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EXECUTIVE SUMMARY 75
'

9.,
. g. , ; ..

Polys tyrene-divinylbenzene (PS-DVB) based ion exchangers are commonly i y;cue ..

used in water demineralization or decontamination operations at nuclear fa- '. .'
cilities. Self-irradiation from sorbed radionuclides may af fect the proper- |Q
ties of radwaste containing these ion-exchange media. The effects of external ;p/
irradiation on anion, cation, and mixed bed PS-DVB ion exchangers have been . 3. +
investigated under conditions relevant to radwaste storage and disposal. A. .13,
Three ef fects are emphasized in the present report: (1) release of acids, -if
radionuclides or chemically aggressive species through radiolytic attack on it' '

the functional group, (2) radiolytic generation / uptake of corrosive or combus- Q F. .
tible gases, (3) effect of irradiation on solidification of resins in cement. '| ~ g

Special consideration was placed on external variables such as radiation dose (V
rate, resin chemical loading and moisture conditions, accessibility to atmos- @ 1..

Q ' . *Rpheric oxygen, and interactions in multicomponent sys tems. Such variables may .

affect the correspondence between laboratory results and field performance. Mt
.;

For sulfonic acid cation resin, sulfate ion is produced in the radiolytic h
scission of the functional group. The products released are a mixture of sul- %'+,
furic acid and sulfate salts of the counterion. In fully-swollen sulfonic .?Nf!
acid resin, sulfate ion may be largely due to direct radiolytic scission of ..i $
the functional group, and subsequent hydrolysis of the radical products. This ' V,; . q

4;yjprocess is not strongly dependent on pH environment, monovalent cation resin
loading, and radiation dose rates. This insensitivity to external parameters .| :
makes the sulf ate yield a convenient measure of radiation durability for regu-

j[p..latory considerations and simplifies the application of laboratory data to j .

field pe rf ormance. In particular, the present results indicate that, in a h'w
#,

sealed environment, accelerated testing at high radiation dose rates is a ...i
valid procedure. d$ Y

:f .\-
In the field the amount of acidity which results from a given sulf ate d'f ?

yield will depend on the resin loading. The acidity will be reduced first by iM
a protective ion exchange ef f fect in which H+ ion is exchanged for cation at
undamaged resin sites. Second, some of the sulfate may be produced by a
mechanism in which IF ion is not generated in the oxidation of S0 " to3
SO ". In any event, the acidity is substantially reduced for loadings4
other than 16. The acidity however is by no means climinated. Acidity and
radiolytic attack can also be reduced (but not eliminated) by drying the sul-
fonic acid resin. Reducing the moisture content from 50 to 5% decreases
radiolytic sulfate yields by 75%. For dry resins irtadiated in a closed
environment, a probable radiolytic reaction is one in which one functional
group is oxidized snd the other reduced.

For doses in excess of ~5 x 108 rad, no real protection against radio-
lytic acidity formation is gained by using IRN-77/78 resins in mixed bed form
(at a cation / anion capacity ratio of 1:1). Most importantly, the irradiated
anion resin releases substantial amounts of free liquid. At 108 rad, the

- 111 -
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extrapolated value for free liquid release from IRN-150 Nacl form resin
appears to lie above current NRC guidelines for initial free liquid in high-
integrity containers at burial.

For the cation resin, radiolytic hydrogen gas yields are not strongly
dependent on radiation dose rate; this supports the validity of accelerated
testing. Ilydrogen yields can be substantially reduced in field operations by
drying the resin.

Oxygen gas is removed from the environment of irradiated resins by an
efficient radiolytic oxidation process. This occurs for both cation and anion
resins in both dry and fully swollen form. In a sealed environment this pro-

cess quickly depletes atmospheric oxygen initially present, and will prevent
the formation of combustible mixtures of hydrogen and radiolytic oxygen. For
samples irradiated in a sealed environment, agglomeration of the resin was not
observed. This result, and observations on samples irradiated in excess oxy-
gen, suggest that previously reported radiolytic resin agglomeration is
partially associated with extensive radiolytic oxidation.

At this point heavy irradiation appears to enhance, rather than degrade
the solidification properties of sulfonic acid resin.

- iv -
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IRRADIATION EFFECTS ON THE STORACE AND DISPOSAL OF 7

RADWASTE CONTAINING ORGANIC ION-EXCHANGE MEDIA

TOPICAL REPORT
a=

CT

1. INTRODUCTION
_

Under certain conditions (particularly in clean-up procedures following a

of f normal reactor operations), ion exchange media used in demineralization
may incorporate a substantial loading of radionuclides. This study considers
how the properties of radwastes containing organic ion exchange media may be _,

modified by heavy doses of ionizing irradiation from sorbed radionuclides. ;_

Radiation effects of potential significance in the storage and disposal ]
of radioactive ion exchange media have been identified in conjunction with
operations at TMI-II (Gangwer and Pillay, 1980; McFarland, 1981; Pillay, 1980;
Barle tta et al. ,1981). A large number of laboratory studies have been __

carried out on radiation ef fects in ion exchange media, particularly in the
-

-

Soviet Union. Reviews have been given by Egorov and Novokov (1967) and by --

Gangwer, Goldstein and Pillay (1977). However, as the latter authors point |
out, most of this work is more relevant to radiation ef fects on process para-
meters, such as ion exchange capacity, than to radwaste properties. For ex-
ample, it is cicar from the literature that soluble, chemically aggressive
species and combustible gases can be produced in the radiolysis of organic

'

ion exchange media. In actual storage and disposal conditions, however,
radiolysis yields may be affected by factors such as radiation dose rate, --

chemical loading on the resins, moisture content, and interactions between the
ion-exchange media and solidification agents or container components. Conse-

-

q ue ntly , little informction was available to relate existing laboratory re-
-

sults to the anticipated effects of irradiation on ion exchange resin waste
under actual storage and disposal conditions. Ti

In general, organic ion exchange resins consist of functional -

(ion-exchange) groups attached to a polymer backbone. A wide variety of ;
functional groups and backbone configuration is possible - dozens of physi- T-
cally distinct ion exchange resins are commercially available. In certain

=

applications, organic ion-exchangers may also be used with inorganic mate-
rials such as zeolites or charcoal (Barletta et al., 1981). A comprehensive e
investigation of irradiation ef fects in the dif ferent generic types of ion-

-

exchange media would require a level of effort substantially greater than that
contemplated in the present program. However, it is possible to restrict the

'
scope of the study while still retaining some generality: results of recent
surveys (Piciulo,1981; MacKeazie et al. ,1982) indicate that the majority of
organic ion-exchange resins used by the U.S. commercial nuclear power industry

.

are based on a polystyrene-divinylbenzene backbone, with sulfonic acid
'

(cation) or quaternary ammonium (anion) functionality. The structure of these
materials is represented in Figure 1.1.

,

_

-1-
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--



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

)

O G
SO H3

f I i
1 r

CH - CH - Ch - CH -( C H - CH fn- CH -e

1 I i

CH-CHg - CH,- CH- CH -( CH- CH l ~

2 a n

O O
SO H3

CH 3 , g
! OH

s N - CHs
CH Ia

| |

C - CH: - CH - CH - t C H - CH I - CH-e n

|

CH -CH - CH -CH- CH -k OH- CH l ~g 3 g e n

6 C.. .CH |g CHN N- CH3
i

CHa

Figure 1.1 Structures of polystyrene /DVB sulfonic acid cation resin (IRN-77,
upper) and polystyrene /DVB quaternary ammonium anion resin
(IRN-78, lower).

This report describes a parametric study of radiolysis effects in
polystyrene-divinylbenzene based ion exchange media. Three radiolytic effects
of potential significance in radioactive waste management are emphasized:

Release of chemically active soluble decomposition products ande
count erions .

e Generation or uptake of combustible or corrosive gases.

e E f fect of radiolytic resin d(composition on solidification properties.

Three functional forms of the resin were studied: sulfonic acid cation
exchanger, quartenary ammonium anion exchanger and a mixed bed combination of
the two. Sulfuric acid or sulf ate salts are expected to result from radio-
lytic attack on the sulfonic acid functional group (Kazanjian and Horrell,
1974) while basic species such as amines result from decomposition of the

2 --

I
_ _ _ _ _ _ - _ -
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quaternary ammonium group (Hall and Streat, 1963). By examining the behavior
of the two components separately and in mixed bed form, the component inter-
actions may be studied. Baumann (1966) has suggested that in a mixed bed sys-
tem, radiolytically released acidic species may be largely neutralized by the
prese.ma of the anion component.

Parameters in the study include external radiation dose, dose rate, resin
moisture content and chemical loading. Emphasis was placed on determining how
these factors may af fect the relation between laboratory test results and
field behavior of resin wastes. Radiation dose rate effects are particularly
important in this context, since laboratory dose rates commonly exceed field
values by several orders of magnitude. Where diffusion limited processes are
involved in radiolytic attack, experiments at accelerated dose rates may give
unrealistic damage yields. Such a situation may occur in radiolytic oxidation
(c . f . , Gille n a nd Clough , 19 81 ) . Efficient radiolytic oxygen scavenging has,

for example, recently been demonstrated in irradiated resins (Barletta et al.,
1981). Consequently, radiolytic resin degradation may depend sensitively on
the dose rate and the amount of oxygen present in the environ. cat. Oxidation
ef fects are explicitly examined in this study.

In radiation damage studies on ion-exchange resins, it is common prac-
tice to rinse the resin free of soluble decomposition products following irra-
diation (c.f. , Baumann, 1966). The rinses are then examined for particular
species of interest. This procedure is useful in studying the effects of
radiation damage on process performance. In radwaste storage and disposal
applications, however, the resin will most probably remaic in contact with its
own decomposition products both during and af ter irradiation. This may result
in post irradiation chemical or aging effects on resin properties. Further,
during storage or in a disposal environment, significant radionuclide trans-
port may be largely limited to those conditions in which the resin is in
quasi static contact with an aqueous medium. Consequently, we believe that
properties of aqueous solutions of irradiated resin, in which ion exchange,
slow leaching or chemical aging may occur, are of primary importance in the
present context. These properties are stressed in this study.

Radiolytic attack on the resin may be promoted by radiolysis products
(e.g. , peroxides) formed in the aqueous environment, as discussed by Egorov
and Novokov (1967). Also, the release of soluble species may be influenced by
the ion-exchange properties of the irradiated resins. Experiments were car-
ried out to examine the role of each of these processes in the overall radio-
lytic decomposition mechanisms. Practically, however, radiolysis ef fects are
significant only insofar as they affect the possibility of radionuclide re-
lease from containers or waste forms. Initial radionuclide release data are
presented for resin-cement composites made with irradiated resin. Extensive
studies on corrosion of mild steel container material in irradiated resins
have also been carried out. These results are presently undergoing final
analysis and will be 6 scribed in a future topical report in this research
program. A preliminary description is presently available (Swyler and Dayal,
1982).

-3-
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A recent Nuclear Regulatory Commission Technical Position recommends that
the radiation dose to radwaste containing organic ion-exchange media be lim-
ited to 108 rad. The technical justification for this limit has been pre-
sented by MacKenzie et al. (1981). In the present program, doser far in ex-
cess of this level were employed. This was done both to make certain radia-
tion damage effects (such as loss of exchange capacity) more clearly observa-
ble for purposes of interpretation, and more importantly, to indicate the ef-
fects which must Le taken into account if the recommended limit is exceeded
under future of f-normal operations. The final thrust of this program is to
provide a data base which can be used to determine how well laboratory tests
simulate radiation ef fects under actual field conditions.

\
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2. EXPERIMENTAL

All experiments have been carried out with either sulfonic acid cation
resins (Amberlite IRN-77)*, quaternary ammonium anion resin (Amberlite
IRN-78)* or mixed bed containing these two materials (Amberlite IRN-150).*
These resins were chosen as typical of those used in the nuclear industry.
IRN-77 contains sulfonic acid f unctional groups (-S0 -) on a polystyrene /3
divinylbenzene polymer backbone. IRN-78 contains quaternary ammonium
(-CH N(CH )3+) functional groups on the same backbone. Structural2 3
formulae are given in Figure 1.1.

2.1 Resin Characteristics and Sample Preparation

IRN-77 resin is supplied by the manufacturer in the H+ form, and
IRN-78 is provided with an OH loading. The mixed bed (IRN-150) is supplied
in H0H form. Physical data on these materials are given in Table 2.1.

Table 2.1

aProperties of Ion-Exchange Media

Moisture Bulk Specific Exchange
Content Density Gravity Capacity

3Resin (weight %) (g/cm3) (g/cm ) (meq)/g

IRN-77 (H+) 52-55 0.80 1.25 2.35

IRN-78 (OH-) 58-64 0.63 1.11 1.74

IRN-150 (H0H) 55-58 0.67 1.17 1.0/1.0b

aNominal values for fully-swollen resin. Exchange capacity and bulk dens-
ity from manufacturer's data.

bCation capacity / anion capacity.

Resin samples were prepared with dif ferent counterion loadings using
ion-exchange procedures to convert the resin from one form to another. Fol-
lowing several rinses, the resins were dewatered by suction. This treatment
produced resins in the fully-swollen form. Some resins were further oven
dried in air at 700C. Residual moisture content of the various samples was
determined by measuring percentage weight loss following prolonged drying at
1000C or by thermogravimetric analysis (TGA). Moisture content as deter-
mined by oven drying and TCA agreed to within ~2%.

#Amberlite is a trademark of the Rohm and Haas Company, Philadelphia, Pa.
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IRN-77 resin samples were prepared in Na+ form, Fe++ form, Fe* form b
and Nil + form, f rom the as-delivered 11+ form. The Na* conversions were "__4
carried out according to standard batch procedures developed in our laboratory -

and described elsewhere (Weiss and Marcos, 1980). Conversion to Fe++, Fe * i
and Nll 4+ loadings was carried out with solutions of FeSO , FeCl3 and NH 0ll (4 4

respectively, using column techniques recommended by the manufacturer. Sul-

furic acid was added to the FeSO4 solution to adjust the pil to 2.3, so as to i
maintain the iron in Fe ++ form. IRN-78 samples were converted to Cl form and -9
IRN-150 samples were converted to Nacl form by batch contact with excess Nacl 4

in solution. After each conversion, the resin was rinsed with deionized water 5
''

until the rinse attained a near-neutral pil. In some cases, the resin was

titrated following preparation, providing a check on the extent of conversion. ]
For the Na+ and Nil form, the conversion was between 98 and 100% complete, -

4
as indicated by the residual 11+ content of the resin. --"

_ --

:-2.2 Irradiation Procedures

In the field, most spent resins are stored or disposed of in closed sys- _I
tems (i.e. , not open tb the atmosphere). The present results refer largely to ,-

irradiations in a sealed cnvironment simulating waste storage. Two sample
"

;

configurations are used. In one, 6.0 g resin samples are weighed into Pyrex
break-scal tubes which are then flame-scaled in air (Figure 2.1). Other irra- _

--diations were carried out in a special vessel equipped with a pressure trans-
ducer, which allowed gas generation or uptake to be observed during the irra- y
diation. The operation of this apparatus had been described previously

-

(Barletta et al., 1981). y_
r
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The loaded sample tubes are either set aside as zero dose control samples __

or irradiated in BNL's Co-60 gamma pool to different total doses at a given
gamma dose rate. The average dose rates employed in the majority of these ex-

'

--

6 4 4periments are 1.65 x 10 rad /h, 9.6 x 10 rad /h, and 3.7 x 10 rad /h. -

All these are accurate to 110%. Bulk or spatial average dose rates were e
determined by ferric sulfate dosimetry. Spatial variations and attenuation _r_

within the irradiation tubes were checked with radiochromic foils. In

arriving at these dose rates it is assumed that, for a given gamma ray flux,
the energy absorption per unit mass in water and in hydrocarbon materials is
identical (Makhlis, 1975). !

2.3 Analytical Procedures

2.3.1 Gas Pressure and Composition
.._

Following removal of the resins from the irradiation source, sample
'

cell pressure was determined. For the Pyrex cells, pressure was determined by - f

breaking the sealed sample cell in an evacuated chamber equipped with a pres- -

sure transducer. The pressure is determined f rom the relation -

P =Pf + (Pf - P ) _V3 i JL (2.1) -

V
- .

s
-

P is the cample pressure, V the plenum volume in the sample cell, Pi -s s
and Pf the pressures in the evacuated chamber before and af ter breaking the
sample vessel, and V the volume of the evacuated cell.c

The cell and sample volumes used in initial experiments were 196 cm3
and 14 cm3, respectively. The large cell volume was chosen to handle the q
substantial gas pressure anticipated in H+ form resin containing corrosion

3cou pons . In later experiments, the cell volume was reduced to 100 cm ,

Following the determination of Pi and P , where desired, gas was trans-f
ferred into an evacuated glass vessel for compositional analysis by mass spec-

_

troscopy. The accuracy of the fractional composition determination by this a

technique is 1,1% for components with concentration down to 1%. For lower con-
centration, the accuracy is 1,5% until a detection limit of .05% is reached. A -

certain amount of water vapor is also present in the samples. Accurate vapor
pressures for resins of different moisture content have not yet been deter-
mined. Taking the vapor pressure of pure water at ambient temperatures as an
upper limit gives a moisture content of <2% for the vapor phase initially.*

1,

*The amount of water present in the vapor phase should be less than 0.25 g,
'

which is about 5% of the resin weight. Consequently, in the absence of
radiation and chemical effects, significant evaporative drying of the resin
could occur only by virtue of water condensation at cold spots on the tube '

walls. There is no evidence that such condensation occurred in the break-
seal tubes. Following irradiation, weight loss for 6 g samples was typically

_

.
,

I less than 1%. _]

-7- -
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In later measurements, prior to evacuating the large chamber into which
the sample cell is broken, the chamber was first evacuated and then backfilled -

s

with helium; thus any residual gas (He) present in the large chamber following -1
final evacuation cannot be confused with air originally present in the sample =

cell. Further, prior to each series of measurements, a pressure test was car-
ried out on a standard sample cell at atmospheric pressure to provide assur- -[-
ance that the system was functioning properly. These refinements improved the _

-

accuracy of the gas generation measurements.
L

In the gas pressure determination, pressure in the sample vessels was 'r-

:reduced to well below atmospheric. The samples were not pumped on further in
order to maintain the sample moisture content. Also, it was felt that j-
strongly sorbed gases should not be artificially removed f rom the samples, _?
since these might contribute to post-irradiation chemical effects. Several {
experiments were carried out to determine if gas generation and/or slow gas _

desorption occurred after the samples were depressurized. One sample, ini- i.

tially containing radiolytic gas at 114 psia was lef t under vacuum (7.0 psia) 37
for 2.5 days following gas transfer. During this period, tha pressure in the -

vacuum vessel rose to 7.9 psia where it remained stable. This increase would ""

correspond to a pressure change of about 8 psi within the sealed sample tube.
'.This probably represents a maximum desorption yield.

*In some cases, the pyrex cells were stored for periods of several weeks
before the pressure was determined. In other measurements, pressure following

Lirradiation was directly monitored in the vessel equipped with a pressure
-

transducer. None of these experiments suggested any significant change in the
cell pressure following irradiation. Long-term irradiations presently under -

way will consider this topic in greater detail.
.__

2.3.2 Soluble Decomposition Products
-

Release of soluble decomposition products was generally determined for '
,

resin-water solutions under static conditions. For anion and mixed bed res- ]L
ins, f ree liquids released from the resins during irradiation were removed by
centrif uging . For all resins, a liquid f raction was then formed by contacting 2_:
2 g of the resin sample with 10 mL of deionized water. The choice of the _

resin-to-water ratio is somewhat arbitrary. The object is first to leach out
soluble decomposition products for further analysis and second, to provide a

21-static environment in which post irradation aging could be observed. These
'=measurements also provide a basis for comparison with results obtained on

resins irradiated while immersed in water. T-
4

The various liquid phases were analyzed for pH, decomposition products _

of functional groups (e.g., SO4") and counterions (e.g., Na+) in solution. ,

Sulfate ion concentrations were determined using a Dionex Model 10 ion chroma-
togrcph. Na and Fe concentrations were measured by atomic absorption spectro-
scopy. Cl concentrations were determined by colorometric techniques. In -

those cases where SO4" and Cl were simultaneously present in solution,
Cl was removed by precipitation with silver acetate to prevent chromato-
graphic interference.

-
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Results obtained in this way depena to some extent on the contact time
of the resin-water solution. A rapid initisl' release'of decomposition prod-
ucts, (manifest, for example by a pli decrease) Na generally follow'd by a more
graLaal change due to slos chemical reaction or leaching processes. These
prb6sses may decrease solution pli by as much as one-half unit in a' few weep.
The angnitude of the change depends upon the initial pli and the resin loading.
'Atter'M weeks contac.i time, solution pli usually remained f airly stabIe. For'

,; ;cxampl'e, in one sample of irradiated Na+ form resin, the supernatant pH
c derpped f rom 3.28, to 2.94 in one week. Subsequently, over 18 mor.ths storage
i~ time the pli decreased to 2.78. Results presepted in this report, Qess ,g g

rwise noted , ref er to solutions W deionized water and irradiated resins,
otk'd for at

'u
age least thre'e' weeks in sealed polyethylene or pyrex vessels. All- |, -

quots of the~ supercate wer? tMn withdrawn for characterization. In checks on ,,

selected samples fo'ilnVing the 3-week aging period, sulfate levels in the '

supe rnate typically,' fluctuated less than 20% af ter one nr nth. The concentra-
tion of other soluble species (organics, counterions, etc.) was not closely ,!

,

monito red . Aliqmt pil agreed closely with the pil measured in the supernate 5

over the i* radiated resin. Samples irradiated in contact with water, were $
periodically removed f rom the irradiation facility and the supernatant pil mea-
sured by inserting a glass electrod. In the open sample tube.

Specific yield data presented in thth repor't refer to the amount of
material in a given volume of liquid (usually 10 mL) contacting a given mass
(usually 2 g) of resin. In general, yields measured in this manner may depend i

on factors such as resin-to-water ratio, ionic strength of the solution, solu-
bility limits, etc. Consequently, the yields ghculd properly be considered
relative rather than absolute values. Examination of concentration ef fects on
yields will be described in a subsequent report? It is worth noting here,
however, that in IRN-77 resin under the present experimental conditions, thert'

is no evidence that specific yields of soluble sulfate were significantly re-
stricted by concentration ef fects or ionic st ength in solution.

.

(2.3.3 Resin Exchange Capacity s
$

s , ,
V, q ,d

,

.

The measurement of exchange eqpacity fo'11 owed ghe procedure developed
by Kunin and Fisher (1955). Unirandiated or irradiated cation resino are
first converted to the hydrogen form with IINO .7 The resin is then rint ed;3
and dewatered by suction. One gram of the resin is contacted overnigM. with
200-mL 0.1 N Na0ll/10% Nacl solution. Aliquots of the supernatant liquid 4.ro
then back titrated with 0.1 N IICl to determine the anount 'of 11+ released b) '
the resin. The resin moisture content is determined deparately. Exchange
capacity is given by meq 11+ released per g of dry resin. \

-

2.3.4 Free Liquid and Resin Swelling Behavior i
,,,,s

r r-

Irradiatedanionandmixedbedresinswerecentrifugedfollowing]irra-
,d iatii n. This was done to remove a free liquid phase which became evMent
upon irradiation. In the analysis, 6 g of resin were centrifuged and the free

'i.' liquid collected . The bulk density of the centrifuged resin.was determined by

\
'/

'

(

\ '
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' %,
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measuring the tamped volume of 1 g of resin, to study swelling ef fects. Two
grams of the centrifuged resin were then contacted with 10 mL of deionized
water, as in the case of cation resin. The free liquid, or " pore water," and
the supernate over the resin-D.I.W. mixture were then analyzed for soluble
radiolytic decomposition products.

- 10 -

. . . . . .



,

e,

i

3. RESULTS AND DISCUSSION

3.1 Radiolytic Effects on the Properties of Cation, Anion, and' Mixed Bed
Resins

In this section, experimental results are presented which describe
,

f radiolysis ef fects of potential significance in the storage and disposal of
highly radioactive organic ion-exchange resins. These inclu'de both chemical;.

,(e.g., formation of acidic species in solution) and physical (e.g. loss of
'cwei. ling capagity) changes in the resin which might result from self-
irradiation under prolonged storage or disposal conditions. Emphasis is
placed upon factors such as radiation dose rate, resin loading and synergistico
interactions in multicomponent systems, which could affect the correspondence,

- ,between laboratory results andefield performance.
b 1

'3.1.1 Radiolytic Attack on the Functional Group - Acid / Base, Salt and'
-

/ Counterion Release

Soluble acidic or basic species are produced by irradiation of ion-
exchange resins. At the ssme time, exchangeable counterions (possibly includ-a

#
ing radionuclides) are released or leached from the resin. Most of these

, of fects are due to radiolytic attack on the resin f"nctional group. In this
section, characteristic features of this process are described.

.

3.1.1.1 Sulfonic Acid Cation Resins (IRN-77) ,

3.1.1.1.1 Radiation Dose and Dose Rate Effects,
|

Formation of acidic species in irradiated IRN-77 resin is shown in
Figure 3:1. The figure gives data for resin in both the sodium (Na+) and
hydrogen (H+)6 form. Data are shown for irradiation at three different dose

5 rad /h and 4x104 rad /h. The pH was deter-rates -1.6x10 rad /h, lx10
mined in aliquots of the supernate formed by contacting 2 g of irradiated re-
.iin with 10 mL of deionized water. Irradiatione were carried out on fully

, awollen resin in sealed glass vessels, as descrited in Section 2.
._

The H+ form resin is substantially more acidic than the Na+
form. The dependence of pH on radiation dor.e is also diffagnt for the two
forms. For the hydrogen form resin, the hydrogen ion concentration [H+], as
determined from pH, increases roughly as D2/3 over the range from ~10 to7

109 rad,, where D is the dose in rad. In this relation, there is no evidence
for any dependence of radiation damage yield upon radiation dose rate. For
the Na+ form resin, the behavior is more complex. [H+] increases roughly
as D for low total doses and more nearly as D /3 for largar doses. In all2

cases, the cation resin acidity increases steadily with increasing irradiation
dose. . ,

Figure 3.2 shows the total sulfate ion concentrations found in the
supernatant liquids whose pH values were given in Figure 3.1.

:

- 11 -
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| Scatter in the data may be attributed to several sources. First,

| cs indicated in Section 2, sulfate levels in the supernate over irradiated
resins may be affected to some extent by post-irradiation chemical reactions

or leaching processes._ Second, since sulfate ion formation involves not only
,

j c scission of the -S03 group but an additional oxidation step as well, varia-

| tion in the sulfate yield may reflect variation in both the extent of *aitial

i
bond acission and the extent of secondary (oxidative) processes which produce

' the SO ". Mechanisms are considered further in Section 4. For the present,4
solution analysis indicates that SO " is, indeed, the dominant species4,

| found in the supernate liquids. In selected samples, no significant concen-
tration of S0 " was detected by ion chromatography. Certain samples were3

I oxidized with hydrogen peroxide and their SO4" content redetermined. In

no case did oxidation increase the SO " concentration by more than 15%.4
Cas analysis (Section 3.1.2) indicates that little, if any, S02 escaped from
the samples during irradiation. We cannot entirely rule out the possibility
that species such as S0 " present in the sealed irradiated tube are oxi-3
dized to SO " in the sampling process. Instability of S0 " in soils,4 3
for example, is .; ell known (Lindsay, 1979) and for irradiation in a sealed
vessel, the atmosphere over resins quickly becomes anoxic (Section 3.1.2),
which might f avor S0 ". Sulfate ion, however, is commonly reported as the3
final decomposition product of radiolytic attack on the sulfonic acid func-
tional group in fully swollen resins (Egorov and Novokov, 1967). We believe

,

(Section 4) that SO " most probably results from the rapid hydrolysis of4
radiolytic S03 during irradiation. Consequently, we interpret the SO4"
levels given in Figure 3.2 as a measure of attack (radiolytic scission) on the
functional group.

By this measure, radiolytic attack on the functional group of
IRN-77 resin is sensibly the same for both H+ and Na+ forms, irradiated
under the present conditions. Since the supernate pH of the Na+ and H+
forms are quite different (see Figure 3.1), the attack on the functional group
is not sensitive to pH. A similar behavior has been reported for DOWEX-50
resin irradiated under somewhat different conditions (Kazanjian and Harnell,
1974).

The amount of sulfate produced increases with radiation dose. The
yield of sulfate may be expressed by a G-value of number of ions produced per
100 eV absorbed. Data obtained in early scoping experiments (Swyler and
Weiss,1981) and in the present experiment (Figure 3.2) lead to the G-values
for sulfate formation under gamma radiation in moist resins given in Table
3.1.

It is noteworthy that G values for SO " formation in the super-4
nate decrease with increasing radiation dose. We cannot entirely rule out the
possibility that this represents a radiation dose rate or concentration ef fect
until more long-term data become available. Ho"ever, other workers have ob-
served or postulated relationships in which radiation damage yields in sul-
fonic acid ion-exchange media decrease with increasing radiation dose (c.f.,
Utley, 1959). It presently appears that the decrease in sulfate yield:st high
. total doses is an effect associated with high radiation damage levels (and not

radiation dose rate). Mechanisms will be considered in Scctions 3.3 and 4.

- 13 -
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Table 3.1

G-Values for Sulf ate Ion Formation in Irradiated IRN-77 Resins
_

Data Source Resin Form G-Value

(Swyler and Weiss,1981 H+ 0.65 + .02
6 rad /h) Na+ 0.60 T .063x108 red, 10 _

Figure 3.2, 108 rad IF 0.8
Na+

9 rad if 0.3Figure 3.2, 10
Na+

3.1.1.1.2 Correlation of pH and Sulfate Levels - Radiolytic Formation of Sul-
furic Acid and Sulfate Salts

The correlation between the acidity and sulf ate within the super-
nate of irradiated resins was investigated. Figure 3.3 shows a plot of pH vs
total SO " levels * in the supernate of H+ form IRN-77 resin. A theoretical4
curve calculated for the dirsociation of H SO4 is also shown. In accord2
with previous observations, the data agree reasonably well with the antici-
pated behavior of H SO . A similar plot for Na+ form IRN-77 resin is2 4
shown in Figure 3.4. A calculated curve for the dissociation of NaHSO4 is
also given. The experimental pH is at least one unit greater than would be
expected on the basis of NaHSO4 formation.

The supernates of several samples of irradiated H+ form resin
were titrated with NaOH. At the same time, the supernate was reanalyzed for
SO ". The fraction of the acidity attributable to H SO4 was then de-24 7 rad to 100% at 109 radtermined. This ranged from 60% at a dose of 2x10
(Table 3.2). These results confirm that, for the H+ resin, the primary
acidic species in solution is sulfuric acid. At lower doses a weaker acid is
also present as indicated both by the total acidity and by the shape of the
titration curves.

For sodium form resins, radiolytic acidity estimates made in con-
(NaHSO ) formationjunction with the TMI cleanup have assumed acid salt 4

I (Wallace et al., 1980). In Figure 3.4, however, the supernate is substan-
tially less acidic than would be expected on the basis of acid salt (NaHSO )4
solutions. Titration data, sodium, and sulfate levels are given for the
supernate of irradiated Na+ form resin in Table 3.3. The Table also in-
cludes data from early scoping experiments described in Swyler and Weiss
(1981).

!

*This assumes a homogeneous distribution of SO4" in 10 mL of liquid phase,
both within and outside the resin. In the supernate, a certain fraction of
the SO " will be incorporated in bisulfate, HSO . In the measurement

4 4
technique HSO is determined as SO4".4

- 14 -
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Table 3.2

Fraction of Sulfuric Acid in the Supernate of Irradiated'

H+ Form IRN-77 Resin vs Irradiation Dose j

t-

Irradiation Dose Sulfuric Acid Percent

(Rad) (Percent) pH Dissociation

)
2.0 x 107 66 2.10 100'

3.9 x 107 85 1.90 63 1

8.0 x 108 104 1,05 40 |

1.6 x 109 100 0.95 42

Table 3.3

i Equivalents of -Hydrogen Ion, Sodium Ion and Sulfate Ion .
in the Supernate of Irradiated Na+ Form Resin'

!

Irradiation Dose [H+]a [Na+]a [SO "]a pH. Percent4
'

; (Rad)
'

Dissociation

|
1

i- 5.5 x 107 .005 N.M.b 0.03 3.0 20
3.0 x 108e N.H. 0.11+.02 0.07+.01 2.1+.1 N.M.
9.1 x 108 .041 N.ii. 0.18 2.1 20

aAll values in meq per mL. Supe enate formed f rom 10-mL deionized water and
2-g irradiated resin.

b .H. = not measured.; N
cData from Swyler and Weiss (1981).

;

The data in Table 3.3 confirm that the acidic species in the super -
nate of the Na+ resin is not pure NaHSO . The ratio of H+ equivalents4
to SO " equivalents'is only about 1:5 rather than 1:2, and the ratio of4,

Na+ equivalents to SO " equivalents is substantially greater than 1:2.4
Also only a small fraction (~20%) of the available acid is dissociated at pH,

2-3. In contrast, for the H+ form, roughly _ half of the acid is dissociated
at pH 1, in accordance with the expected-behavior for H SO .2 4,

To summarize, while attack on H+ and Na+ resin functional-groups-
proceeds in a. similar manner, the secondag processes which result in free4

acid formation are quite different. For H resin, sensibly all the SO "'

4
production generates- the acidic species H SO . In Na+ form ~esin, less2 4 r

than 2/5 of the SO " production ultimately results in the analogous-acidic4

- 16 -
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species NallSO . In fact, this fraction may be considerably lower if it is4
assumed that the weaker acid which is undissociated at pli 2-3 is a second,
possibly organic, component. In other words, in comparison to the hydrogen
form resin, the sodium form is significantly protected against formation of
free acidic species following scission of the functional group.

3.1.1.1.3 Effect of Resin Loading on Radiolytic Degradation

Experiments at high irradiation dose rate (1.6x106 rad /h) were
carried out to further investigate the effect of resin loading on radiolytic
damage and acid product fo rma t ion . Irradiations of fully swollen resin in the
Fe" form, Fe+++ form and Nil 4 + form were carried out in scaled glass tubes,
according to the procedures described earlier. Supernatant solutions were
analyzed for radiolytic decomposition products, including sulfate ion and
counterions released. pli data and Fe* form solution analysis results are
shown in Figures 3.5 and 3.6, respectively.
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Figure 3.5 Supernatant pil vs irradiation dose for various forms of
fully swollen IRN-77 resin. Dose rate = 1.6x106 rad /h.
Samples irradiated in scaled environment. 3 - Na+ form
resin; e - UlI + form; O - Fe" form; & -Fe * form.4
Supe r ' tormed f rom 2 g irradiated resin and 10-mL de--

ionizi -ater.
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Figure 3.6 Sulfate ion supernate yields (moles per g of fully swollen resin)
vs irradiation dose in different forms of fully swollen 1RN-77
resin.5 -Na+ form; 9 -H+ form; D -fem form.

The data in Figure 3.5 indicate the same general trends observed in
H+ form and Na+ form resin: supernatant pH decreases with increasing radi-
ation dose in all cases, indicating the radiolytic formation of acidic spe-
cies. In comparison with the Na+ form resin, the supernates of fem,
Fe*, and NH + form resin are successively more acidic for a given4
dose. The difference is not large, however, over the dose range indicated in

Figure 3.5; the supernatant pH is not particularly sensitive to resin loading.

For resins loaded with iron (and presumably for other & ms as
well) sulfate released in radiolytic scission of the functional gt ap effec-
tively produces a mixture of sulfuric acid and sulfate salts of the counter-
ion. For the Fe * resin, ion balance (Table 3.4) indicates that at u total
dose of 109 rad, roughly half of the sulf ate can be quantitatively accounted
for as Fe2(SO )3 and half as ll SO . This analysis assumes that the iron4 2 4remains in the +3 oxidation state, and that all the H+ is either in solution
or incorporated in bisulfate ion.

Soluble sulfate " yields" in the Fe++ and Fe * forms of resin
are substantially lower than those in Na+ forms. In particular, for the
Fe * form, sulfate levels are less than 50% of those found in the Na+
form indicating that Fe loading retards scission of the functional group. A
similar effect has bean noted by others (Gangwer et al., 1978).
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Table 3.4

Equivalents of Fe+++, H+ and SO " in the Supernate of4
Irradiated Fe+++ Form IRN-77 Resin

Irradiation Millicquivalents per mL of Supernatea

Dose (Rad) Nt Fe ** SO4"
t

0
2.7x108 1.3x10-2 4.2x10-3 4.8x10-2
5.4x108 2.3x10-2 2.0x10-2 4.8x10-2
8.2x108 3.3x10-2 3.3x10-2 6.8x10-2
1.1x109 4.8x10-2 4.6x10-2 1.0x10-1

aThe equivalents for H+ are determined f rom pH data and
include a calculated contribution from undissassociated HSO -4
at the indicated pH; supernate formed f rom 10-mL deionized water
and 2 g irradiated resin.

bye +++ equivalents are determined assuming that the measured
iron in the supernate is entirely in the +3 state.

i

In Na+ form resin, 5 x 108 rad results in supernatant sulf ate
levels corresponding to attack on 15% of the functional groups. In Fe+++

i; form resin, the same dose produces (soluble) sulfate levels corresponding to
scission of only 6% of'the functional groups. Even with this a parent protec-
tive ef fect, however, the supernate is more acidic for the Fe form
(Figure 3.5). This may be due to a number of factors, including the possible

; formation of insoluble iron hydroxides. However, a telatively straightforward
| interpretation seems possible.
|

The average ratio of moles of sulfate to moles of Fe is 3.02 for
the last three entries in Table 3.4. This indicates thst iron and sulfate are
released in the ratio of very nearly 1:3, which is consistent with the fact
that there are three -S0 groups for every Fe+++ ion in the resin.3 The

to moles of SO " is 0.96. This means that-average ratio of moles of H 4
H+ is produced on a very nearly 1:1 basis with the scission of the functional
group.

This H+ is required to maintain the charge balance in the conver-
sion of -S0 to SO4" . There is no evidence that it is subsequently taken3
up by ion-exchange processes in the undamaged resin. The difference in selec-
tivities between H+ and F#+++ would probably prevent this ef fect. On the
other hand, for Na+ form resin,.more moles of sodium are released to the
cupernate than moles of sulfate. This " extra"_ sodium (which could be produced
in the fundamental damage process or released in subsequent ion-exchange

- 19 -
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processes on the undamaged resin) removes the 1:1 H+SO " charge balance4,

requirement observed in the Fe+++ resin. Consequently, although the SO "4
yield is Breater for Na+ resin, the supernate can be less acidic.

3.1.1.1.4 Effect of Resin Moisture Content on Radiolytic Degradation

Samples of IRN-77 in the H+ and Na+ form were irradiated under
wet and dry conditions to determine the effect of moisture on radiolytic at-
tack. Irradiations were carried out on dry (7% moisture content) samples in
sealed glass vessels, and on 2 g resin samples immersed in 10 mL of deionized ,

water. For the samples irradiated under deionized water, the pH was determined I
l

periodically by removing the samples from the irradiation facility. Sulfate
and pH analysis was performed on the supernatant liquids contacted with 1 g of
the dry resin following irradiation. One gram dry samples were chosen to pro-
vide the same amount of solid as that in 2 g of fully swollen resin.

Radiolytic attack on the functional group, as evidenced by soluble
sulfate formation, is reduced but not eliminated in the dry resin (Table 3.5).
The fractional sulf ate yields are less than 25% of those for Na+ and H+ resins
irradiated in the fully swollen form. It is interesting that the oxidized
species, SO ", is observed when water is contacted with resins which have4
been irradiated in the dry state. For the Na+ form resin, the soluble spe-i

cies is largely Na2SO . For the hydrogen form resin the relationship4
between pH and SO " agrees fairly well with the expected behavior for sul-'

4
furic acid.

Generally, the pH values of the H + and Na + form resins irradiated
in water (Table 3.6) reproduce those obtained for the supernate over resin
irradiated in the fully swollen form. Irradiation in excess water produces
acidic species at a rate which is similar to that for resins irradiated in the
fully swollen form. During irradiation of the Na+ form sauples immersed in
water, large gas pockets formed which pushed the resin upward in the irradia-
tion tube. This ef fect was not observed in the H+ form resins. It is also
worth noting that irradiation produced a decrease in the pH of deionized water
irradiated as a control. Under the present experimental conditions (the sam-

.
ples were irradiated in a vented environment), some of the pH decrease could

| be due to HNO3 formation as suggested in other radiolysis experiments (c.f.
McVay et al., 1980). Presumably, this effect could also occur in the pore
water of irradiated resins, resulting in nitrate formation.

#

4
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Table 3.5

Soluble Radiolysis Products and Acidic Species
in IRN-77 Irradiated in Dry Form

Rasin Form Na+ Dry H+ Dry

SO - b Na+ b pHa 3o4=bpHa 4

cRadiation.
Dore (Rad)

0 5.8 (9.6f0.4)x10-7 (2.5t0.8)x10-7 3.0 <3.5x10-6

t 2.7x108 3.7 N.M.d (2. 01,1.4 )x10-4 2.3 N.M.

5.4x108 3.3 N.M. 2.8x10-4 2.0 N.M.
'

8.2x108 3.2 (1.9+0.2)x10-4 (3.5t0.7)x10-4 1.8 (2.110.2)x10-4
1.1x109 3.0 (2.310.2)x10-4 (6.510.3)x10-4 1.8 2.8x10-4

a H of supernate formed with 10 mL of water and 1 g of irradiated resin.p
bMoles released in 10 mL of supernate per gram dry resin.
cRidiation dose rate: 1.6 x 106 rad /h.-,

d .M. = not measured.N
,

i

Table 3.6-

Supernatant pH for IRN-77 Resin Irradiated Under Deionized Water

pH of Supernatant Liquid (10 mL) in
Contact With Resin (2 g) During Irradiation

Irradiation

Dose (Rad) Na+ Resin H+ Resin Deionized Water Control

0 5.4 3.2 6.12 +. 01

1.2x108 .a ~ 5.0 + .8-

| 2.3x108 2.9 1.6 2

2.7x108 - - 4.3 + .5
5.1x108 2.4 .1.1 2

5.3x108 - - 3.7 + .3
7.8x108 2.2 1.0 2

7.9x108 - -

'

3.8 + .5
1.2x109 2.1 -1.0 2

1.3x109 - 3.5 + .6-

a -: not measured.
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3.1.1.2 Quaternary Ammonium Anion Resin (IRN-78)

3.1.1.2.1 Radiation and Resin Loading Effects on Release of Soluble
Radiolysis Products

8 rad the anion resins loseFor irradiation doses approaching 3x10
their ability to retain water, and f ree liquid was observed. In later analy-

sis,-this free liquid was removed by centrifuging, and separately analyzed.
The remaining dewatered resin was then contacted with deionized water, in the
ratio 2 g to 10 mL, and the supernate analyzed as in previous measurements.

The pil of the free liquid and supernate in the Cl form resin is
neutral to slightly acidic following irradiation, indicating that strong acids
or bases are not formed by the radiolytic scission of the functional group ,

(Table 3.7). This is in agreement with observation of trimethylamine as a !

decomposition product of irradiated resin (see Section 3.2). j

Table 3.7

Properties of Liquids Contacting Irradiateda IRN-78 Resin i
|

Irradiation Liquid

Sample Dose Yield Liquid Supernate pH Over
Type (rad) (mL) pH Centrifuged Resin

0 <0.2 N.M.b 6.1+0.7
Cl- 2.7x108 0.84 5.7 7 71

5.4x108 1.20 6.4 6.8
8.1x108 1.93 7.4 5.8
1.1x109 2.06 7.3 5.6
1.3x109 2.13 7.0 5.3

0 <0.1 N.M. 8.6+0.8
~

OH- 8.0x107 N.M. N.M. 1074*
1.6x108 N.M. N.M. 10.6*
3.2x108 N.M. N.M. 11.0*
8.03108. 2.38 10.5 10.6
1.1x109 2.49 10.4 10.7

aAll irradiations carried out at 1.6 x 106 rad /h.
Liquid yield - Amount of liquid removed by centrifuging 6 g of resin.
Liquid pH pH of liquid removed by centrifuging.
Supernatant pH pH of supernatant formed f rom 2 g centrifuged resins
plus 10-mL deionized water. For samples indicated by an a.iteriak (*)
the free liquid was decanted f rom the resins, rather than ce ~.trifuged.

b .M. = not-measuredN

=
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The centrifuged free liquid and supernate were measured for Cl-
concentration. The densities of the liquid and the resin after centrifuging

,

! were also determined. This information was employed to determine the shrink-
age of the resin caused by release of free liquid, whether or not the centri-
fuged resin was significantly agglomerated, and the extent of counterion re-
lease by the irradiation. Results are shown in Table 3.8. Considering that
the exchange capacity of the fully swollen resin is ~1.7 meq/g, Table 3.8e

indicates that, for doses >8x108 rad, sensibly all the available Cl ion is
released into the free liquid and supernate solutions. This suggests that the
resin has lost its functionality, although the ion exchange capacity was not

1975) commonly report extensive loss of capacity below 8 x 10gian and Horrell,
me asur ed . Other studies (c.f. , Moody and Thomas, 1968; Kazan

rad.
,

Table 3.8

Physical Changes and Cl Ion Release in
Irradiated IRN-78 Resin in the Cl Forma'

.

Free Liquid Bulk
| Irradiation Release Resin Density Cl- Release (Moles /g)

Dose (rad) (mL/g) g/cm3 Free Liquid Supernate Total

i 0 .027+.02 0.63+.01 N.M.b (10-6 N.M.
; 2.7x108 0.14 0.62 N.M. 2.9x10-4 N.M.

5.4x108 0.20 0.63 'N.M. 3.7x10-4 N.M.
8.1x108 0.32 0.62 8.5x10-4 ~4.1x10-4 1,3xto-3
1.1x108 0.34 0.69 9.0x10-4 3.6x10-4 1.3x10-3
1.3x109 0.36 0.69 9.0x10-4 3.2x10-4 1.2x10-3-

i 1.6x109 0.35 0.78 1.0x10-3 3,9xto-4 1.4x10-3
:

'

aAll per gram quantities refer to 1 g of fully swollen resin.
b .M. = not measured.N

!

5 For the irradiated OH form resin, free liquid and supernate pH

i values are more basic than those of control samples (Table 3.7). The free
liquid chemistry represents the true chemical conditions in -the system follow-
ing irradiation. This is analogous to pore water in soil samples. The super-
nate over irradiated and centrifuged resins contains decomposition products

; which were not removed with the free liquid. The. supernate thus provides a
measure of total resin decomposition and applies to- those field conditions
where excess water may be present. The anion resin supernate data may'also be
compared to the cation resin data. Per gram of OH form resin, the free liquid
is much more concentrated than the supernate. However, the pH of the super-
nate and the free liquids are similar, suggesting a buffering ef fect. Thet

OH concentration is maintained at about 3x10-4 moles / liter. This is
i

,

h
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substantially lower than the concentration (3x10-1 moles / liter) that would
be expected on the basis of complete release and subsequent stabilization of
011 lon. Either the released 011 is incorporated in a weak base, or is
taken up in other radiolytic process.

3.1.1.2.2 Ef fect of Radiation on Free Liquid Release

! At 5x108 rad, about 60% of the moisture originally present in the
dewatered Cl resin has been released as free liquid. This release is ac-
companied by a shrinkage of the resin beads and some increase in bulk density
of the centrifuged resin, indicative of structural damage or compaction. From
volumetric considerations, a free liquid release of 0.35 mL/g corresponds to a
shrinkage or bead volume decrease of 38% since the specific volume of the
fully swollen resin beads prior to irradiation is 0.91 mL/g. Aphotomicrgradgraph of the centrifuged resin beads before and af ter irradiation to lx10
is shown in Figure 3.7.
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Figure 3.7 Photomicrograph of IRN-78 resin beads before (upper)
and af ter (lower) irradiation to lx109 rad at 1.6x106
rad /h. The beads were centrifuged prior to photographing

| to remove free liquid released during irradiation.
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' In agreement with the bulk density data, Figure .3.7 shows that the
free liquid release is accompanied by a shrinkage in bead size, rather than a
wholesale decomposition of the beads themselves. Also, as indicated in
Table 3.7, the release of free liquids reaches a saturation or limiting value
of- about 60% (0.35 mL/g). This value is achieved at about tl.e point where the

| resin appears to have lose its functionality, suggesting that loss of capabil-
| ity to retain moisture is related to the scission or loss of functional
| groups; the moisture content of. the resin generally depends oa the number of
; intact functional groups (Helf ferich,1962). Alternately, a decrease in
j~ . swelling capacity (and hence in moisture retention) has been attributed to

changes in resin cross-linking (Rohn and Haas,1967).

3.1.1.3 Mixed Bed Resin (IRN-150),

3.1.1.3.1 Radiation and Resin Loading Effects on the Release of Soluble'

Radiolysis Products
4

i The aim of these experiments is to examine how the radiation damage
response of the mixed bed reflects the interaction between individual compo-4

nents, whose individual behavior has been characterized earlier.>

The mixed bed systems were found to exhibit a free liquid phase
upon irradiation. This free liquid was removed by centrifuge and separately
analyzed. The centrifuged resins were then contacted with deionized water as

i described earlier. Solution analysis results are given for IRN-150 resin in
j H0H and the Nacl forms in Tables 3.9 and 3.10.
I

Table 3.9

Soluble Decomposition Products in
Irradiated H0H Form IRN-150 Resin 8

4

Free Liquid Supernate Over
Irradiation Amount Centrifuged Resinb,

; Dose (rad) Released SO " ~

SO "4 4
] x 10-8 (mL/g) (mole /g) pH (mole /g) pH
.

0 0.015+.01 N.M.C N.M. <10-6 5.5
'

2.7 0.22 ~ 7.4x10-6 ~ 4.4 N.M; - - 4.9~
! 5.4 0.28 6.4x10-5 2.2 2.3x10-5 3.0
| 8.1 0.28 1.5x10-4 1.6 4.7x10-5 2.6
4 11 0.29 5.9x10-5 1.5 5.9x10-5 2.5
! 13 0.36 N.M. 1.4 6.0x10-5 2.4
! 16 0.37 1.37x10-4 1.3 6.9x10-5 .2.3
i

aAll values refer to amount produced per gram of fully swollen resin.
b upernate formed from 10 mL _ deionized water and 2 g of centrifuged resin.S;

CN.M. = not measured.
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Table 3.10

aSoluble Decorsposition Products in Irradiated Nacl Form IRN-150 Resin ,

Free Liquid Supernate over Centrifuged Resin b
Total TotalIrridistion Amount

Released 50 " Na+ Cl- SO " Na+ Cl- Dissolved Na+ Dissolved C1~
Does (rgd) 4 4

x 10~ (mL/g) (mole /g) (mole /g) (mole /g) pH (mole /g) (mole /g) (mole /g) pH (mole /g) (mole /g)

1

<10-6 N.% N.M. /
0 (0.02 N.M.C N.M. N.M. N.M. (100 (10-5

N.M. 1.0x10-' 2.0 9.R u l 0-6 2.6 x10-0 2.2x10 ' 5.R+0.92.R N.M. 3.2x10-0 |2.7 .13 6.9x10 '5 5.0x10-' 3.7x10-' l.6 5.4x10~5 3.2x10-4 2.9 x 10-' 2.3 R .2 x t o-' h.6x10-4 |
'e . 4 .24 1.H m10*
H.1 .27 2. 7 x l O-' 5. 2 x l O*' 4. R x 10*' l.5 7.5x10*3 3.2x10*' 1.5x10-' 2.2 R.4x10*' 6.3x10*'

11 .38 1.7x10-4 4.6x10*' 2.5x10-4 1.2 9.2x10-5 2.5xto*' 3.4x10-' 2.1 7.tx10-4 5.9x10-4
13 .32 2.0x10-4 5.5x10-' 2.6x10-4 1.1 N.M. 2.3xlo-' 3.3x10-' 2.1 7.Rulo-4 5.6x10-4
16 .33 1.9:10-4 7.0x10-' 2.6xto-' 1.0 R.4x10-5 2.Rx10-4 4.2x10-' 2.0 9.3x10-' 5.4 min-4

- - ~ ~ . - - - - - - - ~ ~ ~ - - - - - -.. . .. . . . . . . . . . . .. .. . .-... . . . . . . . . . - - - -

"ALL valuce refer to amount produced per gram of untreadiated resin.
bSupernate formed f rom 10-mL detonized water and 2-g centrifused resin.
cN.M. = not measured.

In both H0li and Nacl form resin, acidity of the free liquid and
supernate solutions increases with irradiation dose. IRN-150 resin is a mix-
ture of IRN-77 and IRN-78 resin in a ratio of 43:57 by weight. The resin con-
tains cation and anion equivalents in a 1:1 ratio. For these c6nditions,
acidity occurring in the H0H form indicates that the acidic species produced
in the decomposition of the IRN-77 (H+) component are not completely neu-
tralized by the basic IRN-78 (OH-) component. Thus, the mixed bed system
did not prevent the formation of acidic conditions under heavy irradiation
d os es .

Again, the free liquids . represent the chemical environment which
would occur in the absence of additional water. The supernate liquids reflect
the additional species which would be released if excess water were present,
and provide a measure of total resin degradation.

3.1.1.3.2 Correlation of pH, Radiolytic Sulfate and Counterion Yields

Correlations between 11+ and SO " concentrations in the .euper-4
nate and f ree liquid of H0H form resin (Table 3.11) indicate that the liquids
are less acidic than H SO . Since H SO4 is the acid produced in the
irradiation of IRN-77 (H+4

2 2
) form resin, some neutralization has occurred in

the irradiated H0H mixed bed resin, possibly due to formation of trimethyl
a2monium sulf ate. However, this neutralization is incomplete.

For the Nacl form, the acidity of the supernate solution is remarka-

bly similar to that found for the IRN-77 (Na+) resin alone (Figure 3.2).
Both the free liquid and the supernate of the Nacl form are more acidic than
those derived from the H0H form, reversing the trend found with the Na+ and '
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H+ f o rm res ins . This behavior provides further evidence for partial neu-
tralization of. acidity in the irradiated H0H resin. For the free liquid in
Nacl form resin (Table 3.12), at lower doses anion equivalents are greater
than those for Na+ plus H+, indicating that another positive ion species
(quaternary ammonium ion for example) is present. In the supernate, sulf ate
formation and chloride release is more closely balanced by sodium release.
The liquids can roughly be considered a mixture of sulf uric and hydrochloric
scids and their sodium salts.

Table 3.11

Correlation of [SO "]8 and [lf*]b in4
Liquids Contacting Irradiated IRN-150 H0H Form Resin

Resin Irradiation Free Liquid (meq/mL) Supernate (meq/mL)
[SO "] [H+] [SO4"] [H+)Fo rm Dose (rad) 4

H0H <0.02 N.M.C N.M. <10-6 2x10-6
2.7x108 6.8x10-2 4.0x10-5 N.M. N.M.
5.4x108 4.6x10-1 9.6x10-2 1,3xto-3 1,5xto-3
8.1x108 1.1 4.0x10-1 2.6x10-2 5.1x10-3
1.1x109 4.0x10-1 1.8x10-1 3.4x10-2 6.5x10-3
1.3x109 N.M. N.M. 3.8x10-2 9.3x10-3
1.6x109 7.2x10-1 3.5x10-1 4.4x10-2 1.4x10-2

aThe value for [SO "] is total sulf ate concentration and may include4
species such as NaHSO , HSO etc., which are not dissociated in4 4
the undiluted solution.

bDetermined from pH measurements, including the computed amount of H+
incorporated in bisulf ate at the measured pH.

cN.M. = not measured.

|

|
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Table 3.12

Ion Balance in Liquids Contacting Irradiated IRN-150 (Na+Cl-) Resina

Free Liquid Supernate
Irradiation ~

Dose (rad) S0 " + Cl- Na++ H + SO4 + Cl - Na+ + H+

2.7x108 --- 0.56 0.060---

5.4x108 3.0 2.5 0.099 0.092
8.1x108 3.7 2.8 0.082 0.10
1.1x108 1.9 2.1 0.15 0.08
1.3x108 2.0 2.4 --- ---

,

1.6x108 1,9 2.7 0.14 0.10

aAll values given in meq/mL resin; H+ values from pH, including
,' the computed amount of H+ incorporated in bisulfate at the mea-

sured pH.

!

.

3.1.1.3.3 Comparative Radiolytic Yields in Single Component and Mixed Bed )
Resins

;
'

Interactions in the mixed bed resin' can be studied by comparing the
fractional release of radiolytic decamposition products with similar data for
the individual components (Figure 3.8).

,

Maximum fractional SO " yields in the mixed bed system are com-4
SO " is evidentlyparable with those measured in the pure cation resin. 4

not extensively bound in the anion resin as an exchangeable ion. This is in
agreement with the previous suggestion that the functionality of the anion

8 rad. By this measure, incor .resin is largely destroyed at a dose of 5x10
porating the cation resin in a mixed bed has little ef fect on radiolytic- scis-
sion of the sulfonic acid functional group.

In the Nacl form,.although'a significant. fraction of the cation-

exchange sites presumably remain unchanged, practically all the available
sodium is released after a dose of ~5x108 rad possibly the cations origi-
nally present in the IRN-77 component are released in an exchange process -
involving positive ions produced by radiolytic scission of the functional'
groups in the IRN-78 component. This ion exchange, facilitated -by the free

i standing liquid, could partially convert the cation component to an ammonium
! form, for example.
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3.1.1.3.4 Relative Free Liquid Release in Single Component And Mixed Bed
Resins

In Figure 3.9, the free liquid release in Nacl form and H0H form
IRN-150 resin is compared with that observed earlier in Cl form IRN-78
resin. The figure also gives results expressed as percent shrinkage of the
anion component. This analysis indicates that release of free liquid f rom the
anion resin is promoted in the mixed bed. A similar effect in the shrinkage
of irradiated anion resin has been mentioned by Baumann (1966). The shrinkage
(and subsequent liquid release) is confined largely to the anion component, as
shown in Figure 3.10.
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Figure 3.10 IRN-150 (11011) form resin before (lef t) and af ter (right)
irradiation to lx109 rad. The cation component darkens
under irradiation but does not undergo extensive shrinkage.
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3.1.2 Radiolytic Gas Generation

3.1.2.1 Gas Generation in IRN-77 Resin

The results presented in this Section refer to samples'of IRN-77
resin prepared and gamma irradiated in sealed Pyrex tubes, according to pro-
cedures described previously. Gas generation was studied for different resin
loadings and moisture content.

3.1.2.1.1 H+ Form Resin - Fully Swollen

The partial pressures of the various gases found in the atmosphere
over irradiated IRN-77 H+ resin have been calculated f rom the observed total
pressure and compositional analysis. The total pressure and various partial
pressures are shown in Table 3.13 for different times and at different irradi-
ation dose rates.

Table 3.13

Cas Pressures in the Atmosphere Over Irradiated @ Form IRN-77 Resin

Pressure (psi)
Dose Rate Time
(rad /h) (h) B2 Q) 002 N2 02 Ar Total

0 0 0 0 0 11.5 3.08 0.14 14.ya
165 N.u.b 0.37 2.10 10.4 1.95 0.13 15.3

*

* 340 K.D. 0.08 0.08 11.0 3.09 0.14 14.4
" 508 0.02 0.12 1.98 10.9 2.20 0.14 15.4
- 675 -c -- -- -- --- --- 14.6
*

845 0.01 0.74 2.26 9.8 1.52 0.12 14.6
*

1018 -- -- -- -- --- -- 14.4

4x104 0 0 0 0 11.5 3.08 0.14 14.7a
* 165 0.11 0.15 2.31 11.2 0.52 0.14 14.4
* 340 0.24 0.08 2.51 11.0 0.01 0.14 14.0
- 508 0.38 0.50 2.02 10.7 0.07 0.14 13.8

675d 0.02 0.35 1.98 9.8 1.89 0.12 14.2
"

845d 0.05 N.D. 0.04 10.6 2.55 0.13 13.4
*

* 1018 0.69 0.13 1.62 10.7 0.01 0.13 13.3

1x105 0 0 0 0 11.5 3.08 0.14 14.7a
* 165 0.25 0.40 1.87 10.7 0.09 0.13 13.5
* 340 0.63- N.D. 2.83 11.2 0.01 0.14 14.9
* 508 - -- -- - -~ ~ - 14.1
* 675 1.03 0.60 1.65 10.5 0.01 0.13 14.1
* 845 1.17 0.19 1.94 10.5 0.01 0.13 13.9
" 1018 1.40 0.26 1.74 10.5 0.01 0.13 14.1

1.6x106 0 0 0 0 11.5 3.08 0.14 14.7a
* 165 4.83 0.86 2.87 10.1 0.01 0.14 18.9

{ 340 9.62 N.D. 4.43 10.0 0.01 0.12 24.3
"

! 508 15.8 0.24 6.41 9.7 0.02 0.13 32.4
*

I *
675 -- -- -- - -- -- 38.2

| 845 28.9 0.43 8.88- 9.7 0.01 0.13 46.2
*

) 1018 35.6 0.52 8.71 9.9 0.21 0.13 55.1
*

|

aAssumes initial cociposition of standard air at 1 atmosphere.
b .D. = not detected; pressure (0.01 psi.N;

I
CCas composition not analyzed.

'

dCo. positional analysis suspect.

-
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For the unirradiated control samples, the pressure does not va ry

systematically with time. The pressure averaged over all control samples is ,

I14.8 psi and the r.m.s. deviation is 10.41 psi. These values should be taken
to reficct, respectively, the average initial pressure for these experiments,
and the experimental uncertainty (137.) in a given pressure determination. The
compositional analyses are subject to additional uncertainty. In particular,

air may be introduced during sample transfer processes. This seemed to have
happened in the samples indicated by (d) in Table 3.13.

The principal radiolytic gas generated is hydrogen. The hydrogen
pressure increases in a closely linear manner with irradiation dose over a
range of dose rates (Figure 3.11). A 1 cast squares power-law fit to the data
indicate that this dependence is linear to within experimental uncertainty.
In other wo-Is, the G-value for radiolytic hydrogen generation is insensitive
to radiation dose rate. Between 106 and 109 rad, the G value derived f rom
the fit is 0.13 i .02.
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Figure 3.11 ilydrogen pressure over irradiated IRN-7711+ form resin.
'

6 5Dose rates (rad /h): 0 - 1.6x10 ; D - 1x10 ;
4A = 4x10 .

|
1

- 32 -



A second major radiolycic gaseous component is carbon dioxide.
This appears in two stages. In unirradiated control samples and in samples
irradiated at 4 x 104 and 105 rad /h, 002 levels, remains fairly stable
with time at roughly 2 psi. For irradiation at 1.6x106 rad /h, a second
stage of CO2 generation is evident.

In all cases, oxygen is rapidly depleted f rom the atmosphere over

irradiated resins; a dose of >g10 Mrad to 6 g of resin is sufficient to remove
100 micromoles of atmospheric oxygen. At high doses, C02 generation per-
sists long after atmospheric oxygen is consumed. The table also indicates that
some autooxidation (or possibly biodegradation) of the resin may be occurring
even in unirradiated samples.

3.1.2.1.2 Na+ Form Resin - Failly Swollen
_

Figure 3.12 shows a buildup of cell pressure vs irradiation time
for irradiation of Na+ form IRN-77 at three dif ferent radiation dose rates.
Data for an unirradiated control sample is also given.
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Figure 3.12 Sample cell pressure vs irradiation time at different dose
rates for Na+ form IRN-77 resin. Irradiation dose rates

6 5 4o - 1.6 x 10 ; O - 1 x 10 ; 6 - 4 x 10 ;(rad /h):
O - unieradiated.
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For the sodium form resin in this experimental configuration, pres-
sure changes in control samples and in sampics irradiated at low dose rates j

are marginally detectable. The relatively large fluctuation in sample cell
pressure in these experiments is due to the use of a large volume evacuated
cell in the pressure measurement (Section 2). For irradiation at higher dose
rates. fairly substantial pressures are achieved. The G-value for total gas
generation determined f rom a linear fit to the data is approximately 0.25.

Table 3.14 gives the percent composition of the gas phase over the
sodium form resins in the various experiments. Again, hydrogen and carbon
dioxide are the principal gases generated. The partial hydrogen pressure
derived from Figure 3.12 and Table 3.14 increase in an approximately linear
manner with irradiation dose. The G-value obtained for H2 generation
(~0.16) is comparable to that for H+ form resin.

Table 3.14

Atmospheric Compositions Over Irradiated Na+ Form Resins
(Contact Time 1030 h)

Dose Rate Time Percent Composition

(rad /h) (h) H2 02 N2 Ar 00 002 NO S02 HO2x

O 1030 N.D.a 20.1 76.6 0.91 0. '6 1.68 N.D. N.D. .06
4 x 104 1030 0.56 19.8 76.1 0.91 0.7. 1.79 N.D. N.D. .09
1 x 105 1030 -- -- -- -- -- -- -- -- --

1.6 x 106 1030 65.8 0.42 19.9 0.26 N.D. 13.4 N.D. N.D. 0.17

aN.D. = not detected; pressure <0.01 psi; --- = not determined.

Samples irradiated at low dose rates show an uptake of atmospheric
oxygen which is approximately balanced by the formation of CO . In samples2
irradiated at high dose rates, which show substantial hydrogen generation, the
amount of CO2 Present is greater than that anticipated on the basis of con-

version of 02 to 00 .2

For both the Na+ and H+ form samples, oxygen could initially be
taken up by the conversion of atmospheric oxygen to CO . At greater doses2
(or higher dose rates), additional 002 is generated by a mechanism which
must involve oxygen initially present in the resin or incorporated water.

!
|

|

|
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3.1.2.1.3 Fe*, Fe*, and NH4+ Form Resins - Fully Swollen

Cas generation measure:nents were also made on IRN-77 resin in
Fe", Fe*, and N!! + forms (Table 3.15). Gas compositional data for4

; these experiments are less extensive than for II* and Na+ form resins. A
| number of trends are evident, however. In all cases, hydrogen is the princi-

| pal gas generated and oxygen scavenging upon irradiation is observed for all
! resin forms.
!

|
;

Tahle 3.15

Radiolytic Cas Ceneration Data for Various Forms of IRN-77 Resin

Irradiation Total
Resin Dose Pressure Partial Pressure of Component Cases (psi)
Loading Rad (psi) H2 02 N2 Ar CO Q)2 014 S02 HO2

fe++ 0 13.1+.07
2.7x108 16 3.2 .02 9.3 .11 5. 2 2.5 -- -- --

5.4x108 18
8.2x108 22 9.9 .01 9.5 .13 .18 2.2 -- -- ---

1.1x109 29
1.3 109 31 19 --- 9.6 .12 --- 2.0 .04--- ---

1.6x109 37 25. .01 9.0 .12 .2 2.0 --- --- ---

^

Fe+++ 0 16.6+1.8 .04 2.2 11.0 .16 1.0 2.0 -- --- ---

2.7x108 17 2.2 1.6 11.2 .14 .21 2.1 -- -- ---

5.4 x106 22
8.2x10M 23 8.2 --- 10.5 .15 1.2 3.4 --- -- ---

1.1x109 33
1.3x109 37 24 7.1 .10 -- 5.6--- --- --- --

1.6x109 47 31 --- 9.1 .13 40 5.8 - --- ---

Nite + 0 15.2M .6 - 1.7 11.3 .13 .23 2.1 --- --- --

1.7x108 24.5
2.9:108 24.5+.3 7.6 13.5 .17 0 3.3 .02 -- .03---

5.7x106 29
1.0x109 45
1.3x109 51a

1.6x109 65 46 -- 10.7 .14 .23 8.5 .12 - .04
!

Blank entry - not sensured; --- not detected; gressure (0.01 psi.Irradiation dose rate Fe++, Fe+++ - 1.6 x 10 rad /h; Nit + - 2.5 m 106 rad /h.4

I
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Table 3.15 for Fe" and Fe*2 generation derived f rom the data inThe C-values for H
forms (0.11 and 0.14, respectively) are com-

parable to the values found earlier for 18 orm resin. Hydrogen generation
is greatest in Nil + form resin; at 1.6 x 10 rad, H2 yields are about4
twice as large as those for Fe++ form. S02 was not detected for any resin

is observed over unirradiatedirradiated in the fully swollen form. CO2
resins. This may be either introduced in the flame scaling process or indici-
tive of a decomposition mechanism such as blodegradation.

3.1.2.1.4 Na+ and H+ Form - Oven Dry

Cas generation measurements were carried out on Na+ and H+ form
resin which had been dried to 7% moisture content prior to irradiation (see
Section 2). Data are given in Tabic 3.16.

Table 3.16

Radiolytic Cao Ceneration in Oried IRN-77 Reeln e

Ir radia tion Total
Resinb Dose Freneure Partial Pressure of Component Cases (pet)

N2 Af U3 U32 O'4 SO2 HO1.oading Red (pet) H2 02 2

H+ 0 13.R +.0 7
2.7:108 11.37.07 0.5+.1 0.R&.6 10.3+.01 1.22
5.4x108 14.7~

~ ~ ~
1.3+.5 -- e 0.09- ---

~

8.2x108 16.5 1.7 0.1 10.1 0.13 0.63.2 -----

1.1x109 17.7

Na+ 0 14.2+1.6
2.7s108 11.57.6 0.6 0.8 9.5 0.11 0.8 --- --- ----

5.4x108 11.77.6
8.2x108 12.07.6 1.6 .01 9.2 0.12 0.6 --- --- -----

1.1x109 13.4 .4 2.3 --- 9.4 0.10 0.3 0.6
~

- ---- ---

arressure over 6 3 samples irradiated in mested tubes.
ball eseples dried to 71 moisture content prior to irradletion.
c..- . none detected. Preneure (0.01 pet.
Blank entry - not seasured.

Radiolytic gas generation is significantly reduced in the dry res-
ins. Hydrogen pressures are less than 1/10 of those found over 6 grams of
fully swollen resin, irradiated under otherwise similar conditions (Tables
3.13 and 3.14). Since 6 g of swollen resin contains roughly half the hydro-
carbon mass present in 6 g of dry resin, hydrogen generation in fully swollen
resin must be largely associated with the presence of the liquid component.
Similar conclusions have been reached by other workers (Mohorcic and Kramer,
1968).

S0 and possibly CO2 are produced when dry H+ resin is irra-2
diated. The S02 results from decomposition of the functional group. The
amount produced (~4x10-6 mole /g at 8x108 rad) is negligible in comparison
to the SO '" yields found in the supernate over resin irradiated in the dry4
-form (Table 3.6). For the dry Na+ form, radiolytic_SO2 was not detected.
under the present experimental conditions.
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3.1.2.2 Cas Generation in IRN-78 Resin

k Curves of radiolytic gas pressure vs irradiation time are shown in
6 rad /h. Gas genera-Figure 3.'13 for IRN-78 resin at a dose rate of 1.6x10

tion rates do not depend ser.sitively on the res'In form (OH vs Cl-) or the
presence %f; corrosion coupons. The total gas generation rate is about five
ticles that, qbserved with IRN-77 cation resin.'
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Figure 3.13 Gas pressure over IRN-78 resin vs irradiation time at
1.6 x 106 rad /h. 0 - Cl form, A = OH form. '

,

The partial pressures of the various gases found in the atmosphere
over irradiated IRN-78 011 resin are shown in Table 3.17 for dif ferent irra-
diation times. Hydrogen is the major radiolytic gas generatwd for both resin
forms. The generation rate is somewhat greater for the OH form resin.
Ilydrogen G values are 0.62 and 0.34 for 011 and Cl forms, respectively.
In all cases, atmospheric oxygen is scavenged.

.
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Table 3.17 -=-
r

Partial Gas Pressures in the Atmosphere Over Irradiated IRN-78 Resins ;-

7

Irradiation Pressure (psi) '[[
Sample Form Time (h) H CO CO N 0 Ar CH4 N(CH )3

-

2 2 2 2 3
-

-

_

h-Cl- 672 56 0.32 10 11 0.04 0.14 1.10 N.D.
840 68 0.39 12 11 0.13 0.14 1.42 N.D. *$-

?
L

OH- 50 4 0.20 N.D. 11 N.D. 0.15 0.11 1.18
100b 11 N.D. 0.5 11 0.31 0.12 0.16 2.85 -[[

'

504 73 0.20 N.D. 11 0.02 0.16 0.16 1.60 }ji-
B-

aN.D. = None detected; pressure <0.01 psi. ,3;

bCorrection made for air introduced in sampling. 222-
1
-

x

?
=

For Cl form resin, 002 is produced with an apparent H :002 $k2
ratio of about 5.5:1. Methane formation is also observed. CO2 is not 13B

4-strongly evident in the atmosphere over OH resin, and trimethylamine is
detected. Unirradiated control samples stored for a period equivalent to the ]-_
irradiation time showed marginal evidence of oxygen uptake and hydrogen l==

generation. ]Eg

hbSome caution must be used in interpreting the results in Table 3.17.
In particular, at higher radiation doses the samples contained a considerable --

amount of free liquid. The presence of this free liquid phase may influence El
gas yields both through solubility ef fects and by pensitting the formation of - 7

bubbles and vapor pockets within the resin. Formation of such pockets was -;7
observed within the irradiated resin both before and af ter the pressure was

'

released. Finally, some of the gases generated (e.g., trimethylamine) are 2L-
both dense and soluble. Here, the possibility for stratification of gases in b-
the sampling apparatus exists. This was checked by drawing successive gas --

samples from several break seal tubes. Thus far, for pressures up to 80 psi, e
it appears that H , 0 , N , Ar and CH4 are well distributed in the sampling

-

2 2 2 _

process. Trimethylamine is either inhomogeneously mixed, in a " heavy frac- ,

tion", or possibly maintained at a certain vapor pressure over an aqueous _"
solution. Et

3.1.2.3 Gas Generation in IRN-150 Resin tr-

-

Total gas pressure vs irradiation time for IRN-150 resin in the H0H
-

and Nacl form resin is shown in Figure 3.14. The gas compositions determined ,.

at the end of the irradiation are given in Table 3.18. These data should be d'
regarded as subject to confirmation since as mentioned earlier, formation of
gas pockets may occur in samples containing f ree liquid.
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Figure 3.14 Gas generation in IRN-150 resin irradiated at 1.6x106 rad /h.
o = H0H form resin; e = Nacl form resin.

Table 3.18

Partial Gas Pressures in the Atmosphere Over Irradiated IRN-150 Resins

Irradiation Pressure (psi)
Sample Form Time (h) H2 02 N2 Ar CO2 CO CH4

Nacl Oa 0.01 2.9 11.5 0.08 0.1 0.1 N.D.
16 8 7.0 0.3 -12.7 0.16 .N.D. 7.7 0.2
504 32 N.D. 11.1 0.14 N.D. 7.3 0.6
840c 51 1.5 11.5 0.15 3.3 7.1 0.9

1000 58 0.7 11.8 0.16 0.5 7.4 1.1

Oa 0.02 2.0 12.6 0.15 N.D. '0.01 N.D.
H0H 16 8 8.5 N.D. 12.5 0.14 N.D. 1.0 0.1

840 80 0.08 10.1 0.15 N.D. 22 1.0
'

1000 111 0.06 11.6 0.14 N.D. 28 1.2

O ll values for unirradiated samples were recorded af ter the resin hadA
been held in the sample tube for 336 hours. |

b .D. = not detected; pressure <0.01 psi.N
cCorrection made for air introduced in sampling.

,

!
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As in all previous experiments, hydrogen is the major radiolytic gas
generated and oxygen is rapidly scavenged from the atmosphere over irradiated
resins .

The IRN-150 resin is a mixture of IRN-77 and IRN-78 resin in a ratio
of 43:57 by weight. Using this information one can consider if the hydrogen
gas yield f rom the mixed bed system is the sum of the yields of the individual
components. The predicted yield becomes:

G(IRN-150) = G(IRN-77) x 0.43 + G(IRN-78) x 0.57 (3.1)

Equation (3.1) has been used to calculate the predicted values given in
Table 3.19. For the Nacl form and H0H form, the predicted values agree rea-
sonably with measurement. While the calculation is rough, the data indicate
that, insofar es radiolytic hydrogen generation is concerned, the yield of a
mixed bed system may well be approximated by the (linearly scaled) yields of j
the individual components.

Table 3.19

G-Values for Radiolytic Hydrogen Generation

G (H )9
Resin Type Measured Predicted

IRN-77 H+ 0.13+.02 ---

IRN-78 OH- 0.6 - ---

IRN-150 H0H 0.5 0.4

IRN-77 Na+ 0.2 ---

IRN-78 Cl- 0.3 ---

IRN-150 Nacl 0.3 0.3

In terms of hydrogen generation, the different components of the
mixed bed do not interact strongly. This is not true for all gases. The
trimethylamine found in the atmosphere over irradiatied OH resin was not
observed in the mixed H0H system; this is quite possibly due to differences in
pH (and hence in gas solubility) between the irradiated OH and H0H resins

(see Section 3.3). There is also an interactive effect on the yields of

CO . In the OH form resin, free CO2. generation was barely detectable.2
-

In the mixed bed system, however, more 002 is produced in the HOR form than
in the Nacl form. Again, one may speculate that CO2 release is promoted in
the acidic environment due to the decomposition of the cation resin component.
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3.1.2.4 Radiolytic 0xygen Scavenging

Experiments were carried out to study the uptake of atmospheric oxy-
gen by irradiated resins, and the effect of irradiation atmosphere on resin
decomposition. These experiments employed stainless steel irradiation cells,
equipped with a pressure transducer, as described in Section 2. Results for
samples irradiated ir. mixtures of air, helium and oxygen are given in
Table 3.20.

Tabic 3.20

Radiolytic Cas Generation for Resine Irradiated ta Various Atmospheres

Ces Composition

Before Irradiationb After Irradiation
Samplea Radiation (psi) (psi)

Form Dose (Rad) Air He 02 He H2 02 N2 Ar CO CO2

(1) 1RN-77 (H+) 1.3x109 5.3 9.4 9.4 7.7 0.01 4.2 0.08 0.35 2.2
(3) IRN-77 (H+) 8.0x108 15.0 b 5.9 0.06 11.6 0.15 .58 1.9
(4) IRN-77 (H+) 7. 2 x108 15.2 14.9 4.6 0.06 0.47 0.14 0.58 1.1
(5) IRN-77 (H+) A.0x108 14.7 -- 7.1 0.04 11.1 0.13 0.05 2.4
(6) !RN-77 (II+) 9.Mx108 14.7 --- 4.5 0.02 11.1 0.13 0.17 2.0
(7) tRN-77 (H+) 9.6x108 1$.7 15.2 7.9 --- --- --- 0.50 1.9
(8) IRN-77 (II+) 9.9x108 6.2 2.4 5.id 2.4 R.5 - 4.9 0.05 0.67 3.9
(9) 1RN-78 (011-) 4.2x108 4.0 13.5 3.9 13.5 -- --- --- 0.23 ---
(10) 1RN-77 (H+) 5.5x108 1.2 17 1.3 6.7 0.01 0.01 --- 0.31 1.3

"All samples contained 12 a of fully swollen resin except (6), which contained 6 g.
hhe gas was not sampled prior to irradiation. Post-trradiation nitroRen analysis
indicaten air was acetdently intrnduced in measurer.cnts 1 and 8.

c--- not detected; pressure (0.01 psi.
dThe oxygen added to this sample was 18o2 CI802 was not detected. 12c16o180 was present at a
partial pressure of 0.3 psi; 12180 was present at a partial presure of 0.07 psi.C

The data do not indicate any pronounced variation in hydrogen genera-
tion in H+ form resin with atmospheric composition. G-values for H2 genera-
tion in an inert He enviroriment are 0.101 02; for irradiation in an atmosphere
originally containing air, G(H ) = 0.12102. For samples irradiated in ex-2
cess oxygen, G(H ) = 0.12 for an initial oxygen pressure (air plus added2
oxygen) of 6 psi and G(H ) = 0.17 for an initial oxygen pressure of 17 psi.2
This latter value, however, refers to a measurement at lower radiation dose

rate (measurement 10). One environmental effect was clearly evident. Samples
of the H+ form resin irradiated in an inert atmosphere showed a release of
free liquid, which was not observed for irradiaton under oxygen. The maximum
f ree liquid loss was ~.04 mL/g.
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CO2 is found when samples are irradiated in the absence of oxygen
(measurements 4 and 7), although CO2 levels are somewhat greater for samples

formation was studied b isotope dopingirradiated under oxic conditions. CO2
602 in the1802 totechniques. In this measurement the initial ratio of

18 16atmosphere was about 4:1. Following irradiation, the ratio of C 02 t C 0

was ~1:10; C O2 was not detected, and the ratio of C 0 to C1602 wasIO 18

1:10. This indicates that most of the oxygen present in the CO and CO2 gen-
erated probably comes from decomposition of water within the resin on the
resin itself rather than from the atmosphere (see Section 3.2.1-3.2.3).

For samples irradiated in an oxygen atmosphere, the total pressure vs
time curves can be interpreted as a decrease in gas pressure due to oxygen
uptake and a linear increase due to radiolytic gas generation. An example is
shown below. The straight line is least squares fitted to the linear portion
of the curve (Figure 3.15).
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Figure 3.15 Gas gressure over 18 IRN-77 resin during irradiation at8x10 rad /h. The sample originally contained 6.4 psi of
0-2
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The straight line is then extrapolated to the origin and subtracted
,

from the data. The resulting difference curve (Figure 3.16a) represents the'

pressure decrease due to radiolytic oxygen uptake corrected for an assumed i

linear gas generation which occurs simultaneously. Tbc linear hypothesis is
supported by the fact that the pressure defined by the intercept of the fitted

,

straight line (P , Figure 3.15) corresponds almost exactly to the total! I
pressure of stable gases (He, N , Ar) determined af ter the irradiation.2
Semilogrithmic plot of the difference curve, (Figure 3.16b) which we take to;

| represent the partial pressure of oxygen in the system, indicate that the oxy-
! gzn scavenging follows a first order rate equation:
!

|

d[0 1 = K[0 ) (3.2)| 2 2
dD

Where (0 ] = amount of oxygen in the gas phase over the irradiated resin2
sample,

D = radiation dose, in rad.
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| Figure 3.16 Linear (a) and semilogrithmic (b) plots of the difference

between the data and the litted straight line in Figure 3.14.
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For the experimental conditions of measurement 8, K = 6.4 x 10-8
rad-1, corresponding to an uptake of 90% of the available oxygen by 12 g of
resin after a dose of ~3.0 x 107 ad . The maximum oxygen uptake observed in
these experiments was ~3.01 x 10- moles, (measurement No. 10) at a dose of

rad in 12 g of resin. There are approximately 3x10-1 moles of3 x 107
carbon (and 3 x 10-2 moles og _g0 H) in 12 g of fully swollen resin. If3
the oxygen scavenging involves only attack at the carbon atoms, a maximum ~1%
of the available carbon atoms are oxidized by atmospheric oxygen in measure-
ment No. 10. In fully swollen resins, some oxidation can also occur in the
absence of atmospheric oxygen, as indicated by the CO2 data. Mohoric and
Kramer (1968) have also observed 002 evolution for resin samples irradiated
in evacuated vessels. The ratio of H2 to CO2 in their experiments (~4:1)
is roughly similar to that in the present experiments. Extensive oxidation
might contribute to agglomeration of resins irradiated in open systems.* In
all experiments described in this report, no agglomeration was evident for any

,
'

resins irradiated in a sealed environment.

I Analysis of results for the 6 g sample suggests that the rate con-
stant K is roughly proportional to resin mass. K may increase at lower radia-
tion dose rates, accounting for the oxygen scavenging at low doses observed at
4 x 104 rad /h (Table 3.13). The mechanism of oxygen scavenging has not been
established; several possibilities exist and are described in the polymer

; radiation literature (c.f. , Gillen and Clough, 1981).

3.2 Irradiation Effects on Resin Solidification and Leaching

3.2.1 Solidification of Irradiated Resins

! Scoping experiments were carried out on the solidification of irra-
diated resins. The object was to determine how resin irradiation affected the
process latitude for solidification in Portland cement. Resin-cement

,

'

formulations for the study were derived from previous work in BNL's radwaste
and container research program, in which process latitude for unirradiated
resin solidification was specifically investigated (Manaktala and Weiss,
1980). Four formulations with increasing waste-to-cement ratios were selected

! (Table 3.21). For the lower waste / cement + water values (formulations 1 and
2) satisfactory forms can be made from unirradiated resin. For higher ratios
formulation 3 with unirradiated resin was found to crack upon immersion in de-4

ionized water (Weiss and Morcos, 1981); formulation 4 with unirradiated resin
,

did not consistently produce a freestanding product (Manaktala and Weiss,

1980).

A number of small cylindrical (2-in, diameter x 4-in. long) resin-

8 rad) and unirradiated IRN-77cement forms were cast from irradiated (9 x 10
resin in the sodium form. Following curing in the casting mold for 28 days at
room temperature, the samples were soaked for 28 days in deionized water at

*Recent experiments on samples irradiated in an open atmosphere support this
assertion.
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rcom temperature. Those samples which did not crack during the soak were then
compression tested to determine the compressive strength. The general proce-
dures have been described elsewhere (Manaktala and Weiss, 1980; Weiss and
M:rcos, 1981). For the irradiated resins, a moisture loss of about 5% during
irradiation was compensated for by adding deionized water to bring the resin
moisture content up to ~53% before mixing. Test conditions and results to
date are shown in Table 3.21. ;

Table 3.21

Compression Test Data on Resin-Cesent Vaste Forms

Vaste/ Swollen Fortland
Cement Resin Vater Ce ent Resin Compressive

Formulation + Vater (g) (g) (g) Condition Strength (psi)

_

13.8 55.0 137.5 Ra
R 2.7 x 103* * *

1 0.07
. g. .

r27.5 55.0 137.5 nb
3

| NR (2.1 + 0.4) x 10* * *

)
,. . .

- * * R2 0.14 4
3, 2.2 10..') x 10(* * R,"

' 48.9 48.9 122.5 NR Fc
gg ,. . .

NR F* * *
3 0.29 .

R, ,

R .1.5 x 103 ||

' * * *

. . . g

66.0 48.9 122.5 E

4 0.39 1 1.1 x 103* * *

. . . g

sa = Resin irradiated prior to solidification.

bNR = Coltradiated resin.
CF = Sample cracked during 28-day immersion.

For formulation 3 in Table 3.21, the forms containing unirradiated
resin failed, while those containing irradiated resin did not. Formulation 4
containing irradiated resin remained intact on soaking and exhibited reason-
able compressive strength. In previous work, formulation 4 f ailed when un-
irradiated resins were used. Consequently, for irradiated resin, solidifica-
tion is pcssible at increased waste-to-cement ratios.

The compressive strength of the samples decreases systematically with
increasing waste-to-cement ratios. For formulation 2 where forms with both
irradiated and unirradiated resins remained intact during the 28-day. soak, the
compressive strength of two types of sample did not differ significantly. The
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forms containing irradiated resin (upper, Figure 3.17) appear darker and more
porous than those made with unirradiated resin (lower, Figure 3.17). Compara-
tive leach studies were carried out to compare leach rates for samples con-
taining irradiated and unirradiated resin.

#
' '*[

,

m
.J =

- - - -

,. - .... j.' - ,,wp --
,, ;

,, 3.c -u .,. 3, ~, m,, . .,y. ,

, .

h
* /

j .' '
' ? ^. ' ' '

4 r ;*.t'j <

7 , n.< ~w -

.

*,
. >, ;p- , ; Q; 3 ~ ,g<>. :, ' y .. 9;.,

.: iy. M -

[ i-
.

,,
''

s - f. h % > W.I
Tj. .. ) J,4 W >

. Q ^*6 -. -'% 'Sp?i[ j

ky Y k ^ ]f. .:w;w - ;
,a,,_ - ,. -.

/ .... ,,s '

Q . .

1 2 3 q

. ib.1
. .-

n.,
** ' ~* A - * *-

.

'-

w,
. .%4,w.f+_

.-.

. f.: V. .

, -f. s

; g*J' . <. y.*y%q;' - g 4 .'3
.

-

,| %
<;. .- . . ,

r..: (. ',>-

1* |, ,

_

(hy. * 27.* ,_ .,
.

j *3 ' . ,,, [Q( f
;, p, * . at r n.*^ y t s. '.~

~!? E ';',.-( ;
,

.?rp P. J ' T i Vf f" ?, , .
-

, __

4 5 e

Figure 3.17 Resin-ccment forms made with irradiated (upper) and
unirradiated (lower) resin after soaking for 28 days in

deionized water.
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3.2.2 Leaching Behavior of Forms Containing Irradiated Resins

In order to evaluate the ef feet of resin irradiation on radionuclide
retention, leach tests were carried out on solidified forms made with irra-

diated and unirradiated resin. The forms were cast from IRN-77 resin (Na+
form), water and type I Portland cement. The formulation used was 27.5 g res-
in to 55.0 g water to 137.5 g Portland cement. (Formulation 2 in Table 3.21).
This formulation is identical that used in " scale-up" leaching studies in our
laboratory (Dayal, et al.1983). The resin contained 137Cs and 85Sr as
radiotracers. For forms incorporating irradiated resin, the spiked resin was
irradiated to 9 x 108 rad before solidification.

'

The irradiated and unirradiated resins were cast into 2-in.-diameter x
2-in.-high cylindrical foms and leached in deionized water according to the
modified IAEA procedure described elsewhere (Barletta et al., 1981; Morcos et
al., 1982). Results for the cumulative fractional cesium release as a func-
tion of leaching time are shown in Figures 3.18 and 3.19.

Non-Irr. IRN-77 Leachg

9
V
-

^ 8_Eo
o __ g i

~~ W -Ocn __ -- pHp --

p
g

-- gge _ & __ --
_

--

g~

f t -
''~

_ _

-

f -

- -u.,

8; /_"0
o ~

, , , . i

00 4.0 8.0 12.0 16.0 20.0 24.0

Time (days)

Figure 3.18 Cumulative fractional cesium release from 2 in. x 2 in.
resin-cement composite made with unirradiated resin.

V/S = volume-to-surface ratio = 0.85 cm. e = data for
similar forms from " scale-up" study of Dayal et al. (1983).
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Figure 3.19 Cc lative fractional cesium release from 2 in. x 2 in.
resin-cement composite made with resin exposed to
9 x 108 rad. V/S = 0.85 cm.

For unirradiated resin, the data are in reasonable agreement with pre-
vious measurements in our laboratory (Weiss and Morcos, 1981; Dayal et al.,
1983). The data indicate an increased leachability in forms containing the
irradiated resin. The C.F.R. for these forms after 24 days of leaching is
roughly twice as great as that for the control forms. This difference may
reflect an increase in initial releaue due to the loss of Cs retention capa-

bility in the irradiated resin beads. The increased porosity evident in the
forms cast from irradiated resin (Figure 3.17) might also enhance the Cs

release.

Similar observations on irradiated resin-cement composites have been re-
ported by other workers. Barletta et al. (1981) have found that irradiations
did not degrade the solidification properties of D-mix, a proprietary material
claimed to be typical of resins used in the Epicor-II system. Heavy irradia-

9tion of this material (10 rad) prior to solidification resulted in in-
creased Cs leachability. Neilson and Colombo (1982) have reported that irra-
diation of resin-cement composites following solidification can improve resis-
tance to cracking upon immersion in water, as in Section 3.2.1.
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3.2.3 Effect of Irradiation on Resin Swelling Behavior

i

Measurements were carried out to determine the ef fect of irradiation on
the swelling force exerted by irradiated resins upon rehydration. The swell-
ing force was determined by oven drying resins which had been irradiated in
the fully swollen form and then rehydrating the resins (~1.5 g) lln a constant
volume equipped with a load cell. The aim is to simulate conditions which
cight occur when a partially dehydrated resin bead in a cement matrix is ex-
posed to water. Data are given in Table 3.22. A dramatic decrease in swell -

'

L ng pressure is evident for high radiation dose levels, although the beads didi

not shrink significantly under irradiation (c.f. , Figure 3.14).,

table 3.22;

Swelling Force Exerted by Irradiated IRN-77 Resin

.

Resin Irradiation Irradiation Swelling
Fo rm Dos e Environment Pressurea,

1 (rad) psi

i

335 + 43; H+ 0 ---

H+ 2.4 x 105 sealed 208
4 H+ 4.5 x 108 sealed 278 + 60-

H+ 1 x 109 sealed 21 + 4,

H+ 1 x 109 vented 8 j[ 3
'

Na+ 0 257 + 4
: Na+ 1 x 105 sealed 218 }[ 1
! Na+ 7.5 x 108 sealed 143 + 41
i Na+ 1 x 109 sealed 33 ][ l
! Na+ 1 x 109 vented 14 + 6
; -.

aPressure exerted against a 0.5 in.-diam piston upon
rewetting the dried resin in a fixed volume.

i

|
:

! The somewhat precipitous decrease in swelling force between ~7 x 108
! and 1 x 109 rad may be due to somewhat different experimental conditions -
' samples irradiated to 109 rad were exposed to different radiation dose rates~

and resin-oxygen ratios than those at lower' doses. Samples irradiated under
vented conditions (i.e. , exposed to atmospheric 0 ) underwent a relatively2
greater degradation. It has been speculated that cracking of resin / cement
forms upon immersion in water is due to swelling of the resin beads (c.f. ,
Morcos and Weiss 1980). If this is the case, the increased waste' loading
latitude obtained for solidified forms with irradiated resins may be attribu-
table to a decreased swelling force in the irradiated resin upon hydration.
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3.3 Mechanistic Studies

Experiments were carried out investigating the mechanistic aspects of<

'

several effects described in Sections 3.1 and 3.2. Results of these experi-
ments, and their interpretation are given in this section.

3.3.1 Radiolytic Degradation Mechanisms

Several physically distinct processes may act to produce overall radio-
lytic scission of the functional group. Proposed mechanisms fall into three

,

6 classes, as described in the literature (Karpukhina et al. ,1976; Hall and
Streat, 1963; Tulupov et al., 1973; Ichikawa and Hagiwara, 1973). These are

j illustrated below for sulfonic acid cation resin.
4

1. Direct radiolytic scission of the functional group, possibly "followed
by free radical hydrolysis:'

ArS0 --<> Ar * +' ' S0 - (radiolytic scission) (3.3)3 3

p S03 + *H + OH- (3.4a)
H O + *S0 ~ (hydrolysis)2 3 sg ,, ,

i

II. Attack on the functional group by aqueout radiolysis products:'

2 H,* OH,* e aq, H , H 02 2 (water radiolysis) (3.5)HO --<> 2

possible subsequent processes: e.g.,

3 + H O (peroxide attack) (3.Sa)ArS0 + H 02 2 -4-Ar0 + S03 2;

| ArS0 + Hs--.ArH + S0 - (Hydrogen atom attack) (3.5b)3 3

III. Formation of sulfones by redox reaction between functional groups;
4

ArS0 H + ArS0 H --* ArS0 Ar + H SO4 (3.6)i 3 3 2 2

j Also, an important possibility is the back-reaction, such as

Ar * + * S0 -+- ArS0 - (recombination) (3.7)3 3

j which decreases the radiation damage yield. Finally, in I, II and III above,
we have not included reactions between free radicals produced in functional'

group scission and f ree radicals resulting f rom water radiolysis. Such reac-
tions commonly lead to a radiation dose-rate dependence, which is not4

obse rved.

4

I

6

,
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It is of practical importance to distinguish between these mechanisms.
For example, if Class II mechanisms predominate, radiolysis yields may be
otrongly dependent on external media and concentrations or radical scavengers,
etc. This would affect the correspondence between laboratory results and
field performance.

Also, the distinction between Class I and Class III process is of
central importance in radiolytic acidity formation. The key question is
whether additional hydrogen ion is produced in the oxidation of the S03"
group to SO ", which is observed in solution. For Class (I) reactions,4
the oxidation could occur, for example, via

S0 " + H+ + H 022+ 1l 0 + HSO - (3.8)2 43

A number of agents night oxidize the sulfite ion in solution. In any event,
for loadings other than H+, the bisulfate salt (e.g. , NaHSO ) would then4
result. The bisulfate salt solution can of course be considered an acidic
mixture of H SO4 and Na2SO . On the other hand, in a Class III pro-2 4
cess, redox considerations do not require that H+ is produced in the oxida-
tion of S0 " to SO ". One functional group is oxidized and another3 4
simultaneously reduced. In this case, no acidity accompanies functional group
scission for loadings other than H+. Only pure salts are produced and con-
version from the H+ form would completely protect the resin. In this Sec-
tion, experiments are described which are aimed at distinguishing between the
different mechanisms.

3.3.2 Role of Hydrogen Peroxide in Radiolytic Resin Decomposition

Measurements were conducted to determine the ef fect of hydrogen perox-
ide on radiolytic resin degradation (c.f., Moody and Thomas, 1972). The prin-
cipal aim was to examine the role of aqueous radiolysis products in functional
group scission. A second objective was to determine how well radiolysis ef-
fects can be represented by peroxide attack alone.

In an initial experiment, 5 g samples of H+ form resin were con-
tacted with 50-mL solutions of 10, 1, 10-1, 10-2, 10-3, 10-4, and
10-5 MH022 in deionized water. As a control specimen, deionized water
wIs also contacted with the resin. Samples were sealed with parafilm to pre-
vent evaporation; physical changes in the resin were noted periodically.

Over a period of 44 days, the originally dark brown (caramel) colored
resin was bleached to a pale yellow color with increasing H 02 2 concentra-
tion (Figure 3.20). Little color difference was distinguishable between the
10-3, 10-4, 10-5, and control specimens. This bleaching was the only
evident physical change. No agglomeration of the resin, dissolution or frac-
turing was observed. The liquid remained colorless for all samples throughout
the test period.
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Figure 3.20 IRN-77 resin in various H 02 2 s lutions (5.0 g resin /50.0-mL H 02 2 solution).
Top (left to right)3 10 M, 1 M 1 x 10-1 M 1 x 10-2 M H 0 . Bottom (left: 22
to right): 1 x 10- M , 1 x 10- M, 1 x 10- M H 0 , and deionized water only.22
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To further examine the effect of hydrogen peroxide attack on resin, a

| series of samples were made containing 5 g of hydrogen form resin and 20 mL of
a serially diluted ACS grade 30.0% (8.8 M) hydrogen peroxide reagent. Perox-
ide solutions in the same molarity without resin were also made up as a check
on autodegradation of the peroxide. The pH of these samples remained stable
over an 18-day period. Resin peroxide solution pH and sulfate contents were
measured initially af ter make-up and two more times over a 45-day period.
Separate samples were analyzed for each data point to avoid concentrating the
solution by successive aliquot subtraction. Results are given in Table 3.23.

Table 3.23

pli armi Sulf ate Content of Peroxide-Resin Solutions

(H 0 )" PH (SO ")22 4 SO " Yield4
Moles /L Moles /L Moles /g Resin

Day 1 Day 22 Day 45 Day 1 Day 22 Day 45 Day 1 Day 22 Day 45

0 3.4 3.4 3.1 3.8 x10-5 5.7x10-5 8.0x 10-7 1.5x10-7 2.3x10-7 3.2x10-7
8.8x10-6 3.4 3.3 3.2 4.1x10-5 5,o ,10-5 5.4x10-5 1.6x10-7 2.0x10-7 2.2x10-7
8.Gx10-5 3.6 3.1 3.0 4.0x10-5 6.3x10-5 t,txto-4 1.6x10-7 2.5x10-7 4.4x10-7
8.8x10-' 3.4 2.9 2.7 3.7x10-5 1.2x10-4 1.5x10-4 1.5x10-7 4.8x10-7 6.0x10-'
8.8x10-3 3.4 2.7 2.5 5.4x10-5 3.3x10-' 5.1x10-4 2.2x10*7 1.3x10-6 2.0x10-6
8.8x10-2 3.6 2.7 2.4 6.1 x10-5 4.8 x10-4 7.5x10-4 2.4x10-7 1.9x10-6 3,oxto-6
8.8x10-1 3.3 2.7 2.6 7.4x10-5 3,9,10-4 7.8x10-' 3.0x10-7 1.6x10-6 3,txto-6
8.8 2.5 1.7 1.5 2.5x10-4 1.5x10-3 ' 9x10-3 1.0x10-6 6.0x10-6 1.2x10-5.

OSamples made f rom 5 g of 1RN-77 fully-swollen resin plus 20 mL of peroxide solution.

Peroxide reacts with the resin to form acidic species and free sul-
fate. The pH values for the greatest H 02 2 concentrations (~10 molar)
approach these found in heavily irradiated samples. The correlation between
SO " io- concentration and pH, however, is quite dif ferent from that found4

Free SO " concentrations and sulfatein the supernate irradiated samples. 4
inn yields are more than an order of magnitude lower than those found in irra-
diated samples at equivalent pH (Figure 3.3). Unlike the case for irradia-
tion, the acidity produced by peroxide contact cannot be accounted for by
sulfuric acid formation. The acidity may be due instead to an organic acid
such as to benzene sulfonic acid or its derivatives (Wiley and Reich,1968).

Results for irradiated mixtures of resin and hydrogen peroxide solu-
tions are shown in Table 3.24. In this experiment, resin peroxide samples
were either held as control samples, or irradiated for 10- and 20-day periods
e.fter preparation. The trends for unirradiated control samples are generally
similar to those in Table 3.23.

For the irradiated samples in Table 3.24, pH decreases and SO4"
increases with increasing irradiation time; the pH and SO " yields are4
sensibly independent of H 02 2 concentration. The SO " yields per gram4
of swollen resin irradiated in the perioxide solutions are comparable to those
found for resins irradiated in the swollen form at corresponding doses. The
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pil values are comparable to those found earlier for resins irradiated in de-
ionized water (allowing for the difference in resin-water ratios). Accord-
ingly, in the present experiments, any ef fect of added H 02 2 on decomposi-
tion of the functional group is overwhelmed by the irradiation effects. Also,
samples irradiated in contact with peroxide showed a gross physical degrada-
tion which was not observed in a sealed environment, or for samples irradiated

in the absence of peroxide (Figure 3.21).

Tabic 3.24

! pit and Sult atu Content of Irradiated and L'ntreadiated kenin-Perumido Solutionn a

| Supe rnatant
SO " Yield' trradiation Dome initial (50 ")4 4

(11 0 ) PII I""I'"lL) (" I""/E '*"I")Kate 22
( r.a d / h ) (moles /L) day 10 day 20 day 10 day 20 day 10 day 20

0 0 3.8 3.2 2.4 x 10-5 5.3 x 10-' 4.3 x 10-8 8.8 x 10*7
0 8 x 10-3 3.0 N.M. 2.3 x 10-4 3.7 x 10-4 4.0 x 10-7 6.1 x 10-7
0 8.8 2.8 2.5 5.1 x 10-' 1.1 x 10-3 8.7 x 10-7 1.9 x 10-6j

1.5 x 106 0 0.83 0.66 0.18 0.32 3.0 x 10-4 5.5 x 10-3
1.5 x 106 8 x 10-3 0.92 0.64 0.15 0.31 2.5 x 10-4 5.0 x 10-3
1.5 x 106 8.8 0.85 <0.6 0.18 0.31 3.0 x 10-4 5.0 x 10-3

Solution = 5 mL of H 02 2 solution contacted with 3 g fully-swollen IRN-77 resin and then held as control
samples or irradiated f or the times indicated.

f aN.H. = not measured. ,
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| Figure 3.21 IRN-77 resin irradiated in 1102 2 solutions.

resin +8 M 1120 ; center - resin +.008 MLef t: 2
H 0 ; right - resin + deionized water.22
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We conclude that, during irradiation, hydrogen paroxide formation is not
e rate-limiting step in radiolytic attack on the functional group. Hydrogen
paroxide apparently attacks the resin backbone during irradiation. A similar
attack might be expected for samples irradiated in oxygen-rich environments -
for example, in an open-air system. The additional acidity observed in unir-
radiated samples contacted with peroxide may be largely attributed to forma-
tion of soluble organic acids released in attack on the resin backbone.

3.3.3 Role of Ion-Exchange Processes in Release of Soluble Species.

In a Class I mechanism, one expects decomposition products such as
NaHSO , containing sodium and sulfate ions in a 1:1 ratio. The data do not4
fit this simple picture; however, ion-exchange processes must also be con-
sidered. In the sodium form resin for example, the primary acidic decomposi-
tion product, sodium hydrogen sulfate, could be converted to the sodium sul-
fate by hydrogen-sodium exchange at an undamaged functional site on the sodium
form resin:

NaHSO --*Na+ + H+ + SO "4 4 (3.9)
11+ + ArS0 Na*ArS0 H + Na+3 3

This could account for the protective ef fect, relative to radiolytic acid
product formation, observed with Na+ form resin (Section 3.3).

To determine if this mechanism is plausible, measurements first were
carried out to investigate the ability of Na+ form resin to ?.ake. up Id
from NaHSO4 solution. In 2 g samples of IRN-77 resin in the sodium form
were added to 10-mL solutions of sodium bisulfate in various molarities. The
pH of the solution was measured with a glass electrode before and after the
resin addition, allowing time for the system to equilibrate.,

Under the present conditions, acidity can in fact be considerably re-
deced by ion-exchange processes (Table 3.25). Titration measurements on irra-
diated resin aamples (Table 3.26) also indicate that at pH 2.8 more than 50%
of the H+ is contained in the resin. A weaker acid is also present in solu-
tion and ~2% of the sites in unirradiated resin were in H+ form. The resid-
ual H+ would not contribute significantly to pH changes upon irradiation in
the present experiments.

Much of the sulfate release and acidity may evidently be attributed to
NIHSO4 formation and subsequent ion exchange. However, the cumulative cor-
respondence is not complete. At equivalent pH, more sulf ate is present in the
supernate over irradiated samples than in pure resin / bisulfate solutions.
Some of this sulfate may be generated in a process not involving NaHSO4
formation.
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Table 3.25

pH Elevation of NaHSO4 Solutions (10 mL) by
Sodium Form IRN-77 Resin (2 g)

NaHSO4
Solution 0.0 0.001 0.005 0.01 0.05 0.1

aMolarity

Solution 5.6 2.9 2.7 2.0 1.7 1.4
PH

Solution + 5.0 3.7 3.4 2.3 2.0 1.6
Resin pH

aAll molarities are approximate.

Table 3.26

Titration Data for Irradiated Na+ Form Resin

meq H+/g Resin
Radiation Supe rnatea Supernate Resin

Dose pH

(rad) Fresh AgedD Calcula tede Titrated Titrated

0 5.00 4.00 .005 0.037 0.05
4.7 x 107 4.10 4.18 .003 0.009 0.06
1.0 x 108 3.65 3.83 .007 0.020 0.10
1.7 x 109 2.75 2.82 .083 0.160 0.19

I a2 g resin in 100-mL deionized water.
|bStored for six months.,

CCalculated from pH data.4

3.3.4 Exchange Capacity of Irradiated Sulfuric Acid Resin

In Class I or-II processes, exchange capacity decreases by one equival-
ent for each mole of SO " produced. For Class III processes, exchange4
capacity decreases by two equivalents per mole of SO ". Exchange capacity4
measurements were carried out on irradiated fully swollen IRN-77 resins; data
are given in Table 3.27. These data are plotted vs sulfate yields'in the
supernate of the irradiated resins (Section 3.1.1) in Figure 3.23. Hypo theti-i

cal exchange capreity vs supernate sulfate yield curves for the different
processes are also shown.
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Table 3.27

Exchange Capacity of Irradiateda IRN-77 Resins

Irradiation Total
Resin Dose Rate Irradiation % Exchange Capacity
Type rad /h Dose (rad) Moisture (meq/g dry resin)

i H+ with 0 0 54.6 5.83
coupon 0 0 56.7 5.94

4 x104 2.3x107 56.2 5.57
4 x104 4.1x107 54.2 5.69

| 1 x105 5.6x107 55.2 5.58
} 1 x105 1,1xio8 55.3 5.60

1.6x106 8.0x108 57.1 5.46
: 1.6x106 1.6x109 55.0 4.85
.

Nn+ with 0 0 55.2 5.53
coupon 0 0 54.5 5.464

j 4 x104 1.9x107 55.6 5.57
; 4 x104 3.9x107 55.0 5.56

1 x105 4.8x107 55.0 5.46
1 x105 9.9x107 55.2 5.42

: 1.6x106 8.0x108 55.4 4.93
1. 1.6x106 1.6x109 51.8 4.45

! Na+ 0 0 '55.4 5.49
O O 55.0 5.50'

4 x104 2.2x107 55.5 5.67
4 x104 4.2x107 55.6 5.42|

1 x105 5.5x107 57.8 5.66
1 x105 8.8x107 56.5 5.56
1.6x106 9,1xio8 56.0 5.47

| 1.6x106 1.7x109 52.2 4.90
1

|

j 8A11 irradiations carried out in Pyrex tubes as described in Swyler and
: Weiss (1981). "With coupon" indicates contact with mild steel corrosion

coupons during irradiation.

i

4

.

Certain factors affect the sensitivity of the exchange capacity and the
'

moisture content determinations. When irradiated resins are weighed out and
then rinsed with water, weight-loss due to dissolution or liquid loss of the;

j resin can be up to 20% of the total resin weight. When a capacity determina-

i tion is done, it only reflects the exchange capacity of the remaining insolu-
i ble resin. The sulfate yield data, however, refer to sulf ate release per gram

of both soluble and insoluble resin components. Weight change due to loss of
' SO " ion in the rinsing process are accounted for in the hypothetical4

,
'
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However, extensive dissolution of the resin backbone could skew thecurve.
curve. Finally, the hypothetical curve involves two assumptions: first, that
any weakly acidic (e.g. , phenolic) groups formed by irradiation did not con-
tribute significantly to the measured exchange capacity, and second that the
supernatant sulf ate levels provide an absolute measure of the total f ree sul-
fate produced by scission at the time the exchange capacity was determined.
With this caveat, the data in Figure 3.22 suggest that Class III reactions do
not play a major role in functional group scission for the fully swollen res-
ins . The data also clearly indicate that the irradiated resin retains suffi-

*cient exchange capacity to be potentially effective in uptake of radiolytic
H+.
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Figure 3.22 Cation exchange capacity vs soluble sulfate supernate yields for
irradiated IRN-77 resin. Solid line: Hypothetical curve assuming
1 mmol of SO " represents a decrease in total exchange capac-4
ity of 1 meq. (class I or 11 process), dashed line: hypothetical
curve assuming 1 mmol of SO " represents a decrease in total4
exchange capacity of 2 meq (class III process).
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4. CONCLUSIONS AND SU'iMARY

At this point, it is poscible to qualitatively interpret certain features
of the experimental results. Conclusions are discussed in Sections 4.1 and
4.2. The practical consequences of this work are summarized in Section 4.3.

4.1 Radiolytic Attack on the Resin Functional Group

o For fully swollen sulfonic acid resin, scission of the functional group
may be largely due to direct radiolysis (Class I mechanism). With the possi-
ble exception of H atom, it does not appear that aqueous radiolysis products
play a dominant role in initiating radiolytic scission of the fully swollen

resin (Class II mechanism).

The radiolytic attack on the functional group cannot be modeled by Class
(II) reactions involving hydror,en peroxide produced in aqueous radiolysis
(Section 3.3). From the present data it is not possible to rule out Class
(II) reactions involving aqueous radiolysis products other than H 0 *22
However,

(1) The lack of pH dependence (Section 3) argues against a significant
role for e aq, since the hydrated electron would be scavenged by the
reaction

H 0+ + e aq - -> H * + t1 0 (4 1)3 2
'

(2) The process of thermal desulfonation of aromatic compounds involves
electrophilic attack by a proton (Morrison aad Boyd, 1960). The lack of a pH
dependence in radiolytic desulfonation suggests that this process is not
analogous to thermal attack. A similar conclusion has been reached by Tulupov
e t al . (1972 ) .

(3) Experiments with specific scavengers for H* and OH* have not been
carried out. In the mixed bed with Nacl loadings, fractional sulfate yields
are apparently not significantly af fected by Cl ion present in the free
liquid. Since Cl is a scavanger for OH; this suggests that OH is not
directly involved in functional group attack.

(4) Ichikawa and Hagiwara (1973) conclude that the sulfonic acid group is
attacked by H atom produced in trater tadiolysis (reaction 3.6b Class II mecha-
nism). The protective effeet of Fe+ M loading is attributed to the H atom
scavenging reaction

H + Fe* -->H+ ^ Fe++ (4.2)

In our experiments, however, (Table 3.4) there is no indication that Fe+++
is reduced to Fe++ in solution, with an atendant pH decrease. On the other
hand, Karpukima et al. (1976) attribute the Mw temperature radiolytic forma-
tiot. of *S0 to dissociative electron capturo, and assign the protec-3
tive effect of Fe * to electron scavenging. This mechanism does not re-
quire that the hydrated electron be produced in aqueous radiolysis.

|
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A distinction between scission (Class I,II) and cross-linking (Class III)
reactions is possible on the basis of the proportionality between sulfate re-
lease and loss of exchange capacity. In Class (III) reactions, two functional

groups are destroyed for each molecule of H SO4 produced. This behavior2
is not supported with our exchange capacity data (Section 3.3) or by the work
of Kazanjian and Horrell (1974). This argues in favor of scission (Class
I,II) reaction predominating over cross-linking (Class III) in the fully
swollen resin. An important feature of the Class I reaction is that it is
evidently not very sensitive to the composition of external media or irradia-
tion dose rate.

Radiolytic scission of the sulfonic acid group initially shows roughlye
linear dependence on radiation dose, and may be limited by back-reactions at
high radiation damage levels. The present data cannot distinguish whether
this mechanism involves first order or second order kinetics:

For fully swollen H+ and Na+ form sulfonic acid resin, sulf ate yields
in the supernate at first increase in a roughly linear manner with increasing

8irradiation dose. For higher doses (>5 x 10 rad), the sulfate yield begins
to level off and approach a limiting or a saturation value. The departure
from linearity occurs at a point where the supernatant sulfate yield corres-
ponds to scission of about 15% of the available exchange sites. The limiting
supernatant sulf ate yields correspond to scission of about 33% of the avail-
able exchange sites.

For fully swollen resin, the G-values for sulf ate release to the super-
nate are in reasonable agreement with those of other workers (Kazanjian and
Horrell, 1974) or similar systems. This corresponence further suggests that
there are not gross disparities between sulf ate yields obtained by rinsing and
by measuring the supernate. As a first approximation, however, one might
expect limiting values of sulfate release to approach 100% of the available
exchange sites in the resin. The lower value (~33%) of limiting release in-
ferred f rom the present measurements may result from two causes:

First, at higher concentrations or radiation doses, some sulfate may be
bound in the resia, possibly due to irradiation induced sites having anion
functionality. While rinsing / aging experiments have not yet ruled oat this
possibility, initial analysis does not indicate that significant amounts of
sulfate are bound in the resin.

Second, the resin structure is af fected by radiation in such a way as to
retard the scission of the functional group. A " cage effect" has been pro-
posed in the Russian literature in which, in more compact resins, recombina-
tion ef fects and back reactions are promoted and C values decrease. This is
in keeping with the observation of decreased radiation damage in resins with a
greater degree of chemical cross-linking (Cangwer et al., 1977). Radiation may
also cause cross-linking. Indeed, in Class (III) mechanisms, cross-links are
formed in the process of functional group scission. Consequently the satura-
tion value of sulf ate release may reflect the cross-linking density at which
further scise. ion of the functional group is effectively retarded by recombina-
tion reactions.
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Most kinetic studies on radiation damage in sulfonic acid resin refer to
the decrease'in exchange capacity (E) with radiation dose. Early studies
(Egorov and Novokov,1966) assumed a first order dependence of exchange capac-
ity on radiation dore (D):

dE = -k E (4.3)
1

dD

|

l For somewhat different radiation conditions, Tulupov ar.d co-workers have con-
cluded that the loss of sulfonic acid group exchange capacity is due to combi-
nation of Class (1) and cross-linking Class (III) reactions; the loss of ex-
change capacity is governed by second order kinetics (Tulupov and Butaev,
1980):

5EE " -k E2 (4.4)2
dD

Assuming the sulfate release to be directly proportional to the decrease
in exchange capacity gives

S = S. (1 e-k D) (4.5)1

for the first order process, and for the second order process,

/ k DEo) (4.6)2S=S
k DE +1 |=1 2 o\ /

In the expression, E is the initial exchange capacity, S the sulfate re--o
lease, and S the limiting value for sulf ate release. We have fitted both
first order and second order expressions to the sulfate release data. The
present data do not extend to high enough doses to clearly discriminate be-
tween first and second order processes. The fits indicate that below a dose
of ~109 rad, this distinction is not pronounced. The sulfate release is
practically linear with doses up to ~5x108 rad.

o For dry sulfonic acid resins, the principal mechanism for radiolytic
scission of the functional group may be cross-link formation (Class III
mechanisms).

Since swelling decreases with moisture content, one would expect sny
" cage ef fect" promoting back reactions to become more important as the resin
is dried. If water were completely absent, Class (II) reactions cannot take
place; water could not stabilize the products of Class (I) reactions against
back-reactions. The sulfate yield is thus reduced, in agreement with experi-
ment. Cross-linking (Class III) reactions, however, could still occur. When
irradiated oven-dry resin is contacted with deionized water, SO4" ion is
released. An attractive feature of Class (III) reactions is that the produc-
tion of SO " is directly accounted for, without requiring environmental4
interactions to oxidize *S03- However, for resin loadings other than
H+, Class (III) reactions, -? f they occur, would be expected to produce only
pure salts (e.g., Na2 SO ). A dafinite pH decrease was in fact observed4

1
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. for irradiated oven-dry resins in the Na+ form. Still, we believe with the
Russian workers - (Tupulov and Butaev,1980) that Class (III) reactions becomei

more favored at low moisture content.

The acidity of sulfonic acid resin (other than H+ form) cannot be1 e

] simply modeled either by direct scission (Class I) processes, or by scission /
| cross-linking (Class III) processes. Acidity of irradiated resins may be sig-

! nificantly reduced by ion-exchange processes following functional group
scission.

f As pointed cut in Section 3.3, the distinction between Class (I) and

i Class (III) is of central importance in radiolytic acidity formation. At
j present, an unambiguous choice between the two alternatives is not possible -

: both mechanisms may contribute to some degree. For example, in fully Swollen i
'

i Na+ form resin, the radioytic acidity is low for a Class (I) reaction and
| too high for a Class (III) reaction. For fully swollen resin,.we believe that
; the acidity data can best be explained by an ion-exchange processes following
1 a direct radiolytic scission. However, it r emains possible that Class (III)

processes e aid make some contribution, particularly if some acidity in fully
swollen resin results either from e small amount of residual H+ on the resin

{ or soluble organic acids.*

o In agreement with a general trend (c.f. , Gangwer et al. ,1977) anion res-,
! ins are simply less radiation resistant than cation resins of similar backbone
! structure. Trimethylamine may be a significant decomposition product:
i

| Ahmed et al. (1966) concluded that, in aqueous resin slurries, Class (I)
} and Class (II) mechanisms make roughly equal contribution to radiolytic scis-
j sion of the quaternary ammonium functional group. The Class (I) mechanisms in
j hydroxide form resin is thought to be a Hoffman type reaction producing

{ trimethylamine:

f Ar-CH - N(CH )3+ OH --** Ar-CH 0H + N(CH )3 (4.5)2 3 2 3
!

) The Class (II) reaction is believed to involve attack by the hydrated elec-
| tron; again the end product is trimethylamine.

i
! In our experiments, trimethylamine is observed in the gas phase for ir--
! radiated OH form anion resins. For resins in the Cl form, and for H0H
1- and Nacl form mixed ' bed resin, trimethylamine was not observed as a gas. This
] may reflect either a change in decomposition ' mechanism or, more probably, pH
S dependent solubility effects. The irradiated OH form resin is quite basic,

[ while ' the Cl , H0H and Nacl forms ~are acidic.

Trimethylamine forms trimethlyammonium ion in aqueous media; if,

| trimethylamine is a major product of functional group decomposition, hydration

|

* Benzene sulfonic acid has not been detected in U.V. spectra of the super ;;

: nate solutions.
i
(
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of the following amine reaction 4.5 may largely account for the basicity of
irradiated OH form resin. The irradiated Cl form resin does not form
strongly basic solutions. For this material, if trimethylamine is in fact a
primary decomposition product, basic species produced-in the hydration of the
amine are apparently balanced by formation of an acidic species in the func-
tional group scission:

ARCH -N(CH )3+ Cl + H O --*-2 3 2
(4.6)

ARCH 0H + N(CH )3 + H+ + Cl-2 3

.

The result of Eq. 4.6 would be a solution of trimethylammonium chloride.
!

! o In mixed bed systems, the acidity produced in the decomposition of the

! cation component is not balanced by basic species produced in the anion resin:
i

In Nacl form mixed bed resin, acidity is expected, since the Na+ torm
yields acidic species, while the Cl form does not produce' strong bases
(reaction 4.6). For the H0H form resin, partial neutralization of the acidic4

f species occurs, in comparison to pH yields from the K+ form resin alone.
! However, in either case, .it does not appear that the low pH conditions in the
; . nixed bed system have protected the anion resin against loss of functionality.
*

| Since the low pH conditions in the mixed bed did not protect the anion resin,

j the role of e aq in functional group scission (Ahmed et al., 1966) may be '

ques tionable .*

4

i o For mixed bed resins, earlier work (Baumann,1966) has indicated that the
3 release of acidic species may be prevented by an exchange process on the OH-

fona anion resin, e.g. ,

2Ar*CH *N(CH )3+ OH + H SO4 --**2 3 2
(4.7)

2Ar*CH *N(CH )3+ SO " + 2H O2 3 4 2

I
In the present experiments, this mechanism is not completely ef fective in-

j reducing acidity, possibly due to loss of functionality in the anion resin.
!

| In the H0H and Nacl form resin, ion balance data indicate the existence

of another positively charged species in solution. This species could be'

trimethylammonium ion or other ammonium forms produced in the decomposition of
the anion resin. The pH for the H0H form would then reflect the equilibrium
between a weak base (e.g., HN(CH )3+ + OH-) and a strong acid (H SO ).| 3 2 4

; For the Nacl form resin, the rapid sodium release (Figure 3.8) is noteworthy.
-In this case, counterion release may.be promoted by decomposition of the anioni

( resin; ammonium ions produced 'in this decomposition could convert the sodium
j form cation resin to the ammonium form. This mechanism might promote the re-
i lease of other cations also.
!
,

1

.
,

|
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The yield of free liquid f rom the anion resin is increased when the resine
is incorporated in a mixed bed. Baumann (1966) has also reported that shrink-
age in the cation resin is greater when the resin is irradiated in a mixed bed
than in single component form. This shrinkage is probaly analogous to the
liquid release observed in our experiments. Several possible mechanisms could
account for this effect.

4.2 Radiolytic Gas Generation

e In sulfonic acid resin C(H ) values for hydrogen generation in fully-2
swollen resins are somewhat lower than expected on the basis of pore water
radiolysis:

G(H ) for pure water is ~0.45 (Draganic and Draganic, 1971). For a2
resin containing 50% moisture, one would expect C(H ) = 0.23 from water2
radiolysis alone, exclusive of resin-water interactions. For H+ form resin,
G(H ) is ~0.13 and does not vary with radiation dose rate. However, in2
agreement with other studies (McFarland,1981), hydrogen pressure increases
linearly wi th radiation dose to considerable values (>30 psi) without satura-
tion. In resin-water systems, some process must scavenge species (e.g., OH)
which back-react with H2 to limit saturation pressures in pure water radiol-
ysis. At the same time, if most of the hydrogen is due to water radiolysis,
some mechanisms must act to reduce the G-value. In tritrated water experi-

ments, Mohorcic et al. (1974) have found that H atom is taken up by fully
swollen Dowex resin with a G-value of 0.52. If some of this hydrogen uptake
involves reactions with H produced in aqueous radiolysis, G(H ) would be2
r ed uc ed .

e For anion resins, in keeping with previous results, C(H ) is substan-2
tially greater than in cation resins:

The G-value for OH resin is significantly larger than for Cl resin.
Since the relative G-values for hydrogen generation are not af fected when cat-
ion and anion components are mixed, (Section 3) the reason for the dif ferent
H2 yield in Cl and OH form resin is not clear. Since the G-values in
each case are greater than those expected for pure water radiolysis, decompo-
sition of the functional group may contribute to the gas generation.

For all irradiated resins atmospheric oxygen is quickly scavenged, appar-e
ently by a first order kinetic process:

The rate constant for this process is such that, for a closed system, ex-

plosive mixtures of oxygen and radiolytic hydrogen were not produced. For
irradiation in an open system, as much as 1% of the available carbon atoms may
be attacked or oxidized at a dose of ~3x107 rad. Damage at this level or

greater might affect agglomeration behavior.* 0xidation, indicated by CO2
generation, may also occur in closed systems involving oxygen present in the

*Recent results on samples unirradiated in open systems indicate that this
is in fact the case.
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resin or pore water. Free oxygen could also af fect the redox reactions in-
volved in attack on the functional group and the stability of the S0 " lon3
(possibly reducing acidity in Class (I) mechanisms see Section 4.1) - exten-
sive data are not available.

4.3 Practical Consequences of Radiation Damage to Organic Ion-Exchange Resins

The practical implications of the results presented in this report may be
summarized as follows.

e For radiation doses in excess of ~108 rad, extensive attack occurs
on the functional group of polystyrene-divinylbenzene sulfonic acid
cation resin. The practical consequences of this ef fect are:

(a) Generation of strongly acidic conditions (pH<2) in aqueous
solutions of irradiated resins, leading to a potentially cor- !

rosive environment.

(b) Release of sulf ate ion and/or S02 gas. Sulf ate ion may

interact with solidification agents while S02 is a corrosive
gas in moist environment. '

(c) Loss of ion-exchange capacity, with the accompanying release
of exchangable counterions including radionuclides.

8e For doses up to ~5 x 10 rad, each 10 megarads of absorbed dose pro-
duces %8 x 10-6 moles of sulf ate ion in the supernate per gram of
fully swollen sulfonic acid resin. For H+ form resin the sulfate
ton forms almost pure sulfuric acid. For resin in other forms, the
sulfate is present as a mixture of sulfuric acid and sulfate salts of
the counterion. For radiation doses up to ~5x108 rad, attack on the
functional group can be roughly modeled as linear with radiation dose

which is consistent with either first or second order kinetics.
.

In fully swollen sulfonic acid resin sulf ate ton is most probablye

produced by direct radiolytic scission of the functional group, and I

subsequent hydrolysis of the radical products. This process is not
,

highly dependent on pH environment and resin loading. There is no
evidence for a catalytic ef fect of iron on radiolytic decomposition of
the functional group. Iron in fact, decreases sulfate yields.
Finally, the yield f or radiolytic scission of the functional group

,

does not depend on radiation dose rate. This insensitivity to envi-
ronmental parameters makes the sulf ate yield a convenient measure of
radiation durability for regulatory considerations and simplifies the ;
application of laboratory data to field performance. In particular,
the present results indicate that, in a sealed environment, accel-
erated testing at high radiation dose rates is a valid procedure.

_

_
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e In the field the amount of acidity which results from a given sulf ate

yield will depend on the resin loading. The acidity will be reduced
first by a protective ion-exchange ef fect in which H+ ion is ex-
changed for cation at undamaged resin sites. Second, some of the
sulf ate may be produced by a mechanism in which H+ ion is not gene-
rated in the oxidation of -S0 to SO ". In this case, the3 4
oxygen may come from the decomposition of an adjacent functional group
(in a cross-linking reaction), or from the atmosphere, rather than
from the pore water. To the extent that this second process operates,
conversion of the resin from the H+ form would protect the resin
agains t radiolytic sulf uric acid f ormation, unless substantial resi-
dual H+ remains in the resin after conversion. In any event, the

acidity is substantially reduced for loadings other than H+. The
acidity hovever is by no means eliminated.

Acidity and radiolytic attack can be reduced (but not eliminated) bye
drying the sulfonic acid resin. Reducing the moisture content from 50
to 5% decreases radiolytic sulfate yields by 75%. For dry resins
irradiated in a closed environment, a probable radiolytic reaction is
2ArS0 -*-Ar-S0 -Ar + SO * with the formation of a sulfone3 2 4
cross-link -- one functional group is oxidized and the other reduced.

e For doses in excess of ~3 x 108 rad, radiolytic acidity formation
was not prevented by using IRN-77/78 resins in mixed bed form (at a
cation / anion capactiy ratio of 1:1). At these doses the cation resin
loses its ca,acity to exchange OH for anions (sulfate) released in
the degradation of the cation resin. The weakly basic species pro-
duced in the radiolytic degradation of the anion functional group does
not neutralize the strong acids released f rom the cation restn.

In several ways, the anion component in a mixed bed system may be ae
drawback from the viewpoint of radiation stability:

(a) The anion component does not protect the cation component from
radiation, or conversely.

(b) The radiolytic hydrogen yield f rom the anion canponent is sev-
eral times greater than for the cation component.

(c) Decomposition products from the anion resin may tend to con-
ve rt the undamaged cation resin into an ammonium form, by
ion-exchange processes, promoting the release of radioactive
cations. The extent to which this process occurs would depend
on the relative selectivity of the different ions. For
sulfonic acid resin, the selectivity of sodium is lower than
that for ammonium, and the selectivity of cesium is greater.

(d) Most importantly, the irradiated cation resin releases sub-
stantial amounts of free liquid. Indeed, release of this
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liquid is promoted when the resin is incorporated in mixed bed
form. This liquid can serve as a transport medium for radio-
nuclides or corrosive species released f rom the cation resin.

For organic resin wastes, current NRC guidelines limit the integrated
dose to 108 rad under storage or burial conditions. Extrapolating
to 108 rad, the free liquid released f rom Nacl form resin is about
14% by volume. This is more than 20 times the amount presently con-
sidered initially acceptable in a high-integrity container at burial.

o The present experiments refer almost entirely to irradiations in a
closed system. Under these conditions, hydrogen is the principal
radiolytic gas produced. For the fully swollen cation resin, hydrogen
generation most probably involves the radiolysis of incorporated
water. Yields (~1.2 x 10-6 moles H2 Per g resin for a dose of 10
Mrad) are somewhat lower than the scaled values for pure radiolysis
water. However, unlike the case for pure water, considerable hydrogen
pressures (several atmospheres) can be achieved without saturation.

At 100 rad, an unvented cation resin container with a void volume of
33% would experience a hydrogen overpressure of ~0.5 atmospheres. For
anion resin, the H2 overpressure would be of the order 1.5 to 2.5
atmospheres. For the cation resin, radiolytic hydrogen yields are not
strongly dependent on radiation dose rate; this supports the validity
of accelerated testing. Hydrogen yields can be substantially reduced
in field operations by drying the resin.

o Oxygen gas is removed from the environment of irradiated resins by an
ef ficient radiolytic oxidation process. This occurs for both cation
and anion resins in both dry and fully swollen form. In a sealed
environment this process quickly depletes atmospheric oxygen initially
present, and will prevent the formation of combustible mixtures of
hydrogen and radiolytic oxygen. The oxygen scavanging occurs by a
first order kinetic process. The rate constant for this process is
such that a dose of 10 Mrad to 1 g of resin will take up ~20% of the
available oxygen, in the absence of saturation effects. For samples
irradiated in a scaled environment, agglomeration of the resin was not
observed. This result, and observations on samples irradiated in ex-
cess oxygen indicates that radiolytic resin agglomeration may partly
involve extensive radiolytic oxidation. Oxidation will be reduced in
a sealed environment.

o At this point heavy irradiation appears to enhance, rather than de-
grade the solidification properties of sulfonic acid resin. The Cs
leachability of resin cement forms may increase when the resin is ir-
radiated prior to solidification. This may be due either to a change
in ef fective dif fusivity of Cs in the form, due to incorporated sul-
fates for example, or to loss of resin functionality.

.

- 67 -



w

ml

"-

^

5. REFERENCES T_

Ahmed , M. T. , P. G. Clay, and C. R. Hall, " Radiation-Induced Decomposition of
Ion-Exchange Resins, Part II. The Mechanism of the Deamination of Anion- 4-

Exchange Resins ," J. Chem. Soc. B 1115-1157 (1966). ;-

IN

Barletta, R. E. , K. J. Swyler, S. F. Chan, and R. E. Davis, Brookhaven -

National Laboratory, " Solidification of Epicor-II Waste Products,"
--

2

BNL-NUREG-22931R, 1980.

Baumann, E. W. , Savannah River Laboratory, " Gamma Irraditaion of Individual
and Mixed Ion-Exchange Resins," J. of Chemical Engineering Data 11, 256
(1966).

Clough, R. L. and K. T. Gillen, " Radiation-Thermal Degradation of PE and PVC: ff
Mechanism of Synergism and Dose Rate Effects," Rad. Phys. Chem. 18, 4
661-669 (1981). _-

Dayal, R. , H. Arora, and N. Morcos , Brookhaven National Laboratory, "Estima-
tion of Cesium-137 Release From Waste / Cement Composites Using Data From
Small-Scale Specimens ," NUREG/CR-3 382, BNL-NUREG-51690, July 1983. i

Draganic, I. G. and Z. D. Draganic, The Radiation Chemistry of Water, Academic
Press, New York, 1971.

.

-

Egorov, E. V. and P. D. Novikov, Action of Ionizing Radiation on Ion-Exchange -

Materials, Atomizdat, Moscow,1965, Israel Program for Scientific Trans- I
lations, Jerusalem, 1967. j

E
T

Fisher, S. A., "Effect of Gamma Radiation on Ion-Exchange Resins," USAEC
Report RMO-2528,1954.

Fisher, S. and R. Kunin, " Routine Exchange Capacity Determination of Ion- :

Exchange Resins," Anal. Chem. 27, 1191-1194 (1955). $-
Gangwer, T. E., M. Goldstein, and K.K.S. Pillay, Brookhaven National Labora- _-

tory, " Radiation Ef fects on Ion-Exchange Materials," BNL-50781, November --

1977.

Gangwer, T. E., Brookhaven National Laboratory and K.K.S. Pillay, Pennsylvania
,

State University, " Radioactive Loading of Ion-Exchange Materials: -

Radation Related Areas of Concern," BNL-NRUEG-28647, 1980. }2
Hall, G. R. and M. Streat, " Radiation-Induced Decomposition of Ion-Exchange i

Resins-Pa rt I. Anion Exchange Resins ," J. Chem. Soc. 37, 5205 (1963). ;
e

Helf ferich, F. , Ion Exchange, McGraw Hil, New York, 1962.
~

b
'

Ichikawa, T. and Z. Hagiwara, "Ef fect of Gamma Irradiation on Cation Exchange I
.

Resin, J. Nuc. Sci. and Tech 10, 746 (1973).
_

-

.

- 69 - >

..

.

i
_ . _ , _



_ . .

.

a

Karpukhina, T. E. , D. Kiseleva and K. V. Chmutov, "An Electron Spin Resonance
Study of the Low-Temperature Radiolysis of Ion-Exchange Resins: II. The
KU-2 Cation Exchange Resin," Russ. J. Phys. Chem 50, 712 (1976).

Kazanjian, A. R. and D. R. Horrell, " Radiation Ef fects on Ion-Exchange '
Resins-II. Gamma Irradiation of Dowex 1," UASEC Report RFP-2354, Bulky
Glass Dimension, Golden, 00, 1975.

Kazanjian, A. R. and D. R. Horrell, " Radiation Ef fects on Ion-Exchange
Resins-1. Gamma Irradiation of Dowex 50 XW," USAEC Report RFP-2140, Rocky
Flats Division, Golden, 00, 1974.

..

Lindsay, W. L. , Chemical Equilibria in Soils, John Wiley and Sons, New York,
1979, p. 287.

MacKenzie, D. R., M. Lin, and R. E. Barletta, Brookhaven National Laboratory
-

Informal Reprot, " Permissible Radionuclide Loading for Organic Ion-
Exchange Resins From Nuclear Power Plants," BRL-NUREG-30668, January
1982.

Makhlis, F. A. , " Radiation Physics and Chemistry of Polymers," Atomizdat,
Moscow, 1972; Israel Program for Scientific Formulations, Jerusalem,1975.

Manaktala, H. K. and A. J. Weiss, Brookhaven National Laboratory, " Properties
of Radioactive Wastes and Waste Containers, Quarterly Progress Report,
January-March 1980," NUREG/CR-1514, BNL-NUREG-51220, May 1980.

McFarland, R. C. , Georgia Institute of Technology, "The Ef fects of Gamma
Radiation on Ion-Exchange Resins and Activated Charcoal," TMI-II-RR-6, |
1980. See also R. C. McFarland, " Analysis of Irradiated Ion-Exchange
Materials, Final Research Report," Project A60-611, May 1981.

-

McVay, G. L. , W. J. Weber, and L. R. Pederson, "Ef fect of Radiation on the
Leaching Behavior of Nuclear Waste Forms," PNL-SA-8951, Pacific Northwest
Laboratory, Richland , WA. Presented at the ORNL Conference on the
Leachability of Radioactive Solids, December 9-12, 1980, Gatlinburg, TN.

Mohorcic, G. and V. Kramer, " Gases Evolved by Co-60 Radiation Degradation of
Strongly Acidic Ion-Exchange Resins," J. Polymer Science Part C 16,
4185-5195 (1968).

..

Mohorcic, G., V. Kramer, and M. Prengelj, " Interaction of a Sulfonic Acid
Resin With Tritiated Water on Gamma-Irradiation," Int. J. Appl. Radiation
and Isotopes 25, 177 (1974). +

Moody, G. J. and J.D.R. Thomas, "The Stability of Ion-Exchange Resins:
Part II-Radiation Stability" Laboratory Practice 21(10), 717-722 (1972).

Morcos , N. and A. J. Weiss, Brookhaven National Laboratory, "I roperties of
Radioactive Wastes and Waste Containers, Quarterly Progress Report,
July-September 1980," NUREG/CR-1863, BNL-NUREG-51316, January 1981.

- 70 -

'

.

!

.--- - . . . -
--



'--

J

Nielson, R. M. , Jr and P. Colombo, Brookhaven National Laboratory, " Waste From
,

Development Program Annual Progress Report, October 1981-September 1982,"
_

.

BNL-51614, September 1982.

Piciulo, P. L. , Brookhaven National Laboratory Informal Reprot, " Technical
Consideration for High-Integrity Containers for the Disposal of Radioac- 3_

tive Ion-Excessible Resin Waste," BNL-NUREG-30404, December 1981. ;_

Pillay, K.K.S. , Pennsylvania State University, " Radiation Ef fects on Ion
__

Exchangers Used in Radioactive Waste Management," NE/RWM-80-3, 1980.

Rohm and Haas Co., Philadephia, FA, " Effects of Gamma Radiation on Ion- --

Exchange Resins," USAEC Report RMO-2528,1967.

Swyler, K. J. and A. J. Weiss, Brookhaven National Laboratory, "Characteriza- 4

tion of TMI-Type Wastes and Solid Products, Quarterly Progress Report,
'

April-September 1981," NUREG/CR-2516, BNL-NUREG-51499, Vol.1, Nos. 1,2,3, 5-
'December 1981. -

Swyler, K. J. and R. Dayal, Brookhaven National Laboratory, " Characterization
5

of TMI-Type Wastes and Solid Products, Quarterly Progress Report, October- 1

December 1981," NUREG/CR-2516, BNL-NUREG-51499, Vol.1, No. 4, April
1982.

_

Tulupov, P. E. and A. M. Butaev, " Role of Water in the Radiolysis of the Sul-
-

phonic Acid Groups in the KU-2 Cation Exchanger," Russ. J. Phys. Chem. 54,
1765 (1980). ?

Tulupov, P. E. , et al. , " Kinetics of the Desu1phonation of the H-Form of KU-2 P
Cation-Exchange Resins by Simultaneous Heat Treatment and Irradiation," -

Russ. J. Phys. Chem. 46, 74 (1972). ?

Tulupov, P. E. et al. , "Ef fect of Content of Divinylbenzene in KO-2 Cation-
-

Exchange Resins on Resistance to Irradiation in Waters," Russ J. Phys.
Chem. 47, 551 (1973). _

Utley, J. W., "The Chemical Ef fects on Low Energy X-Radiation on Ion-Exchange '-

Resins," Part I of Ph.D thesis submitted to the faculty of the gradaute
school of Vanderbilt, Nashville, TN, June 1959. -

s

Wallace, R. M. , H. W. Godbee, and A. H. Kibbey, "An Estimate of the Effect of if
Radiation on Spent Ion-Exchange Resins in the Epicor-II Radwaste System," t_
Draf t Report prepared jointly by Savannah River Laboratory and Oak Ridge
National Laboratory, October 24, 1980.

.

Weiss, A. J. and N. Morcos, Brookhaven National Laboratory, " Properties of
Radioactive Wastes and Waste Containers , Quarterly Progress Report, _.

'

January-March 1981," NUREG/CR-2193, BNL-NUREG-51410, Vol. 1, July 1981. ;-_

Wiley, R. H. and R. Reich, "The Peroxide-Induced Degradation of Sulfonated =

Polystyrene Cross-Linked With m and p- Divinylbenzene, " J. Polymer Sci.
A-1 6, 3171 (1968).

-

_

- 71 -

-

_

M '



NUREG/CR-3383
BNL-NUREG-51691
AN

OFFSITE DISTRIBUTION LIST

Battelle Colombus Laboratory
Project Managemer.t Division
505 King Ave.
Colambus, OH 43201

Attn: D. F. Clark
.

Battelle Colombus Laboratory
West Jef ferson Site
505 King Ave.
Colombus, OH 43201

Attn: V. Pasupathi
H. Wynhoff

Chem !!uclear
240 Stoneridge Drive
Suite 100
Columbia, SC

Attn: J. Geof f rey

Dow Chemical
Larkin Laboratory
1691 N. Swede Road
Midland, MI 48640

Attn: H. Filter
B. Owens

EG and G Idaho
PO Box 1625
Idaho Falls, ID 83415

Attn: J. W. Handler
R. Ogle

- 73 -



. .

. m. . .. ,

OFFSITE DISTRIBUTION LIST (Continued)
,

EG and C/TMI Office
P.O. Box 88
Middletown, PA 17057

,

Attention: G. Quinn
,

Electric Power Research Institute
3421 Hillview Ave.
PO Box 10412
Palo Alto, CA 94301

Attn: M. E. Norton
R. F. Williams

CPU Nuclear
100 Interscience Parkway

,

Parsippany, NJ 07054

Attn: T. Gangwer

]

Rittman Nuclear Development Corp.
Oakland Ridge Industrial Park
Columbia, MD 21045

Attn: W. Phillips

Los Alamos Scientific Laboratory
Group Q4, Mail Stop 541
Los Alamos, NM 87545

Attn: K.K.S. Pillay

Oak Ridge National Laboratory
PO Box X
Oak Ridge TN 37830

Attn: H. Godbee

- 74 -

_ _ - _ _ _ _ _ _ _ _ _ _
_ ___



OFFSITE DISTRIBUTION LIST (Continued)

Office of Nuclear Material Safety
and Safeguards
US Nuclear Regulatory Commission
Mail Stop 623 SS
Washington, DC 20555

Attn: M. Bell H. Lowenberg
R. E. Browning A. Pennifield
T. Johnson L. Person
P. Lohaus R. J. S ta rme r

Of fice of Nuclear Regulatory Research
US Nuclear Regulatory Commission
Mail Stop 1130 SS
Washington, DC 20555

Attn: D. H. Alexander F. A. Costanzi
F. J. Arsenault K. Kim,

C. F. Birchard M. McNeil
E. F. Conti E. O'Donnell

Pacific Northwest Laboratory
P.O. Box 999
Richland, WA 99352

Attn: J. H. Westsik, Jr.

University of Lowell
Lowell, MA 01854

Attention: J. Sheff

US Department of Energy
Ge rmantown
Washington, DC 20545

Attn E. Jordan

- 75 -



7

- _ _ _ _ _ _ _

..

OFFSITE DISTRIBUTION LIST (Continued)

Waste Chem Corp
663 E. Crescent Ave.
Esmsey, NJ 07446

Attn: S. R. Beck
D. N. Enegess
W. Klein

BROOKilAVEN NATIONAL LABORATORY
_

C. Anderson S. G. Lane

11. Arora B. Manowitz
R. E. Barletta C. Pescatore
W. W. Becker A. J. Romano
P. Colombo C. Sastre
M. S. Davis D. G. Schweitzer
R. E. Davis P. Soo

R. Dayal K. J. Swyle r

C. Dodge 11. Todosow
B. Karlin J . We ek s
W. Y. Kato A. J. Weiss
!!.J.C. Kouts

- 76 -

.__ _ - _ _



f

e

.-

j

s

4
~ 4 W '

t t t

= i6

, a 6

-

b


