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ABSTRACT.

The Low-Level Waste Data Base Development—EPICOR-II Resin/Liner Investigation
Program funded by the U.S. Nuclear Regulatory Commissicn is investigating chemical and
physical conditions for organic ion exchange resins contained in several EPICOR-~II pre-
filters. Those prefilters were used during cleanup of contaminated water from the Three
Mile Island Nuclear Power Station after the March 1979 accident. The work was performed
by EG&G Idaho, Inc. at the Idaho Engineering Laboratory. This is the final report of this
task and summarizes results and analyses of three samplings of ion exchange resins from
prefilters PF-8 and -20. Results are compared with baseline data from tests performed on
unirradizted resins supplied by Epicor, Inc. to determine the extent of degradation due to the
high intemal radiation dose received by the organic resins, Rcsults also are compared with
those of other researchers. ‘

FIN No. A6876—Low--Level Waste Data Base Development—
EPICOR-II Resin/Liner Investigation.
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SUMMARY

The March 28, 1979 accident at Three Mile Island
Unit 2 released approximately 560,000 gal of contami-
nated water to the Auxiliary and Fuel Handling
Buildings. The water was decontaminated using a
three-stage demineralization system called EPICOR-

11, containing organic and inorganic ion exchange me- -

dia. The first stage was designated the prefilter, and the
second and third stages were called demineralizers.
Fifty EPICOR--II prefilters with high concentrations
of radionuclides were transported to the Idaho
National Engineering Laboratory (INEL) for interim
storage before final disposal at the commercial dis-
posal facility in the State of Washington. During the
interim storage period at INEL, research was con-
ducted on materials from those EPICOR-1I prefilters.
This study addresses the condition of the organic ion

. exchange resins in those prefilters.

Resin cores were obtained from prefilters PF-8 and
—20 during a first, second, and third sampling using
special tools developed for that purpose. Removal of
samples from the coring tools and preparation of those
samples are discussed. A series of characterization
tests were performed on the resins to determine if deg-
radation due to radiation had occurred during interim

- storage. Those tests included American Society for

Testing Materials (ASTM) procedures, infrared
spectroscopy, gas chromatography, high performance
liquid chromatography, scanning electron microscopy,

supercritical fluids chromatograph, barium chloride
precipitation, inductively coupled plasma - atomic
emission spectroscopy, and gamma-ray Spectroscopy.
Details of test methodologies and results are described.

Analysis comparing test results of the first, second,
and third samplings of resins from EPICOR-II pre-
filters PF-8 and -20 and unirradiated resins obtained
from Epicor, Inc., show that resin degradation is con-
tinuing in the EPICOR-II resins examined, The mech-
anism of degradation in those EPICOR~II prefilters is
compared with earlier work and found to be consistent
with those findings. The strong acid cation resins
(divinylbenzene, polystyrene based structure) are
losing effective cross-linking and functional groups,
as well as experiencing a decrease in total exchange
capacity as the absorbed radiation dose increases. The
phenolic cation resins (phenol-formaldehyde based
structure) show a loss of effective cross-linking and
oxidation of the polymer chain, The analysis of the
resins from the third sampling identify that very sig-
nificant degradation has occurred.

While the organic ion exchange media (resins) from
these EPICOR-1I prefilters have suffered significant
physical changes, it is shown that the contained radio-
nuclides remain within the resin bed. The accentability
of EPICOR-II prefilters for disposal in high integrity
containers at a commercial disposal site is confirmed.
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RADIATION DEGRADATION IN EPICOR-II ION
EXCHANGE RESINS, FINAL REPORT

INTRODUCTION

The March 28, 1979 accidetit at Three Mile Island
Unit 2 released approximately 560,000 gal of con-
tominated wate r to the Auxiliary and Fuel Handling
Buildings. That water was decontaminated using a de-
mineralization system cilled EPICOR-I1 developed
by Epicor, Inc. The contaminated water was cycled
through three stages of organic and inorganic ion ex-
change media. The first stage of the system was desig-
nated the prefilter, and the second and third stages
were called demineralizers. After the filtration pro-
cess, the ion exchange media in 50 of the prefilters
contained radionuclides in concentrations greater than
those established for disposal of similar materials as
low-l¢vel wastes, Those prefilters were transported to
the Idaho National Engineering Laboratory (INEL) for
interim storage before final disposal, A special over-
pack, or high—integrity container, was developed
during that storage period for use in disposing of the
prefilters.

Duﬁng the interim storage period at INEL, continu-
ing research was conducted by EG&G Idaho, Inc., on

" materials from those EPICOR-1I prefilters, under the

EPICOR and Waste Research and Disposition Pro-
gram funded by the U.S. Department of Energy
{DOE). That work now is directed by the U.S, Nuclear
Regulatory Commission (NRC) as part of the Low-
Level Waste Data Base Development-EPICOR-11
Resin/Liner Investigation Program. Studies are being
conducted on: (a) organic ion ¢xchange resins from

selected prefilters and (b) corrosion—resistant behavior

of the Phenolic—comed steel walls of the prefilter
liners.! The resins are being examined to measure
degradation and tests are being performed to charac-
terize solidified ion exchange medin. The degradation
studies are directed to determining the acceptability of
EPICOR-II prefilters for disposal in high integrity

containers at the commercial disposal site at Hanford,
Washington, by identifying; (1) degradation effects on
the ion-exchange resins caused by contained radiation
(b) and possible release of contained radioruclides
from the ion exchange resins,

Degradation studies traditionally have been con-
ducted using resins irradiated by external sources, such
as a reactor core or Co—60.2 The gamma dose, pro-
vided by an external source, simulates a dose that
would be received from radionuclides retained on the
resin matrix by ion exchange sites, Modes of degrada-
tion do not differ between external and internal radi-
ation; but Reference 2 states that internal radiation
causes more extensive damage than extemal radiation,
presumably from such sources as short-range, high—
encrgy beta radiation. The organic resin of EPICOR-II
prefilters had been contained in liners for approxi-
mately nine years and experienced intemal radiation
doses above 107 rad.

This report discusses the resin degradation studies
conducted on the third samples of organic ion ex-
change resins removed from the EPICOR-II prefilters
(PF-8 and -20) and compares results with findings
from studies of the first and second sampling, as de-
scribed in References 3 and 4, As part of the EPICOR
and Waste Research and Disposition Program, 46 pre-
filters were disposed of at a commercial disposal
facility. Four prefilters used in the NRC studies were
stored in temporary storage casks outside the Hot Shop
of Test Area North Building 607 (TAN-607) at the
INEL. The third sampling will be the final examina-
tion of this study. The remaining four prefilters were
disposed at the Radionactive Waste Management
Complex, the INEL disposal facility.6



'MATERIALS AND METHODS

EPICOR-II Prefilters

EPICOR-II prefilter liners are 4-ft-diameter by
4-ft-high cylinders with 1/4-in.~thick bottoms
(Figure 1). The liners are of welded construction using
ASTM Type A-36 carbon steel, The internal and ex-
ternal surfaces are painted with Phenoline® 386 coat-
ing. Each liner contains about 30 ft of ion exchange
media, Several types of media(i.e., cation, anion,
‘mixed bed, and/or zeolite) were placed in each linér in

layers, Of the prefilters received at INEL, 39 contained

* both organic ion exchange resins and inorganic zeolite;
11 contained organic resins only, During the filtration
process, a perforated, four-branch influent manifold
distributed contaminated water over the ion exchange
media, while the effluent was drawn off from the bot-
tom of the prefilter through a porous, multibranched
return manifold. Both manifolds arc piped to a man-
ifold plate on top of the liner, A vent port and adaptors
for liquid-level detectors also are located on the man-
ifold plate. A manway is located beside the manifold
plate on the top of the liner, through which ion
exchange media were loaded into the liner. Removal of
resins from the prefilter also was accomplished
through that manway, using coring tools.

Throughout this repor, the following nomenclature
applies to various sizes and configurations of materials
removed from EPICOR-II prefilters for examination:

e Resin Core——one core removed from each
prefilter PF-8 and -20, using coring tools

e Resin Samples—100~mL volumes of resin
removed from the cores [three samples from
PF-8 (designated PF-8#1, PF-8#2, and
PF-8#3) and one from PF-20 (designated
PE-20))

»  Aliquots—small quantities obtained from the
resin samples.

To develop baseline data for resin degradation
studies, unirradiated ion exchange resins repre-
sentative of those in the prefilters were obtained from
Epicor, Inc, The unirradiated resins were identified by
functional group, exchangeable species, and matrix
(e.g., sulfonic acid, strong acid cation, and styrene).
They were characterized for comparison with the
resins from PF-8 and-20. Studies at Brookhaven

a. ‘Tradeé name of the Carboline Company

to

‘Nationg! Laboratory in New York, confirmed that this

comparative method was best suited to the analysis of
the EPICOR-II ion exchange materials (Reference 7).
Both the irradiated and unirradiated resins were ex-
amined using similar techniques. The resins were pre-
treated so as to put the resins in a standard form for
comparison purposes. Then, ASTM tests were used to
determine exchange capacity, density, and moisture
content.® Infrared spectroscopy (IR) was used to
identify functional groups (e.g., sulfonic acid,
phenolic, and quaternary ammonium) and matrix ma-
terial (styrene and phenol), Vapor phase chroma-
tograph was used to analyze the rinse, soak, and acid
rinse solutions from the ASTM tests gualitatively for
styrene, divinylbenzene, or other soluble organic
species, High—-performance liquid chromatography
was used to look for other possible soluble organic
products. The third sampling included super—critical
fluid chromatography, which should allow the de-
tection of macro molecules (fragments of the resin
polymer). Inductive coupled plasma-—-atomic emission
spectroscopy was used for determining sulfonic acid
groups and scanning electron microscopy for deter-
mining the physical condition of the resins, Gamma-
ray spectroscopy was used to determine radionuclides
in aqueous solutions from the third sampling,

Coring

Kesin cores were removerd remotely from prefilters
PE-8 and ~20 during the third coring in 1989, using
coring equipment based on a design developed at
Battelle Columbus Laboratories (BCL) and modified
for use at the INEL.Y PF-8 (containing organic resins)
and PF-20 (containing organic resins and zeolite) were
selected for the resin degradation studies because they
are highly loaded representatives (1,400 and 2,000 Ci,
respectively) of the two types of EPICOR-I prefilters,
Water was added to the top of the prefilter beds during
coring to provide lubrication for the coring tools,
which would not enter the beds more than a few inches
without it. Between 25 and 50 gal of water were added
to each bed during coring operations. The coring
equipment was described in Reference 3,

The resin core contained layers of ion exchange me-
dia in the same relative positions as in the prefilter bed.
The void in the coring tool above the upper level of the
resin was filled with unirradiated zeolite before lower-
ing the tool to the horizontal position, The zeolite filler
prevented shifting of the resin during transport, The
coring tools were placed horizontally in separate casks
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and transported from the TAN-607 Hot Shop to a hot
cell at the Test Reactor Area (TRA) for gammi~
scanning and removal of resin sumples, ‘

Measuring Radiation Doses in
the Resin Beds

Full-depth gross gamma scans were made in the -
- prefilter resin beds after removing cores during each of

the three samplings, Those scans were used to estimate
the total integrated radiation dose absorbed by the res-
ins. Measurements were made with a Victoreen Model
510 roentgen rate meter, which used an air-equivalent
" lonization chamber radiation detector (Model 607) and
associated current measuring electrometer, The task
was accomplished by remotely lowering the radiation
detector down thé 2-by-3—-in, holes created in the resin
beds during the coring process. The averages of the
actual gamma scan measurements made during inser-
tion and retraction of the detector at each location dur-
ing the second sampling are given in Figures 2 and 3.
Radiation measurements made at the elevations of in-
terest were used with the calculations ol maximum

cumulutive doses® to estimate the total integrated beta
dose, The calculated beta dose and the measured gam-
ma dose for each resin sumple location are lsted in
Table 1. As would be expected, the total doses are in-
creasing with time, Thege final total doses have been
adjusted from previous vulues upon inclusion of the in-
formation obtained during the third sampling, There
has been no appreciable shift in these curves toward
the bottom of the bed which indicates little or no
movement of radionuclides through the beds.

Gamma-Scanning of Resin
Cores

The full-length resin cores from PF-8 and 20 first
and second samplings were scanned in the coring tool
using a Ge(Li) gamma-ray detector (with associated
electronics and a 0,5-iu—~wide by 1.0-in~high colli-
mator) to determine axial grogs gamma activity versus

‘a. D.E Martz, Calculated Cumulative Radiation
Doses to EFICOR Prefilter Resins, private communi-
cation, EG&G Idaho, Inc,, April 1985.
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coring of EPICOR-I1 prefilter PF-8 during second sampling,
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Table 1. Calculated radiation doses to resins from EPICOR-II prefilters PR-8 and —20

Date Prefilter Measured Activity ‘

Removed = at Location of Total Gamma Total Beta Total

from Service Date Resin Sample in Prefilter  Radiation Dose Radiation Dose Radiation Dose
Sample at TMI-2 Cored (R/min) (rad) (rad) (rad)
PR-8#1 18 Idec 79 4 Oct 83 23.7 4,7 x107 1.8 x 107 6.6 x 107
PR-8#2 18 Dec 79 4 Oct 83 154 3.1x107 1.2x 107 43x 107
PF-20  13March80 11 Oct 83 20.0 3.8x 107 1.3x107 5.1x 107
PF-5#1 18Dec79 10 Oct 85 21.4 6.5 x 107 2.5x 107 9.0x 107
PE-8#2 18 Dec 79 10 Oct 85 152 4.6 x107 1.8 x 107 6.4x 107
PR-8#3 18 Dec 79 10 Oct 85 20.3 6.3x107 2.4x107 8.8x 107
PI-20  13March 80 14 Oct 85 14.0 4.9x107 1.7x 107 6.6x 107
PE-8#1 18 Dec 79 25 May 89 21.22 10.5x 107 4.0x 107 14.5 x 107
PF-8#2 18 Dec 79 25 May 89 13.52 6.7 x 107 2.6x107 9.2x 107
PF-8#3 18 Dec 79 25 May 89 - - 19.82 9.8 x 107 T x 107 13.5x 107
PF-20  13March80 21 May 89 13.22 6.4 x 107 2.3x107 8.7x 107

a. Calculated from first and second sampling data.
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“length of the core.!® The axial locations of highest ra-

dionuclide activity for the resin cores were determined
using those scans. Then, isotopic spectral measure-
ments were made at the locations of highest activity
during the first sampling from PF-20, as shown in
Figure 4, There were two radionuclides having mea-

“surable concentrations detected by the gamma spectral

scans, Cs—134 and Cs—137. It is noted that antimony
has been found in these resins, but was not seen in the -

spectral scan (Figure 4) due to masking by facility -

background count. Based on that information from the
first sampling, isotopic gamma-ray intensities for
Cs—134 and Cs—137 were measured as a function of

" distance along the resin cores. The results for Cs—137

are shown in Figures 5 and 6 for PF-8 and —20 respec-
tively. The resin samples were collected from or near
those regions of highest radionuclide loading. How-
ever, it is noted that the PF-20 sample was not
collected from the region in the organic resin of
highest radionuclide loading (near the bottom of the
core), but rather the sample was removed from the
resin adjacent to the zeolite. In that prefilter, the zeolite
contained by far the highest concentration of radionu-
clides and thus produced an integrated dose much
higher than that seen at the bottom of the resin.core
(see Figure 6). Because zeolites have not been used in

routine ion exchange service at commercial nuclear

power plants, the scope of this study has been limited '

{o the degradation of organic ion exchange resins;
therefore, only organic resin samples were removed -
from the cores.

.Sampling |

. At TRA, each resin-filled coring tool was trans-
ferred from its cask into the hot cell for remote re-
moval of resin samples. The shutter of the coring tool
was withdrawn to expose the ion exchange media
(résin), The cores of PF-8 and -20 with shutters re-
moved are pictured in Figure 7. Composite figures of
the cores showing ion exchange media layers were
shown in Reference 3 and 4. It should be noted that
some smearing of material from one layer into another
occurred when each shutter was inserted and with-
drawn, That smearing required careful removal of the
mixed surface material to expose unmixed resin near
the center of the core, for the unmixed material was the
target for collection,

The resin samples were obtained from the cores,
using a vacuum pump and partially water—filled
graduated glass column (See Figure 8). One end of a
flexible rubber tube was attached near the top of the
glass column and the other end was connected to a
vacuum pump outside the hot cell. A segment of
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Figure 4. Results of isotopic spectral measurements of the resin core fror EPICOR-II prefilier PF-20 during
first sampling at an elevation of 29.25 in. (location of highest radioactivity). '
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Figure 7. Photograph of resin cores with shutters removed from EPICOR-II prefilters PR-20 (upper sample)
and PE-8 (lower sample).
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Figure ‘8. Schematic of apparatus used to collect resin samples from the coring tools.

rubber tubing was attached from the top of the glass
column to a stainless steel tube to form a wand (Fig-
ure 8). With the vacuum pump operating, the wand
was positioned with a master-slave manipulator over
the target resin in such a way that the resin was drawn
into the wand, thence into the column. Sample sizes of
100 mL were collected. Three samples were collected
from the PF-8 core, two styrene cation resin (PF-8#1
and PF-8#3) and one phenolic cation resin (PF-8#2).
A sample of styrene cation resin was collected from
PF-20. No anion resin sample was collected from
either core because of the lower radionuclide content
of the anion exchange resin and the lower radiation
dose as shown in Figures 2 and 3 (resulting in much
less degradation than in the cation exchange resins),

Sample Preparétion

The radiation levels in the PF-8 and -2() samples
were of such intensity that work performed on those
resins would have to have been done within a hot cell
environment, That type of environment would have
made the characterization and - analysis of the resin
samples very costly and time consuming, It had been
shown by tests performed at INEL on unirradiated
resins that an Epicor, Inc., resin ¢onld be stripped of
99% of its cations, using a 10% hydrochloric acid so-

lution.? Based on that information, the radionuclides
(cations) were eluted from the PF-8 and -20 resin

samples. This technique is based on normal resin in-

dustry regeneration procedures and will not contribute
to degradation of the ion exchange resins,

As described in the previous section, samples were
removed from the coring tools, drawn into a 1 in—dia.
by 18-in.~high ion exchange column containing
50 mL of deionized water (see Figure 8), and allowed
to stand 24 hours in the water—filled column. Each ion
exchange column then was reconfigured, as shown in
Figure 9. The distilled water soak was removed
through the shutoff valve at the bottom of the column
and retained for gas, liquid and supercritical fluid
chromatcgraphy analysis. The various chromatog-
raphy techniques were used for determining the
presence of soluble organic resin degradation prr d-
ucts, The deionized water soak was analyzed for the
presence of any functional group components, such as
sulfonic acid, which had been dissociated from the
resin. All resin samples were rinsed two times with de-
ionized water, which was added by the pump through

a.  R.D. Sanders, Bench Study of Batch Elution of
CationResins, private communication, EG&G Idaho,
Inc.
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Figure 9. Schematic of apparatus used to elute radionuclides from the resin sample.

the tubing at the top of the column, It was very difficult
to get any kind of reasonable flow through the columns
containing samples PF-8#1, PF-8#3, and PF-20 so
these three samples were rinsed out of the columns and
rinsed with deionized water. The resulting solution
was decanted off of the resin samples, The resins sam-
ples were then returned to their respective ion ex-
change columns. The decant solutions were saved for
soluble organic and functional group analysis, The de-
ionized water rinse also was saved for.chromatography
analysis and functional group tests.

A solution of 10% hydrochloric acid was pumped
through each resin sample at a rate of 100 mL/min,

* using the configuration shown in Figure 9. That proce-

dure continued until 60 sample volumes (the amount
determined to remove 99% of the cations) or 6 L of
acid were pumped through the resins. Representative
quantities of that acid rinse were collected for later
chromatography and functional group analysis.

The deionized water soak, deionized water rinse,
decant rinses, and hydrochloric acid rinse reduced the
radionuclide content of the resins and made it possible
to remove the samples from the hot cell and perform
the analyses in a Type II fume hood equipped with a
high-efficiency particulate air filter on the outlet duct.

Eauch of the liquid samples was monitored for radio-
activity upon removal from the hot cell. Those
measurements were used to maintain radiological con-
trol and also as an indication of resin degradation.

Characterization of Unirradiated
and lrradiated Resins

Several analytical methods are needed to charac-
terize a specific ion exchange resin, Those methods in-
clude the following:

e ASTM Procedures for the Physical and
Chemical Properties of Particulate Ion Ex-
change Resins!!

o Infrared spectroscopy (used in the first and
second samplings)

e  Gas chromatography
e  Liquid chromatography

e Supercritical fluid chromatography (third
sampling only)

o Barium chloride precipitation for determina-
tion of sulfonic acid groups (first and second
sampling) \



s Inductively coupied plasma-atomic emission
spectroscopy for the determination of
sulfonic acid groups (third sampling)

¢ Gamma-ray spectroscopy (third sampling)
. Séanning electron microscopy.

The above analytical methods were used to charac-

terize the samples from PF-8 (strong acid cation and

~ phenolic cation) and PR-20 (strong acid cation) and

the unirradiated Epicor, Inc., resins (strong acid cation
and phenolic cation),

ASTM Tests. ASTM procedures were used to deter-
mine cheraical and physical conditions of the ion cx-
change resins, Results from analysis of irradiated
resins (from the first, second, and third samplings)
were compared with results from unirradiated resins to
determine if degradatior: had occurred. Those results
are presented in the “Results and Interpretation” sec-
tion of this report, The following ASTM tests® were

a. The tests were preformed in accordance with the
ASTM standards and deviations are within allowable
limits of those standards.

used for the strong acid cation and phenolic cation ex-
change resing:

e  Pretreatment (ASTM D2187-77 Method A)

e Water reteation capacity (ASTM D2187-77
- Method B) -

. Backwnshcd Jnd settled dcnsnty (ASTM
D2187-77 Method C)

o Salt-splitting capacity (ASTM D2187-77
Method E)

¢ Total exchange capacity (ASTM D”187—~77
Method F).

Pretreatment. The pretreatment phase of the
ASTM procedure was used to convert ion exchange
resins to one standard form (usuwally the sodium form
for cation resins), The standard form provides a base-
line from which the other ASTM tests can be per-
formed. An ion exchange column apparatus (See
Figure 10) was set up and the resin sample added to the
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Figure 10. Schematic of standard ASTM apparatus used for pretreatment of resing and backwashed and settled

density test.
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column, The resin was backwashed with deionized

water to remove any extraneous particles. The resin
was rinsed with a 10% hydrochloric acid solution to re-

. move any existing cations, converting the resin to the

hydrogen formy, From the hydrogen forni, the resin was
converted to the sodium form by rinsing with a solu-
don of 100 g of sodium chloride per liter of deionized
water at a rate of 31 mL/min for 1 hour, The resin was
then in 4 standard form for analysis,

Water Retention Capacity. Testing of ion ex-
change resins for water retention capacity indicates the
porosity of the resin, The porosity of a resin is depen-
dent on the amount of effective cross-linking, The
higher the water retention capacity, the lower the
effective crogs-linking, In the case of the PR-8 and
~20 resing, the water retention capacity is an indication
of the amount of divinylbenzene cross-linking for the
strong acid resins, That relationship cannot be quanti-
fied because of the proprietary nature of the EPICOR~
II resins, Some loss of effective cross-linking occurs
before the release of radionuctides.!? The test con-
sisted of drying known smounts of pretreated PF-8
and ~20 styrene and phenolic cation resins in an oven
at 110 + 5°C for a minimum of 18 + 2 hours. The
differences in weights before and after drying were
used to calculate the water retention capacity, The test
was performed in triplicate, and the average was
calculated.

Backwashed and Settled Dernsity. The back-
washed and settled density test was developed to deter-
mine changes in effective cross-linking between new
and used resins, The density is directly proporttional to
the amount of effective cross-linking in the resin, As
previously noted, some loss of effective cross—linking
occurs before radicauclides are released (Reference
12). The test consisted of backwashing a known
amount of resin with delonized water for 10 min, The

" resin was allowed to settle and the volume was re-

corded, Then, the density was calculated based on a
known weight of resin in grams to a known volume of
water in milliliters, The test was performed in tripli-
cate and the average was calculated.

Salt-Splitting Capacity. The salt-splitting
capacity test is designed to show only the number of
sulfonic acid groups contained in a cation ion ex-
change resin, A decrease in salt-splitting capacity
would show a loss of functional sulfonic acid groups.
The loss of sulfonic acid groups would allow the re-
lease of those radionuclides tied to those functional
groups, Phenolic, carboxylic acid, and phosphonic
acid functional groups also will exhibit, to some de-

groe, salt-gplitting capucity. The test assembly appara-
tus Is depicted in Figure 11, The resin was converted to
the hydrogen form by flowing 10% hydrochloric acid
solution over the resin at a rate of 31 mL/min, The hy-
drogen form cation resin was eluted with a 50 g/L. so-
dium chloride solution at a rate of 31 mL/min, The
eluted sodium chloride solution was titrated with
standard 0,10 N sodium hydroxide solution to deter-
mine the amount of hydrogen exchanged in the elution
process. The test was performed in triplicate und the
average was caloulated,

Total Exchange Capacity. The total exchange
capacity test is used to determine exchange capacity of
cation fon exchange resing that contain functional
groups in addition to, or different from, sulfonic acld
functional groups. A decrease in total exchange ca-
pucity indicates the loss of functional groups and sub-

~ sequent loss of radionuclides, Different functional

12

groups include phenolic, carboxylic acid, and phos-
phonic acid, The apparatus shown in Figure 11 was
assembled, and a 10% hydrochloric acid solution was
eluted through the resin to convert it to the hydrogen
form, The resin was transferred to a separate {lask con-
talning 200 mL of standard 0.10 N sodium hydroxide
solution, The solution also contained 50 g of sodium
chloride per L, The resin was allowed (o equilibrate in
the solution for a minimum of 16 hours, An aliquot of
the solution was collected and titrated with standard
(.10 N hydrochloric acid solution. The adsorption of
hydroxide ion by the resin in the presence of sodium
chloride is proportional to the total exchange capacity.
The test was performed in triplicate, and the average
was calculated,

Infrared Spectroscopy. Infrared spectroscopy
(IR) involves identifying the rotational and vibrational
motion of atoms in a molecule induced by infrared
radiation. The multiplicity of vibrations occurring
simultaneously produces a highly complex absorption
spectruin, The spectrum is uniquely characteristic of
the functional groups comprising the molecules and
the overall configuration of the atoms within a
molecule. Infrared spectrogcopy can therefore be used
to positively identify a pure organic molecule, IR was
used to determine if the styrene and phenolic cation
resins in PF-8 and -20 were the same as the unirra-
diated styrene cation and phenolic cation resins ob-
tained from Epicor, Inc, IR spectra of the unirradiated
Epicor, Inc, resing were compared with IR spectra
from PF-§ and -20 resins to determine if any major
changes in moleoular structure of the PF-8 and -20
resins had occurred becuauge of the high internal
radiation dose. Changes can be seen by a shift in peak
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location or mujor decrease in intensity. A change in
molecular structure would indicate scission of the
polymer backbone and eventual release of
radionuclides.

The resin samples were dried at 110°C to remove
excess moisture and ground in a porcelain mortar and
pestle to a size of less than 80 mesh. Then, 10 mg of
resin were added to 100 mg of dried potassium
bromide (KBr) and placed in a pellet press. A com-
pressive force was applied to the pellet press and a
pellet containing the resin was obtained for IR
scanning. The KBr pellet was placed into the sample
beam of a Perkin Elmer Model 1430 infrared
spectrophotometer and an IR spectrum was obtained,
Results of IR analysis are presented in References 3
and 4,

Gas Chromatography. Gas chromatography (GC)
i a technique where volatile mixtures of compounds
can be separated into pure compounds and detected
separately. This is performed by vaporizing a mixture
in a heated injoction port and then sweeping the gases
into a GC colum: by using an inert carrier gas such as

4 0291

Schematic of standard ASTM ‘apparatus for determining salt splitting and total exchange

helium. The column is contained in a temperature pro-
grammable oven, The GC column has an inert packing
material coated with a nonvolatile compound. The var-
ious components in a mixture are separated by their
different solubilities or affinities for the coating on the
packing material, The pure compounds are detected
sequentially at the end of the column, For organic
materials, a flame lonization detector is typically used,

GC columns used in the EPICOR-II resin samples
were: 1) A 1/8-in~O.D, by 6-ft-long colunin contain-
ing 0.34% tetranitrofluorenone as a stationary phase
on Carbopack C, 2) A 1/4-in.~0.D. by 6-ft-long
column containing 1.0% SP-1240DA on Supelcopon,
and 3) A 0.52-mm-1.D. by 30~-m-long bonded phase
methyl ptienyl silicon column (J. W, Scientific DB--5).

The aliquots chosen for GC analysis were the dis-
tilled water soak aud rinse solutions from the resin
samples, All solutions from resin samples were pre-
pared for analysis by extraction with a nonaqueous sol-
vent of either dichloromethane or hexane, The
extraction allows water leachable organic analytes to
be extracted into the organic phase thus affecting the
separation of organic material from the highly



radiouctive aqueous solutions. Perkin Elmer sigma IB
and IIB gas chromatographs equipped with flame ion-
ization detectors were used, Typical GC chromato-
grams are presented in References 3 and 4,

Liquid Chromatography. High-performance
liquid chromatography (HPLC) is a technique by
which a liquid or solid organic soluble mixture is sepa-
rated into its individual components by differences in

affinities of the components toward either the liquid

(mobile phase) or the functional groups on the station-
ary phase of a separator column, For the EPICOR-II
samples, a 15-cm C-18 (octadecyldimethylsilyl)
column was used, The mobile phase was a mixture of
acetonitrile and water, All solutions from resin sam-
ples were propared for analysis by extraction with non-
aqueous solvent of pither dichloromethane or hexane,
Aliquots of the extracts of the soak and rinse solutions
from PF-8 and -20 were injected into a Kratos HPLC,
using 8 UV--VISIBLE detector, and HPLC chromato-
grams were obtained, Typical HPLC chromatograms
are presented in References 3 and 4,

Superctritical Flulds Chromatograph, Super-
critical fluid chromatograph (SFC) was also used in
the third sampling, This is a chromatography tech«
nique in which the mobile phase has been raised above
its critical temperature and pressure, At this point,
called the critical point, the mobile phase is neither a
gas nor a liquid, but has properties of each, Separations
are made based on the different solubilities of analytes
by changing the density of the mobile phase. This tech-
nique lends itself well for thermally labile compounds
and larger molecular weight polymeric materials,
which cannot be run using other chromatography
techniques, All solutions from resin samples were pre-
pared for analysis by extraction with nonaqueous sol-
vent of either dichloromethane or hexane, Extracted
liquid samples for the EPICOR-II resins were
analyzed using a 10-m SB--Phenyl-50, 100 micron ID,
0.25 micron film thickness capillary coluinn, Carbon
dioxide was used as the mobile phase and an isother-
mal (100°C) pressure program was run starting at 100
atm, and going to 375 atm, at a rate of 5 atm./min, The
results of SFC are included in the “Resulls and Inter-
pretation” section of the report,

Barlum Chioride Precipitation for Determina-
tion of Sulfonic Acld Groups. It has been shown
that the EPICOR-II cation resing are sulfonic acid,
divinylbenzene, styrene type resins (Reference 8), The
high internal radiation dose tecelved by those resins
could cause loss of the functlonal groups (sulfonic
acid) and release of radionuclides tied to the lost func-
tional groups, The loss of functional groups would

cause an increase in the sulfate concentration of the de-
ionized water snak and rinse solutions taken from sam-
ples PF-8 and -20 strong acid cation resins,

A 25 mL aliquot was removed from each solution
and transferred to a graduated cylinder, Enough
barium chloride was added to the solution in the
graduated cylinder to ensure an excess amount, The

~ contents of the cylinder were agitated and allowed to

stand a minimum of 3 min, A portion of the solution
from the graduated cylinder was transferred to a 1-cm
(path length) polyethylene sample cell and placed into
a visible spectrophotometer sot at a wavelength of 420
nin, The absorption values of the solution were ob-
tained and compared with absorption values of stan-
dard sulfate solutions, Results of those tests are
reported in References 3 and 4,

Inductively Coupled Plasma — Atomic Emig-
slon Spectroscopy for the Determination of
Sulfur (ICP-AES). ICP-AES was used in the third
sampling for the measurement of lost sulfonic acid
groups from the strong acid cation samples, ICP~AES
is a technique based on the measurement of light
emitted from excited atoms and {ons in a plasma. A so-
lution to be analyzed is nebulized into the spray cham-
ber of the sample introduction system of the ICP-AES,
Some of this solution goes through a plasma torch
where the sample is desolvated, atomized, and (for
some elements) ionized, Outer shell electrons are ex-
cited by the high—~temperature plasma and when these
excited atoms and ions decay back to the ground state
electronic configuration they emit photons of radiation
characteristic of the elements that are contained in the
sample, This light is separated by wavelengths in the
monochromator section of the instrument and detected
by a photomultiplier tube, The amount of light de-
tected is directly proportional to the concentration of
the analyte in the solution,

This technique was used to measure sulfur in soak,
deionized water rinse, and elution solutions of the resin
samples, Sulfur detected in these samples will be in the
form of sulfate, which originates from the loss of the
sulfonic acid groups on the strong acid cation resins,
By combining the amount of sulfur found in all solu-
tions that contacted each particular resin type, it is
possible to get an idea of the total sulfonic acid group
loss per resin sample. This information is combined in
a table in the “Results and Interpretation” section of
this publication.

Scanning Electron Microscopy. In order to deter-
mine physical conditions of resin samples from PF-§
and -20, scanning electron microscope (SEM) photo-
micrographs were obtained of the resins at different

i4
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magnification levels, The photomicrographs allowed
examination of the resins for cracks, bead breakage,
bead softening, agglomeration, and so forth, Most
types of physical damage of the resins would not allow
the release of radionuclides, but the extent of resin
degradation can be estimated. Random specimens
wers extracted from the resin samples after radionu-
clide elution, Photomicrographs were made of entire
specimens and interesting features were examined
more closely, The photomicrographs presented in this

report and References 3 and 4 represent typical dam-

age observed,

~ The irradiated resin samples from the third sampling
were attached to an SEM planchet by placing a small
aliquot of the resin beads on a wet coat of conductive
carbon paint. This allowed for conductance of the elec-
trons from the samples and no gold spattering was
found necessary (as was performed with previous sam-

ples), SEM photomicrographs were obtained of the
resins and are included in this report,

Gammea-Ray Spectrdncopy. Gamma-ray spec-
troscopy was used in the third sampling to determine
the total amount of Cs~134 and Cs~137 present in the

rosin samples, Gamma ray spectroscopy is based on

Sk
n

the measuremont of the charaoteristic energy of the
gamma rays produced during radloactve decay, Each
Isotope emits gamma rays with specific energies, By
using & energy dispersive detector it is possible to
identify the specics of radloactive material, And by
calibration using a reproducible sample geometry, it is
possible to perform quantitative analysis,

An aliquot of each of the soak, rinse and elution
samples were submitted to the Radiation Measurement
Laboratory for counting, The results of this analysis
are presented in the “Results and Interpretation”
section of this report,



RESULTS AND INTERPRETATION

The unirradinted resing showed no apparent chunge
from previous analyses (References 3, 4, and 8).
Becuuse of the age (7 years old) of the unirradiated
resing, they might be expected to show some degrada-
tion due to nging. The Irradinted resing from PE-8 and
=20 also would be expected to show sonie degradation
due to age (9 years old).21%The unirradinted resing
showed little or no degradation because of age; there-
fore, in this study, any degradation of the irradiated
resing was presumably from radiution damage and not
from other causes, Other causes of degradation would
be handling/ mechanicual damage und freezing, A re-
view of the history of profilters PF-8 and --20 shows
that the ion exchunge medin were exposed to sub-
freezing temperatures while stored at the INEL, How-
ever, examinations, using the unirradiated resins to
determine freezing damage, have shown that none has
oceurred, Also, handling was held to a minimum; as a
result, damage should huve been minimal,

During sumple preparation, the resing were soaked

~and then rinsed in deionized water, It was difficult to

produce flow through the resin columns containing
samples of PE-8#1, PF-8#3 and PF-20 during rinsing
Indicating the extent of degrudation. Sediment layers
were evident in those sumples and very low flow was
obtained, Those samples were swirled in dejonized
water to cemove sediment and improve flow, Further
indication of degradation was shown by the release of
radionuclides to the sonk and rinse water, as shown in
Table 2. The more highly nuclide loaded samples from
PF-8 show significant radioactivity in the souak and
rinse waiers (Table 2). That would not have occurred
with undegraded resing. Some measurement differ-
ences are noted between sumplings; these differences
were caused by different elution and measurement
techniques,

The soak water from each of the samples was brown
in color and sediment was observed in PF-R#1,
PF-8#3, and PF-20, This sediment was obviously
lighter than the resin as it floated to the surface. It is
somewhat difficult to speculate as to the composition
of this material, It is not likely that the sediment

Table 2. Radioactivity of resin souk, rinse and acid composite samples in first, second, and third samplings

First Sumipling

Measurement at Contact

v Sum’lg]’q (mR)

Second Sampling Third Sampling
Measurement at Contact Measurement at Contact

PF-8#3-—24-h sonk®
PF-8#3-—Rinsc?
PE-&#3-—Acid composite®
PE-8#1--24-hi soak?®
PF-&it 1—Rinsc®

PF-&# | —Acid composite®

PE-&#2—24-h sonk®
PE-§#2—Rinse®
PE-8#2—Acid composite®
PF-20—24-h souk®
PF-20-—Rinse®
PE-20-—Acld Composite*

(mR) (mR)
No resin sample 50d 504
No resin sumple 30d 500,1300,1004
No resin sample 5004 1000,140¢
1004 404 35d
35d 30d 200,504
8004 5004 21004
45 5 25
100 6 10
80 35 2300
2d 254 60d
No sample 15d 500,404
g0d 35d 290

A, 24-h soak used a total of 100 mL demineralized water, All 100 mL were counted.
b, Rinse used atotal of 100 mL demineralized water. All 100 mL were counted,

¢, Acid composite used a total of 5 or 6 L of' 10 percent hydrolic acid, 200 mL were counted in the first sampling,
500 mL were counted in the second sampling, and 4000 and 2000 mL were counted in the third sampling,

d. The resin sumple was agitated to promote flow of liquid through the sample,




was dirt or particles of zeolite as those materials are
more dense than organic resing, It is possible that the

sediment was decomposed polymer material, Samples -

were taken from all deionized water sonk, ringe,
decant, and elution solutions to look for soluble
-organic products. And while none were observed, it is
possible that this material was not water soluble and
therefore not found in any aqueous solutions.

ASTM Tests

Table 3 presents results of ths following ASTM test
performed on unirradiated and irradiated resins from
“the third sampling: (a) water retention capacity,
(b) backwashed and settled density, (c) salt-splitting
capacity, and (d) total exchange capacity.

The differences between ASTM tests performed on
unirradiated Epicor, Inc., resins and PF-8#1, PR-8#3,
PF-20, strong acid cation resins and PE-8#2 phenolic
resin from the third sampling are presented in Table 4,
The differences were calculated using measured data
shown in Table 3. The results show that resin samples
receiving more radiation dose exhibii greater changes
in measured properties. Water retention capacities in-
creased with dose; while backwashed and settled den-
sity, salt—splitting capacity, and total exchange
capacity decreased. Increase in water retention
capacity indicates a loss in effective cross-linking, the
amount of loss being depetident upon radiation dose
(Reference 12).

Itis also possible that water retention capacity has in-
creased due to the increase in surface area caused by the
extensive resin bead cmcking observed in the electron
photomicrographs.>* A decrease in backwash and
settled density also is an indirect indication of loss of
effective cross—linking, which can lead to eventual loss
of radionuclides (Reference 8). The decrease in salt—
splitting capacity of the irradiated resins is anindication
of loss of functional groups, sulfonic acid, and accom-
panying loss of radionuclides (Reference 8), During the
second sampling, a slight increase in salt-splitting
capacity was observed for PR-20, This would indicate
that PR-20 had reached the threshold needed for degra-
dationto begin during the second sampling (References
2 and 12). Furthermore, the higher radiation doses to the
PF-8#1, and PF-8#3 resins were the cause for the de-
creases in total exchange capacities as the radiation
damage exceeds the contribution from oxidation, It was
found in the review of Reference 2 that oxidation of the
polymer chain will cause an initial increase in total ex-
change capacity followed by a decrease as the radiation
damage exceeds that contribution, The decrease intotal
exchange capacity should result in the loss of radionu-
cUdes from the exchangg sites,

The ASTM parameters for PE-842 show that differ-
ences between unirradiated and irradiated phenolic
cation resin samples are increasing, similar to the
changes observed for the styrene catlon resing, There
has been a steady increase in the water retention
capacity, and a steady decrease in the total exchange
capacity (Table 4), This indicates that the resins are de-
grading, One must be guarded in making conclusions
about the phenolic resins in these tests as the samples
of PR-&#2 resins were unavoidably contaminated with
styrene resing. As much-as 19% of the mass of the
PE-8#2 sample was actually styrene resin beads.

At the time of the third sampling, all 0. the resins
wete showing significan: degradation. Table 4 shows
the amount of change of ASTM parameters between the
unirradiated and irradiated resin samples, This table
was prepared to show a history of the three samplings
and the amount of change in the degradation of a resin
type in relation to radiation dose. There is some differ-
ence in the unirradiated resin sample data from the pre-
vious two samplings compared with the last sampling,
Although the resin sample was 7 years old at the time
of testing, most of the deviation in the analysis of the
unirradiated resins is attributed to the fact that different
analysts performed the work on the third sampling than
did the first and second sarapling, The ASTM proce-
dure recognized the fact thut multi-operator precision
is less than that of the single operator, Although age may
be a factor in part of the measurement difference, the
real significance between the irradiated and the unir-
radiated resins is the difference in the ratio of unir-
radiated verse irradiated resin in any one sampling, This
difference is largely due to degradation caused by radi-
ation damage. Because all of the irradinted resins and

. unirradiated resins were tested at the same time, all of

17

the samples were treated identically, This helped elimi-
nate variations caused by handling and experimental
condition differences (e.g. humidity on the day that the
water retention capacity was performed),

The results of these analyses are graphically
presented in Figure 12 where the change in total ex-
change capacity with increase in radiation dose is
presented, Probably the most important characteristic
of ion exchange media is total exchange capacity, This
figure shows the marked decrease in exchange capac-
ity as the resins received more radiation doses, While
there 1s some separation of the curves for Samples
PF-8#1 and #3 from PF-8 #2 (phenolic) and PF-20,
the No, 1 and No, 2 sample curves are very close and
all four exhibit common shapes, Primary differences in
these data were introduced during measurement of
radiation doses listed in Table 1. '



misat £1p jo wels 1ad sjmaeamborgiw Ut pamsesjy 2

-sa1dwes 130 S UeU) oUW JUISHIP © 18 Pa3ss) sem d[dures pajerpennm Sy, 'q

TWESUI 3] WOY UOTIRIASP PIBLTEIS ISI 3Y1 SE PAIE[AO[Ed Ardm A3 ] "pauruidlap Aferuswnadxa 219 BIep g} Yl PIIRIOOSSE SIOID 9L ¢

660 + b9

W0 + S9Y VO + LY 900 + ¥9°€ €50 + p¥€ 160 + 879
0%0°0 + LTT ¥S0 + ¥6C 780 + v 100 + €3°€ 0L0 + 8L€ 960 + 17§
6000 + SOL0 . 6000 + $990  TIO0 + 9380 1100 + 6280 1100 + 2180 1100 + L£80

€11 + 8L7CS L60 + 9€'SY T+ €S8y 0TT + 9096 1TT + 9695 680 + 8V'TY

(%) (%) (%) (%) @) »)
vone) msIy vone) one) POy uone) poy uone) POV QUOTIED POV
oyouqd T#8—~Id stjeugd 3uons 0zdd 3uong ¢#8-4d 3uong 1#8—1d suong
paferpeLmy) parerpexImas
“odures wsoy

+(8/bow)
Apoedes
3ueyoxa [EI0L

»(8/bsur)

fedes
Sumsds—eS

(Tw/8)
Ayisuap paes

Pue paysemyeg

foedeo
TOTIUI}AX Z3JepN

13j9mered 1531 WISV

sSundures prnp—sursal 33urgoxs UOI PIRIPRLITUN PUB PIJRIPRIII UO S1S9) WISV Josunsay g ajqeL

[« &}

—



a8ue ON

35ea199p % 1
a522159P %1
ASLADUT YL

- ,01 X 99

25BAIDUL %H¢

ASeIOIP B
3SEAIP %l
a3ueye oN
01 X IS

“uogE) PV
Juons 1#07dd

aSEaIdaD 94T

258A193P %L
aSLaAP %61
353U %/ T

(0T X 88

opdures oN

apdures oN

odures oN -

ardures oN

- ordures oZ

uomE) POV
3uong £4#8—1d

ISBAIDAP %9

ISBAIOUT 95H€T
ISBAIIIP %€

oseaIdUI %6

O X 9

3sBADIP &w

a5eaIoNT %GT

ASBADIP %9

OSBAIOW %

01 X €Y

uone)

srjousyd Z#8—dd

a58AII3P %S

3SBAIDAP %G
3SBALDIP %ET
3SBIIOUT %€

01 X 06

aSBAIDIIP %

ISEAI3P %8
aseaIap %11
2SEAIDT 95§

(0T X 69

uone) py
2uong 1#8-dd

KLyoedes
a5uegdOxa [BI0L

- Kyoedes Sumpyds ies

Kysuap vuwﬁm
pue pagsemyoeq

Koedes
- UOTIUQIRI 12)B/A

(pey) ascp
uOnEIPEI PAIRWNST

guridureg puodw

£yoeduo
a8ueyoxa feloL

bﬁa.%u Sumnds s

A)suap papuas
. pue pagsemydrg

Lyoeded

Uonualal IAJBAN

(pey) 3s3p
UOLRTPRI PIJRWINSH

Jundureg 191y

I3j9uesed 1891 SV

(s8undures pay)

PUE ‘prOd3S “I1SIY) UISAF UONED pioe Suons *-ou] 10014y PaeIPLINUN SASISA SUISAI UOLED pIoe Suoxys (37— pue g—id Jo sefueyd 1ajowered 1531 WISV ‘b diqeL

I

N GRS P2 POMNEREY P PR NN NP 7 N RN 1 % | ) o O SR

19

vy

L] RIS



oseaI3p %7

3SBAISTP ST
9SBAIOUI %9

ISeADUI %/ |

01 X L8

‘ uonen prv

3uong 1407—4d

ISBASP %HTY

3SBAIIIP %97
asearoap 941
3BT 95 GE

01 X G°¢

uone) PRy

8uong ¢#8—d

358193 %/ 7

9SBAI0IP %97
9SBAdUI %9
oSBT %97

(01 X T6

uone)

. orousyd z#8—dd

- 35BI0P %Gy

35BAID3P % /7
asBaDP 9%¢
asBSIONT %9¢

01 X §pT

uoneD poy
duong 1#8—1d

fypoedes
J3ueyoxa EI0L

20

Ayoedes Semds 3zg

Arsudp papies
pue paysemyorg

Koedeo
TOTIUIAT JANBAN

(pe) 350p
UGTIRIPRI pajewigssy

Sumdureg prm|

153U 1S3, LSV

(ponunuod) ‘p a|qeL

—— T ik



- 96y 0-

] 8

14 cl

asop coﬁm%ﬁ ur aseaiou yiim Lpoedes afueyoxs felo) wr ABuey) gL u;:m_ 4
pel ,01 — 8sop co:m_bm,._ ewuweb pue ejaq [B10]

ol 8 9 v 4 0

ouatlis  024d. O

aualf}s ¢ 'ON84dd O
ojjousyd. 2 'ON-8-4d ¥V
suallls | 'ONgdd [J

_ _ _ _ “ 0S—

@]
b= 2
g
]
3
—
(o]
—t
n
o]
5
— 00— =
[
=
Q
©
o
©
he)
o
o
—ot— <
X

21



infrared Spectroscopy

- The infrared spectroscopy performed in the first and
second sampling (References 3 and 4) was not used for
the third sampling, Infrared spectroscopy is not a very
sensitive technique for measuring small changes in a

- chemical species. Thus the changes such as the loss of

sulfonic acid groups, which have been measured by
other techniques to be on the order of a few percent of
the total amount present, would not be readily apparent
on the infrared spectra,

Gas, Liquid, and Supercritical

~ Fluids Chromatography

All the chromatography methods are accepted
techniques for detection and analysis of organic
materials. Each of the techniques have strengths and
weaknesses, but when combined, as was done for these
resin analyses, they become a very powerful set of

techniques that could detect most organic material

present. The sensitivities vary for each of the tech-
niques, but the detection of at least ppm levels of
organic material is within the capabilities of each of
the techniques,

All of the soak, pre-elution rinse solutions, and
decant solutions were tested for organics by first ex-
tracting the aqueous solutiors with hexanes and then
analyzing the extracts with the various chroma-
tography techniques. No detectable organic materials
were observed in any of the chromatography experi-
ments. This is an indication that any organic degrada-
tion products of the polystyrene divinylbenzene where
not soluble in the deionized water solutions and hence
not extracted into the hexanes. One can then make the

~conclusion that organic decomposition products are

expected to stay with the intact resin beads.

Determination of Sulfate

In the first two samplings, 4 barium chloride precip-
itation was performed to determine the amount of sul-
fate present in the soak solutions, In the third sampling,
this technique was replaced with ICP-AES. Sulfur was
found in the aqueous solutions taken from resin sam-
ples (it is assumed that all sulfur is in the form of sul-
faie). The fact that sulfates are present in substantial
concentrations demonstrates that the strong acid cation
resins are losing functional groups that are responsible
for holding radionuclides on the resins, The results of
the ICP-AES analysis for sulfur is presented in
Table 5.

The phenolic resins contain no sulfonic acid groups;
therefore, the distilled water soak samples should
show no sulfate (Reference 8). However, some sulfate

~was detected in the phenolic sample, PP-8#2, because

a small amount of strong acid cation was collécted
with the phenolic resin due to the proximity of these
resing in the prefilter.

It is difficult to determine any trend in sulfonic acid
group loss from previous samplings because the actual
conditions under which the samples were obtained
changed significantly from the first to the third sain-
pling. For example, during processing of the third sam-
pling, it was very difficult to get any of the soak water
through the column when the columns flowed rela-
tively well in the first sampling. Also, water added to
the prefilter beds during resin coring could have dis-
placed some sulfates. The total sulfur lost from the
resins was determined in the third sampling by sum-
ming up all of the sulfur present from all of the soak,
rinse, and elution solution ICP-AES analyses,
Measurements of pH were taken of all solutions and in
all cases they were less than 3,

Table 5. Sulfate determined in aqueous solutions from resins by inductively coupled plasma-atomic emission

spectroscopy, third sampling

All Aqueous Solutions
From Resin Sample No.

- PE-8#1
PF-8#2
PF-8#3
PF-20

Unirradiaie Kesin

(Milligrams SO /100 mL Resin Sample)

25
4
63

37
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Scanning Electron Microscopy

The SEM photomicrogruph of the unirradiated
strong acid cation resin from Epicor, Inc,, Is presented
in Figure 13, Figures 14 and 15 are photomicrographs
of strong acid cation resin from the third sampling of

PF-20. Figures 16, 17, and 18 are photomicrographs of |
strong acid cation resin from PF-8#1, Figures 19 and .

20 ure photomicrogruphs of strong acid cation resin
from PF-8#3.

In comparison of Figures 14 and 15 with photomi-
crographs taken {rom the second sampling (Reference
4) a damaged bead can be observed where none were
before. That bead appears to contain a crater also, This
appears to correlate with the significant changes in
degradation observed this sampling. The strong acid
cation resins from PF-8, as in prior samplings, show a
lot of bead cracking and breakage. The type of break-
age appears different than one would expect for purely
mechanical damage, The photomicrographs Figures
16 and 17 show several types of bead fracture similar
to those seen in previous examinations (References 3
and 4), The photomicrograph of the PR-8#1 sample in
Figure 18 shows concentric ring type cracking not

seen before, The photomicrogriph of PF-8#3 in Fig-
ure 19 exhibits a number of damaged beads. The bead
shown in Figure 20 has been indented by sur ounding
beads indicating the bead structure has softei ed, The
bead has also fraciured, Few of the resins indicate a
smooth surface break. Most of the broken resin beads
show a ridged surface on the fracture plane (Fig-
ures 13, 17, 18, and 20). A number of damaged bead
fragments can be seen in the various photomicro-
graphs, It appears that the beads first crack, then
eventually fall into fragments, Most of the damage to
resin beads observed in the three samplings of
EPICOR-II resins has been unusual and not relatable
to normal physical damage associated with pump or
vacuum transfer or other mechanical damage.

The photomicrographs of PF-8#2 are less dramatic.

The unirradiated phenolic resin is shown in Figure 21,

Figure 22 and 23 show the irradiated resin sample, One
small crack can be observed in Figure 23 and this was
the only crack observed in the phenolic resin sample.

' The phenolic resins have a different chemical back-

bone structure than the strong acid cation resins which
are styrene divinylbenizene, and therefore exhibit a dif-
ferent physical behavior,

Flgure 13. SEM photomicrograph of unirradiated Epicor, Inc. strong acid cation resin at J 2 magnification,

23
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Figure 14.  SENM photonucrograph of EPICOR T stong acid cation tesime saunple PE20G0 20 mastication,
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Figure 15.  SEM photonncrogiaph ol EPICOR T steong acid cation resin sample PEO20, showing a closeap of

adamaged resin bead at 1O0 maymheation,
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Figure 16.  SENM photomicrograph of EPICOR 1 strong acid cation esin sample P18

at by magnificition,
stiowtng mnetous damaged resin beads,

Flgure 17, St photomicroysiphy ol EPICOR D strongy acid cation resar sample PES#0 ac 100 magnification
showerng atypieal s bead factonee,
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Figure 18. SEM phatomicrograph of EPICOR-ITstrongueid cation resin sample PE-8#1 showing acloseup of
one unusually damaged bead at 10O magnification,
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Flgure 20, SEM photomicrograph of EPICOR-IT strong acid cation resin sample PES#3 showing one resin

bead which appears to have sollened and dimpled at 100 magnification,
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Figure 21. SEM photomicrograph of unirradiated Epicor, Ine, phenolic cation resin at 100 magnification,
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CFlgure 22, SEd photoniciograph ol EPICOR- T phenolic eation resin sample PES#2 an T8 magnilication,

Figure 23, SENM photomicrograph of EPICOR L phenolic cation resin sumple PESIE, showing o closeup of
ome eracked wesin particle al S0 magmification,
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Gamma--Ray Spectroscopy

During the third sampling, gamma-ray speotro-
scopy was used to dotermine the amount of radionu-
clides present in varlous aquéous samples, Significant
amounts of Cs~134 and Cs-137 were deteoted in the
soik, rinse, and docant rinse golutions, Table 6 presents
the amount of Cs-134, and ~137 that were found in de-
ionized water solutions, as well as the total Ceslum
loading for the resin samples,

Physlical Observations

Physioal observations during the third sampling
were similar to those of the first and second samplings
with more advanced signs of degradation in evidence.
The styrene bage resins (PF-8#1, PF-8#3, and PF-20)
all showed signs of stickiness and agglomeration more
severe than the second sampling. Coring of the pro-
filtors was more difficult than either previous coring
with resins offering more resistance to the coring tool,
Vacuum removal of samples from the cores was
impeded by plugging of the vacuum entrance of the
tube by resing (a new experience), Only by repeated
rinsing of the wand with demineralized wator was it
possible to continue the process, With the resin sam-
ples in columns, flow could not be initlated for the first

ringe (vacuum asslst was no help), The samples were
each waslied into a beaker and rinsed to remove g vis-
ible sediment. The sediment was decanted off and the
rosing wore thon returned to the columny for elution,
The elution prooess was then performed as planned,
PF-8#f1 and PF-8#3 both appeared dark orange to
brown in color, The 7-year-old unirradiated rosin was
still a light amber color, PR-20 resin samples also had
a significant ohange in color (moutly orange).

During coring operations, water was ¢ 1ded to the
top of cach profilter bed to add in corlng tool insertion,
That water ran across the bed to enter previous core
holes rather than soak directly into tho bed us would
normally ocour, Previous oxperience with EPICOR
prefilters which had lower radiation doses showed that
water would normally flow direcdy Into the bed,

Synopsls of Results

Table 7 presents results of the variouy analytical
tests performed on the irradiated EPICOR-II resin
samples, It uhould be noted that results in the table are
expressed in terms of differences in values obtained
from tests on the irmdiated EPICOR-II resins from the
first, second, and third samplings versus the values
obtained from tests on the unirradiated Epleor, Inc,
supplied resins,

Table 6. Ceslum measured in aqucous solutions from resins-third sampling

Total mCi/100 mL Resin Sample

All Aqueous Solutions
From Resin Sample No. Cs-134 Cs-137 Totul Cy
PF-811 650 74,089 74,139
PF-81f2 95 11,183 11,278
PE-813 1141 130,242 131,383
PF-20 930 108,215 109,145
29
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DISCUSSION AND CONCLUSIONS

Severnl important studies of fon exchange resins
huve beon conducted, Including reseurch by Battelle
Columbus Laboratory (BCL)!3M4 Brookhaven
Natlonal Laborstory (BNL), 7121516 ynd the Idaho
Nutlongal Englneering Laboratory (INEL) (References
3 and 4), The BCL work covered churacterization of
EPICOR-I prefilters PF-3 and ~164 the BNL research
included rudintion effects on lon exchange resins, A
more complete discussion of the findings of those
rescurchers is presented in Reference 3 and a dls-
cussion comparing BCL und BNL results with those
obtalned at INEL is glven below, This section also
compares the results from the first and second sam-
pling of EPICOR resing PF-8 and -20 with the results
of the third sampling,

The results obtained by BNL and BCL agree with
the findings of the INEL rescarch of EPICOR-II
prefilters. The following items were found during the
BNL and BCL, research which specifically relate to the
INEL. work:

e Most cution resing show significant degra-
dation only ufter they huve received a radi-
ation doge greater than 108 rad.

e The primury cffects of radiation on lon ex-
change resing are degradation by loss of
cflective cross-linking of the macro-
molecular structure, along with sclssion of
lon exchange functional groups.

¢ The exchange capacity of ion exchange
resing, in general, decreases with increasing
radiation dose,

o In cation ion exchangers, initally there is an
increase in functional groups capable of ex-
change, as  result of radiation in the presence
of air or moisture, Those are phenolic and
carboxyl groups produced as a result of
oxidation.

e The initinl increase in exchange sites tends to
increase the total exchange capacity (TEC) of
the resin, However, the accompanying
scission of existing exchange groups often re-
sult in n net decrease In TEC values,

o In gencral, the salt forms of ion exchange
resing are more resistunt 1o radiation than the
H* or OH™ forms,

¢ Prolonged exposure of ion exchange resins to

‘ radiation inflowing (dynamic) systems

causes more drastic changes in their physical

and chemical properties than fon exchange
resing irradiated In a static systom.

¢ Radiation~caused chemical changes in ion
exchange resing are a direct function of the
total radiation dose absorbed by the resin,

INEL findings correlate with findings of other
researchers; 2712151617 however, degradation has
been identified in the EPICOR-II resins at a lower
total integrated radiation dose than observed pre-
viously (6 x 107 versus 108 rad) (References 2, 3, and
4), ‘

The first and second samplings confirm that degra-
dation in the PF-8 and ~20 strong acld cation resing
has occurred, The onset of degradation has also been
confirmed in the phenolic cation resins of PR-8, The
INEL study has shown that degradation is occurring at
n lower total dose than was reported in carlier
studies.»712 The physical observations noted during
the third sampling of the cores are compurable with
those observed during the first and second samplings
(i.e., lack of flow during initial elution of the strong
acid cation resins), By the time of the third sampling,
no flow through the columns of resin was obtainable
by normal gravity means, and the resing had to be
rinsed in a beaker to remove the visible sediment on
the top of the column, The sediment was decanted off
and the resins were returned to their ion exchange
columns for elution, That process was successfully
completed on each resin sample.

The soak and rinse solutions from the initial elution
of the second and third sampling had a brown discolor-
ation (indicating resin degradation). These are the
same effects observed in resins of similar types when
exposed to light for prolonged perlods of time (purticu-
larly ultra violet light). The same solutions during the
first sampling were colorless. It has been found (Ref-

" erence 17) that the color of the soak solution from irra-

32

diated resing changes from pale yellow to deep amber
as the radiation dose increases. That chrnge is consis-
tent with the analytical results from the first, second,
and third sampling. Also, the first, second, and third
samplings showed a pH of less than 3.0,

1t is concluded from analysis of the first, second, and
third samplings that the following mechanisms of
degradation are occurring within the EPICOR-II
strong acid cation resins;



PR .

‘o Loss of effective cross-linking (which could
lead to eventual release of radionuclides if
degradation progressed-to the total failure of
the polymer structure), as shown by the in-

' credse in water retention capacity, decrease in
salt—splitting capacity, and decrease in back-
‘washed and settled density. -

o Loss of functional groups (with accom-
panying loss of radionuclides), as indicated
by the increase in sulfate concentrations in

the various soak, rinse and elution solutions

and loss in salt—splituxg capacity. -

¢  Resins from PR-20 showed an initial increase
in TEC during the first sampling due to oxi-
dation of the polymer. chain before onset of
degradation (Reference 3). The TEC then de-
“creased to no change in the second sampling
(Reference 4). This could be caused by loss of
effective cross-linking. By the third sam-
pling, a substantial decrease in the TEC was
observed, indicating that the radiation dose
had exceeded the necessary dose for exten-
sive degradation.

Al of the resins sampled are losing capacity
" to hold cesium, the major radionuclide found
in the resin samples, as evidenced by the
amount of cesium found in the soak and rinse
solutions.

It is also concluded from analysis of the first,
second, and third samplings that the following mecha-
nisms of degradation are occurring within the
EPICOR-II phenolic cation resins:

¢ Loss of effective cross-linking (which has
led to the loss of radionuclides), this was ex-
pected due the increase in the water retention
capacity and the decrease in the backwashed
and settled density. During the third sam-
pling, the backwashed and settled density in-
creased somewhat.

¢  Oxidation of the polymer chain (which would
reduce the tendency to release radionuclides),
caused an increase in the salt—splitting
capacity in the first and second sampling. By
the time of the third sampling, degradation
had occurred to the point where substantial
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change capacity was observed.

Previous resin studies show that degradation caused
by internal radiation doses will be more severe than
degradation caused by external irradiation, because of
introduction of the radiation into the polymer structure
(References 2, 7, 12, 15 and 16). The internal dose re-
ceived by the organic ion exchange resins in EPICOR~
I prefilters PF-8 and ~20 has been sufficient to
produce significant degradation. The degradation at .
the time of the first sampling was measurabie, The
equilibrium of the polymer structure has been shifted
towards polymer breakdown; this is substantiated by
results of the second and third analysis.

One important indicator of the capability of ion ex-
change media to retain radionuclides is total exchange
capacity. The four samples examined in the INEL
study exhibited different reactions to radiation in the
first and second sampling. Samples PF-8#1 and
PF-8#3, strong acid cation resins with the highest radi-
ation dose, showed reduced total exchange capacity.
Sample PF-8#2, the phenolic cation with a slightly.
lower dose, showed a decrease in the second sampling.
PE-20, the strongest acid cation with the lowest dose,
showed an increase in the first sampling, and dropped
back to the capacity of the unirradiated resin in the
second sampling. This indicates the onset of degrada-
tion that is consistent with findings of Reference 12.

" That sample exhibited a significant drop in exchange

capacity in the third samplirig. The results of the INEL
study indicate that the threshold dose for the onset of
degradation due to internal radiation is between 5.1 x
107 and 6.6 x 107 rads. By the time of the third sam-
pling, all of the resin samples had demonstrated sub-
stantial decrease in the total exchange capacity. This
ranged from 23% for the phenolic resin to 35% in the
PF--20 strong acid cation resin. The strong acid cation
resins of PF-8 had a decrease in the total exchange

. capacity of about 43%. These changes are graphically

illustrated in Figure 12 where sample PF-20 initially
increased in exchange capacity while other samples
showed decreases as indicated by the negative percent
change in the curves.

The radiation degradation was also seen as the loss
of sulfonic acid groups in PF-8#1, PE-8#3, and PF-20
resin samples. The loss of sulfonic acid groups would
lower the pH of the liquid in the surrounding ion ex-
change material as observed in previous samples and
the third sampling (Table 6). The low-pH liquid
should be neutralized by the remaining unused ion ex-
change material in the prefilters. That thesis is sup-
ported by the measurement of residual water pH from
the 50 prefilters which were stored at the INEL. Forty—
six of those prefilters have been disposed at the com-
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and four have been disposed in the Radioactive Waste



' Management Complex at the INEL. The pH measure-

" ments of residual water obtained more than three years
after the prefilters were used were in the range of about
5 to 8 as compared to less than 3 for spak and rinse so-
lutions from resin samples. Those pH readings indicate
that the acidic solution was being modified as it passed
through the cation and mixed bed resins in the lower
regions of the prefilters. ‘ -

A thieshold dose for degradation in EPICOR-II ion
~ exchange resins has been identified by this work to be
below 6 x 107 rads. That value is somewhat less than in
the 108-rad accumulated dose limit recommended in
the Technical Position on Waste Form,!8 The resin

properties, which have changed due to degradation, -

such as those examined by the ASTM methods, exhibit
small changes (10% or less, as seen in Tables 3 and 4)
at the threshold dose; while higher doses (108 rad and
above) have produced more pronounced property
changes.2 15161t can also be seen from the information
in Tables 3 and 4 that different resins react differently
at a similar dose (comparing styrene to phenolic
base resin).

The results produced in this study show that
EPICOR resins definitely began losing radionuclides
below 108 rads total radiation dose. But the release of
a nuclide by an exch:mgc site does not ensure. that the
nuclide will be released by the exchanger to the envi-
ronment. The nuclide could be picked up on another
site or held by the agglomerated resins. The first would
be atemporary condition until a higher dose is reached,
but does delay the ultimate release of the nuclide. The
second would be more permatient and would not easily
release the nuclide. Such processes are probably occur-
ring within the EPICOR~-II prefilters. The ion ex-
change process is made possible by the fact that ion
exchangers are operated below the point where a pre-
determined level of radionuclides begins appearing in
the effluent (exchanger breakthrough). That process
results in a number of free sites in the exchangers being
available for recapture of any loose radionuclides.

Both ion exchange recapture and retention by the
gelatinous agglomerated resin mass will effectively
hold the released radionuclides. It was positively
shown during column elution attempts in both this
study and the one conducted in Reference 2, that water
flow could not be initiated through the degraded ion
exchange beds and thus no nuclides elution or subse-
quent movement could take place. In this study, only
batch rinsing resulted in nuclide releases where
agglomerated resins predominated. The graphs of

Figures 2 and 3 present gamma dose with bed location.
These curves have remained essentially unchanged for
shape and location within the prefilter over the three
samplings, which indicates that the gamma—emitting
radionuclides are not moving despite addition of water

“during coring operations.

These analyses have assisted in determining the ex-
tent to which organic ion exchangers are degraded by
internal radiation under conditions representative of
actual use and storage, Degradation of the resins has

. been related directly to total integrated radiation dose.
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This has aided in identifying the effects of degradation

on release of radionuclides from the ion exchange me-

dia. The resin bed in the higher radiation zone is being
converted to an agglomerated mass, a substance with

unigue new nuclide retention capabilities. It has been
shown that the contained radionuclides remain within-
the ion exchange bed. The acceptability of EPICOR-II

prefilters for disposal in high integrity containers at a

commercial disposal site is thus confirmed.

No further examinations were planned for PF-8 and
~20 resins and all sample materials and those prefilters
have been disposed. However, the authors recommend
that certain other studies of ion exchange resins be un-
dertaken to examine aspects of resins degradation not
included in the work discussed in this report. This
study was restricted to only two types of strong acid
cation resins, those with styrene and phenolic struc-
tures. Studies should be performed on degradation of
newer acrylic and styrene structured resins, both cation
and anion, now used in nuclear power stations with in-
ternally and externally irradiated samples having vari-
ous radiation doses applied to samples of each resin
type. The conduct of tests within the proper test matrix
would provide data for determining thresholds of deg-
radation for those resins. Laboratory scale leaching of
those irradiated resins could be used to further identify
the part that bed agglomeration plays in retaining ra-
dionuclides. Resins would be loaded with such com-
monly encountered radionuclides as Cs—137 and
Co-60 to facilitate the study of nuclide retention.

An important aspect of irradiation degradation of
resins is gas generation, which occurs during that irra-
diation, In particular the generation of hydrocarbons
from the degradation of resins is information that can
be used in planning for and regulating the disposal of
long—term storage of ion exchange resins. The studies
of resin degradation could also incorporate measure-
ment of gas generation caused by irradiation.
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