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| EXECUTIVE SUMMARY
.

Recently, regulatory consideration has been devoted to the effects of
celf-irradiation on radwaste containing organic ion-exchange media. This con-
sideration was prompted by decontamination operations at TMI-II, and by the
development of . technical positions in support of federal regulation 10 CFR 61.
A previous report in this program has described certain aspects of . radiation

~

'

damage to organic ion-exchange media in some de tail. The present report
treats the practical consequence of these effects on the storage and disposal

1 of radwaste ion-exchange media, and _ the validity of labora tory test procedures
for predicting field performance.'

Accelerated testing of ion-exchange media using high-dose-rate external
gamma radiation is felt to be a valid procedure for assessing certain aspects
cf field behavior--i.e. radiolytic scission of the resin functional group,,

i .radiolytic gas generation of free liquids and resin agglomeration, provided
both the test data and the field conditions rs.fer to storage in a closed en-
vironment. For resins irradiated in a sealed environment, there is no evi-

i dence that post-irradiation reactions will significantly influence test re-
sults. Certain resin decomposition processes appear to depend largely on res-,

! in moisture content, and may not be particularly sensitive to resin loading.
i This has the advantage of generality from the viewpoint of establishing regu-

latory guidance. Other factors such as the effect of radiation on local pH
conditions are sensitive to overall ret ~n loading and may require specific
evalua tion.

i One practical consequence of radiolytic acidity is to promote the corro-
sion of mild steel in irradiated resin. The corrosion process is complex,
probably involving a competition between radiolytic K+ generation and K+

; uptake in the corrosion process. Consequently, corrosion rates may depend on
j metal surface-to-bed volume ratio and radiation dose rate. Also, the extent

of corrosion cannot be simply bounded by measuring resin pH. Ca se-s pe ci fic ,
long term (i.e. low radiation dose-rate) evaluations might be required if ri-

,

gorous guidelines to protect radwaste containers agains t corrosion are re-4

quired. Certainly, the amount of oxygen expected in the system under field
conditions should be well established, if not regulated. For sulfonic acid
resins with typical loadings (Na+) mild radiolytic metal corrosion in a

i sealed environment was not extreme.
.
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1. INTRODUCTION

Brookhaven Na tional Labora tory (BNL), under contract to the United S tates
Nuclear Regulatory Commission v. C), has carried out a research program en-

,

titled Characteriza tion of TMI-Type Wastes and Solid Products. This effort
was stimulated by questions arising from the use of organic ion-exchange re-
sins in decontamination operations at TMI-II. The objective of this program
is to develop a data base applicable to NRC licensing consideration for the
storage and disposal of organic ion-exchange resins subjected to high internal
irradiation doses as a result of heavy radionuclide loadings.

Irradiation is known to affect the properties of organic ion-exchange
resins. The possible impact of radiation ef fects on the storage and disposal
of ion-exchange resins have been considered by a number of workers, notably
Gangwer and his colleagues: (Gangwer, Golds tein and Pillay,1977. Gangwer and
Pillay,1981; McFarland,1981; Pillay,1982; Barletta, Swyler and Chan 1982,
Swyler and Barle tta,1982 ; Swyler, Dodge and Dayal,1982 ; Shef f,1982 ;
Capolupo and Shef f,1982; Gangwer and Pillay 1983; Godbee et al. ,1981;
Uni ted Nuc le ar Co rp. , 1982, MacKe nzi e e t al . , 19 83 ; Ye s so e t al . , 1982 ;
Wynhof f and Pasupathi,1983). Most of these studies are based on irradiation
damage experiments in the laboratory and do not always allow a quantitative
evaluation of radiation effects under field conditions, which may differ sig-
nificantly from the labora tory. A major thrust of the present program is to
first, identify those factors which may affect the correlation be tween labo-
ratory irradiation damage experiments and field performance, and second, to
specify those experimental procedures and empirical methods which can be ap-
plied in the laboratory to provide a realistic estima te of the significance of
radiolysis ef fects on radwaste under field conditions.

The first phase of this program involved a parametrip study of radiolysis
effects on polys tyrene-divinyt benzene based ion exchangers. External vari-
ables included resin loading, moisture content, irradiation dose and dose
rate. Results, including some mechanistic observa tions, have been described
in a previous topical report (Swyler, Dodge and Dayal,1983).

In the second phase of the program certain practical consequences of
these radiolysis ef fects, including the corrosion of mild s'. eel in irradiated
resins, are considered further. These experiments are described in the pre-
sent report. In addition, experimental techniques which best reflect field
behavior are addressed in some detail--the equivalence of various methods for
determining the (time-dependent) yields of radiolysis products is examined.
Further, accelerator electron irradiations are described to study the
correspondence be tween external gamma vs beta irradiation.

In a separate section of the report, characterization studies on actual
field samples of irradiated resins are reviewed. To the extent possible, the
correspondence be tween these results and predictions based on laboratory da ta
is discussed. Finally, based on the considerations above and on information
contained in the earlier topical report (Swyler, Dodge and Dayal,1983),
general procedures for evaluating the ef fects of radiolysis on the disposal

1
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of dewatered ion-exchange resins are recommended. These recommendations are
' discussed in -light of existing IRC guidelines and practices (MacKenzie et al. ,
- 1983).
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2. EXPERIMENTAL TECHNIQUES

Experimental techniques have been described previously for the most part
(Swyler, Dayal and Dodge, 1983). Most measurements refer to irradiation of
various forms (chemical loadings) of cation resin (Amberlite, IRN-77), anion

resin (Amberlite IRN-78) and mixed bed resin (Amber 11te IRN-150) carried out
in sealed pyrex vessels. Unless otherwise indicated the resins were irra-
diated in fully swollen (drip-dry) form. Experiments described in this report
involved measurements of mild s teel corrosion in irradiated resins, and

irradia tions with fast electrons. Methods are discussed below.

2.1 Mild Steel Corrosion Measurements

Samples of 1018 steel * were typically rolled to ~0.5 mm thickness and cut
to a size of 3.2 cm long and 0.64 cm wide. The coupons were then cleaned and
stored in acetone until ready for use. Immediately before insertion into the
resin, the coupons were weighed to four significant figures. Generally sam-
pies of coupons in contact with 6 g of resin were prepared in glass test tubes
(12 mm-diam by 125 mm-long). These tubes were flame sealed to prevent air in-
trusion or moisture loss, then tapped several times to ensure packing of the
resin beads about the coupons. In some measurements, the coupons were placed
in 2 g of resin in a 15 mm diameter by 125 mm test tube left unsealed.

In several experiments, disc samples 1.1 cm in diameter x 3.1 mm thick
were stamped f rom 1018 s teel sheet stock. These were then contacted with
either the top or bottom of a resin column to study transport processes in
corrosion.

Irradiation was performed a t BNL's gamma irradiation facility. The
shielding water of the pool is kept constant a t 100C. Itowever, during

irradiation, samples are warred to roughly room temperature.

Genrally, upon removal f rom the irradiated resin, the coupon was photo-
graphed in the corroded state, followed by removal of the corrosion layer by
vigorous stirring in Clarke's solution for 3-4 minutes. The coupon was then
rinsed with acetone, reweighed, and a photograph of the cleaned sample taken.
Two grams of the irradiated resin are withdrawn from the test tube and placed
in contact with 10 mL of deionized water. Af ter approximately one day, the pH
of the solution is de termined. As a point of interest, a pristine uncorroded
coupon was photographed in its initial state and again af ter 4 minutes immer-
sion in Clarke's solution (Figure 2.1). Note that a ttack of the base me tal is
minimal. This was confirmed by weight loss measurements, carried out for
pristine coupons contacted with Clarke's solution for times of 8, 16, and 24
minutes. These data indicate that the minimum detectabic weight change due to
corrosion is ~0.0005 g.

*Sanyu Cold Finished S teel Co. , LTD. , Hiraca ta Ci ty, Osaka , Japan,
i

!
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2.2 Electron Irradiation S tudies

To examine the equivalence of gamma-ray and electron irradiation in pro-
ducing resin decomposition, samples of ERN-77 resin were irradiated with fast
e le ctrons . The irradiations were carried out at BNL's Dynamitron Accelerator.
Samples of as-delivered IRN-77 resin were placed in thin walled sample cham-
bers cons tructed f rom 304 s tainless steel. The sample chambers were rectan-
gular, (2.5 cm x 2.5 cm x 0.5 cm) and all joints were welded. Irradiations
were carried out by placing the sample chamber, containing the resin sample,
with its large cross section perpendicular to the electron beam axis. The
electron beam impinges on the sample cell through thin windows in the
accelerator vacuum beam line.

Operating at 2 MeV, the incident electrons are sufficiently energetic to
produce a roughly uniform energy deposition along the thin (0.5 cm) dimension
of the sample. The electron beam is magnetically steered (rastered) over the
large face of the sample cell to produce a uniform irradiation, and the total
beam current is monitored by means of a Faraday cup. The maximum dose rate is
limited by beam heatin6 ef fects. Sample temperature during irradiation is
monitored by a thermoccuple penetrating into the resin column, and air cooling
of the sample chamber is accomplished with muf fin fans. For electron beam
currents of about 3 pA, a sample temperature of <400C can be easily main-

,

ta ined . The ef fective dose rate under this condition is calculated to be
8approximately 10 rad /h (Swyler and Barletta, 1982).

The irradiations were carried out under both vented and sealed condi-
tions. In the la tter configuration, the pressure, developed within the cell,
can be continuously monitored with a strain gauge pressure transducer, both
during and af ter irradiation. Following irradiation, the resin is removed
from the sample cell for subsequent characterization. For irradiation in
sealed cells, gas samples were withdrawn for mass spectrographic analysis.

.
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3. INTERACTION OF MILD STEEL WITH IRRADIATED RESINS

Experiments on radiation-induced corrosion described in this section were
carried out in order to provide a basis for estimating the lifetime of mild
s teel containers for dewa tered resin wastes. This involved de termining cor-
rosion rates for a variety of radiation dose rates, resin loadings and irra-
diation environments. Measurements were also carried out to determine if cor-
rosion would be retarded by localized depletion of corrosive species within
the resin bed. Finally, comparative measurements were carried out to learn if
interaction with corrosion products would accelerate or retard radiolytic
resia degrada tion. Results of these studies are described below.

3.1 Effect of Resin Loading on Mild Steel Corrosion in Irradiated Resins

Corrosion rates depend both on resin functionality and on resin loading.
Weight loss data for mild steel coupons contacted with dif ferent forms of
IRN-77 ca tion resin during irradiation are shown in Figure 3.1. These da ta
refer to fully swollen resin, irradiated in a sealed environment, at 1.6 x
106 rad /h. Weight loss data for mild s teel coupons irradiated in contact
with IRN-78 anion resin and IRN-150 mixed bed resin are shown in Figures 3.2
and 3.3. These da ta again refer to fully swollen resin irradiated in a sealed
environment at 1.6 x 106 rad /h.
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Figure 3.1 Weight loss vs contact time for mild steel coupons ir-
radiated in contact with dif ferent fctma of IRN-77 resin.
o -H+ form; D - Na+ form. Open points--irradiated a t
1.6 x 106 rad /h. Solid points--unirradiated control
sample.
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Corrosion weight loss is greatest in the H+ form cation resin, and
lowest in the OH form anion resin. It should be noted, however, that even
unirradiated H+ form cation resin shows considerable corrosion weight loss.
The mixed bed system represents an intermediate case. The Na+ form cation
resin also exhibits corrosion weight loss upon irradiation, relative to the
unirradiated specimen.

The corrosive attack on the mild steel can be correlated with the radio-
lytic formation of acidic species in the resins. Supernate and f ree liquid pH
values are compared for irradiated resins with and without corrosion coupons
in Figures 3.4 to 3.7. The pH was determined in the supe rnate formed by con-
tacting 2g of irradiated resin with 10 mL of deionized water. Irradiation of
anion and mixed bed resins alone was found to promote the release of a free
liquid phase, based on an earlier study (Swyler, Dodge and Dayal,1983). For
anion and mixed bed resins, the free liquid pH was determined first. The free
liquid was then removed by centrifuge, and 10 mL of deionized water was added
to 2g of the remaining resin. The supernate pH of this mixture was then
measured.

59g
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Figure 3.4 Supernatant pH vs irradiation time for ERN-77 resin
with (solid points) and without (open points) mild s teel
corrosion coupons. o- H+ fo rm resin; O- Na+
fo rm resin.
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Figure 3.6 Supernatant and free liquid pH vs irradiation time for
1RN-150 H0H form resin with (solid points) and without (open
points) mild s teel corrosion coupons. U = free liquids o =
supernate over centrifuged resin.
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Figure 3.7 Supernatant and f ree liquid pil vs irradiation time for
IRN-150 Nacl form resin with (solid points) and without (open
points) mild s teel corrosion coupons O = free liquids o=
supernate over centrif uged resin.

The acidity of cation and mixed bed resins is obviously reduced in the
mild steel corrosion process. For the basic OH" form cation resin, mild
s teel corrosion was not observed. Corrosion rates are greatest for the most

acidic resin--the H+ form. Irradiation induced corrosion is reduced wher.
II+ form cation resin is mixed with 011 form cation resin. In a mixed bed,

mild steel corrosion did not occur in the unirradiated resin. Corrosion did
occur in the mixed bed, however, when acidic conditions were produced by
radiolysis.

It is clear that enhanced mild steel corrosion in irradiated resins
involves an interaction be tween the me tal and the acidic species produced by
irradiation of the resin.

3.2 Effect of Irradiation Dose Rate on Hild Steel Corrosion in Irradiated
Resins.

Corrosion weight loss da ta for mild s teel coupons contacted with Na+
form IRN-77 resin during irradiation at dif ferent dose rates are given in

Figure 3.8.
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Figure 3.8 Corrosion weight loss vs irradiation dose for mild steel
coupons irradiated in contact with Na+ form IRN-77 resin.

6 4Dose rate (rad /h) o = 1.7 x 10 : D = 1 x 105 8 x 10 :
4A = 4 x 104 -3.5 x 10 ,

The data refer to fully swollen samples irradiated in a closed environ-
ment, similar to that in Figure 3.1 - 3.7.

For a given irradiation dose, corrosion is greater at low irradiation
dose rates. There is no evidence that the yield or G-value for the forma tion
of acidic species depends strongly nn irradiation dose rate (Swyler, Dodge and
Dayal,1983 3 see also Section 4 of this report). Consequently, the rela tively
greater corrosion per unit dose at lower dose rates probably reflects the
longer contact times per unit dose.

At 1.6 x 106 rad /h the weight loss data can be reasonably well des-
cribed by an expression of the form

W = C t .61 (3,1)0t

where W is the weight loss,4t is the contact time and Ct is a constant with
At 1 x 105 rad /h and 4 x 10 rad /h the da ta are more scattered. The best
fit suggests a more nearly linear increase of weight loss with time

W = C g0.87 (3.2)2

There is an important distinction between the behavior indicated by Equations
3.1 a nd 3.2 : At high dose rates (Equation 3.1) corrosion rates apparently
decrease with time, at lower dose rates Equation 3.2 suggests that corrosion
rates remain nearly cons tant as time proceeds.

11
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3.3 Effect of Resta Moisture Content on Mild Steel Corrosion in Irradiated
Resias.

~ Both the nature and the extent of corrosive attack on mild steel are
influenced by resin moisture content. Table 3.1 gives data derived f rom early ,

scoping experiments on mild steel corrosion in irradiated resins which had

been air-dried to different moisture content. In these experiments, coupons :
were contacted with H+ and Na+ form IRN-77. resin and irradiated to 3 x
108 rad in vented tubes.

The supernate pH data clearly indicate that potentially acidic species
were formed by irradiation at all moisture contents. In the fully swollen
resins, this acidity produced a significant increase in corrosion. In the
driest resins with lowest moisture content, no corrosion was observed. It is
also worth pointing out that, in these experiments, for fully swollen Na+
form resins, the corrosion weight loss is greater than that shown in Figure

,

3.1 for Na+ form resin at corresponding radiation dose. This difference may
'

s

reflect different experimental conditions--data in Figure 3.1 refer to resin
treadiation in a closed environment, while the da ta in Table 3.1 were obtained i

on resin irradiated in open tubes. A second reason for this dif ference may be
in the resin loading itself. The pH of the Na+ form resin used in this
scoping experiment was constantly lower than that of the material used in
later e.cperiments, suggesting that the H+ to Na+ form resin conversion was

1

incomplete in the resin used in the scoping measurements.
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Table 3.1

Ef fect of Iloisture Content on Irradiated and Unitradiated Resins

Resin Pe rcent pH of D.I.W. Coupon Percent
Form Moisture Resin / Mixtures Weight Loss

Unirradiated
Kt 55 2.8, 3.2, 3.1 9,5,6

27 3.3, 3.1 2, 4
14 3.2, 3.3 0,0

Na+ 50 3.6, 3.5, 3.5 4,4,4
25 3.5, 3.4 1, 1

13 3.3, 3.5 0, 0

3 x 108 rad
K+ 55 top 1.7, 1.6 20, 8

botton 1.5
27 top 1.5, 1.3 4, 7

bot ton 1.4, 1.4
,

14 top 1.6, 1.5 0, O
bot ton 1.5, 1.5

Na+ 50 top 2.5, 2.3 4, 5
bottom 2.8, 2.6

25 top 2.3, 2.2 2, 3
bottom 2.5, 2.4

13 top 2.4, 2.4 0,0
bottom 2.4, 2.4

_

Contact times for corrosion experiments:
Unitradiated samples: 190 h
Irradiated samples:

50-55% moisture: 78 h unirradiated + 75 h irradiated.
25-27% moisture: 75 h untreadiated + 75 h irradiated.
13-14% moisture 6 h unitradiated + 75 h irradiated.

Corrosion weight loss vs contact time is shown for mild s teel coupons
irradiated in resin under various moisture conditions in Figuras 3.9 and 3.10.

13
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As in the scoping measurements, corrosion based on weight loss, is
undetectable in the dry resins. Interesting 1 , where comparison is possible,
the corrosion weight loss in the irradiated 11 form resin-water solution is
lower than that for coupons contacted with fully swollen resin. Also, there
is a dif ference in the mode of corrosive attack. In coupons contacted with
fully swollen resin, corrosion is characterized by extensive pitting (Figure
3.11, uppe r). In resin-liquid slurries, (Figure 3.11, lower) corrosion is
somewha t more uniform. Also a line is apparent on the coupons at the resin-
Liquid interf ace possible denoting a boundary between anodic and cathodic
regions (Scully, 1975). Overall the data indicates that corrosion processes
may proceed somewhat differently in fully swollen resins and resin-liquid
slurries. This fact will be considered when further comparing corrosion in
fully swollen cation resin with corrosion in mixed bed systems where free
liquid is released.

pil data on irradiated resin-water slurries with and without corrosion
coupons are shown in Figure 3.12.

The irradiated slurry pH is increased for samples containing corrosion
coupons. The ef fect is similar to that observed in the supernate of fully
swollen resins and further suggests that acidic species are taken up or neu-
tralized in the corrosion process. Another possibility, that the presence of
corrosion products inhibits the formation of acidic species, is considered
further in the next section.
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3.4 Ef fect of Corrosion on Resin Degradation

In sulfonic acid cation resin, radiolytic acid formation is due largely
to radiolytic scissions of the 50 " f unctional group (Swyler, Dodge and3
Da ya l , 198 3 ) . This process can be monitored by determining the amount of free
sulf ate ton released when irradiated resins are contacted with deionized
water. By this measure, radiolytic scission of the resin functional group is
not grossly af fected by the corrosion process. Figure 3.13 simws that radio-
lytic sulfate yields dif fer by less than 50% for cation resin samples
irradiated with and without corrosion coupons.

The radiolytic processes which originally produced acid conditions in the
resin are apparently not suppressed by interaction with corrosion products.*
Consequently the relatively greater gli for samples containing corrosion cou-
pons apparently indicates that radiolytic II* to taken up or neutralised in
the corrosion process.

*Since the pil and sulf ate values refer to a volume of resin which is large
compared to the corrosion coupon, it is possible that local ef fects at the
resin / coupon interf ace may be somewhat obscured in the bulk measurement.
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Figure 3.13 Solubic sulfate generation vs irradiation dose for IRN-77 Na+
form resin (2 g) with and without corrosion coupons. Dose rates

6 5 4o = 1.7 x 10 ; O = 1 x 10 ; A = 4 x 10 . Solid(rad /h):
points--sample with corrosion coupon; open points--sample without
corrosion coupon.

Some of the radiolytic H+ may be converted to H2 in the corrosion
process. This is apparently the case for H+ form resin. Hydrogen gas gen-
eration in samples contacted with corrosion coupons far exceeds radiolytic
hydrogen formation in the resin alone (Swyler, Dodge and Dayal,1983). A
correlation between the amount of hydrogen generated and corrosion coupon
weight loss indicates that about 0.8 mole of H2 is produced for every mole
of Fe lost to :.rrosion (Figure 3.14).

For other resin forms, the corrosion rates are lower, and corrosion ef-
fects on radiolytic hydrogen get}eration are less obvious. Comparative hydro-
gen gas generation data on resin irradiated with and without corrosion coupons
are given in Table 3.2.
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For resins other than H+ form there is no evidence that the weight loss
in mild steel corrosion is quantitatively correlated with increased hydrogen

genera tion. For the Na+ form resin, the net corrosion (molar) weight loss
is significantly greater than the (molar) hydrogen evolution at lower radia-
tion dose rates (4x104 and 1x105 rad /h). At 1.6x106 rad /h there is one
data point which suggests that hydrogen generation may be caused by corrosion.
For the Cs+ form resin, there is also evidence that corrosion results in in-
creased hydrogen generation. Again, however, all the corrosion weight loss
(molar) is not accounted for by hydrogen gas generation.
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Table 3.2
Radiolytic Hydrogen Yields, Hydrogen Uptake in Corrosion, and

Mild S teel Corrosion Weight Loss in Irradiated Resins

Resin Moles Radiolytic H2 Fe ~ weight loss H+a
Form Consumption

With Coupon Without Coupon (moles) (moles)

IRN-77 Na+ 2.5x10-4 ~1 x10-6--

4x104 rad /h- 2.9x10-4 ~3 x10-6--

4.0x10-4 5.7x10-6--

4.6x10-4 1,3x10-5--

4.1x10-4 1.4x10-5--

1.6x10-5 6.2x10-4 1.3x10-5

.4.6x10-5 5.9x10-5 1.7x10-3 --

1.3x10-3-- -- __

1.5x10-4 1.5x10-4 2.5x10-3 --

1.8x10-4 2.1x10-4 2.5x10-3 --

IRN-77 Na+ 1.1x10-5-- -- --

9.8x104 rad /h -- -- 3.1x10-4 1.0x10-5
-- -- 4.4x10-4 1,9x10-5

8.1x10-4 -2.9x10-5-- --

5.9x10-4 3.7x10-5-- --

5.0x10-5 8.8x10-4 __

1.4x10-3-- -- --

2.5x10-3 ---- --

3.4x10-3-- -- __

IRN-77 Na+ 9.7x10-4 1.2x10-4-- --

1.6x106 rad /h 1.3x10-3 1.3x10-4-- --

1. 7 x10-3 1.6x10-4-- --

2.2x10-3 1.8x10-4-- --

-- -- 2.4x10-3 2.1x10-4

1.6x10-3 3.5x10-3 2.4x10-3 2.0x10-4

20

i. i



Table 3.2 (cont.)
Radiolytic Hydrogen Yields, Hydrogen Uptake in Corrosion, and

Mild Steel Corrosion Weight Loss in Irradiated Resins

Resin Moles Radiolytic H2 Fe weight loss H+a
Form Consump tion

With Coupon Without Coupon (moles) (moles)
IRN-77 Cs+ 9.3x10-4 3.0x10-4-- --

1.6x106 rad /h 5.4x10-4 1.2x10-3 1.4x10-4 3.0x10-5

2.1x10-3 4.5x10-4-- --

1.9x10-3 5.7x10-4-- --

2.2x10-3 6 x10-4-- --

2.1x10-3 2.5x10-3 2.7x10-3 --

2.2x10-3 2.6x10-3 2.5x10-3 __

URN-150 H0H 3.6x10-4 3.4x10-4 3.1x10-4 __

.1.6x106 rad /h 1.0x10-3 3.5x10-4 2.8x10-5--

4.4x10-4 8.5x10-5-- --

8.0x10-4 1.4x10-4-- --

-- -- 8.1x10-4 1.9x10-4
3.4x10-3 2.4x10-3 8.8x10-4 2.7x10-4
4.7x10-3 9.8x10-4-- __

,

IRN-150 Nacl 2.9x10-4 2.7x10-4 1.4x10-4 9,1xto-6

1.6x106 rad /h 2.0x10-4 5.6x10-5-- --

1.4x10-3 1.2x10-3 4.8x10-4 1.7x10-4

5.8x10-4 3,txto-4-- --

2.2x10-3 2.5x10-3 8.8x10-4 3,9x10-4

2.5x10-3 2.7x10-3 1.2x10-3 2.0x10-4
t

aHydrogen consumption was determined from the difference in supernatant-
pH for samples with and without corrosion coupons.
-- = Not measured.
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We[have eitimated the amount of hydrogen f in which would have to be con-
sumed in ' order to produce the supernate and free liquid pH elevation observed
in samples contacted with corrosion coupons. This was done by subtracting
[H+] values for samples without corrosion coupons from [H+] value for
samples containing corrosion coupons. [H+] was simply determined from pH
data .for the free liquid or supernate samples. The concentration differences
(in mol/1) were then multiplied by *the liquid volumes to obtain molar H+
consump tion. Values obtained in this way are shown in the right column of
Table 3.2. The calculation also assumes uniform depletion throughout the
resin sample. Amounts of H+ in the supernate over 2 g of resin were multi-
plied by 3, since the supernate was measured in only 2 g of the 6 g resin
samples..

Under these assumptions, the molar values for H+ consumption are con-
sistently . lower than the (molar) values for iron lost in corrosion. If, in

fact, values for H+ obtained in this way are valid, _the corrosion is
greater than would be expected on the basis of resin acidity neutralizstion
alone. It is also possible that the pH- changes do not accurately reflect the
total hydrogen' ion uptake in the simple manner assumed here; this will be-
considered further in Section 7.

3.5 Transport of Corrosive Species and Corrosive Products in Resin Beds

3.5.1 Chemical Analysis of Corrosion Products in Irradiated Resin Columns

Short-term column experiments were carried out to examine the distribu-
tion of corrosion products and acidic species in fully sw611en cation resin
contacted with corrosion coupons. The general arrangement of these column ex-
periments has been described in Section 2. A typical experiment is shown in
Figure 3.15.

Table 3.3 gives the results of a column experiment in which corrosive
coupons were placed on top of 10 cm H+ and Na+ resin columns in glass and

6irradiated. The irradiations were carried out in vented tubes at 4x10
rad /h. Data are also given for irradiated control samples. Following irradi-

ation resin samples were removed from dif ferent zones of t'a columns. Proper-
ties of the supernate formed by contacting the irradiated resins with deion-
ized water in the ratio 2 g/10 mL were determined. The resins were then
rinsed with H O and HNO , and the amount of iron removed by each rinse was2 3
de te rmined. Finally the resins were combusted and the residue analyzed to
de te rmine the amount of iron bound in the resin.

In the Na+ form resin, irradiation again clearly enhances corrosion.
Most of the corrosion product, as iron, is found in the top quarter of the
bed, less than 2 ce from the corrosion coupon. Between fif teen and twenty
percent of the total iron lost to corrosion, as indicated by coupon weight
loss was found in the resin. The amount of iron on the sodium form resin is
considerably lower than the amount of free sulfate produced. The sulfate data
support the earlier observation that under the present conditions, radiolytic
scisson of the f unctional group was not significantly affected by mild steel
corrosion products.
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Figure 3.15 Irradiated IRN-77 Na+ form resin with (lef t) and without

(right) corrosion coupons. Radiation dose = 109 rad, time =
300 hours.

When comparison is possible, sulfate data for Na+ and H+ forms
agree well both with each other, and with previous measurements on samples

3

! irradiated in sealed tubes (Swyler, Dodge and Dayal,1983). This agreement
further supports the observation that radiolytic attack of the functional
group is not strongly dependent on resin pH or the amount of oxygen present.

,

pH values for the resin with corrosion coupons are greater than those
for irradiated resins. Again acidic species are evidently taken up in the
corrosion process. For the Na+ form resin the specific corrosion weight
loss after 10 days in the irradiated columns was 27 mg/cm2, corresponding to
5.8x10-4 total moles of Fe. The specific weight loss in the column experi-
ments is greater than the value (~15 mg/cm2) which would be expected from
data on corrosion experiments carried out in sealed vessels with a different
coupon geometry (Figure 3.1).

For both the H+ and Na+ form resin, there is no indication of an ex-
tensive gradient in column acidity--the pH varies only slowly throughout the
column. This might indicate either a reasonably uniform depletion of acidic
species, or a localized depletion where the gradient is confined to a region

| that is small compared to the first two em of the column. Finally it is worth

noting that a large fraction of the iron in the irradiated resin was not re- |

moved in a H O rinse, but required a nitric acid rinse for removal. This i
2

indica tes that the iron is either on the resins in an exchangeable form or

that the iron is relatively insoluble.
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* Table 3.3
Distribution of Corroston. Products and Acidic Species In irradtated Resin Columns

Fe Content in Re Ma t e r f a l '. I.oe s ..

(Moles)
Radiatione

.
From Coupen

Nestn Dose Columnb C SO4 inSample Sample Supe rna tan t H OG HNO 8 Bound' ' To t a l - Total Mg/cm2 % FeJ 3
Type (Rad) Zone Wt(g) Motsture pH Supernate Rinse Rinse in Resta Mole s . Moles in

(%) (Moles /g restn) Fe Resin

h.e * 109 A !.0 40 2.0 4.2x10*' 2.7x10-6 g,9,go-5- g,q go-6 9.3x10-5 3,gx30-4 17 IS
=lth B 1.3 43 1.9 4.9x10*' 2.Ax10-6 2.8x10-6-- --

Coupon C 0.8 42 1.8 5.3x10*' ' -- -- - . - --

D 1.5 44 1.8 4.6x10*' -- -- -- --

., p 0 A 1.2 41 5.3 1.1x10-6 5.4x10-6 1.2x10-5 1.7x10-5 8.8x10-5 4 to--

3.2x10*I 3.2x10-7with B 1.2 42 5.4 -- -- --

D 1.1 45 5.4 9.tx10*7
-- 7.9 x10- 7 7.9x10*ICoupon C 1.4 43 5.6 -- --

-- -- -- --

NM 109 A t.s 40 1.7 5.5x10*'
B !.5 41 1.7 5.0x10*' -- -- --

C 0.9 43 1.7 4.4x10*' -- -- --g
& 18 0.R. 44 1.7 5.tx10*' -- -. --

p' 109 A t.2 57 1.2 5.tx10*' 4.2x10*S 2.5x10-' 3.9x10 6 2.9 10*' 8.2xt0*' 39 36
with B 1.2 52 1.1 5.0x10*'
rog,n C l.4 55 1.0 5.2x10*'

-- 5.1x10-3-- --

-- -- -- . --

D 1.1 55 1.1 4.7x10** 5.1x10-6 3.430-5 4,ongo 7 : g,9xto 5

n' o A 1.3 47 2.8 1.7x10-6 -- 7,9x10*' !.9x10*' 9.0x10*' 1.6x10-3' 74 63
-- -- 3.4x10-5 g,7xto-6 3.5x10-5with B 1.3 53 3.1

D 0.5 51 3.1 9.8x10*8
-- 3.1x10*7 3.1x10-7Coupon C 1.0 52 3.1 -- --

2.6x10*7 2.6x10*7-- --

H 109 A 1.2 53 1.0 4.9x10-' -- --

5 1.1 56 1.0 4.9x10*' --- --

I' C !.3 54 1.0 5.3xt0-4 -- --

D 1.2 55 1.1 4.4x10-4 -- --

aDuse Rate - 4xt06 rad /h. Samples irradiated in vented tubes, corrosion coupons at top of column.
LA - Upper 1/4 (*2 cm) of Column in contact with CorrostJn Coupon.
n - Second 1/4 of column (*2 cm).
C - Third 1/4 of column (*2 cm).
D - Bottom 1/4 of column (*2 cm).

c H of supernate formed by contacting detonised water with irradiated resin in the ratio 2 g resta: 10 at D.I.W.p
dMoles Fe removed by rinsing resin with 100 mt. of indicated solutions.
' Moles Fe found in resin on combustion fo!!owing H O and HNO3 tinse.2

-



Table 3.4 gives data for resins contacted with corrosion coupons in a
reverse configuration--the corrosion coupon is at the bottom of the column.
'The height of the column was varied from 13 to 50 mm, to de termine if corro-
sion rates were af fected by the amount of resin present.

Table 3.4
Distribution of Corroston Products in Irradiated Resta Columns of Dif ferent i8et ht.at

Ma terial Los t Resta Molature
Resta Co la- th RadiationC From Couoans _ Af ter Contact (wt *)
Type He igh t Dose Total Total Bottom Middle Top

Moles Fe og/cs2

H+ 13 1x108 -- --

5x103 -- --

1x109 8.4x10-4 40 36 58

25 txtos -- --

5x108 -- --

1x109 7.2x10-4 35 36

50 1x108 -- --

3x103 -- --

1x10' 5.4x10*' 26 41 54 60,

Na+ 13 1x108 -- --

5x103 -- --

1x10' 7.2x10*' 34 36 37

25 1x103 -- --

5x108 -- --

1x109 B.4x10-4 41 36 30 36

53 1x108 -- --

5x103 -- --

1x109 4.2x10'' 25 39 m2

attradtated 12.7 so pyrex tubes with corrosion coupons at bottom of resin colu n.
bHeight of cola n over coupon.
cDose rate * s 106 raJ/h.

Corrosion weight loss did not vary systematically with height of the
resin column. Interes tingly, for both resin types, . corrosion in the shortes t
column (13 mm) was greater than corrosion in the longest column (50 mm). The
total corrosion values are about the aame for 18 and Na+ form resins and
agree fairly well with data obtained earlier for coupons at the top of the re-
sin columns (Table 3.3). Again, the corrosion weight loss in the Na+ form
resin in these columa experiments .is significantly greater than that found in
coupons contacted with resins and irradiated in sealed vessels. Ove rall, for
both column experiments, there is no evidence that resins more than ~1.5 cm
away from the coupon contribute significantly to the corrosion process.

25
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3.5.2 Chemical-Analysis of Corrosion Products in Resin / Sulfuric Acid Mixtures

In a' separate | series of' measurements,' mild steel corrosion in mixtures
~

of resin and sulfuric acid was studied. The object was to determine how well
corrosion in resins could be simulated by H SO4 attack. Two grams of

_

2
-IRN-77 resin are contacted with 10-mL solutions of sulfuric acid of various
strengths until a pH is obtained which is similar to that found in the super-
nate over irradiated resins.- Next, the resin was either' held immersed in
solution or . centrifuged to approxima tely. 50% moisture content. Both immersed
and centrifuged samples were then contacted with mild steel corrosion coupons.

Immersion simulates conditions which might occur if free liquid
collects in a container. . Immersion may in principle modify the trancport of
corrosive species within the resin bed, atmospheric oxygen scavanging and
a tmospheric ef fects on corrosion. Subsequently, the corrosion and other
properties are observed as a f unction of contact time.

Immersion in resin-sulfuric acid solutions did not reproduce the type
of corrosion on the weight loss observed with irradiated resins (Table 3.5).
The corrosion was reasonably uniform.

Table 3.5
Weight Loss for Mild Steel Corrosion Coupon Af ter 10-Day Contact

with Resin-II SO4 Solutions2

pH Corrosion Coupon

H SO4 + Resin Weight Loss (moles)H SO4Sample Resin 22
Fo rm After 3 Days

1 K+ 0.80 0.95 3.2 x 10-3
2 1.08 1.23 2.8 x 10-3"

3 1.86 1.69 2.8 x 10-3"

4 2.56 2.40 2.5 x 10-3"

5 5.00 3.37 8.2 x 10-4"

1 a 0.80 0.98 4.3 x 10-4
2 1.08 1.33 3.8 x 10-4"

3 1.86 2.33 2.0 x 10-4"

4 2.56 4.03 7.1 x 10-5"

5 5.00 5.02" --

Pitting corrosion of the type observed with irradiated IRN-77 resin can
in fact be reproduced by " loading" unitradiated resins with sulfuric acid des-
cribed above, i.e. by contacting the resin with sulfuric acid and then centri-

fuging the free liquid off. Several columns of Na+ and H+ form resin at
dif ferent pH were prepared and contacted with corrosion coupon discs placed at

26
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the top of the column. Results are shown in Table 3.6. Within the individual
columns, the -pH of the resin in the upper and lower halves does not differ
subs tantially. In fact, the upper portion, which is in contact with the cor-
rosion coupon, is generally .somewhat more acidic. Since the effect of cor-
rosion is to eleva te the overall pH, the lack of a pronounced pH gradient

i within the tube suggests that, in the resin transport processes are operative; ,

over a distance of at least several centimeters. This is in contrast to the
results obtained with irradiated resins (Table 3.3). Also a much larger,.

; fraction of the iron corrosion product is found in the resin loaded with

|
~ H SO .2 4

For an initial pH value of 3.3, the mild steel corrosion in the
sulfuric acid loaded sodium form resin corresponds fairly well to that for the
irradiated resin column af ter a 10 day contact time. However, the transport

;

- of acidic species and corrosion products is evidently somewhat different in
irradiated and acid loaded resins.
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Table 3.6
Distribution of Corroston Products and Acidte Species in Resin Columne Loaded with H SO a2 4

Su pe rna ta n t pH" te in Resin (moles) Ma terial Los t From Coupon .

dH0d PNO3 Bound * Total Total ag/cm2 % FeReetn Column b Sample Inttlal Final 2

Type Zone ut(g) Rinee Rinee in Resin Mole s Mole 9 Fe in Resin

1.2xto-5 5.2x10-5 g . g x i o-4Na+=1 Top 0.68 4.4 7.3 --

1.1x10-6 2.7x10-7 6.6x10-5 5.1 61"
Botton 0.A4 A.2 --

2.9 x10* 5 7,3:10-5Na+-2 T 1.0 3.3 6.2 --

5.1x10-7 1.7x10-7 1.1x10-' 1.9x10*' 8.9 ' 59"
B 1.1 6.4 --

1.7x10*' 2.0x10-4| Na+-3 T 1.0 3.0 5.1 --

-3.7x10-5 9.0x10-6 4.2x10*4 8.0x10-5- 40 ' 51"8 0.75 5.3 --

Na+-4 7 1.2 1.9 4.2 1.6x10*6 3. 8 x10*' 3.2x10*'
a 0.84 4.0 2.7x13*7 2.7x10*' 3.2x10-5 9.8x10*' 1.4x10*3 65 '70"

7.8x10-6 5.4x10*5Na+-S T 0.72 6.0 7.2 --

B 1.1 8.3 -- 1.7x10*7 1.0x10-7 6.9x10-5 8.5x10-S 4.1 80"

8.8x10-4 1.7x10*'M H+-1 7 1.1 3.2 3.1 --
" 1.0x10*' 2.2x10-5 g,gugo-3 g,3,go-7 63 90"

n 0.1 2.1 --

A.5x10*'' l.1x10*'H+-2 T l.2 3.0 2.9 --

1.tx10** 2.4x10*S 1.2x10-3 1.4x10-3 68 77"
> n.7 1.4 --

H+-3 7 1.3 2.3 2.3 9.2x10*7 9.2st3*' 1.6x10-5
4.7x10-4 9.5p10-5 1.6x10-3 2.0x10*3 97 28"

8 0.8 2.5 --

H+-4 T t.1 1.4 1.9 :2.0x10-6 8.1x10**' 2.0x10-5
5.9x10*' 9.2x10-5 g.7xgo-3 2.5x10-3 122 65"

8 0.9 2.4 --

H+-5 7 0.8 4.0 3.1 1.7x10*I 7.1x10*' 9.5x10-5
1.3x10*' 2.4x10-5 9,7,to-4 1.4x10-3 66 69"8 0.7 3.6 --

mReetne contacted with H SO4 inducted and centrif uged to ~50% moisture, samples contacted with coupons for2
10 days, in vented tubes with corrosion coupons at top of column.

hop - upper half of columne (-1.5 cm) in contact with coupon.
Bot ton - tower half of columne (-1. cm).

c H of supernate formed by contacting reatn with detontsed water,p
in the retto 2g reetn 10 ml D.1.W. inttlet at start of experiments final af ter 10 days contact time,

d oles removed by rineing resin.M

* Moles Fe found in resin on combustion fo11owing rinee.
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2 3.5.3 [ S pa tia ll Extent of Resin ' Blackening Due to Mild Steel Corrosion '

IRN-77 cation resin blackens due' to the interaction with mild s teel' cor-
rosion coupons. . ;This blackening has been 'found to ' occur under the following
- conditions in'thenvarious, experiments described in this: report..

1._ A slight blackening occurs nears >the resin / coupon . interface with un-
? irradiated-resin under oxic conditions.. For H+ form resin-
blackening also occurs for unirradiated ' resin stored in sealed
vessels.

2.. More intense blackening, occurs for irradiated resin . coupon columns;
the blackened zone proceeds along the column as .the irradiation
progresses..

3. A similar' blackened zone propagates in unirradiated resin columns
which have been " loaded" with H SO + -2 4

-4. WhenLIRN-77 resin is converted either to Fe+2 or Fe+3 form,
the resin does not blacken.- Irradiated Fe+2 or Fe+3 fo rm
resin, however, blackens markedly.

It has been mentioned by Egorov and Novikov (Egorov and Novikov, 1967)
that when K+ ions of irradisted cation resin .are exchanged for Fe+3 fons,
the resin - turns black. This effect is said to be an indirect confirmation of
the presence of carboxylic and phenolic. groups in the irradiated resin, since
sulfosalicylic acid, which contains these groups, is known to form a dark
colored complex with Fe+3 ions. The sulfosalicylic acid would presumably
result from radiolytic attack on the resin backbone.

In order to determine if this effect was involved in the darkening of
resins contacted with corrosion coupons irradia ted and unitradiated H+ form

2
resins were contacted with Fe+2 and Fe+> ions in solution to see if dark

'

regions ' were formed.

Approximately I g portions of irradiated (3 x 108 rad) and
unirradiated IRN-77 K+ form resin were gut into separate containers.
Fe+2 /H SO4 was added to one set of, Fe+ /H SO4 was added to2 2
- another set of irradiated and unirradiated resins. Af ter three days, the
irradiated resin turned black in the presence of Fe+2 and Fe+3 solutions
while the unirradiated resin showed no color- change.

These results agree with the observations of Egorov and Novikov: the re
are certain sites in the irradiated resin which, when occupied by iron, turn
the resin . bla ck. . The sites involved are not ordinary exchange groups, since
no blackening is produced when Fe+2 and Fe+3 are exchanged'for K+ in
unirradiated resin. Blackening is observed,-however, when Fe+2 and Fe+3
are added to irradiated resin. ;

i

4 - The data suggest that the blackening is due to the presence of iron at
a damaged site in the resin produced by irradiation. However, we were not

f
i
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l

able ;to assign the . resin blackening to Laulfosalicylic acid. Fe+2 /H SO42.,

and Fe+3/H SO4 solutions were added to sulfosalicylic acid-(SSA) solu-'
2

i tion in the ration lil. The Fe+2 and SSA remained clear while the Fe+3
- solution with SS A turned pink. This experiment effectively rules out the

.

formation of sulfosalicylic acid as the final form of: the irradiated species,-

! because the Fe+2 turned the ' irradiated resin black, but did not blacken the
j SSA solution. Ultraviolet adsorption spectra were also run with SSA. .These

did not agree at all with the spectra of the supernate above the resin.
.

i,

A mild steel coupon placed in contact with an unirradiated resin will
da'rken the resin, but a solution of Fe+2 o r F e+3 ions added to unirra-
disted resin has no effect. The corrosion induced darkening of an unirra-
diated resin evidently does not involve simple uptake of Fe+2 or Fe+3 It

is possible that darkening of unirradiated resin in a corrosion process in-
volves iron located at damaged site in the resin. Unlike the case for irra-

'

diated resin, however, the damage would have to be produced in the corrosion
,

! ' process itself. Alternately the darkening could simply be due to partly
soluble "rus t." In either case the blacking would be much less extensive than'

j that observed in irradiated resins for equal net corrosion. - This is what is

|- observed.

[ The resin blackening provides a measure of transport of corrosion pro-
; ducts .within the resin in the resin bed.- In the column corrosion experiment,
! the . travel of the blackened zone along this column was observed as a function

of time. Migration of the blackened zone is plotted vs time for different

[ experimental configurations in Figures 3.15 and 3.16.

For the irradiated resin columns with the corrosion coupon at the' top,
the blackened zone may extend up to 2 cm from the coupon af ter 10 days (this
corresponds roughly to the extent of zone "A" referred to in Table 3.3). With
the coupon at the top, the blackened zone showed an initial rapid growth,i

which slows down with time--af ter about 5 days the blackened zone did not grow
,

; noticeably. For the coupon on the bottom of the column the blackened zone is
,

! less extensive and grows more slowly--af ter 10 days the zone extended about

|. 1 cm from the coupon.
4

I

; For resin " loaded" vith H SO4 to simulate radiation damage, the2
| blackened " corrosion" zone is not as large as in irradiated resins. The cor-
j rosion weight loss for the loaded resins, however, may be greater than in ir-
1 radiated resins (compare the molar corrosion weight losses in Tables 3.4 and

3.6).j

!
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Figure 3.16 Growth of blackened resin zone in irradiated resin columns
containing corrosion coupons. Open points - Column Height
50 mm, coupon at top of colunm. Solid Points - Column
Height 50 mm, coupon at bottom of colunn. o = H+ form
resin,D = Na+ form resin. Radiation dose rate 3.6x106
rad /h.
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Figure 3.17 Growth of blackened resin zone in resin columns containing
corrosion coupons and resins loaded with H SO . Column2 4
height 25 mm. Open points--H+ form resin; initial pH
values adjusted with H SO4 to 1.4. Solid points--Na+2
form resin, indicated pH values adjusted with H SO42
to 1.9.
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4. ' EFFECT OF AGING PROCESSES ~ AND ENVIRONMENTAL CONDITIONS ON RESIN |
R ADIOLYSIS

It has been recognized for some time that organic ion-exchange resins may
undergo a time-dependent deterioration in the absence of irradiation (Armitage
and Lyle,1972). . In polymers such as polyethylene, there is evidence that !

chemical degradation processes initiated by irradiation may continue for some
time af ter the irradiation is terminated (Gillen and Clough,1982). -

The yield of resin radiolytic- decomposition products may also depend on
how the yields are measured. Rinsing irradiated resins, which is common prac-
tice, could produce different results from experiments in which irradiated
resin is contacted with water in order to simulate waste intrusion conditions
in a radwaste container. Finally, both the radiolytic attack on the resin and
the post-irradiation degradation processes may be influenced by contact with
external media such as air or water.

In this program, the majority of radiation damage measurements were car-
ried out on.supernatant solutions formed by contacting irradiated resin with
deionized water. As mentioned earlier (Swyler, Dodge and Dayal,1983), this
approach, as opposed to rinsing, was adopted in order to measure yields under
conditions more relevant to radwaste. In particular, it was decided to allow
the resin to remain in contact with its own decomposition products. Also,
- most measurements were made on resins irradiated in sealed vessels--under
these conditions the environment quickly became anoxic. However, to support
development of recommended test procedures, experiments were also carried out
to de termine the possible ef fect of time-dependent and environmental f actors
on test results. In this section the results of such measurements are
described.

4.1 Irradiation of IRN-77 Resin Under Vented (Oxic) Conditions

Radiolytic oxygen scavenging by irradiated resins has been described pre-
viously (Swyler, Dodge and Dayal,1983). A remarkably - efficient radiolytic
reaction occurs in which both CO2 and oxidized species in the resin are pro-
duced. Previous experiments emphasized the significance of this radiolytic
process in preventing the forma tion of explosive conditions. The present ex-
periments were carried out to examine the effect of the radiolytic oxidation
on resin degradation.

Samples (6 g) of fully-swellen IRN-77 resins in Kf and Na+ forms ' were
placed in Pyrex tubes of the same dimension as those used previously under a
sealed condition. Once the tubes were loaded, the openings were necked down
down to form apertures ~1 mm in diameter. The samples were then irradiated at
a dose rate of 1.5 x 106 rad /h. The purpose of the small aperture was to
prevent excessive dehydration of the resins during irradiation, while allowing
for interaction of the resins and atmospheric oxygen.

i
|
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Following irradiation,' overall weight change was determined by weighing
the sampleLt'ubes. . The resins were then contacted with deionized . water in the
ratio 2 g/10.mL. The pH and sulfate content of the supernate were then deter-
tined. For this experiment sulfate concentrations were measured by the

; colorimetric (Me thyl-Thymo t Blue) technique. Results are given in Table 4.1.

Table 4.1

Acidity, Solubit Sulfate-and Weight Change
For DIN-77 Resin Irradiated Under Vented Conditions

Sample Irradiation Sample Weight
i . Type Time (h) pH8 [S 0"] b Change (%)c

Na+ 168d 5.9 N.M.* O'
'

504d 5.7 N.M. -0.3

1008d 5.8 N.M. -0.3
16 8 2.7 2.1 x 10-4 -0.3>

336 2.2 4.4 x 10-4 0,

504 2.3 6.7 x 10-4 -0.7
j 672 1.9 6.4 x 10-4 +0.7
i 84 0 1.8 7.5 x 10-4 -0.3

1 1008 1.6 1.0 x 10-3 -0.3

I
H+ 168d 3.1 N.M. +0.7

$ 504d 3.6 N.M. -0.3
4 1008d - 3. 3 N.M. -0.7

16 8 1.3 2.6 x 10-4 +2.0 ;
336 1.2 4.9 x 10-4 +0.7

| 504 1.2 6.8 x 10-4 +3.0
; 672 0.9 8.3 x 10-4 +1.0 :

!
i 84 0 0.9 1.1 x 10-3 +2.0
| 1008 0.9 1.5 x 10-3 +1.0

*Two grams of resin in 10 mL deionized water.'

I brotal amount (moles) in solution, measured by the .MTB
me thod.'

cThe minimum de tectable weight change is ~0.3%.
dUnirradiated control samples, held for times indicated.
'N.M. = not measured.

For unitradiated samples neither pH nor resin weight were significantly

effected by holding the samples for up to six weeks in vented tubes. A slight
] weight loss (<1%) may reflect a decrease in moisture content. For irradiated

samples, the principal observations are as follows:

!
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L '. . Sulf ate yields' are fairly' close to [those measured previously (Swyler,
Dodge and Dayal) for samples irradiated in sealed tubes. Oxida tion
apparently does not play a significant role in radiolytic. scission of
1the functional group.

'2. . The pH of the' 'aupernatie is significantly lower .than that measured for
samples irradiated in a' closed system. The pH da ta in Table 3.2 re-
present values for' fresh solutions (i.e. ~10 h af ter contact). It is

anticipated that,' as the solutions age, pH values may decrease
further.

3. The H+ resin shows an increase in weight upon irradiation. The
weight change is ler, systematic for Na+ form. An oxida tion of 3%
of the carbon atoms as carboxyl groups) would produce an increase ins

weight of approxima tely 1%. For the H+ form, increases in weight
of this order are observed, neglecting any weight losa as CO -2

The observations above suggest that extensive attack on the resin back
bone has taken place during irradiation under vented conditions. Conse-
quently, the additional acidity observed may be related to soluble organic :

acids (e.g. benzylsulfonic acids) produced in the scission of the backbone. !

;
'

There is also visual evidence for radiation induced agglomeration, in-
volving attack on the resin backbone. Figure 4.1(a) shows IRN-77 Na+ form~

resin- irradiated to a dose of 1.2 x 109 rad in a sealed environment. Figure
4.1(b) shows resin irradiated to a similar dose under vented conditions.

The sample irradiated under vented conditions is partly congealed with
the beads- tending to s tick toge ther. There is no evidence of this in samples
irradiated in a sealed environment. When the sample in Figure 4.l(b) was
heated to 1000C for a moisture content determination, the* sample blackened
almost completely and fused into a crumbly solid. Thermally induced reactions
in polymers following irradiation in an oxygen environment have been attri-
buted to chain reactions initiated by the decomposition of hydroperoxides in
the sample (c.f. , Gillen and Clough,1981).

!
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! Figure 4.1 IRN-77 Na+ form resin irradiated to 1.2 x 109 rad under
1 (a) sealed and (b) vented conditions.
!

] 4.2 Long-Term Irradiation Studies

! Long-term irradiations on H+ and Na+ form resins at low dose rates
| have been comple ted. A major objective of these measurements, which have gone
| on for more than one year, is to examine the radiation dose rate dependence of

the radiolytic degrada tion process in greater de tail. I

! Figure 4.2 shows pH da ta and Figure 4.3 shows sulf ate da ta for H+ and
! Na+ form IRN-77 resin which includes the long term measurements at 3 x 104

rad /h. In general, f or the same total dose region, data at 3 x 104 rad /h
6and 1.6 x 10 rad /h overlap fairly well--no grosa disparities exist. We con-

.i clude that, over the present dose and dose rate range, and for irradiation in
a closed environment, radiolytic attack of the functional group is not
s ens i tive to radiation dose rate. i

'

Figure 4.4 gives hydrogen generation at different radiation dose rates
and includes data for the long-te rm samples. H+ and Na+ form data at !
different dose rates fall roughly on the same curve. There is no gross de-

i parture from linearity which would indicate a pronounced dose rate effect on
''

G-values.
j

!

!
i

.

!
I

i

|
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Two specific features of the long-term da ta in Figures 4.2 and 4.3 are of
particular interest from the viewpoint of aging ef fects. Firs t, the long-term
supernate pH da ta for both resin foms showed a decrease with increasing s tor-
ege time. The resin-solution storage times varied from several months for the
camples irradiated to doses below 108 rad to ~1 month for the sample with
the greates t irradiation dose. Some of the pH decrease in the samples s tored
for long times can be attributed to liquid loss during s torage.

For the sulfate da ta, a second feature is evident. In two cases, pairs
cf sulfate data points for a dose rate of 3.4 x 104 rad /h lie clearl below

7 rad and ~5 x 10 rad.the general trend. These are the points at ~5 x 10
The values are lower by about a factor of 1.5 to 2. In each case, these
points represent the ends of irradiation intervals and the resin or resin-DIW
mixtures were not aged as long as those for lower total doses. For example,

8 rad and the da tathe difference in aging time for sodium form da ta near 10
near 5 x 108 rad was approximately ~8 months. This is the first suggestion
we have seen for either a long-teun (>l month) increase in sulfate levels with
time. This could also represent an effect in which sulfate release is re-
tarded a t high supe rnate concentrations. Concentra. tion ef fects on sulf ate
release are considered further in Section 4.3. For the present, we simply
point out that for different batches of Na+ and H+ form resin, irradiated
at dose rates which differ by a factor of ~50, supernatant sulfate levels at
~3 x 108 rad agree to within a factor of 2 or less.

|
|
'
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4.3 Aging Studies on Irradiated Resins and Resin-Water Solutions |
|

The release rate of radiolytic resin decomposition products in aqueous
solution may be limited by transport processes, possibly including an attrac-
tive (binding) interaction between the resin and the decomposition products.
Such ef fects are common in leaching studies on radioactive waste forms and in
studies of radionuclide transport through soils. Alternatively, the resin de-
composition process may continue af ter the irradiation is terminated. Either
of these mechanisms may produce time-dependent changes in the composition of
solutions in contact with irradiated resins. General mechanisms which produce
a time-dependent evolution of irradiated resin / solution properties may be
termed " aging" processes. An extensive series of specific aging studies was
not carried out. However, a number of experimental results were obtained in
this program which can be applied to an assessment of the' significance of

aging effects on results and yields.

Tables 4.2 and 4.3 give results of supernatant pH measurements for solu-
tions of two grams of irradiated cation resin in 10 mL of detonized water at
different times af ter irradiation. The irradiations were carried out in
sealed vessels and resin / water mixtures were stored in the dark in 25 mL
capped polyethylene vials for the times indicated.

Table 4.2
Aging Lifests on the Supernatant pil of Irradiated Rosin / Water Soluttone.

8
Catton irradiat*on Rasin Irradiation Supernatant pH
Resta Dose Ra te Time

b g ,,,ge 16 weeksb 30 ,,,g b
Form (rad /h) (weeks) 1 day

si+ 4 m 104 2 2.6 2.1 2.0
4 x 104 4 2.$ 2.0 1.9
4 x 104 5 2.0 1.9 1.8

1 a 105 2 2.5 1.9 l.4

1 m 105 4 2.1 1.7 l.a

1 m 105 5 2.1 1.7 L.6

1.6 x 106 g g,; g,4 g,3

1.6 s 106 2 1.6 1.1 1.1

1.6 a 106 $ t.2 o,9 o,9

Na+ 4 x 104 1.4 4.5 4.4 4.0
4 x 104 3.4 3.9 3.7 3. 3

4 x 104 S.4 3.9 3.3 3.1

1 x 105 1.4 4.1 3.7 3.$

1 x 105 3.4 3.5 3.1 2.8

1 x 105 5.4 3.5 2.9 2.8

t.6 a 104 3.4 2.6 2.5 2.2

l.6 a 106 3.4 2.4 2.1 2.1

L.6 a 106 4.4 2.1 2.t 1.9

. .. . . _ . . _ . . ._. . . . .. ... .._._....._ .. .... _ ... ...

*>upernate ove r 2 g of irreJiatuJ resta tu to al. Je tuutted water,
taisasureJ in the asse saepte held for times indica test following prepara tion.
c.teasured in J1f ferent samples of the same resin batch as (b), held for time indicated following
preparattan.
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Table 4.3
Aging Effects on the Supernatant pH of trradiated Resta Water

Solutions--Resins Contacted with Corrosion Coupons During trradiation

Ca t ton Ir radia tion Resta irradiation Supe rnatant pH*
Resin Dese Rate Time

b 1 weekt 30 weeksb 37 weekebForm (rad /h) (weeks) 1 day

K+ 4 x 104 2 3.1 2.4 2.4
4 x 104 4 3.6 2.4 2.5

1 x 105 2 2.6 2.2 2.3
1 x 105 4 2.7 2.6 2.5

1.6 x 106 2 2.6 2.2 2.1.

1.6 x 106 4 2.7 2.2 2.1

Na+ 4 x 104 1 6.6 5.1 4.5
4 x 104 3 6.0 4.5 4.4
4 x 104 5 4.6 4.2 4.2

1 x 105 1 6.9 4.6 4.4
1 x 105 3 4.3 4.2 4.0
1 x 105 5 3.9 4.0 3.9

1 a 106 2 3.6 3.1 2.9
1 x 106 3 3.8 2.9 2.4
1 x 106 4 3.8 2.8 2.7

* Supernate over 2 g of irradiated resta in 10 mL detonised water.
b easured in the same sample, held f or times indica ted fo11owing preparation.M
cMeasured in dif ferent samples of same resin batch as (b) held for time indicated fo11owing preparation.

For resin-liquid contact times greater than about one week, the super-
natant pH remained sensibly constant in these measurements. During the firs t

week of contact, the pH might decrease by as much as I unit for the sodium
form resin, although a decrease of ~0.5 unit is more typical.

In a second experiment, aged irradiated resin / water solutions were di-
Luted tenfold with deicnized water and the pH remeasured. Results are shown
in Table 4.4. As exrected, dilution results in an increase in pH. H oweve r,

| in an acidic solutics a tenfold dilution should produce an increase of one pH
unit. Since tha abserved increase is only 0.6 pH units, we attribute this'

| discrepancy to the preceu?a of other species that appear to contribute acidity
cud hence depress the expeci.id nH increase upon dilution in the resultant
colu tion.

Sulfate da ta measured in tr.o supernate over irradiated resins for
various aging correlations and resin-water ratios are shown in Tables 4.5, 4.6
cnd 4.7.

Over periods of several e 3nths there is no evidence for a systematic
variation of radiolytic sulfate yields with time. This holds both for irra-
diation in sealed and vented sys tems, under dif ferent moisture conditions.
Further, the dilution data do not indicate a strong dependence of sulfate
yield on resin to wa ter ratio. If anything, yields measured at higher dilu-
tions appear to be slightly lower than those obtained from more concentrated
colutions.
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Table 4.6

Aging and Dilution Ef fects on the Aqueous Supernate pH
on Irradiated DtN-71 Resing

Dose .Irradia. Aging Aged pH After 10:1 Dilutionb
Rate -tion Tine Tine Ageda 12 h 96 h

Sample (rad /h) (vks) (vks) pH

K+ resta 0 6 16 2.7 3.6 3.7
with 4x10' 6 18 2.7 3.5 3.6
cou pon tulo) 6 18- 2.7 3.4 3.4

't.6x106 6 16 2.3 2.9 2.9

Na+ resta C 6 'll 4.8 5.3 5.8
with 4 x10' 6 11 4.3 4.8 5.2
c ou pon 1:105 6 11 3.9 4.7 5.0

1.6x106 6 11 2.9 -3.5 3.5

Na+ resin 0 6.4 11 4.5 5.0 5.1
4xtD' 6.4 11 3.2 3.8 . 4. 2
1x105 - 6.4 11 2.9 3.6 3.8
1.6 x106 6.4 11 2.2 2.8 2.8

aDilution = 2 g resin + 10 mL DIW.
bDilution = 2 g resin + 110 nL DIV.

f

|
Table 4.5

Aging and Dilution Ef fects en the Sulfate Tield in the Supernate over irradiated Catton Resin.

Ca t t on irradiations Resta Irradiation Supernatant 504 Yield
Resir Dese Rate Tine (Moles /2 t resini-
Fort (rad /h) (Weeks) Sample 1 Sample 2 Sample 3

K+ with 0 5 5.7 m 10-6 y,3 , go 6 5.9 a 10 6
c ou pon 4 x 10' 5 3.3 x 10*S 2.7 m 10-5 2.6 x 10-5

1 x 105 5 6.9 m 10*5 6.7 m 10*S 4.9 x 10-5
1.6 a 10' 5 7.7 x 10** 6.7 m 10*' 5.9 a 10*'

Na+ wi th 1.6 x 106 1 6.5 x 10*' 6.7 x 10*' 4.0 m 10*'
coupon 1.6 m 106 5 2.0 x 10*3 3.4 x 10*3 1.5 m 10*3

Na+ 1.6 x 106 1.6 6.1 x 10*' 6.4 x 10*' 4.8 x 10*'
1.6 x 106 5.6 1.2 x 10*3 1.0 x 10*3 1.9 x 10*3

Sarple 1. Irradiated resin stored 40-80 dayst 2 g resin /10 nL water sixture aged 6 40 days.
,

Sarple 2. Treshly irradiated resing 2 g resin /10 nL water ninture aged 90 days-130 days.
Sarple 3. Same as 2. diluted to 2 g resin /ICO et detontred water.

attraf tation carried out in sealed vessles.
_

t
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Table 4.6
Dilution Ef fects on the Sulfate Yield in the Supernate Over Irradiated Catton

Restna of Dif ferent Motsture Content.

Catton Resin Motsture Irradiation * Supernatant 504 Yield
Resta Content Dose (Moles /2g restn)

Form (%) (red)

Sample 1 Sample 2

it+ 14 3 x 108 1.6 x 10*3 1.1 a 10*3

Na+ 13 3 x 108 5.1 x 10*' 5.1 x 10*'

Na+ 25 3 x 108 4,y a 30-4 4,7 x 10-4

Sample 1. 2 g trradiated resins in 10 mL detontsed wa ter, aged -3 months.
Sample 2. Sample 1 aged an additional 4 months then diluted to 2 g restn/100

mL detontred water.

* Irradiation carried out in vented vessels at 3.5 x 106 rad /h.

Table 4.7
Aging Ef fects on the Sulfate Yield in the Supernate Over Irradiated Catton

Resin.

Ca t ton irradiatione Resta Irradiation Supernetant $0. Yield
Resta Dose Rate Tine (Moles /2g restn)

Form (rad /h) (w e ek s)

Sample 1 Sample 2

Na+ 4 x I D* 2 5.8 x 10-5 3,0 x 13-5
. 1.1 x 10-4 1.2 x 10**with 4 x 1D'

c ou pon 1 x 105 4 2.0 x 10*6 1.8 x 10**

Na* 4 x 1D* 2.e 6.8 x 10-5 7.3 x 10-5
1 x 105 1.4 6.6 x 10-5 7.6 x 10* 5
1 x 105 4,4 2.0 x 10-4 1.9 x to.4

Sample 1. 2 g t rradiated res ta in 10 tL de tontred water. aged 5 weeks bef ore
=easuresent.

Sanple 2. 2 g trradiated resins in 10 tL detontsed water esed -l year before
rea s uremen t.

altradiation carried out in sealed vessels.
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A comparison of pH and sulfate yields obtained by static leaching and by
rinsing is''given_in Table 4.8. The yields obtained by rinsing the irradiated

L resins are generally somewhat lower than those found for static leaching in
. more concentrated solutions. The disparity is more pronounced at higher sul-
fate concentrations. Possible mechanisms accounting for this ef fect will be

discussed in Section 7. Here, the important point is that there is no evi-
dance that radiolytic sulfate yields measured by static leaching at the pre-
sent resin to water ratio (2-g resin /10 mL deionized water) are suppressed by
concentration ef fects at high irradiation doses.

Table 4.8
Comparison of Sulfate Ytends in Resin Supernates and Rinses

| Catton Irradiation irradiation Supe rna te* Rinseh ,'

| Resta Dose Rate Time ~=0 " yletd'
I Form (rad /h) (Weeks) pH Sog" yield' pH 4

# 4 x 104 2 2.0 3.5 x 10-5 2.7
4 m 104 5 1.4 7.7 x 10-5 2.7 5.6 m 10*5
1 m 105 2 1.8 5.9 a 10*3 2.7 4.f. s 10*I
1 a 105 4 1.8 1.4 x 10*4 2.6 8.6 a 10*S

I L a 105 5 1.6 1.5 x 10*4 2.6 8.8 m 10*5
1.6 x 106 1 1,3 4,3 x 10-4 2.2 2.5 a 10 4

'

L.6 m 606 2 1.1 7.8 m 10*4 2.0 5.4 m 10**

I 1.6 a 106 5 0.9 1.3 m 10*3 1.8 6.4 x 10*4
!

! Nat 4 m 104 2.4 d 6.8 m 10*$ d 4.2 a 10-S
4 x 104 5.4 3.1 6.6 x 10-5 4.5 9.1 a 10*5'

1 x 105 1.4 3.5 4.6 x 10*$ 3.1 8.5 x 10-5
t

| 1 ' u 105 3.4 2.8 1.3 x 10*4 4.0 1.0 m 10*4
1 s 105 5.4 2.8 2.2 m 10*4 3.7 1.1 a 10**

4 2.9 6.2 m 10*4L.6 x 106 2.4 2.2 7.2 m 10
1.6 m 106 3.4 2.1 9.2 x 10-4 2.9 5.8 a 10-4

| 1.6 a 106 4,4 1,9 1,1 x 10-3' 2.7 6.3 a 10*4 ,

| 1.6 a 106 5.4 d 1.3 x 10-3 d 9.0 a 10-4 -

asupernate--Iteasured in supernate of 10 at datentsed wa ter over 2 g t eraJteted resta.
tAinee atessured in the liquid obtained by rinsing the resta/ water solutions with 90 mL ,

j Jelentsed wa ter.
| cSO / yield -notes 50;," per 2 g tosin
j; Supernate decanted before rtnee and measureJ eeparately.d

I

| '

j Finally, Table 4.9 gives aging ef fects on the supernate formed by con-
tacting 10 mL of deionized water with 2g of unirradiated resin. Prior to con-

t

tacting with deionized water, the resin had been held in contact with mild
! - steel coupons for the times irradiated in the table.

The data show a gradual release of sulfate as a function of holding
time, independent of irradiation. This is probably promoted by the corrosion|

process. The total amount released (j,2 x 10-5 moles /2 g) is small compared '

7 rad. For theto the amount typically observed for' unirradiation dose of 10:
Ilargest values of sulfate release, the change in superuate [H+] with aging

was about twice the change in [SO *], consistent with the formation of4
,

H SO4 in the aging process.| 2
!

|
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Table 4.9
Aging Ef fects on the pH and Sulfate Ion Content

of Aqueous Superna te of IRN-77 H+ Resina

Resin Holding Fresh Supernate Supe rna te Aged Supernate ASO " -4
Time SO " Aging Time SO "4 4

(Weeks) pH (moles) (Weeks) pH (moles) AK+

$ 1 3.68 4.1x10-7 6 2.73 6.8x10-7 .016
2 2.91 3.4x10-6 6 2.66 6.7x10-6 .29
3 3.16 1.7x10-6 6 2.90 3.2x10-6 .27
4 2.84 3.7x10-6 6 2.67 6.8x10-6 .45
5 2.79 5.4x10-6 6 2.63 9.3x10-6 .54
6 2.60 -1.0x10-5 6 2.40 1.8x10-5 .57

aUnitradiated control samples contacted with mild steel corrosion coupons
and held in sealed Pyrex vessel.
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5. ELECTRON IRRADIATION EXPERIMENTS

Data on pH and gas yields are used to compare external electron vs gamma
irradiation in simulating self-irradiation of heavily loaded dewatered resin
wastes, pH da ta obtained for electron irradiated ERN-77 resins vs calculated
absorbed dose are shown in Table 5.1. These are the entries denoted by
(e-). The table indicates that the pH values are in good agreement with
those obtained following gamma irradiation. In Figure 5.1, a curve of pres-
sure vs irradiation time is shown for IRN-77 resin electron irradiated in a
sealed cell at 400C. The dose rate is approximately 108 rad /h. The ini-
tial pressure rise is due to heating of the sample cell from 25 to 400C; the
subsequent pressure decreases indicated reflect gas uptake. For longer times,
the pressure increases linearly with irradiation dose until the beam is inter-
rup te d. When the beam is restored, the pressure buildup proceeds as before.

When the beam current (proportional to radiation dose rate) is reduced to
half its value, the rate of gas generation (as measured by the curve slope) is
also decreased by a factor of two. Since no changes (other than thermal ef-
fects) are produced when the beam is interrupted, and the gas generation rate
appears to vary linearly with dose rate, these results suggest that the net
amount of gas generated by a given irradiation dose will be independent of
dose rate.

In the present measurement, under electron irradiation at approximately
108 rad /h, we estimate a G value for gas forma tion of 0.3, where G is the
number of molecules produced by an energy deposition of 100 eV. This value is
generally commensurate with other de terminations under gamna-irradiations at

6 rad /h. Thus far, the present results, based strictly onapproximately 10
net gas and pH " yields." do not provide any evidence either for inequivalence
of electrons and gamma rays (on a per unit dose basis) or for significant
radiation dose rate ef fects.
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Table 5.1
Hydrogen Ion Concentration (as pli) of Water in Contact With

Irradiated Ion Exchange Resins

pHa

Dose (rad) C-66% C-66% (Na+)b IRN-77 (H+) IR N-77(Na+)

0 4.4 7.0 3.5 6.8
107 (Y) 2.6 2.5 4.7---

1.25 x 107 (e-) 2.5--- --- ---

3 x 107 (Y) 2.0 2.0 3.6---

4.6 x 107 (e') 2.0 ------ ---

108 (Y) 1.6 3.0 1.5 2.9
3 x 108 (Y) 1.1 1.0 2.1---

109 (Y) 0.9 0.6 1.3---

aMeasured in supernate of a mixture of 2 g of resin and 10 mL of deionized
wa ter,

bTitrated to pil 7 with NaOH prior to irradiation.
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6. ' SURVEY / CHARACTERIZATION OF FIELD EXPERIENC'E WITH HEAVILY-LOADED j
'

'

. ION-EXCHANGE MEDIA
,

The object of this work was to provide a data base for comparison of labo- ]
4 ratory and field results on heuvily irradiated ion-exchange media. The intent

is' to learn how well the general trends' observed in laboratory experiments are

reproduced in field samples. The aim was to de termina the validity of
laboratory test procedures with respect to predicting field behavior.

Field data are derived from four sources:

(1) Characterization, at Battelle Colubus Laboratories, 'o'f Epicor-II
liners PF-16 (Yesso et al. ,1982) and PF-3 (Wynhof f and Pasupa thi,
1983).

(2) Data obtained at the TMI site on gas generation in Epicor-II liners.

(3) Data obtained at ORNL on the resin present in' the letdown demineral-
izer sys tem (LDS) at ,TMI-II., ,

(4) Data obtained at BNL on a core sample from Epicor-II liner PF-3.

6.1 Epicor-II Liners '

Epicor-II liner PF-15 contains a mixture of inorganic and organic mate-
rial, while liner PF-3 is all organic.. In each liner, the material is present
in three laye rs . Properties of the material in. these line rs , including radio-
nuclide and chemical analysis are summarized below.

6.1.1 Epicor II Liner PF-16 Characterization

A report issued by Yesso, Pasupathi and Lowry (1982) entitled
"Characteriza tion of Epicor-II Prefilter Liner 16" (GEND-015) desc ribes cha-
racteristics of ion-exchange media samples taken from this liner about 18
months af ter its removal from the decontamination sys tem. . We have reviewed
this document to provide a data base for examining the correspondence between
results observed in ion-exchange media irradiated under laboratory and field

'

conditions.

The reported activity measurements give Cs-137/Cs-134 ratios between
S.6 and 12.5 Ci/Ci in various parts of this bed. The ratio for residual 11-

quid drawn from the liner was x9.8. Assuming.an elapsed time of 1.5 yrs be-
tween bed loading and the radionuclide assay, we es timate the (average)
Cs-137/Cs-134 activity ra tio as .5.5 i 1.8 Ci/Ci. The average initial activity
ratio 'es timated in this way agrees reason ably well with the value (5.234
Ci/C1) obtained from radiochemical data on 'the influent water. The relatively
large ' fluetua tion in this ratio (130%) as de termined from ,the radionuclide
assay on the ion-exchange media is presumably due to uncertainty in the mea-
s uremen ts. Isotopic ef fects are not expected in bed loading, assuming the
feed is well mixed.
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Knowing the (average) initial ratio of Cs-134/Cs-137, and the rela tive
l'-factors (rad / curie) for Cs-134 and Cs-137, the total gamma dose to the ion-

cxchange media can be calculated froc1 dose rate 6 ta obtained for the bed
during sampling -(Yesso et al. ,1982). The beta dose is calculated in a simi-
lar manner, assuming that all the be ta energy is deposited in the ma terial.
The beta dose rate is estimated from the activities reported by Yesso et al.

(19 82). Contributions from Sr-89 and Sr-90 are neglected. Table 6.1 gives
calculated gamma and beta doses, as well as other characterization results for
liner PF-16..

Table 6.1
Properties of lon-Exchange Media in Epicor Liner PF-16a

- -. .... . .

Present
Ac tivi ty Calcula tedD Calcula tedh No t e tu re

Inches From tvC1/c) Camma Dose Beta Dose Supe rna tan t Con te n t
t.ine r Bo t tom Ma te rial Ca-137 Ca-134 Sr-90 (red) (rad) pH (Alt-Dry)

_ . _ _ _ .... - __. - - . _

32 in u rge n t e , 1.5 x 107
730 Zune 1 4900 640 1.6 1.5 x 107 3.5 x 10 8.2a y

25 1.5 x 107

26 Organic, 1.6 x 107
~

24 Zone 11 710 130 1.4 1.6 x 107 5.3 x 106 3,t 9,3

22 1.4 x 107
20 1.2 x 107

18 Organic, 1.1 x 107
16 Zone III 550 44 1.0 1.0 x 107 3.7 x 106 2.2 15

14 8.3 x 106

12 No core 6.7 x 106
10 sample 4.1 x 106

8 available 3.9 x 106
4 8.6 x 106

5.3dnesidual .013 .0013 .00052 -------- ----'

Liquid

*lle t a from Yasso et al. (1982) except as noted.
bCalcula ted in our program,
cliquid measured directly, not as supernate near resin.
o H of supe rna te of 10-mL de tonized wa ter ove r 2-g resin. Final pit of ef fluent during processing was 2.8.p
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Estimated beta gamma doses approach 5 x '107 rad in the upper part
of the liner (region I). The greater part of this dose is due to be ta pa r-
ticles rather than gamma rays. For the lower portions of the liner, (regions
II and III) doses are lower and include a relatively larger fraction of gamma
:radia tion. . Much of_the gamma dose in regions II and III evidently originates
from the more highly active region I.

Since ~80% of the observed gamma-emitting radionuclides are concen-
trated in the first 5 inches of the bed (region I), the beta dose is highly

. nonuniform within the ' bed. Most of the gamma radiation produced in region I
escapes .this layer and is absorbed elsewhere in the bed. If all the gamma
radiation generated in region I were absorbed in this layer, the ratio between
beta and gamma dose would be .08 for Cs-134 and 0.38 for Cr-137. Since the
calculated ratio of region I beta to gamma dose is 2.2, roughly 0.38/2.2 = 17%
of~the gamma rays are self-absorbed in the thin (5-in.) layer according to the
present calculation.

6.1.2 Epicor II Liner PF-3 Characterization

Characterization of a second Epicor-II liner, PF-3, was also carried
out at BCL (Wynoff and Pasupathi,1983). As -part of this activity, a core
sample of resin was withdrawn from the liner to provide samples - for character-
iza tion in our program. The sample was withdrawn from the liner as a rectan-
gular core, 1-1/2 in. square by 30 in. long, penetrating the complete depth of
the resin bed.

Visual examination of the exposed core surface showed several distinct
zones along the core length. Starting from the bottom, the first roughly 6
in. of the core (Figure 6.1) consisted of a layer of amber-grey material which
appeared to be moist resin beads. Between about 6 and 18 inches from the bot-
tom (Figure 6.2), the core contained a somewhat lighter amber zone, which is
possibly a dryer form of the material found in the bottom 6 inches. Be tween
about 18 and 28 inches from the bottom (Figures 6.3), the core contained a
zone inches of darker material, varying in color from broun to reddish brown
along its length. The interface between this zone and the adjacent band of
amber material (Figure 6.4) is fairly sharp. This fact, and the apparent dif-
ferences in texture between the ma terial in the amber and dark zones, suggests
that the media in the two zones are dissimilar. In particular, the material
in the dark zone appears to contain both bead and granular components. The
top of the core, be tween ~28 in, and 30 in, from the bottom (Figure 6.5),
consists of a whitish caked material containing embedded resin beads. This
material appears to largely cover the upper surface of the bed, as evident
from video scans of the bed through the manway access.

~
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;

Cursory examinations of the resin and liner did not indicate any severe
degrada tion due to irradiation. Following the visual inspection, the core was
shipped to BNL for further characterization on November 12, 1982. The ship-
ment consisted of 15 separate polye thylene bottles, each containing a separate i

two-inch section of the core.

Contact radiation level readings on the sample bottles, indicated that i
'

the activity was concentrated in a zone extending about 12 in. downward from
the top of the core. As noted this zone contains a layer of whitish material I

at the top, and, below it, a band of darker ma terial about 10 in. thick.
Since the radiation dose is localized to some extent in this darker material,
part of the coloring might reflect radiation damage. As pointed out, however,
at least some of the coloring also reflects intrinsic material properties.

Most of the samples were dry to the extent that they were somewhat
difficult to handle - individual beads or particles may be scattered by
electrostatic forces. Resin observed during the coring operation appeared
reasonably moist - it seems that some dehydration of the samples may have
occurred during sampling or s torage opera tions a t BCL. In transferring the

i resins from the polyethylene bottles to small sample jars there was no evi-
dence of any gross physical deterioration (agglomeration, e tc.) of the resin. )

|

| '

|
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Several small (~1 g) samples were taken from each separate 2-in.
section of the core. One series of samples was contacted with deionized water
in the ratio 1 g to 10 mL. The pH of the aqueous supernate was measured ten
hours af ter the resin was contacted with the water, and again af ter a contact

time of 30 days. A syringe was then used to withdraw I mL samples of the
supernate through a 4.5-micron filter. The filter was necessary to remove
suspended fragments of the ion-exchange media from the supernate. The 1 mL
samples withdrawn in this manner showed no observable coloring. One group of
supernate samples was then used for de termination of activity in solution. A
second group of samples was set aside for characterization of soluble
decomposition products such as sulfates.

Several beads (~2-30 mg) were removed from each core section and taped
to sample discs. Gamma scans and microscopic examination were carried out on

these samples. Counting ef ficiencies were de termined with a standard source
of similar geome try*. In view of the small sample size, the absolute values
should be considered rough estima tes. The da ta, however, clearly indica te
that most of the cesium act'ivity is concentrated at the top of the bed. The
estima ted maximum Cs-137 activi ty de termined f rom the small samples, ~900
pCi/g, is lower than that reported by BCL for bulk samples taken from a dif-
ferent core of the same liner (Table 6.4). The average ratio of Cs-137 to
Cs-134 'a'ctivity in the BNL small resin samples was 14.2 + 10% for samples
1-15. T.his seems to be in agreement with operating records for the Epicor II
system.

Beta radiation dose estimates simlar to those in Table 6.1, were also

made for liner PF-3. Radiation dose es tima tes and the results of various
characterization of the media in liner PF-3 are collected in Table 6.2.

Estimated beta-gamma doses are approximately 7 x 107 rad in material
near the top of the liner. In this region as mentioned earlier (Swyler and
Dayal,1983) the low pH levels are at least suggestive of some radiation dam-
age.

Gas generation da ta from Epicor-II liners has also been studied. In
all cases, oxygen is rapidly depleted from the a tmosphere over irradiated ion-
exchange media. We es tima te, from da ta obtained by Yesso (Yesso et al. ,1982)
and our own dose calculations, that a dose of 1.2 x 108 kg-rad was suffi-
cient to remove 7 liters of oxygen from the atmosphere over Liner PF-16. The
principal radiolytic gas is hydrogen. Estimated hydrogen generation rates in
liner PF-3 are 9.9 cm3/h based on da ta reported by Shef f (1982).

*NBS mixed radionuclide gamma ray emission point source. s tandard 4125-6
No. 106. The assistance of J. Steimers (BNL's Safe ty and Environmental Protec-
tion Division) in counting the samples in gratefully acknowledged.
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Table 6.2
Properties of Ion-Exchange Media in Epicor-!! Liner PF-3

Su pe rna ta n t Superna tant - Present ' Rela tive Resin
a bActivity Calculatede Supernatant Activity Sul fa te Motature Activity

Inches Fron (uCf/g) Beta Dose pH (pct /g) Resin Moles /g Conte n ts yeg/g
Liner Bottom Material Co-137 Ca-134 Sr-90 ( red) (1) (2) Ca-137 Ca-134- of Resin (Atr-Dry) Co-137

| 30 - 28 ---- ---- ---- .---- ---- ----

2$ = 26 2.7 2.6 29. 1.9 400
26 - 24 Organic 2.8 31 1.8 1 x 10*' 18 900
24 - 22 Zone 1 5000 280 200 7 x 107 3.0 3.1 20 . 1.4 800
22 - 20 2.9 5.6 0.4 520

Ln JJ - IS 3.2 2.4 0.13 14La

15 - 16 2.4 0.5 0.04 to
16 - 14 Organte 2.7 0.2 0.01 2.1 -
14 - 12 Zone II 5.0 0.3 0.3 7 x 104 3.0 2.7 0.1 0.007 3 x 10-5 3o- 2.7
12 - 10 2.8 0.02 0.001 0.8
to - 8 2.6 0.002 0.2----

S- 6 4.9 0.2---- ----

6- 4 Organte 2.0 0.3 0.3 5x 10' 5.1 4.7 7 x 10*7 '45 0.l---- ----

.- 2 Zone til 4.7 1.7---- ==--

t 2- 0 4.8 1.5---- ----

i

l me s id u41 0.42 .0021 .001 5.3 1.6'x 108
j Ltquid notes /L
!
i

* Sample 1 -Core analyzed a t Ba ttelle Colombus Labora tory.
bSample 2 - Core analyzed at Brookhaven National Laboratory.
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' 6'.2 LDS Resins From TMI-II'
~

- Data. obtained' from ;this analysis of ~ the resins in the le tdown demineral-
'

-iser system at TMI are still being compiled by personnedl at ORNL and GPU
-(Quinn, 1983). It is estimated that these resins were exposed to a dose on

~

-

the. order-of 109 rad and reached a temperature of ~4000C. The resins are
~

generally similar to ~ the ma terial used in the present experiments. . An ana-
:1ysis of radiolytic decomposition products is given in Table 6.3 (Malinauskas,
1983).:

Table 6.3
Decomposition Products in Liquids and Solids (Resins) free

| the B2 Letdown Demineraliser Systen at TM1-II (Malinauskas,1983) -
('

Decomposition
Products B-2 Liquid B-2 Solid

(ppm)

B 3000 >200-
C 900 >10%
Na ~10,000 >1000-

|
Mg (1 2 ,

( - At 10 70
Si <3 (5
P 0.1 (1 i

S0' 6000 15,000-
C1 20 30
K 0.8 4
Ca 10 30
v 1

Cr 0.6 - 5
Mn 0.1 5

| La 3
| Ba <1

Cs 30 100
i- I-129

( Te <1 - 30
!- Sn ~2
| In 0.3 30
| Cs (1 60

[
As 2 30

: Rh <3
| No
_

Nb (.1 (1|
l Zr 1 6

'

! Sr <1 1

Rb 4 15
| As 4.5 <1

zn 0.2 <1,

| . Cu 0.3 <1
' Ni 0.6 40

[ Co (.1 <1

|- Fe 10 200
L U 0.109 283

pH 5.3;

I
i

!.

I.

!' 54-
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7. DISCUSSION AND SUMMARY

Experimental results described in Sections 3 through 6 are discussed in
this section. The discussion has two objectives: to interpret the results,
as far as possible, in terms of basic mechanisms; and to apply these results,
cud their interpretation, to the evaluation radiation ef fects in radwaste
resins for regulatory purposes. At the end of this section, results from this
report, and from work described in an earlier topical report, are combined to
define recommended test procedures and identify logical regulatory criteria.

7.1 Enhanced Mild Steel Corrosion in Irradia ted Ion-Exchange Media

Corrosion in irradiated ion-exchange media is a complex process,
involving inhomogeneous conditions at the metal resin interface, (which may
tend to promote pitting of crevice corrosion), competing reactions for radio-
lytic species and corrosion products, transport processes within the medium,
e tc . It is not possible to give a detailed electrochemical interpretation of
the corrosion process. The discussion here will be largely phenomenological.

Corrosion rates are found to vary considerably with resin loading and
with moisture content. For hydrogen form resin, the correlation be tween cor-
rosion weight loss and hydrogen gas evolution indicates typical acid attack.
The anode and cathode reactions would be

2 K+ + 2 e- H2 (Cathode) (7.1)2
:

Fe _ Fe++ + 2e- (Anode) (7.2)

Based on earlier work (Swyler, Dodge and Dayal 1983), we believe that the

ccid involved in the corrosion in irradiated H form resin is sulfuric acid.
Kendig and Isaacs (1982) identified sulfuric acid resulting from thermal de-
composition of H+ form sulfonic acid cation resin as being responsible for
corrosion in Alloy 608. Corrosion ra tes in H+ form resin are ~0.07

2mg/cm -h after ~200 h. This rate is in reasonable agreement with extra-

polated values for mild steel in 0.1 normal H SO4 (Mathur and Vasudevan,2
1982).

For other resin forms, interpreta tion of the corrosion rate is less
s tra ight forwa rd. Corrosion rates are lower for Na+, H0H and Nacl form res-
ins than in H+ form resin. To the extent that corrosion in irradiated res-
ins is analogous to corrosion in aera ted aqueous solutions, corrosion rates
should decrease as the resin pH increases (c.f. Uhlig,1948). For irradiated

samples without corrosion coupons resin supernatant/ free liquid pH increases
in the order U+ < Nacl < H0H < Na However, corrosion in Na+ form res-.

in is greater than that in Nacl or H0H forms. In the H0H and Nacl forms , the

corrosion coupon is also in contact for some time with free liquid. At the pH
observed in Na+, Nacl and HGH resin superna tes , one would also expect hydro-
gen gas generation in the aqueous corrosion of mild steel in aerated solutions
(Uhlig, 1948; Hovey, 1980). However, additional hydrogen gas generation did
not clearly accompany corrosion in all cases for NACL, H0H or Na+ resins.
In short, while acidic species are certainly involved in the corrosion
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process as indicated by the eleva tion of supernatant pH in samples containing
corrosion coupons, we cannot conclude that the corrosion process is entirely
governed by the radiolytic pH changes.

Other factors beside radiolytic pH changes which af fect corrosion rates
are oxygen and moisture content. In aqueous systems containing dissolved
oxygen, corrosion rates may be accelerated by the cathodic (depolarization)
reaction

2 + 2H O + 4e- * 40H- (7.3)0 2

Other oxidizing species (peroxides, perchlorates, nitrates etc.) may also
participa te in the ca thode reaction. Atmospheric oxygen is rapidly depleted
when resins are irradiated in a closed environment. Consequently, if cor-
rosion rates are controlled by a reaction such as 7.3, corrosion should in-
crease when samples are irradiated in an open system. This is the case for
Na+ form resin; radiolytic corrosion rates in H+ form resin are less sen-
sitive to a tmospheric conditions. We conclude tha t, for H+ form resin, the
ca thodic reaction is probably (7.1), while for Na+ form reaction (7.3) may
contribute also.

Lack of gaseous hydrogen evolution during corrosion in Na+, H0H and
Nacl form resin would be consistent with a cathode reaction such as (7.3).
Corrosion would then be decreased if radiolytic oxidation of the resin tends
to produce a reducing environment. It is likely that the difference in cor-
rosion rates between these experiments and those in earlier measurements
(Cangwer and Pillay,1982; Barletta, Swyler and Davis, 1982) partly reflect
differences in oxic conditions--earlier irradiations were carried out in open
systems. However, corrosion continues long af ter the time (< 100 h) oxygen
was no longer detectable in the atmosphere over irradiated resins. O the r
reactions must account for this fact, and for the pH increase accompanying
mild steel corrosion.

A plausible model to account for the corrosion behavior of fully swollen
Na+, Nacl and H0H resins should consider the compe tition be tween the radio-
lytic generation of corrosive species uptake of these species in corrosion,
and the ion-exchange properties of the resin. For Na+ resin a t high radia-
tion dose rates, local conditions may become sufficiently acidic to permit
cathodic hydrogen gas generation [ reaction (7.L)]. The local acidity is de-
termined by the balance between acidity generated within the resin and the
release of H2 a t the ca thode. Since column pH measurements do not indicate
extensive pH gradients in the resin, H+ depletion due to corrosion may be
f airly uniform within the bed. At the same time, iron ions produced by corro-
sion remain relatively localized near the surface of the corrosion coupcn (<2
cm away in these experiments). Also, sulf ate ion concentrations remain rea-
sonably uniform throughout the bed. A more extensive depletion of H+ can be
rationalized with the local accumula tion of Fe+2 o r Fc+3 if it is assumed
that a significant fraction of the radiolytic H+ is bound to undamaged sites
of the resin. This is in agreement with previous results (Swyler, Dodge and
Dayal, 1982). Thus the pH can be adjusted locally, in response to H+ uptake
at the corrosion coupon, by a shif t in the equilibrium:
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: R -S 0 Na+ + Na+ + H+ + S O " * R-S 0 * H+ + 2Na+ + S O " (7.4)3 . 4 3 4

'If. this process in' fact operates, it has several important implications:

o The H+ uptake determined -by comparing supernate pH measurements with
' and without corrosion coupons, will underestimate the H+ actuallya

, consumed in corrosion, since pH measurements do not directly indicate
' the amount of H+ on undamaged sites in the resin.

e The' ion-exchange mechanism,' 7.4, provides a means of locally changing
the pH without. requiring the long-range diffusion of Fe ions to main-
tain charge neutrality. - The transport of Fe ions thus will not be a
rate limiting f actor in corrosion.

e The. corrosion rate at the coupon may set the pH for resin at least
several em frca the coupon. As the pH is decreased by irradiation, the.
corrosion rate will increase until a steady state is achieved at which
radiolytic H+ formation rates equal H+ uptake rates in corrosion.
The time and pH values at which this occurs will' depend on resin volume
and radiation dose rate (radiolytic H+ generation) and on the corro-
sion coupon size and the relation between pH and corrosion rates (H+
uptake).

The hypothesis presented above accounts for several qualitative features
of the experimental results. In particular, the pH vs. contact time curves
for irradiated resins with corrosion coupons show a minimum which is clearly:
suggestive of two competing processes. For the mixed bed resins, corrosion -
- rates are fairly low until this minian, is achieved (which occurs at about 500
h for a dose rate of 1.6 x 106 rad /h). Subsequently, the corrosiot ra tes
are greater than those for Na+ form resin. In the mixed bed systems, which
rolesse free liquid upon irradiation, and in resin-water slurries, radiation
corrosion is somewhat more uniform than in fully swollen resins. For the
mixed bed and resin water systems, it is possible that the minimum pH reflects
ccaditions at which a surface film becomes soluble in the aqueous environment.
During irradiation, similar constraints apparently do not apply to fully
swollen cation resins.

To maintain a critical perspective, it must be pointed out that we are
,

not yet able to identify the rate limiting process in radiolytic corrosion.
This is partly due to the fact that, due to programmatic limitation, the chem- ,

ical nature of the corrosion products was not determined in detail. The pre-
asnee of iron sulfates would indicate typical " strong" acid corrosion; and
sulfate transport could ultimately limit corrosion rates. There is no clear

| ovidence, however, that radiolyt'ic sulfate levels in the resin are af fected by
corrosion. Alternatively, corrosion products such as iron hydroxides or,

| oxides would indicate a cathodic reaction involving an oxidizing species such
j as reaction (7.3). In this case however, a source must be postulated for the ,

{
oxidizing agent. While this is not straightforward, it is possible that the

!

i
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oxidant could be some radiolytic species. For example, we believe that radio-
lytic H2 production in fully swollen cation resins involves water radiolysis -
'(Swyler, Dodge and Dayal,1983). Oxidizing species (e.g. H 0 ) Produced22
in this reaction could also contribute to cathodic depolarization.

From a practical standpoint, penetration data ' for mild steel . corrosion in
irradiated resins are summarized in Table 7.1.

Table 7.1
Estimated Average Penetration of Mild Steel by Corrosion in Resins Irradiated-

to a Dose of 109 rad.

Resin Irradiation Irradiation Contac t Average
Form Condi tion - Dose Rate Time Penetration

(rad /h) (h) (cm)

H+ Fully Swollen (s) 1.6 x 106 600 1.4 x 10-2
H+ Dry (s) 1.6 x 106 600 0
H+ Slurry 1.6~x 106 600 7.1 x 10-3
Na+ Fully Swollen (s) 1.6 x 106 600 3.5 x 10-3
Na+ Fully Swollen (s) 1 x 105 10,000 1,1 x 10-2
Na+ Fully Swollen (s) 4 x 104 25,000 1.8 x 10-2
Na+ Dry (s) 1.6 x 105 600 0
Na+ Slurry 1.6 x 105 600 2.8 x 10-3
H0H Fully Swollen (s) 1.6 x 106 600 1.2 x 10-3
Nacl Fully Swollen (s) 1.6 x 106 600 1.5 x 10-3

These da ta of course refer to the particular experimental conditions in
this program. Also, corrosion is not entirely uniform. Particularly in unir-
radiated H+ form resin, pronounced pitting was observed. Interes tingly, in
irradiated resins the attack tends to become more uniform. This is in agree-

ment with the earlier observations of Barletta, e t al. {1983) and may involve
solubility effects on corrosion films. In irradiated H resins, the coupon
was attacked preferentially at grain boundaries produced in the rolling pro-
cess. Taking these factors into account, and assuming a typical observed pit
density of ~200 pits /cm2 and a pit of ~300 p diame ter bounds the maximum
penetration at ~9 x 10-2 cm for H+ form resin at 600 h. This is obviously
conservative, since it exceeds the coupon thickness, and the coupons were not
pene tra ted.
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7.2 Comparison of Field Data and Laboratory Results

7.2.1 General Observations

Direct comparison be tween results for the Epicor-II sys tem and
icboratory data is not possible, due to the proprietary nature of the Epicor
ion-exchange media. Liner PF-16 is known to contain both inorganic (zeolite)
cnd organic ion exchangers. We may assume that this upper zone is inorganic
(zeolite); the lower zones are. presunably organic (Yesso et al. ,1982) sulfur
present in zones II and III may indicate the presence of a sulfonic acid
functional group on cation resin.

For liner PF-3, sulfur was found in material f rom all three zones
(Wynhoff and Pasupathi,1983). Sodium was clearly evident in the material in
z:ne I and trace sodium signals were observed in material from zone II. Only
material from zone I showed evidence for significant amounts of other metal
ions (Fe , S i, A1) .

From these observations and the media pH data reported earlier, we
su; gest the following correspondence for the ion-exchange media in liners
PF-16 and PF-3.

PF-16 PF-3
Region Media Region Media

Zone I Zeoli te No analog No analog
Zone II Ca tion Zone I Ca tion
Zone III Mixed Bed Zone II Mixed Bed
Bottom Ani n Zone III Anton

7.2.2 Epicor-II Liner PF-16

Based on the correspondence suggested above, several general com-
parisons can be made. The da ta for liner PF-16 could be compared to those ob-
tained by Barletta et al. (1983) in their scoping studies. These experiments,
however, were carried out on material in which the different ion exchangers
ware thoroughly mixed. Further, the samples were irradiated in an air envi-
ronment, a t grea ter dose rates (~1 x 106 rad /h) and greater total dose
(>108 rad). The isotropic irradiations of Barletta et al would not be ex-
pacted to reproduce the relative amounts of irradiation damage to these media
in liner PF-16. There is also no simple way to relate the pH data in these
experiments to the values for the individual media in Table 6.1.

.
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I
- Barletta et al. observed enhanced corrosion of mild .s teel coupons |

[ contacted with "D-mix" during irradiation. - Again, comparison is complicated i

by the - homogeneity of the D-mix samples. For liner PF-16, material in sone
III showed a pH of 2.2. The mixed material (D-mix) showed a pH of ~5.4 at
106 rad. Residual liquid at the liner bottom had a pH of 5.3. This may be
more representative of what is expected when the different components

Linteract,*and more closely resembles the laboratory values in mixed-

ma terial.

Barletta et al. observed the formation of calcium sulfate (gypsum).
Presumably, the sulf ate was released in the decomposition of sulfonic acid
estion resin in the "D-mix." At the estimated doses for the organic media in
PF-16, based on our experiments on sulfonic acid resin, a release of about
10-5 moles-per-gram would be expected. Little sulfate was found in the
residual liquid of liner PF-16. Possibly sulf ate found in zone III might have
orginated in decomposition of material in zone II.

Cas generation data on laboratory samples are in qualitative agreement
with field observations in liner PF-16. Radiolytic oxygen scavenging is ob-
served and hydrogen gas-is generated. Only a crude comparison can be made

. between the absolute rates. It the liner PF-16, we es tima te an average
G-value of ~0.4 for hydrogen generation. Barletta et al. found a G-value of
~0.25 in their laboratory measurements.

Other observations (liner corrosion, microscopic examination of media,
etc.), were also carried out at BCL. No significant physical degradation of
the media was reported. Corrosion was observed on areas where the liner
surface was not covered with a corrosion-resistant coating. These visual
observations are in general agreement with the laboratory experiments in that
irradiation to 108 ~

rad did not produce a gross degradation in the physical
properties of D-mix.

7.2.3 Epicor-II Liner PF-3

For liner PF-3, a somewhat more detailed comparison of field and labo-
ratory data is possible. Again, however, the exact nature of the material in
the liner is proprietary.

The pH values and supernatant sulfate levels in zone I (Table 6.2) are
actually in rather good agreement with those expected for sodium form sulfonic
acid resin at 7 x 107 rad. In zone II, the supernatant sulf ate yield (~3 x
10-5) is reasonably consistent with a dose of ~2 x 107 rad to sulfonic
acid resin based on laboratory results. Residual liquid taken from the liner
again has a pH which is much greater than that found for deionized water in
contact with media from zone I or II. This either indica tes a buffering ef-
fact .in zone III, or that radiolytically-produced acidic species in zones I
and II are not transported 'to the free liquid in the bottom of the liner.*

*In fact, if the bottom of the liner contained either an anion resin in
OH form, or a buffering agent such as aluminium hydroicide, the difference
between the pH of the residual liquid and the media in zone III may be
accounted for.
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In zone I, some of the beads are cracked in half. In zones II and III,
cime of the beads had cracked in half, while others exhibited surface frac-
ture. Cracking ef fects similar to those in the media of PF-3 have been pro-
duced by irradiation in our experiments (due presumably to differences in
cross-linking behavior and resin moisture content). Media in the bottom of
z:ne III visually appeared moist when the core was withdrawn. If this is an
onion resin some of the moisture could have been due to free liquid release as
fcund in our experiments. These comparisons are speculative, however; pro-
bchly the mos t significant observa tion regarding s tructural damage is that
egglomeration of the media was not observed. This is in agreement with
1cboratory experiments under similar conditions.

In PF-3, corrosion of the liner was observed where the ma terial at the
tcp of zone I was in contact with the liner wall at points where the protec-
tive coatings had blistered or spalled of f the wall. The extent of the corro-
cion in PF-3 was not easily quantified (although apparently not extensive).
So comparison be tween field and laboratory data is difficult. In Na+ f o rm
sulfonic acid resin, in contact with mild steel for three years at a dose rate
of 4 x 104 rad /h (rather than 3 x 103 rad /h), we would expect a net weight
loss of ~100 mg/cm2 This is not extensive.

Assuming that all the hydrogen generation occurs in the heavily loaded
ma terial in zone I, published gas genuration da ta lead to a rough estimate

i G-value of about 0.7. Measured valu 2s for polystyrene-DVB resins range be-
' tween 0.13 and 0.35 in our work for cation and anion resin, respectively. In-

cluding gas generation resulting from other parts of the liner would reduce
the field G-value to abou t 0.5 which is s till greater than lab values.

For liner PF-16, a lower bounding es tima te can be made for oxygen

> 6 x 10 g. We estimate that this bound corresponds to an oxygen uptake of
scavengin

L/kg-rad. Our experimental numbers for sulfonic acid resin at
high dose rates are ~3 x 10-7 L/kg-rad. Since the 02 scavenging is non-
linear with dose (Swyler, Dodge and Dayal,1982 ; Capolupo and Shef f,1982),
m:st of the dose to the liner is administered to in organic material (zeolite)
and the dose es tima tes in the liner are very rough, we believe the quanti-
tative agreement be tween lab and field data oxygen scavenging is reasonable.

7.2.4 LDS Resins From TMI-II
i

For these resins, both radiolytic and thermal degradation probably
occurred. The temperature range to which these resins were subjected has not
been investigated in the present program. Russian workers (Tulupov et al.
1981) have studied the combined ef fects of radiation and heat on sulfonic acid
cation resin decomposition. Interestingly, they find that the two processes
are not equivalent, and that thermal decomposition tends to produce less
ocidic condition.
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Data in Table 6.3 may support these arguments. High sulfate concentra-
tions in LDS resins probably indicate the decomposition of sulfonic acid ca-
tion resin. The LDS liquid pH (5.3) is significantly greater than the pH (~1)
which would be expected from sulfuric acid or bisulfate salts at the indicated
sulf ate levels produced by the radiolysis of sulfonate groups. Cons equently ,
either the sulfate in the LDS resins is produced by a process which is not
analogous to our laboratory experiments (e.g. thermal decomposition) or the
radiolytic acidity is somehnw buffered or neutralized (perhaps by borate) in
the field samples.

7.2.5 Summary

Very little can be learned abou t the detailed behavior in a multi-
component, stratified field sample, such as liner PF-16, from laboratory ex-
periments in which the components are mixed homogeneously and irradiated iso-
tropically. In general, one must understand the radiation damage suscepti-
bility of each component, and the interactions be tween the components in the
field configuration which is applicable. A detailed comparison of Epicor-II
data and laboratory data is dif ficult because of the proprietary nature of
Epicor-II media and because of a lack of knowledge of the properties of the
unirradiated ma terial. Some general comparisons can be drawn as follows:

o At the estimated radiation doses for liner PF-3, the general
physical state of the field ion-exchange media is not severely
degraded. This is in agreement with laboratory studies.

Laboratory studies indicate that a limited amount of corrosione

should occur in PF-3. This is observed.

The pH and sulfate levels in the supernate of liquids contactinge

media from zone I of PF-3 are in reasonable agreement with labo-
ratory results for irradiated sodium form sulfonic acid resin,

o The correlation between supernate pH and sulf ate levels for the
' 3dia in zone II is difficult to rationalize in terms of degra-.

Jation of Na+ form sulfonic acid resin.

Specific radiolytic hydrogen yields (G-values) and oxygene

scavenging rates es tima ted f rom field da ta are not grossly
disparate with those measured for polystyrene-divinylbenzene
resins in the laboratory.

It must be pointed out that, with the exception of radiolytic gas
generation and uptake, there l's no unambiguous evidence that any of the ef-
fects mentioned for the field samples (sulf ate in solution, cracking of the
beads, pH levels, etc.) are actually caused by irradiation. For example, in
the liner PF-3, the Cs-137 content of the resin is ~5000 mC1/g. The Cs level
in the supernate corresponds to a release of less than 0.1% of this r.aterial.
At a dose of ~7 x 107 rad, one expects a damage of <2% of the exchange oites
in sulfonic acid resin. Unless the Cs+ protects the resin site (for which

I
|

l
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co have no evidence) or is taken up again at an undamaged Na+ site (for
thich there is some evidence; S. Reilly, private communication), the supernate
ottivity data are not easy to reconcile with radiolytic attack (or any other
farm of attack) on the functional group.

7.3 Conclusions and Recommendations

In this section major conclusions from the present report are summarized.
These are combined with certain results described previously (Swyler, Dodge
cnd Dayal,1983) to arrive at recommendations for assessing the effects of
irradiation on radwaste containing organic ion-exchange media.

1. Fundamental radiolytic decomposition processes in irradiated ion-
exchange resins include scission of the functional groups, radiolytic
gas generation, release of free liquids, and radiolytic oxidation.
Facters affecting the fundamental decomposition process include resin
loading, resin moisture content, irradiation dose and atmospheric
oxygen content. Except where radiolytic oxidation is involved, the
fundamental radiolytic processes are not particularly sensitive to
irradation dose rate, or to the difference between gamma and beta
irradiation. Consequently, for conditions appropriate to resin sto-
rage in a closed environment, simulation of internal radiation doses
by high dose rate external gamma radiation, according to present IRC
guidelines (MacKenzie et al. ,1982), is apparently a valid procedure
for assessing f undamental radiolytic decomposition (see also
Conclusion 7).

2. Both resin degradation and radiolytic corrosion may be significantly
reduced under anoxic conditions (i.e. , in a sealed system where oxy-
gen is quickly scavenged by radiolytic processes). Test conditions
appropriate to a particular application should reproduce the expected
atmoshperic oxygen environment as well as possible. This has not al-
ways been done in resin tes ting for radwaste disposal considerations.

The magnitude of radiolytic oxida tion ef fects on resin decomposition
and radiolytic corrosion is not easy to generalize. Upon further
consideration it may be utsful to apply a regulatory limit to the

' amount of oxygen to which the resin can be exposed during storage.
The kinetic da ta obtained earlier (Swyler, Dodge and Dayal,1983;
Shef f, et al. ,1982; Barletta et al. ,1982) may lend themselves to
es tablishing such a limit. A major question which could require fur-
ther study is the thermal and chemical stability of radiolytically
oxidized resins, particulary in view of recent field experience
(Piciuto et al. ,,1984).

3. A fundamental process which may be of particular interest in
regulatory application is radiolytic scission of the resin functional
group. In sulfonic acid cation resin the mechanism of this process
lends itself to regula tory criteria in a s traightforward manner--
sulfate ion is produced with a fairly well-defined yield, or G-value,
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which can be bounded for a wide range of external conditions. This
supports the reasoning applied by MacKenzie et al. , in reviewing pub-
lished yield data to arrive at regulatory criteria for resin
irradiation doses.

The present data indicate that sulfate yields can be measured fairly
simply in the supernate of deionised water-irradiated resin solu-
tions. Results obtained in this way did not differ greatly from
those for irradiated resin-wa ter mixtures. Also, at least for resins
irradiated in closed systems, yields measured in supernates over ir-
radiated resia do not indicate a pronounced concentration dependence,
or long-term (>2-3 weeks) aging effects. Consequently, while pro-
perties of resin-water solutions are most directly relevant to rad-
wastes consideration, yields obtained by rinsing the resin (= dilu-

tions, zero aging) are probably also meaningf ul. This should be
verified for a particular application, however. Finally, it should
be recognized that neither supernatant nor rinse measurements re-
produce the actual conditions in an individual resin bead during

i irradia tion.

4. As a consequence of radiolytic attack on the functional group in
cation resin, counterions are released and acidic species produced
Formation of acidic species in cation resin, for other than H+
loading probably involved H+ produced in the radiolytic oxidation '

of -S0 ~ to SO ". Other mechanisms could also contribute,3 4
including scission of the resin back bone. The important point is
that, whateve r the process, the radiolytic acidity depends on a num-
ber of factors beside the SO " yield and is not easy to predict4
in de tail. For monovalent cation loading the irradiated resin is
less acidic than the corresponding bisulfate, due to ion-exchange
processes at undamaged resin sites.

5. Irradiation induced acidity will generally promote corrosion of '

mild steel contacted with resins during irradiation. (Similar ef-
i facts have been observed in stainless steel by McFarland (McFarland,
! 1982]). The corrosion process is complex, and the role of H+ in

the corrosion process, for other than H+ form resin has not been
unambiguously identified. Prediction of total corrosion from mass
balance consideration (Hovey,1980) may be misleading unless the pre-
sence of radiolytic H+ on the undamaged exchange sites resin is ac-

! counted for, or the contribution of radiolytic oxidants unders tood.
Corrosion rates and net corrosion in the present experiments is'

rather modest. It is important to point out, however that, for a
given radiation dose, net corrosion increases as the radiation dose

rate decreases--dose rate ef fects must be considered in corrosion ex-
periments. Also, because of transport properties, it is not mean-
ingful to simulate radiolytic corrosion with resins-sulfuric
solutions.

!
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6. Incerestingly, at high dose rate and moderate doses (<5 x 108 rad)
there is no clear evidence that corrosion is promoted when free
liquids are released from irradiated mixed bed resins, or when cou-
pens are irradiated in cation ~ resin-liquid slurries. This is poten-
.tially a nificant .since, a t the present allowable radiation dose
limit (10 red) irradiated mixed' bed resins may release free 11-
quid.- As indicated earlier, however, it is difficult to generalise
on corrosion effects, and particularly on the effective bed volume
which may contribute to corrosion. -Iron corrosion products appa-
rently interact with only the first few centimeters of material near
. the corroding surface (at lease in short-term experiments) but corro-
sion could affect resin pH over greater distances. Consequently, any
test for corrosion resistance of container material in irradiated
resin must specifically consider the ratio of metal surface to resin
vo lume . The available informa tion, is not sufficiently complete to
suggest a s tandard test procedure. An evaluation of results for two
different ratios, say 5 co-1 and 50 co-1, is recommended to scope
surface area to volume ratio ef fects. .

7. The conclusions and recommendations listed above are based largely on
.the results of laboratory studies. In this program some ef fort was
directed toward determing how well laboratory data obtained on sam-
pies exposed to external irradiation reflected the results of field
samples subjected to internal irradiation. Unfortunately, it is not
possible to make a definitive statement on this point, due to the
proprietary nature of the field samples, and uncertainty regarding
initial conditions. Some general observa tions can be made, however.
First, analysis indicates that in stratified field samples, the ma-
jority of the local radiation dose can be due to beta particles.
Laboratory experiments suggest that the bulk effects of internal beta
irradiation can be adequately simulated by external samma radiolytic
irradiation. Second, gas generation behavior in field samples agrees
at least qualitatively with that observed in the laboratory. Third,
observations on the (lack of) physical degradation in field samples
correspond to observations on laboratory samples irradiated under an-
oxic conditions. Fourth, the correspondence between radiolytically
produced chemical changes (pH, e tc.) in laboratory samples and in
field samples is difficult to establish. If anything, conditions in
field samples tended to be somewhat less acidic than in Laboratory
experiments. Taken together, these observations provide no system-
atic evidence that laboratory testing using external irradiation is
not a valid procedure.

8. For future field or laboratory evaluation involving proprietary
] material it is recommended that samples of unirradiated material be

provided for comparison, in a configuration reflecting field condi-i

| tions . All radiation damage experiments could then be made only to
i study changes in the material, which should not be proprietary.

!
:
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;

9. There are several experiments which could shed additional light on
the extent of radiation damage in Epicor-II resins. A number of i

these were, in fact, planned in the present task, but were not com- 1
'plated due to programmatic restrictions. These still appear to be

worth doing and includes

e An absolute radionuclide inventory to the dif ferent segments of
BNL's core from liner PF-3. Only relatively small sample data are
now available.

e A more de tailed radionuclide and chemical analysis of the
supernate over irradiated resins. This would include organics,
cations such as sodium, and anion such as borate.

e A de termination of the chemical loading on the media. This can be
done by determining the principal cations or anions present
following acid digestion of the media for radionuclide analysis. I

e Detensination of the amount of sulf ate which is bound in the resin
(by rinsing and ion-exchange process, followed by colorimetric ;

analyses of the supe rnate).

e Determination of the irradiation damage response of the media in ;

the various sones to external samma irradiation. This would in- i

clude measurements (gas generation, soluble decomposition pro-
ducts, irradiation corrosion, etc.) similar to those carried out
on polystyrene-DVB resina under Task 3. These experiments would
provide at least some data to determine what ef fects, if any, a -

dose of ~7 x 107 rad might have produced in the field by ap- !

plying the same incremental dose in the laboratory and measuring !
'

changes.

Measurement of the gas generation (long-term due to self-e
irradiation in small samples (~50 g) from sone 1].

;

i
,

i

!
'

'
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