yields the same products as the thermal degradation sho-n .
Reactions (1) and ( 2 ) . At high doses, the tertiary aniine product f:i:th*-:
decomposes to form secondary and eventually primary amines.

It has been observed that the degradation yield is not a function oi ;a*::a
tion dose rate but of total dose lll-lbj. The loss of strong-base o-paf ; :;,
by radiation is also known to follow a first order rate lav:

[ R N ] t

In .„... = -k(D)D t (.1!

[RNJ0

where k(D) is the radiation-dose-dependent first ordei rate coefficient.
Dr is the radiation dose rate in G y d " 1 , and
[RN] o and [RN] t are the strcng-bnse capacity prior to and afte; tin
irradiation at the dose-rate Dr for time t respectively.

Observed first-order rate coefficients for the radiolytic decomposition <-t
the quaternary ammonium functional group in the OH" form ranged fror. I. •• M
4.6 x 1 0 " 7 Gy- 1.

Resins in salt forms have also shown greater stability with respect to
radiolytic degradation than resins in the OH" form. However, no quantita
tive data were available for resins in salts forms. Thus, we used the
average rate constant observed for resins in the OH" form, 4.0 x 10"" Gy :.
for the calculations of the radiolytic degradation.

4. CALCULATION OF IODINE VOLATILITY

Several assumptions were made to calculate the radioiodine volatility.
Some of the assumptions were discussed above, but are summarized here agai:
for completeness.

(1) The oxidation of the adsorbed iodine during an accident or storage is
negligible.



- 7

(2) The main source of volatile iodine is the degradation of the resin and
subsequent release of iodine from the resin. The resin continuously
degrades due to heating and radiation while stored in the vessel.

(3) All iodine species released from the resin due to the degradation were
assumed to be volatile.

(4) The degradation of the ion-exchange resin during its service in the
PHT system may affect the service lifetime of the resin, but would not
affect the after-service resin degradation, and thus would not affect
the iodine volatility during transportation.

(5) All the exchangeable 0D~ ions in the resin would have been exchanged
during its service and thus iodine subsequently released from the
resin would not be readsorbed again on the resin.

(6) The temperature of the ion-exchange resin would be 30°C at t = 0, in-
creasing at a rate of 1.5°C<d1 for 40 d to a maximum temperature of
90°C. Here, t = 0 is defined as the time when the resin is put into
the transport vessel.

(7) The average radiation dose-rate in the ion-exchange column due to the
radionuclides adsorbed on the resin during its service in the PHT
would be constant with time at 60 Gyhr1.

(8) Degradation of the resin occurs mainly by the decomposition of the
quaternary ammonium functional group.

(9) The thermal degradation rate coefficient for the arion functional
group of the Amberlite IRN-154 would be similar to those of other
polystyrene-based strong-base Type I anion resins (Equations (8) and
(9)).

(10) The thermal degradation rate coefficient for the resin in the I" form
is the same as that of the 0H~ form.

(11) The radiolytic decomposition rate coefficient observed for the resin
in the OH" form was used for the iodine volatility calculations.

(12) Radioactive decay for iodine is negligible, except for iodine-131,
which is treated separately.

Based on these assumptions, the fraction of the iodine that is volatile at
time t is

t
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where [IRNIO is the total amount of iodine adsorbed on the resin at t = (I,
[I ] t is the amount of volatile iodine at time t, and
[RN]t and IRN]O are the concentrations of undegraded functional
group, or the strong-base capacities, of the anion resin, at time t
and 0 respectively.

The thermal degradation of the resin follows a first-order rate law, and
thus

d[RNjt

— ^ = - k(T)[RN]t (13)

where k(T) has a temperature dependence as given in Equations (7) to (9).
However, the temperature of the resin is not constant:

T(t) (K) = 303 + 1.5c for t < 40 d (14a)
T(t) (K) = 363 for t > 40 d (14b)

where t is in unit of days and the temperature is in degrees Kelvin.
Incorporating Equations (14) and (7) into Equation (13) yields

d[RN]t ( f Ea/R ])
A H T I 1.5t)JJ|RN]t fo1 r * 40 d <15a>

dlRNL ( r E_/R"
± A ( e x p [ | J J [ R N ] for t > 40 d (15b)

( r
= -Ao(exp[—

Equation (15a) cannot be exactly solved analytically. Numerical integra-
tion methods yield an exact solution, but do not provide a general solu-
tion. Thus, we obtained an approximate analytical solution as follovs.
Since the temperature can be considered to be constant for a short time
period, At, the solution to Equation (15a) over this period is

(16a)

where

( Ea / R )k(t-At/2) = Ao exp - . (16b)
0 I {303 + 1.5!t - (At/2)]}J

Summation of Equation (16a) from t = 0 to time t then yields

In ( f U M = - ) k(nAt-At/2)At for t < 40 d (17a)
n=l

1 - jfj-fj*- = 1 - exp^-) k(nAt-At/2)Atj for t < 40 d (17b)

n=l
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where nt -- t/At and k(nAt-At/2) are as defined ir. Equation (16b).

We calculated the rate constant k(nAt-At/2) as a function of time (or n),
using At = 2 d and the pre-exponential factors and the activation energies
(Ea/R) given in Equations (8) and (9). These rate constants are given in
Table 3. The fraction of the resin degraded from t - 0 to time t,
1 - [RJt/[RJo, was then calculated using Equation (17b), and is also pre-
sented in Table 3. As discussed earlier, this fraction of the resin de-
graded is assumed to be the fraction of the iodine volatilized (Equation
(12)). The volatile iodine fraction as a function of the time of the acci-
dent is shown in Figure 4a.

The analytical solution to Equation (15b) can be found easily.

ln
f Ea/R"j1

for

where [RN]^0 is determined using Equation (17a):

[RN]40 = [RNjo exp

n=20

-E
n=l

k(nAt-At/2)At (19)

. n=20

- ) k(At-At/2)At exp -Ao (exp J"

From Equations (19) and (18),

n=20

- exp
L
n=l

Equation (20) was used to calculate the volatile iodine fraction as a func-
tion of the time of the accident for t > 40 d. These results are also
shown in Figure 4a. If the accident occurs within 20 d from the time of
packing, the volatile iodine fraction due to the thermal degradation of the
ion-exchange resin would be less than 0.5% of the iodine initially present
on the resin. The volatile iodine fraction due to the thermal degradation
increases sharply after this time.

To assess the effect of the salt form on the resin degradation, we per-
formed the same calculations, but used the pre-exponential factor and the
activation energy given in Equation (10). The results are shown in Table 3
and Figure 4b. The rate constants are 10 to 20 times smaller for the salt
form resin than the OH" form resin over the temperature range studied, and
so the iodine released from the salt form resin is much smaller. It was
calculated that less than 0.1Z of the initial iodine would be volatile if
the accident occurs within 30 d from packing.

The results shown in Figure 4 are the volatile iodine fraction due to ther-
mal degradation of the resin. For radiolytic degradation of the r^sin,
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Equation (11) was used to calculate the iodine volatility. Since the as-
sumed radiation dose rate in the ion-exchange column is 60 Gyh" 1 (or
1.44 kGyd- 1),

[RNL
1 - ^ p = 1 - exp[-1440k(D)t] (21)

where t is in units of days. Figure 5 shows the iodine volatility due to
the radiolytic degradation of the resin as a function of time. The
fractional iodine release is nearly proportional to the time of the
accident,

= ~<5.5 x 10-4)t . (22)

The iodine volatility due to both thermal and radiolytic degradation of the
resin is shown in Figure 6. During the first 30 d after the resin is put
in the transport package, the main source of the iodine volatility is the
radiolytic degradation of the quaternary ammonium functional group of the
resin. After 30 d, the thermal degradation of the functional group becomes
the main source of the iodine volatility.

Radioactive decay is not considered in the iodine volatility shown in Fig-
ures 4 to 6, and thus the results are applicable to iodine-129. Radio-
active decay should be considered for other iodine isotopes and thus was
included in the calculation of the iodine-131 release, shown in Figure 7.
The same thermal and radiolytic degradation rate constants as those used in
the calculations shown in Figure 6a (IRA-400/0H") were used, but the radio-
active decay of iodine-131 with a half-life of 8.05 d was included. The
results show that the maximum activity due to volatile iodine-131 is less
than 0.35% of the initial iodine-131 activity present on the rtsin at the
time of packing. The maximum 0.35% volatility occurs at 40 d.

5. SUMMARY

A literature review was carried out on the degradation of gel-type poly-
styrene-based ion exchange resins, particularly on the thermal and radioly-
tic degradation of the quaternary ammonium functional groups of strong-base
Type I anion resins.

The volatile iodine fraction was calculated using the thermal and radioly-
tic degradation rate constants observed for anion resins in the OH" form.
It was assumed that the main source of the volatile iodine is the thermal
and radiolytic degradation of the anion functional group of the resin and
subsequent release of iodine. It was also assumed that all the iodine
released from the resin due to the degradation would be volatile.

During the first 30 d after the resin is put into the transport package,
the main source of the iodine volatility is resin degradation by radiation.
It was assumed that the average radiation dose-rate in the ion-exchange
column would be constant with time at 60 Gyh" 1. The volatile iodine frac-
tion due to the radiolytic degradation of the resin is nearly proportional



11

to the time, i.e, |I Jt/IIHNJO
 = ~(^-^> x 10" "5 > t f where t is in units of

days. Thermal degradation of the resin becomes impoitant 30 d after
packing, assuming the resin temperature rises linearly from 30°C over 40 d
before it reaches a maximum of 90°C.

In terms of the volatility of iodine-131, the maximjm volatile fraction of
iodine-131 is calculated to be less than 0.35% of the initial iodine-131
present on the ion-exchange resin at the time of packing. This maximum
iodine-131 occurs 40 d after packing.
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TABLE 1

DECAY HEAT FOR A SHIPMENT OF ONE PICKERING DISPOSABLE IX COLUMN

i

| Radionuclide

Silver-llOm
Cerium-141
Cerium-144
Cobalt-60

Chromium-51
Cesium-134
Cesium-137
Carbon-14
Europium-152
Iron-59

Iodine-131
Lanthanum-140
Manganese-54
Niobium-95
Rubidium-103

i Rubidium-106
Antimony-124
Ar!timony-125
Tin-113

Strontium-90
Xenon-133
Zinc-65

Zirconium-95

i

Activi ty
(Ci)*

| 3.404 /
0.001
0.546
0.103
0.008
5.639 /
19.812 '
0.806
0.020
0.001
0.292 J
0.025
0.036
0.110
0.013
0.216
0.025
0.010
0.014
0.012
0.415
0.038
0.083
31.629

i

Disint. Energy
(MeV)

2.88
0.57
0.30

i 2.81
0.75
2.05
1.18
0.16
1.88
1.56
0.97
3.76
1.38
0.92
0.73
0.04

2.°U
0.77
1.04
0.54
0.43
1.35
1.12

i

| Decay Heat

1 (mW)
| 58.03
| 0.00
| 0.97

1.71
| 0.03
! 68.43

138.40
0.76
0.22
0.01
1.68
0.57
0.29
0.60
0.05
0.05
0.43
0.05
0.09
0.0A
1.06
0.30
0.55

274.32

1 Ci = 37 GBq
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TABLE_2

FIRST-ORDER RATE CONSTANTS

FOR DECOMPOSITION OF THE QUATERNARY

VARIOUS STRONGLY BASIC

i
Resin

I
j IRA-400

1

k(T) (d-1)
1
1
| AV-17

| k(T) (d"1)

| S 8-TM

DOWAX 21K-x8

k(T) (d">)
I

Temperature
( °C)

| 60
| 92
1 95
| 100

117
120
132
132

= 2.0 x

50
75
100
100

= 1.4 x

80
100
120

90
100
110
114
120

= 8.4 x

k(T)
| (10" •' d

1
3

161
199
487

2 774
j 2 028
11 230
15 400

101 exp(-1

i
12.
81.
518
173

10 1 1 exp(-l

29..
| 283

456

96
182
336
468
624

AMMONIUM GROUPS

RESINS

- —
j Referent

1 ) 1
.70 6

| 7

1 2

1 6
1 6
i *
1 6
1

.52 x 10VT)

3 ! 4
4
4
4

06 x 104/T)

i 4
4
4

4
4
4
4
4

108 exp(-9.16 x 10-VT)

0

•e j

1

|

1
I
i
1
j
1

—i

1

I
j

H
1

j
i

j

j
I
j

i
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TABLE 3

RATE CONSTANTS OF THERMAL DEGRADATION OF RESIN AND

FRACTION OF THE RESIN DEGRADED

Tim

(d)

2

4

6
8

10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

Integer

Step

1
2
3
4
5
6
7

8
9

10
11
12
13
14
15
16
17
18
19

20

Rate

4.19
6.82
1.10
1.76
2.7N
4.36
6.74
1.05
1.61
2.44
3.68
5.51
8.20
1.21
1.77
2.59
3.75
5.40
7.72
1.10

,\

X

X

X

X

IRA-400/OH a

onstant

10*

1 0 *•

10"'

10-'

Fraction
1 )egradcd

0.
2.2 x 10 5

4.4
7.9

1.4 x U)-/

3.6
5.7
8.9
1.4 x 10 •'
2.1
3.2
4.8
7.2
1.1 x 10-
1.6
2.3
3.4
4.6

6.9

Rate

7.24
9.71
1.29
1.72
t ~i-

2.97
3.88
5.04
6.52
8.39
1.08
1.37
1.74
2.20
2.78
3.48
4.35
5.42
6.72
8.31

Dowax

('onstant

x 10 -s

x 10 "*

x 10 ̂

21K-Sx/OH *

Fraction
I )egraded

1.4 x 10"'
3.4
6.0

9.4
1.4 x 10 '
2.0
2.8

3.8
5.1
6.7

8.9

1.2 x 10 :

1.5
1.9

2.5
3.2
4.0

5.0
6.3
7.8

Rate

2.18
3.65
6.05
9.94
162
2.61
4.17
6.60
1.04
1.62
2.50
3.83
5.84
8.82
1.32
1.97
2.92
4.29
6.27
9.10

IRA-400/1 c

Constant

X

X

X

X

10 7

1 0 *

10 *

10 4

Fraction
Degraded

0.
0.
0.

li.

0.

1.3 x 10 •

: . i

34
5.5
8.8

1.4 x 10 "*

2.1

5.1
7 7

1.2 x 10 ?

1.7

2.6
3.9

Degradation rate based on Equation (8)
Degradation rate based on Equation (9)
Degradation rate based on Equation (10)
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(a)
CH=CH.

CH=CH,

polymeri zat ion
\

- •

catalyst

-CHCH2-CHCH2

-CHCH,-'

Styrene DVB Resin Matrix

(b)

Resin Matrix
sulphonating acid

\
swelling agent

-CHCH2-CHCH,

< M I (

-CHCH2-'

Strong-Acid Cation Resin

(c)

Resin Matrix + C1CH2OCH3

(1) + N(CH,)3 '3

catalyst
N,

?

s

CHCH2
j

A.
Y
CHCH,

(1)

CHCH2

/{\ ) (

1
CHCH2

- C H C H , -

\/V
CH

-CHCH 2 -

CH

2 C1 ,

2N(CH3

CH3OH

) , c i -

Strong-Base, Type I, Anion Resin

FIGURE 1: Formation of Ion-Exchange Resins: (a) Resin Matrix, (b) Strong-
Acid Cation Resin and (c) Strong-Base Type I Anion Resin
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(a)

R-CH2-N(CH3)3 OH" + H2O —> R-C N(CH3)3

H *0-H
I
H

—> R-CH2-OH + N(CH3)3 + H2O

(b)

R-CH2-N(CH3)3 OH" + H2O — > R-CH2-N—

CH3

3

CH3 **O-H

—> R-CH,-N(CH,), + CH,OH + H2O

FIGURE 2: Illustration of SN2 Mechanism (a) for Reaction (1) and (b) fo:
Reaction (2)
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FIGURE 3: First-Order Rate Constant as a Function of Temperature for tne
Decomposition of the Quaternary Ammonium Functional Group of
Various Strong-Base Anion Resins
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Fraction of Volatile Iodine Due to Thermal Degradation over Time
of the Ammonium Functional Group. The solid and broken lines in
(a) are the results using the rate constants observed for the
IRA-400/OH- and Dowax 21K-8x/0H" resins, respectively. The
volatile iodine fraction shown in (b) was calculated using the
rate constant estimated for the anion resin in the I~ form (Equ-
ation (10) in text). The temperature of the ion exchange resin
was assumed to increase from 30°C to 90°C at a rate of 1.5°C-d~1

over 40 d and stay at 90°C afterwards.
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FIGURE 6: Fraction of Volatile Iodine Due to Thermal and Radiolytic Degra-
dation over Time of the Ammonium Functional Group. The solid
and broken lines in (a) are the results using the thermal decom-
position rate constants observed for the IRA-400/0H- and Dowax
21K-8x/0H~ resins, respectively. The volatile iodine fraction
shown in (b) was calculated using the thermal decomposition rate
constant estimated for the anion resin in the I" form (Equation
(10) in text).
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FIGURE 7: Fraction of Volatile Iodine-131 Activity Due to Thermal and
Radiolytic Degradation over Time of the Ammonium Functional
Group


