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ZVALUATION OF THF._ SUBMERGED DEMINERALIZER SYSTEM (SDS)
FLOWSHE. i FOR DECONTAMINATION OF HIGH-ACTIVITY-
LEVEL WATER AT THE THREE MILE ISLAND
UNIT 2 NUCLEAR POWER STATION

D. 0. Campbell
E. D. Collins
L. J. King

J. B. Knauer

ABSTRACT

The Submerged Demineralizer System (SDS) flowsheet for decontamina-
tion of the high-activity-level water at the Three Mile Island Unit 2
Nuclear Power Stétion was evaluated at Oak Ridge National Laboratory in
a study that included filtration tests, ion exchange column tests, and ion
exchange distribution tests. The contaminated waters, the SDS flowsheet,
arnd the experiments made are described. The experimental results were

used to predict the SDS performance and to indicate potential improvements.



1. INTRODUCTION

The Submerged Demineralizer System (SDS) flowsheet for decon-
tamination of the high-activity-levei water (HALW) at the Three Mile
Island Unit 2 (TMI-2) Nuclear Power Station was evaluated at Oak Ridge
National Laboratory (ORNL) in a study that included filtration tests, ion
exchange column loading tests, and ion exchange distribution tests. The
HALW at TMI-2 includes approximately 2650 m3 (700,000 gal) of contaminated
water in the floor of the Reactor Containment Building (CB) and approxi-
mately 340 m3 (90,000 gal) of circulating cooling water that remains
in the closed-loop Reactor Primary Coolant System (RCS).

Three 1-L samples of contaminated water were taken from the bottom of
the CB during November and December of 1979 and were shipped to ORNL
for use in the SDS evaluation tests. These tests were made during the
period January-April 1980. Preliminary results were reported in a series
of monthly letters from R. E. Brooksbank of ORNL to R. F. Wilson, Director
of TMI-2 Recovery for General Public Utilities (GPU). Summary results
were presented to the TMI-2 Technical Advisory Group on April 21, 1980,
and to the TMI-2 Recovery staff on April 28.

The process to be used in the SDS for decontamination of the HALW
was developed during mid-1979, following analyses and testing of samples
of RCS water which werr: taken within a few weeks after the accident.
Samples of CB water were not available until an access probe was installed
in August. The RCS water samples were analyzed at ORNL during May and
June, and some of the RCS water was used for distribution measurements with
a variety of solid sorbents to determine the most favorable type of sor-

bent for the decontamination process. Also, small-column loading tests
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were made using synthetic feed solutions traced with either 89sr or 137Cs
to determine the potential pervormance of ion exchange columns containing
selected sorbents. The zeolite chabazite was selected as the appropriate
sorbent that was commercially available and had a history of successful,
large-scale usage.

On the basis of results from these tests, ORNL and Savannah River
Laboratory personnel worked with members of the "echnical Advisory Group
to develop a proposed flowsheet. Then a processing system (the SDS) was
designed by Allied General Nuclear Services (AGNS)1 for Chem-Nuclear
Systems, Inc. (CNSI), the prime contractor for fabrication, installation,
and operation of the process equipment. The SDS was designed to decon-
taminate the HALW so that, when mixed with normal plant discharges, the
concentrations of all nuclides (except tritium) would be <10% of the con-
centrations listed in 10 CFR 20.2,3

The first samples of CB water analyzed at ORNL were obtained in
August 1979. Following the analyses, some of the water was used to make
additional ion exchange distribution measurements. The results of those
measurements indicated the presence of recalcitrant species of both stron-
tium and cesium at estimated concentrations of 0.08% and 0.04% respec-
tively. In effect, these species appeared to limit the decontamination
available with the proposed SDS flowsheet to factors of approximately
1200 for strontium and 2400 for cesium. In addition, the sample taken
from near the CB floor contained a significant volume of flocculent
solids. This introduced the possibility that the filters specified for
use in the proposed SDS might be inadequate for removing this type of

solid material.



Based on the potential difficulties suggested by the presence of
the solids and recalcitrant species, ORNL recommended that filtration
and ion exchange column tests be made using actual water samples taken
from near the CB floor for evaluation of the SDS process and for the deve-
lopment of potential process improvements (modifications). In addition,
the NRC requested that GPU provide process evaluation data for use in a
safety evaluation.

The experimental program that is the subject of this report resulted
from an agreement between GPU and DOE. The technical scope was decided
through consultation among GPU, ORNL, and the TMI-2 Technical Advisory
Group. The report includes descriptions of the contaminated waters, the
SDS process flowsheet, and the experiments that were performed. The
experimental results were used to predict SDS process performance and

to indicate potential improvements.

2. ANALYSES OF THE CONTAMINATED WATERS

The concentrations and total amounts of the chemical and radiochemi-
cal components in the RCS water and the CB water which are most signifi-
cant relative to the performance of the SDS system are listed in Table 1.
The values in the table for the RCS water are composites of analytical data
for the samples that were taken earlier. The values for the CB water
represent the analyses of the 1-L samples that were used for the flowsheet
evaluation. Also listed in the table are the "relative ingestion hazards"
of the dominant radionuclides. The relative ingestion hazard is defined
herein as the ratio of the concentration of a radionuclide in the con-

taminated water to the concentration given in 10 CFR 20, Appendix B, Table

~



Table 1.

Composition of contaminated water

(values are corrected for radioactive decay to July 1, 1980.)

Reactor Containment
coolant building
system water Total
Volume 90,000 gal 700,000'ga1 790,000 gal
Sodium 1350 ppm 1200 ppm 3600 kg
Boron 3870 ppm 2000 ppm 38,000 kg
(as H3BO03)
Cesium 1.5 ppm 0.8 ppm 2.6 kg
Strontium <0.05 ppm 0.1 ppm 0.3kg
Relative Relative
Conc. ingestion Conc. ingestion Total
Nuclide (uCi/mL) hazarda (uCi/mL) hazardd (ci)
3y 0.17 60 1.0 300 2,500
895y 5b 2,000,000 0.53 200,000 3,000
90sr 25b 80,000,000 2.3 8,000,000 14,000
106Ry 0.1 10,000  0.002 200 40
1255 0.01 100  0.02 200 50
134¢s 10 1,000,000 26 3,000,000 67,000
137¢s 57 3,000,000 160 8,000,000 410,000
144¢¢ 0.03 2,000  0.0005 50 10

a

Expressed as multiples of the concentrations listed in 10 CFR 20,
Appendix B, Table II, Column 2.
b

Values vary, probably because of precipitation.



II, Column 2, for that radionuclide. Although the 10 CFR 20 con-
centrations do not represent specifications for discharge of these post-
accident waters from TMI-2, the relative hazards are useful for the design
and evaluation of proposed water treatment processes. The relative hazard
of a radionuclide indicates the numerical value by which the concentration
of the radionuclide must be reduced, either by processing or by dilution.
The reduction by processing is expressed as the decontamination factor
(DF), which is the ratio of the concentration of a nuclide in the process
feed solution to its concentration in the product solution.

Both waters contain sodium borate and boric acid; the pH is 8.2 in
the RCS water and 8.6 in the CB water. Of the radionuclides now present,
cesium and strontium will require the most decontamination. In addition
to cesium and strontium, one of the important radioactive contaminants
present in the waters is tritium (half-l1ife = 12.3 y). This heavy isotope
of hydrogen is present as tritiated water in concentrations that are
minute but are still more than the 10 CFR 20 concentrations. The tritium
will not be removed by the SDS process and will probably be handled by
dilution with uncontaminated water after the other radioactive materials
have been removed.

The radiocesium isotopes in both bodies of contaminated water are
by far the predominant sources of gamma activity. Until the cesium con-
centrations have been reduced by several orders of magnitude, the decon-
tamination process equipment must be both shielded and operated remotely
to prevent excessive exposure to operating personnel.

The sample analyses have indicated that the concentration of 90Sr in

the RCS water increased from 0.04 to 7 uCi/mL during the first month



following the accident and then increased further to about 25 uCi/mL.4
This behavior is in contrast to the concentrations of cesium and tritium
which have decreased in a manner consistent with observed leakage rates of
the contaminated water from the RCS (and with dilution by makeup water).
The increased strontium concentration may have been due to continued
leaching of exposed fuel; however, it is more likely that this increase
has been caused by redissolution of a precipitated strontium form, such as
strontium sulfate. Whatever the cause, the practical implication is that
additional strontium may appear during the decontamination process.

A significant concentration of strontium has been found in an insol-
uble form in samples of water taken from the bottom of the Containment
Building. In each 1-L sample, the concentration of solids in the slurry
(1iquid plus solids) was approximately 0.5 vol %, as determined by cen-
trifugation; however, both the amount and nature of the solid material in
the slurry sample may not be representative of the total solids within the
building since the sample could be taken from only one location. Thus
extrapolation of the data regarding the solids is very uncertain.

The key chemical and radiochemical constituents in the solids are
listed in Table 2, along with the calculated percentage of each element
and nuclide in the total sample (liquid plus solid) that was insoluble.
Although the strontium was the predominant radionuclide in the solids, 92%
of the strontium in the total sample was in the liquid phase. Essentially
all of the cesium was in the liquid phase. Thus, even if these solids are
dissolved during the decontamination process, the total amount of radioac-

tive materials in the water would not increase significantly.



Table 2. Solids in one-liter samples of Containment Building water

Conc. Conc.

(a/mL % (uCi/mL %
Element solidsd) insolubleb Nuclide s01ids3sC)  insolubleb
Copper 7500 99 90y 38 8
Nickel 2500 >98 89sr 8.7 8
Aluminum 1450 88 137¢s 4.7 0.04
Iron 850 81 125gp 1.5 28
Silicon 650 10 144c¢ 1.4 93
Calcium 450 7 134¢s 0.82 0.04
Zinc 400 287 106gy 0.76 66
Chlorine 400 10 113g 0.23 d
Magnesium 150 10 . 95N 0.14 97
Sulfur 100 d 129mre 0.077 d
Manganese 90 269 60co 0.073 88
Silver 55 d 58Mn 0.030 d
Cadmium 55 d 110mp g 0.027 d
Tin 40 d : 5810 0.020 88
Indium 30 d 103gy 0.010 66
Phosphorus 30 20
Chromium 25 12
Uranium 20 d
Potassium 15 1
Lead 10 d
Yttrium 9 d
Zirconium 7 d
Cobalt 3.5 >8
Barium 2.5 211
Strontium 2.5 211
Cesium 0.5 0.04

dBased on volume of solids after centrifugation.
Percentage of element or nuclide in total sample (1liquid plus solid) that
is insoluble. Calculation based un total solids content of 0.5% (volume)
in centrifuged sample.
CConcentration on July 1, 1980.
Not measured in water.



3. DESCRIPTION OF THE SUBMERGED DEMINERALIZER SYSTEM

The flowsheet evaluated herein (Fig. 1) was that designed by AGNS for
the SDS. In this flowsheet, the contaminated water is clarified by
filtration (using a 75-um-rated prefilter and a 10-um rated final filter)
during transfer into the ion exchange feed tanks. The clarified water is
pumped through either or both of two duplicate trains of ion exchange
columns. Each train consists of a series of three columns containing
zeolite (Linde Ionsiv IE-95, formerly called AW-500, in the Na‘* form).

The effluent from either train of zeolite columns is passed through either
of two duplicate columns containing an organic cation exchange resin
(Nalcite HCR-S, initially in the H* form). Finally, the effluent water
from both cation resin columns is combined and passed through a single
large polishing column containing layers of cation resin (HCR-S, initially
in the H* form), anion resin (Nalcite SBR, initially in the OH~ form), and
mixed resin (Nalcite MR-3, a 1:1 volume mixture of HCR-S and SBR).

The ion exchange columns are of modular design and can be moved
easily. The zeolite and cation resin columns are of the same size
although the volume of cation resin to be used is only one-half of the
volume of zeolite that will be used in each column.

The operating procedure provides that 20C bed volumes of water will be
passed through each zeolite column while it is in the first position. At
that time, the column containing the loaded zeolite will be removed from
the system, the other zeolite columns will be moved forward one position
(countercurrent to the water flow), and a new zeolite column will be

installed in the third position. In this manner, the zeolite columns
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Fig. 1. Submerged Demineralizer System flowsheet.
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will sorb most of the cesium while in the first position, and while

in the second and third positions will provide the necessary residence
time to allow the strontium to be sorbed. The cation resin columns and
the polishing column will be changed when in-line monitors or periodic

sample analyses indicate that a bed has become loaded.

4. FILTRATION

4,1 Estimated Amount and Character of Solids Material

A11 four samples of water taken from the bottom of the Containment
Building contained flocculent solids; the amounts after settling and
centrifuging are shown in Table 3. If such solids are present in a signi-
ficant amount in the CB water and if the water is not clarified
adequately, the solids could restrict or block the flow of water through
the ion exchange columns. The uncertainty is, of course, whether the
amount and nature of the solids in the samples are representative of the
total within the building. Thus the amount present in the Containment
Building is highly conjectural and can only be roughly estimated.

The sample taken in August contained a significantly larger
concentration of solids, probably because (1) it was the first sample
taken at the sample probe location, (2) the water (slurry) was not
agitated before sampling, and (3) only a small volume was taken. The
three large samples all contained a solids concentration of approximately
0.5% after centrifuging. These samples can represent no more than the

bottom few inches in the building (a total volume of about 75 to 150 m3, or
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Table 3. Samples taken from the bottom of the Containment Building

Sample designation Bottom RB Sump 1 RB Sump 2 RB Sump 3
Date taken 8/19 11/15/79 12/5/179 12/5/79
Type Unagitated Agitated Unagitated Agitated
Volume (L) 0.03 1.05 1.15 1.15
Solids content,

vol %

Settled 1@ 1.0 2.0 Not meas.

Centrifuged 4 ‘ 0.5 0.5 ~0.5

20,000 to 40,000 gal). On this basis, the total volume of solids is esti-
mated (at 0.5% concentration) to be approximately 0.4 to 0.8 m3, or 100 to
200 gal (equivalent to centrifuged solids). Other methods of estimation
have indicated the presence of a similar amount.

The solid materials present in the samples are precipitates (probably
hydroxides) of primarily copper, aluminum, nickel, and iron, as shown in
Table 2. The copper and iron were observed (by the color of the
precipitate) to be present in their chemically reduced states (cuprous and
ferrous). The predominant radioactive nuclide in the solids is 90gr, 1t
is significant to note that the bulk of the solids {all that is visible to
the naked eye) can be dissolved by the addition of enough acid to lower
the pH to 3. However, such an acidification could be detrimental to the
subsequent ion exchange operations and, thus, has not yet been considered

as a process option.



13

Sedimentation tests ir” cated that the bulk of the solids was heavy
enough to settle within 30 to 60 min; however, a visible haze remained in
the supernate for 10 to 20 h. These results indicate that, if the water
in the Containment Building floor could be decanted from near the surface, -
the solids would not be encountered in the SDS until the building is
nearly empty. However, plans are to pump the water through the 46-cm-diam
(18-in.-diam) uptake 1ine in the building sump. Even though this is a
relatively large pipe, the liquid velocity, approximately 38 cm/min (15
in./min) at a flow rate of 60 L/min (15 gal/min), will be fast enough to

cause transfer of a significant fraction of any solids within the pipe.

4.2 Filtration Tests

The total solids content in the three 1-L samples was not large
enough for extensive filtration tests. Thus a synthetic slurry was for-
mulated to the same chemical composition as the actual slurry and was used
to evaluate a variety of filter media and filtration methods. Care was
taken to ensure that the chemically reduced states were maintained and
that the synthetic slurry was formulated in such a way that the settling
characteristics were similar to those observed for the actual slurry.

Scouting tests were made first using glass frit filters. The
results, summarized in Table 4, showed that, the coarse filter (40 to 60-
um pore size) did not remove the solids efficiently unless it was pre-
coated with a filter aid. The medium grade filter (10 to 15-um pore size)
did remove the solids but only 2t a slow flow rate. When either filter
was precoated with a diatomaceous earth filter aid, the solids-removal
efficiency and flow rate were satisfactory. The ranges in particle sizes

of the two grades of filter aid that were examined are shown in Table 5.
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Table 4. Filtration scouting tests using synthetic
TMI slurry and glass frit filters

Pore size Flow Relative turbidity
Filter type (um) rate of filtrated
Coarse 40-60 Fast 46
Medium 10-15 Slow 2.5
Cine 4-5.5 Slow 2.1
Coarse (precoatedd) - Fast 3.3
Medium (precoatedt) -- Fast 1.2

dRelative turbidity of mixed, synthetic slurry 2 50 and laboratory demi-
neralized water = 0.15. At turbidities below about 5, the solids pre-
sent are not easily seen by the human eye.

bApproximately 0.6-cm thickness of Celite 535.

Table 5. Diatomaceous earth filter aids

Particle Typical analysis
size (wt %)
(um) Standard Super-Cel Celite 535

<2 10.0 --

2-4 17.0 3.0
4-6 24.0 3.0
6-8 16.0 6.5
8-10 9.0 10.0
10-20 15.0 37.5
20-40 | 4.5 26.0

40-60 4.5 14.0
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The Standard Super Cel (with a particle-size range predominantly <10 um)
was found to cause slow flow rates and a high pressure drop, while the
Celite 535 (with a size range predominantly between 10 and 60 um) was

found to give good performance.

Quantitative loading data were obtained using the synthetic-slurry
and sintered-metal filters (Mott Metallurgical Corporation) having 5-, 10-,
20-, and 40-um ratings. The experimental equipment arrangement is shown
in Fig. 2. The mixed slurry was pumped either upflow through the filter
housing (with the filter located in the top of the housing) or downflow
(with the filter at the bottom of the housing), and the tests were ter-
minated when the pressure drop exceeded 240 kPa (35 psi). The turbidity
of the filtrate solution was compared to the turbidity of the feed slurry
to provide a measure of the filtration efficiency. At the flow rates
used, 150 to 500 mL/s-mé (0.22 to 0.74 ga1/min-ft2), the holdup time in

the test filter housing was similar to that in the SDS filter housing.

Results of the filtration tests, summarized in Table 6, indicate that
(1) the use of a filter aid will be necessary to achieve a satisfactory
filtration efficiency, and (2) the use of a downward direction of flow,
with the filter located at the bottom of the housing, will be necessary to
maintain an adequate covering of the filter surface with filter aid, espe-
cially during operations in which it is necessary to stop and start the
flow. Use of a 40-um-rated filter, covered by several inches of Celite

535, gave the best results.

The prefilter—final-filter technique currently planned for SDS opera-

tions has been evaluated in large-scale tests at AGNS® while using a
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17

Table 6. Filter loading tests using synthetic slurryd

Filter Filter
rating Flow rate loadingb Filtrate turbidityc (%)
(um) (gal/min-ft2) (in.y Average gotd
5 0.22 0.59 0.8 93.5
20 0.22 1.06 49.8 73.9
40 0.22 1.22¢€ 37.5 84.1
20 0.22 1.06 49.8 73.9
20 0.45 0.59 63.8 82.1
20 0.74 0.31 69.1 86.1

0.12-in. filter aid -- upward flow

5 0.22 0.51 0.5 0.2
20 0.22 0.59 0.5 1.0
40 0.22 0.94 1.5 2.4
10 0.74 0.16 9.3 17.0
20 0.74 0.28 4.1 5.5
40 0.74 0.28 22.6 28.3

1.5-in. filter aid -- downward flow

20 0.22 1.65 0.4 0.2
40 0.22 1.50€ 0.7 0.2
40 0.74 3.03 0.4 0.3

dSynthetic slurry contained 1.0% (volume) solids. 3
Calculated averagg depth of solids on filter (volume of solids, in.”, per
filter area, in.“).

CFiltrate turbidity in % of feed slurry turbidity.

dEnd of Test.

€Test terminated before AP reached 35 psi.
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synthetic slurry similar in composition to that used at ORNL. The results
of the AGNS study indicated that 70% of the suspended solids would be
removed by the prefilter—final-filter technique and that the filtrate con-
tained very fine suspended solids. This procedure may be acceptable if
the fine suspended solids do not plug the first zeolite bed auring its
intended 1ife [processing of 200 bed volumes or a total of 45 m3 (12,000
gal) of water]. However, the precoated, downward-flow filter, shown to
give optimum results in this study, should be considered if filtration or

column plugging difficulties are encountered in SDS operations.

5. [ION EXCHANGE COLUMN TESTS

In the initial ion exchange tests, the SDS flowsheet was divided into
five parts (tests TMI-IX1 through TMI-IX5) in order to measure the con-
centrations of the vari. .. radionuclides in several of the column effluent
streams. Subsequently, a test (TMI-IX6) of only the series of three
zeolite columns was made. An outline of the tests and the time intervals
involved are shown in Fig. 3. The initial zeolite ion exchange column
loadings (IX1 and IX6) were done in a shielded, manipulator-operated hot
cell. Following these tests, in which the bulk of the gamma-emitting
radionuclides (primarily cesium) was removed, the water was transferred
to a laboratory hood where the remaining tests (IX2 through IX5) were

made.



19

ORNL Dwg 80-12714

CONTAINMENT
WATER
CLARIFICATION i\ e——1Ix2—« I3 ' :Zxa I1X5
L 2
CENTRlFUGA‘TlON)—% 2 2 2] 22 23 = * e 2 » //A * %] wg ke
- HCR~S _
ZEOLITE ZEOLITE  ZEOLITE HCR-$S o MR-3

~4 | 2 I
WEEKS DAY WEEKS DAY
}—— HOT CELL [ LABORATORY HOOD =

#* 50 mL EFFLUENT FRACTIONS FED SEQUENTIALLY TO SUBSEQUENT COLUMN.

CONTAINMENT
WATER
t.._—_-— 1X6 ~———-|
CLARIFICATION
(DECANT! 2! z2 23 .,
ZEOLITE ZEOLITE ZEOLITE
j— HOT CELL

Fig. 3. Outline of ion exchange column tests performed.
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5.1 Experimental Equipment

The feed reservoir used in the ion exchange column tests consisted
of a Marriotti Bottle, which provided a constant head pressure for
gravity flow of the feed through the resin bed. The column effluent
flow rate was controlled with a flow-metering teflon stopcock to
within £3% of the desired value. In all of the ion exchange column
tests, the liquid flow rates were set to provide the same resin con-
tact times as those intended for full-scale operations.

Small glass ion exchange columns, such as that illustrated in
Fig. 4, were used. The zeolite bed volume of 2 mL was the minimum
that could be used with the flow control methods available to provide
a bed residence time similar to that intended for the SDS beds (12 min).
The column diameter was sized so that the ratio of column diameter to
zeolite particle diameter, while using commercially available, 20 to
50-mesh zeolite, was large enough to prevent flow channeh‘ng.6 The diame-
ters of the zeolite and cation resin columns were 11.6 mm, those of the
cation and anion beds of the polishing column were 28 mm, and that of the

mixed resin bed was 15 mm.

5.2 Experimental Procedure

The sorbents and conditions used during each test run are sum-
marized in Table 7. Prior to IXl, a 2-L volume of Containment
Building water was clarified by means of a "light" centrifugation (to
simulate a roughing filtration). The clarified feed, representing

1000 bed volumes based on the volume of each zeolite bed, was passed
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Table 7. Experimental conditions for ion exchange column tests
Residence Total
Number Volume Flow time through-
Test Date of IX (each bed) rate (each bed) put Column
run started beds Type resin (mL) (mL/h)  {min) (mL) L/pa
IX1 1/02/80 1 IE-95(Na) 2.00 8 15 2000 1.64
IX2 2/04/80 2 IE-95(Na) 2.00 10 12 1230 1.64
IX3 2/05/80 1 HCRS(H) 1.00 10 6 1140 0.82
I1X4 2/19/80 2 HCRS{H)/SBR(OH) 7.73 10 46 1025 0.45
I1X5 2/20/80 1 MR-3 4.37 10 26 950 1.67
1X6 3/31/80 3 IE-95(Na) 2.00 10 12 400 1.64

a
Ratio of bed length to bed diameter.

éé
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through the first zeolite column at a flow rate of 8 mL/h (residence
time of 15 min). This was a slightly longer residence time than is
planned for the SDS zeolite beds (12 min), but the difference was not
considered to be significant. Also, the throughput was much larger
than the 200 bed volumes intended for the SDS columns, but the larger
throughput was useful for the determination of the sorption behavior of
the various radionuclides, especially cesium and str~ntium. The column
effluent was collected in 50-mL fractions, and 10-mL samples were taken
from selected fractions for chemical and radiochemical analyses.

Fraction numbers 1 to 28 (a total of 1300 mL, or 650 bed volumes,
after removing samples) were transferred from the hot cell to a laboratory
hood; starting about 4 weeks later, the fractions were fed sequentially
(to simulate a continuous flow) through the second and third zeolite
columns (test IX2). The effluent from the third zeolite column was
collected in 50-mL fractions, which (after the sampling of selected
fractions) were fed sequentially to the cation column in test IX3. A
similar procedure was used in tests IX4 and IX5. The bed residence times
during tests IX2 through IX5 were the same as those intended for actual
SDS operation.

In the continuous-flow test of the series of three zeolite columns
with no time delays (test run IX6), 400 mL of Containment Building water
(200 bed volumes based on each zeolite bed) was clarified by means of
settling and decantation. This water was passed through the three columns
at a rate of 10 mL/h (12-min residence time for each zeolite bed or 36
min for all three). The effluent water was collected in 50-mL fractions,

and all were sampled.
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The 10-mL samples taken from selected column effluent fractions
during the tests were analyzed by gross beta and gamma counting, gamma
spectrometry, and radiochemical methods (RCA) for 89Sr and 90sr. Certain
fractions also were analyzed for chemical elements by spark source
mass spectrometry. Measurements of pH (a nondestructive analysis)
were made directly on selected 50-mL fractions. All of the loaded
sorbents, except the first zeolite beds of tests IX1 and IX6, were

analyzed by gamma-spectrometry.

5.3 Experimentai Results and Discussion

Certain analytical constraints were imposed by the nature of these
experiments. First, the volumes of the sample aliquots were limited.
Second, the counting rates were at very low levels for many of the
radionuclides, and the presence of comparatively high concentrations of
certain constituents, especially 129Sb, interferred with the detection of
other radionuclides. As a result of these constraints, many of the analy-
ses were reported with large degrees of uncertainty (+10 to 30%) and with
relatively large limits of detection. These analytical effects must be
considered when making any interpretation of the radionuclide con-
centrations given here. Complete sets of the measured radionuclide and
chemical concentrations in the various column effluent streams and solid
wastes are given in Tables A-1 through A-11 of the Appendix.

The concentrations of the predominant radionuclides present in the
Containment Building water and the relative hazards, based on 10 CFR 20,
are given in Table 1. The relative ingestion hazards represent the factor

by which the radionuclide concentrations exceed the concentrations given
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by 10 CFR 20 and are the criteria used herein to evaluate the performance
of the SDS sorbents. The largest decontamination (and/or dilution) fac-
tors (>8 x 106) will be required for 90Sr and 137¢s.

The DFs obtained in the column tests have been expressed herein in
several different ways, which are summarized in Table 8. Instantaneous DFs,
relative to concentrations in the CB water, are shown as functions of the
volume of water processed for cesium and strontium, the two major
contaminants, and for antimony and ruthenium, two of the minor
contaminants, in Figs. 5 and 6, respectively. The DFs for cesium and
strontium, expressed in other ways, are shown in Figs. A-1 to A-6 of the
Appendix.

The presence of a non-ionic species of cesium in the effluent from
the first zeolite column was suspected because the DF was essentially
constant at 104 throughout the test (a total of 1000 bed volumes was
passed through the first column), and because a gamma profile of
the column, shown in Fig. 7, indicated that the bottom half of the column
was not loaded. The gamma profile was substantiated by solidifying the
column with epoxy resin, cutting the column into five sections, and
assaying each section by gamma counting. The results of the section
counting are shown in Fig. 8.

Since the cesium contained in the effluent from the first zeolite
column was suspected of being non-ionic, the relatively large DF (about
400) obtained in the second and third zeolite columns (test IX2) was not
expected. In the sequence of tests, a 4-week period ensued after the
water was passed through the first zeolite column (test run IX1) and

before it was passed through the second and third zeolite columns (IX2).



Table 8. Expression of DFs obtained in ion exchange column tests

DF type

Representing
concentrations in:

Relative to
concentrations in:

Shown in
figure numbers

Instantaneous
Instantaneous
Cumulative

Cumulative

Column effluent streams
Column effluent streams
Accum. column effluentd

Accum. column effluentd

CB water
ColumnD feed stream
CB water

Accum. coi.D feed stream

5 and 6

A-1 and A-2
A-3 and A-4
A-5 and A-6

a

Equivalent to accumulated product water, if no further treatment was made.

b

Column contained two zeolite beds in test IX2 and a cation and an anion bed in test IX4.

92
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This time interval was necessary so that the effluent water fractions from
IX1 could be transferred from the hot cell and into a laboratory hood, for
assembly of equipment in the hood, and for analyses of the many samples.
During the time period between tests IX1 and IX2, non-ionic species pre-
sent in the first column effluent could have been transformed into
exchangeable species; therefore, the DF measured for the three columns
might have been lower if the water had been passed continuously through a
series of three zeolite columns with no time delay. This possibility was
investigated by running another test (IX6) in which the contaminated water
was passed continuously through a series of three zeolite columns. The
results of this test (shown as dotted lines on the DF curves on Fig. 5)
confirmed that the time delay (aging) period between tests IX1 and IX2
resulted in higher DFs for both cesium and strontium, and that the effect
was more pronounced for cesium than for strontium.

Figures 5 and 6 show that the organic cation bed (test IX3) had no
effect on the effluent from the third zeolite bed, except for strontium
removal after a throughput of approximately 400 bed volumes (based on each
zeolite bed). This is, of course, beyond the region of interest for the
intended SDS operation. The DF for cesium was not improved in the cation/
anion beds of the polishing column (test IX4) and was only slightly im-
proved (by less than a factor of 2) in the mixed resin bed (test IX5).

The strontium DF was slightly improved in both the cation/anion beds (IX4)
and the mixed resin bed (IX5).

During the first part of test IX4, both 125sb and 106Ry were removed
from the water by the anion resin bed, as illustrated in Fig. 6. During

this period of operation, the replacement of Na* ions with H* jons in the
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preceding cation resin bed had lowered the pH of the water entering the
anion resin bed and apparently had made it effective for sorption of the
antimony and ruthenium. Subsequent distribution coefficient (Kq) tests
also have shown this effect (see Sect. 6.3.1); that is, as the pH was
lowered from 8.6 to 7.3 to 6.4 by means of a pretreatment with a cation
exchange resin, the Kq for 125Sb on the anion resin (borate form) was
increased from 40 to 200 to 1500. This effect is apparently due to a
reduction of the borate ion content by conversion of the sodium borate to
weakly ionized boric acid. This is, essentially, a deionization of the
water (the boric acid is not removed).

The elemental chemical compositions of the CB water and several of
the effluent fractions from the column tests were obtained by spark source
mass spectrometry and are given in Tables A-8 to A-10 of the Appendix. Of
the 27 elements measured, very few were affected in the SDS process. The
notable exceptions included rubidium, which was the only element removed
with the cesium and strontium in the zeolite beds, and the periodic removal
of sodium and boron as they were exchanged with the hydrogen‘ions of the
cation resin and the hydroxide ions of the anion resin, respectively, in
the initial periods of tests IX3, IX4, and IX5.

These column tests demonstrated that relatively large DFs can be
obtained for cesium and strontium by means of zeolite ion exchange, and
that the DFs were not improved significantly by the use of organic cation
and anion exchange resins. Small fractions of the cesium and strontium
and larger fractions of the initially minor contaminants were not removed
by the combination of sorbents planned for use in the SDS. As a result,
several radionuclides are expected to be present in the effluent from the

SDS in concentrations ranging from 10-2 to 10-4 uCi/mlL.
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5.4 Problem Areas

The presence of poorly sorbed radionuclides and recalcitrant species
of radionuclides that are usually sorbed limits the decontamination that
can be obtained by ion exchange. Additional cycles of ion exchange would
be completely ineffective unless the chemical nature of these materials is
changed. The "problem" materials that are encountered are likely to be

one of the three types described as follows.

5.4.1 Poorly sorbed radionuclides

Certain radionuclides behave in a straightforward manner in terms of
chemistry, but their properties are such that they are not readily
removed from the water. In some cases, chemical adjustments can be made
to obtain a more favorable distribution behavior. A radionuclide of this
type, in the case of the CB water, is 125Sb. The removal of 125Sb during
the early part of test runs IX4 and IX5 is an example of the effect of a
chemical adjustment, although the adjustment was not done purposely in

this case.

5.4.2 Recalcitrant species

Most of the cesium and strontium in the CB water is ijonic and is
readily sorbed by appropriate cation exchangers. However, small fractions
(approximately 0.01% of the cesium and 0.1% of the strontium) are present
in forms that are not readily exchangeable and do not revert promptly to
(or are not in equilibrium with) the normal ionic form. For example,

the cesium and strontium that were not sorbed in the tests may have been
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adsorbed onto some other material which is insoluble. If this is the
case, some way must be found either to remove the insoluble material or to

remove the cesium and strontium from it.

5.4.3 Hydrolyzed and insoluble species

Several radioactive elements present in small amounts were not
removed effectively by the SDS sorbents. These include Ru, Ce, Co,
Nb, and Zr, all of which appeared to be relatively insoluble, as shown in
Table 2. Some of these elements might be dissolved and made exchangeable
if the pH of the water (8.6) is reduced substantially. If the insoluble
elements are present as colloids, they might be removed by coagulation if
the zeta potential of the water is minimized. Removal of such materials
is accomplished in some cases by completely demineralizing the water and
passing it through layers of different ion exchange resins in order to
raise and lower the pH of the water repeatedly while presenting different

surface properties to the water.

6. ION EXCHANGE DISTRIBUTION MEASUREMENTS

A few distribution experiments were made to interpret the behavior of
the radionuclides that had not been removed by the SDS sorbents and to
indicate possible methods for improving the performance of the SDS. In
these experiments, fraction numbers 29-39 of the effluent water from test
run IX1 were used. The cesium concentrations in these fractions had been
reduced in the column tests by a factor of about 104, but the other
radionuclide concentrations, including those of the strontium isotopes,

had not been reduced significantly. The resins tested were as follows:
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Ionsiv 1E-95 (AW-500) zeolite; HCR-S and IRC-50 cation resins; and SBR,
Dowex 2, and Ionac A-580 anion resins. Reagent-grade nitric, boric,
oxalic, formic, and aminoacetic acids and p-fructose were used for making

pH adjustments.

6.1 Experimental Equipment

Resin weights were obtained to within $t0.01 g using a Satorius 1202MP
balance. A Beckman Expandomatic SS-2 pH meter was used to obtain pH
measurements on feed and raffinate solutions. The batch equilibrations
were carried out in Pyrex glassware, with phase mixing provided
by a wrist-action shaker. Feed and sample volumes were measured with

a Gilson K5000 automatic micropipette.

6.2 Experimental Procedure

The resin was converted to the desired ionic form and then air dried
and weighed in tuyred glassware. Following the desired pretreament (pH
adjustment, addition of complexing agent, etc.) of the feed water, the
proper volume wias combined with the resin, and the phases were mixed for
24 h. The resulting supernate was removed from the resin and submitted
for gamma scan and radiostrontium analyses.

Feed pH adjustments were made (1) by the addition of nitric,
formic, oxalic, or aminoacetic acids; (2) by cation exchange using HCR-S
or IRC-50 resin; or (3) by the addition of D-fructose, as a complexing
agent. In all cases, additions were made while monitoring the feed pH

and were discontinued when the desired pH was reached. Other feed



36

modifications included (1) filtration through a 0.1-um Millipore filter
and (2) addition of 1 and 10 ppm of lanthanum as La(N03)j3,

Some of the anion resins were converted to the borate form by suc-
cessive washes with 0.7 M H3BO3 before the distribution measurements
were made. The resin was washed until the pH of the wash solution
reached that of the boric acid (pH 3.3). The resins were washed with

water to remove excess boric acid and then air dried prior to weighing.

6.3 Experimental Results and Discussion

6.3.1 Removal of 125Sb

Strong-base anion resin (SBR) in both the hydroxide and borate forms
removed 125Sb, but the Kds were undesirably small (in the range 21 to 44),
as shown in Table 9. Ruthenium was also removed, but to an even smaller
extent. The significance of the low Kq is that antimony would break
through an anion exchange column after only a few bed volumes (as observed
in column tests IX4 and IX5). A loading capacity of several hundred bed
volumes prior to breakthrough would be required for an acceptable process.

Antimony probably exists in the water as a mixture of neutral and
anionic oxy-species that are in equilibrium with each other. Since the
K4 with the CB water, as presently constituted, is undesirably small,
methods for improving the K4 were investigated. In general, these methods
involved various ways of reducing the concentration or changing the nature
of the competing anions. The competing anion in the CB water is borate,
which is at a concentration equivalent to that of the Na‘* ion (most of
the boron is present as weakly ionized, or essentially neutral, boric

acid). The borate can be removed directly by anion exchange, but this
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Stage

/ Resin
/ Initial form
/ Weight, g

/ Feed source
/ Treatment
7 Volume, mL

Key radionuclides

QOSr
106p,

/ 125¢p,

PH

Test 1-2

1 2

SBR SBR
OH- OH-
2.0 1.0

IX1-29 Stage 1 supernate
None None
20 10

Conc. {uCi/mbL)

Conc. (uCi/mi)

Feed Supernate Kd Supernate Kd
2.4 2.4 -- 2.2 1.1
1.1€-3 7.8e-4 4.5 <4.9e-4  >6.1
2.0E-2 3.7€-3 44 1.2€-3 21
4.1E-3 4.2E-3 -- 4.1E-3 --
8.5 11.0 11.9

Test 1-3
1 2
SBR _ SBR _
H2B03 H2B03
2.0 1.0
I1X1-30 Stage 1 supernate
None None
20 10
Conc. (uCi/miL) Conc. {(uCi/mL
Feed Supernate Kd Supernate Kd
2.3 2.2 0.6 2.2 --
1.2E-3 4.9E-4 16 <3.0e-4 6.4
2.0E-2 5.1E-3 29 1.1E-3 35
4.6E-3  4.7E-3 -- 4.1E-3 1.6
8.5 7.8 7.8

LE
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would require removal of the boric acid as well; therefore, a very large

amount of resin would be required because of the large amount of boric

acid present.

Borate ions also can be removed ivdirectly, by treating the water with
H*-form cation exchange resin (HCR-S or IRC-50). The resin would remove
the Na* ions from the water, replacing them with H* ions, which, in turn,

would react with borate ions (HpBO3™) to form neutral boric acid (H3B03).
Resin-H + Na* + HpBO3~ <= Resin-Na + H3BO3 .

The borate ion concentration is related to the acidity (pH) by
——r 4 - - “10
H3B03 == H* + HpBO3™ , K = 5.8 x 10 .

From this relationship, the following equation can be derived:
[HoB03"] = 5.8 x 10-10 [H3B03]/[H*] .

In the CB water, the concentrations are, approximately, 0.185 M total
boron, 0.052 M Na*, 0.052 M HpBO3 , and 0.122 M neutral H3BO3 (0.185 -
0.052 = 0.122 M neutral H3B03). Thus, the pH should be approximately 8.8,
which is in agreement with the n~asurements. As the borate ions are con-
verted to boric acid by H*-form resin, the borate ion concentration is

given approximately by the equation

[HpB03"1 = 1 x 10-10/[H*] = 1 x 10-10/10°PH

Thus, to reduce the borate ion concentration by a factor of 100, one

must increase the hydrogen ion concentration by a factor of 100, or
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decrease the pH by 2. This, in turn, should increase the Kq for anti-
mony with anion exchange resin by a factor of approximately 100.

Several tests were made in which the Na* ions were removed by means of
either HCR-S or IRC-50 resin (H*-form). When the resulting solution was
contacted with SBR, large K4qs for antimony were achieved, as shown in
Table 10. The extent of removal of the Na‘* ions (and the borate ions) is
measured by the pH, as indicated. Since the Kq for antimony should be
inversely proportional to the borate ion concentration, it should be
directly proportional to the H* concentration. After addition of suf-
ficient cation resin to reduce the pH from 8.7 to the range 6 to 7, the

Kq was found to be
Kg = 4 x 109 [H*] = (4 x 109)(10°PH) = 4 x 10(9 - PH),

Thus, the Kq is approximately 1200 at pH 6.5 and 2500 at pH 6.2.

These Kqs are in a practical range for a sorption process and indi-
cate that antimony can be removed from the water by a simple modification
of the SDS flowsheet. Essentially, the cation exchange column following
the zeolite columns would be greatly increased in size to obtain suf-
ficient capacity to remove Na* ions from the water and convert the borate
ions to boric acid. The resulting water, at a pH <6, would flow to an
anion exchange column (SBR) to remove the antimony. The pH would be main-
tained in the range of 6 to 6.5 in the anion column, although a lower pH
might be acceptable.

The penalty for this modification would be the increased volume of
relatively low-activity-level waste (the cation exchange resin). For

example, 2650 m3 (700,000 gal) of CB water at 1200 ppm Na* would require



Table 10. Effect of adjusting pH with cation resins

ot

Test 2-3A Test 2-3B Test 3-4A
Resin SBR _ SBR _ SBR _
Initial form H2803 H2803 HpB03
Weight, g 1.0 1.0 1.0
Feed source IX1-35 IX1-35 1x1-32,37,38,39
Treatment pH adjusted to 7.0 with pH adjusted tgo 3.0 with pH adjusted to 6.0 with
HCR-S (H*) resin HCR-S (H*) resin IRC-50 (H*) resin
Volume, mL 10 10 10
Conc. {uCi/mi) Conc. {(uCi/mL) Conc. (uCi/mL)
Key Radionuclides Feed Adj. feed Supernate K¢ Feed Adj. feed Supernate K¢ Feed Adj. feed Supernate Ky
90gy 2.6 1.7e-3 3.0E-2 -- 2.6 3.1E-3  9.7e-4 21 2.4 3.7e-3 2.6£-3 3.9
106gy 1.2e-3 8.0E-4 1.2e-4 54 1.26-3 1.1E-3  5.0E-5 2,200 1.56-3 8.1E-4 3.2E-4 15
125gp 2.7€-2 2.7e-2 1.3e-3 210 2.7E-2 2.6E-2 1.7e-4 1,500 2.86-2 3.0€E-2 6.9e-4 420
137¢s 4.0E-3 2.8E-4 1.9e-4 4.8 4.0E-3 3.5E-5 1.1E-5 23 5.7E-3 2.6E-4 1.6E-4 6.3
pH 8.6 7.0 7.3 8.6 3.0 6.4 8.6 6.0 7.0
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about 76 m3 (20,000 gal) of HCR-S, or 38 m3 (10,000 gal) of IRC-50 resin.

A carboxylate resin (such as IRC-50) would probably be used because of its
higher volumetric capacity, and it might be followed by a small amount of

HCR-S in order to obtain a lower pH.

This modification appears to offer a practical way to remove a
substantial fraction of the antimony (probably >99%). It depends on re-
moval of the Na* ions, but not the boron, from the water. As a result,
the pH is reduced. Since the ionic concentration of the water is greatly
reduced, this could be considered a deionization, but not a demineraliza-
tion. A side effect of the lower pH might be that the problem of recal-
citrant cesium and strontium, as discussed earlier, would be alleviated.

Two other approaches for reducing the borate ion concentration also
were tested. Simple acidification to reduce the pH to approximately 6 re-
moves borate ion and substitutes for it the anion of the acid used. If the
acid anion has a weaker affinity for the resin than the borate anion (less
effective competition for the resin sites), then the K4 of antimony should
increase. Several acids were tested, including formic, oxalic, and amino-
acetic; however, optimum conditions were not attained and little success was
achieved, as shown in Table 11. There is still some possibility that this
approach might enhance antimony removal, but this was not pursued.

After the feed pH was adjusted with aminoacetic acid, several anion
resins were compared with SBR, as shown in Table 12. The Kq for 125sb
obtained with SBR was greater than that obtained with the other anion
resins.

The other alternative is selective complexation of borate to form a

different anion that might not compete with antimony as effectively for



Table 11. Effect of adjusting pH by acid addition
Test 2-4A Test 2-48 Test 3-2A

Resin SBR _ SBR _ SBR _
Initial form HpB03 HpB03 H2B03
Weight, g 1.0 1.0 1.0

Feed source IX1-36 IX1-36 Ix1-32,37,38,39
Treatment pH adjusted to 7.0 pH adjusted to 7.0 pH adjusted to 7.9

with formic acid with oxalic acid with aminoacetic acid
Volume, mL 10 10 10
Conc. {uCi/ml) Conc. {(uCi/ml) Conc. {uCi/mi)

Key radionuclides Adj. feed Supernate Kd Adj. feed Supernate Kd Adj. feed Supernate Kd
90sr 3.1 2.9 0.8 3.6E-1 2.2 -- 2.0 1.6 2.2
106y 1.0E-3 3.6E-4 18 8.1€-4 <2.46-4  >24 9.5€-4  <3.0E-4  >22
125sp 2.6E-2 5.8E-3 35 2.2E-2 5.2E-3 31 1.9€-2 3.4E-3 45
123¢s 4.0€-3 3.6E-3 1.1 3.2€-3 2.9€-3 1.1 3.8E-3 3.7€-3 0.3

pH 7.0 7.7 7.0 8.0 7.9 7.7

et



Table 12. Comparison of other anion resins with SBR

Resin
Initial form
Weight, g

Feed source
Treatment

Volume, mL

Key radionuclides

90y
106Ry
1255
137¢s

pH

Test 3-2A Test 3-2B Test 3-2C
SBR _ Dowex-2 Ionac A580
H2B803 H2B803 H2B03
. 1.0 1.0

1X1-32,37,38,39
pH adjusted to 7.9
with aminoacetic acid

Same as in 3-2A
Same as in 3-2A

10 10
Conc. (uCi/mL) Conc. of
supernate
Feed Adj. feed Supernate Kd (uCi/mL) Kd
2.4 2.0 1.6 2.2 1.8 1.1
1.56-3  9.5€-4  <3.0E-4  >22 <3.2E-4 319
2.8E-2 1.9E-2 3.4E-3 45 1.2E-2 5.5
5.7E-3  3.8E-3 3.7E-3 0.3 3.5E-3 0.9
8.6 7.9 7.7 7.4

Same as in 3-2A
Same as in 3-2A

10

Conc. of
supernate
(uCi/mL) Kd

1.9 0.5
<3.5E-4 217

1.4E-2 3.5

3.5E-3 0.9

5.3

147
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resin sites. Many polyhydroxy componds complex borate, including
carbohydrates. Among these, D-fructose is outstanding, and tests were made
with it, as shown in Table 13. The pH was readily decreased into the
desired range, indicating that the complex ion was formed. However, the

Kq of antimony was not increased, suggesting that the complex anion itself
competes effectively with antimony for the resin sites.

Complete demineralization (removal of both Na‘* ions and boric acid
species) prior to anion exchange permits effective removal of antimony,
but is accompanied by the generation of a very large volume of waste
resin. This procedure was not tested per se, but it has been accomplished
during at least part of the Epicor-II processing. Since deionization
without boric acid removal permits effective removal of antimony, demin-

eralization offers no advantage.

6.3.2 Recalcitrant species

Several different resins and water pretreatments were tested using
aged IX1 effluent solution. Most experiments involved two successive 24-h
equilibrations — the first with 20 mL of water and 2 g of resin and the
second with 10 mL of the water from the first extraction equilibrated with
1 g of new resin. Later tests were designed to study particular aspects
of the problem.

Strong-acid resin (HCR-S, in the H* form) reduced cesium by a factor >700,
to a concentration near 10-2 uCi/mL (below the 10 CFR 20 concentration), as
shown in Table 14. This removal of cesium was not exp:cted; it apparently
occurred because most of the recalcitrant cesium species was converted to

jonic cesium during the aging time after test IX1 was completed. The
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Table 13. Effects of borate complexation by D-fructose

Test 3-3A Test 3-38
Resin SBR _ SBR _
Initial form HaB03 HoBO3
Weight, g 1.0 1.0
Feed source 1X1-32,37,38,39 1X1-32,37,38,39
Treatment Addition of 450 mg Addition of 600 mg
of D-fructose of D-fructose
Volume, mL 10 10
Conc. (uCi/mL) Conc. (uCi/mbL)
Key radionuclides Feed Adj. feed Supernate Kd Adj. feed Supernate Kd
90sy 2.4 2.5 2.0 2.2 2.5 2.2 1.1
106Ry 1.56-3  9.2E-4  <3.5E-4  >16 1.0-3  <4.1E-4 D15
125gp, 2.8E-2  2.7E-2 1.1E-2 25 2.7€-2 1.2E-2 12
137¢s 5.7E-3  5.4E-3 5.4E-3 -- 5.4E-3 5.2E-3 0.4
pH 8.6 6.55 7.4 6.15 7.0




Table 14. Treatment of aged effluent from zeolite columns with organic cation resins

Stage

Resin
Initial form
Weight, g

Feed source
Treatment

Volume,  mL

Key radionuclides
90sr
106Ry
125gp
137¢g

pH

Test 1-1
1 2

HCR-S HCR-S

H* H*

2.0 1.0
I1X1-29 Stage 1 supernate
None None

20 10

Conc. (uCi/miL)
Feed Supernate Kd

2.4 1.6E-4 150,000
1.1E-3 8.9e-4 2.8
2.0E-2 2.1E-2 --
4.1E-3 2.4E-5 1,600

8.5 2.3

Conc. (uCi/mL

Supernate Kd
2.2E-4 --
5.4E-4 6.5
1.9e-2 0.8

<5.4E-6 235
2.5

Test 1-4
1 2

IRC-50 IRC-50

H¥ H*

2.0 1.0
I1X1-30 Stage 1 supernate
None None

20 10

Conc. (uCi/mL)

Feed  Supernate Kd
2.3 4.3E-3 5,400
1.2e-3  8.7E-4 4.3
2.0E-2 2.1E-2 --
4.6E-3  2.8E-4 150
8.5 5.7

Conc. Ci/mbL

Supernate Kd
7.3E-4 49
8.1E-4 0.7
1.9E-2 1.1
6.5E-5 33
4.4

9t
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resin also acidified the solution to a pH near 2; this acidification,
coupled with the 2-d contact time, could have enhanced the conversion to
an extractable species.

The strong-acid resin also reduced the strontium concentration to a
level lower than the values obtained in column tests IX1, IX2, IX3, and
IX6. This suggests that the acidification increased the fraction of
strontium that was exchangeable. Aging also increased the extractable
strontium by a small amount, as shown by the column tests. Strontium con-
centrations of approximately 2 x 10-4 uCi/mL were obtained; these were
about a factor of 10 lower than the results obtained in test IX6. This
reduction in the amount of recalcitrant strontium was significant, but was
much smaller than that for cesium. The results suggest that some com-
bination of methods (probably involving pH adjustment, aging, and possibly
heating) can be found that will result in better strontium removal.
However, such conditions can not be defined on the basis of existing data.

Weak-acid resin (IRC-50) was generally similar to HCR-S, but somewhat
less effective, with respect to additional removal of both cesium and
strontium, as shown in Table 14. This resin reduced the pH of the solu-
tion to approximately 5, compared to a pH near 2 for strong-acid resin
(HCR-3). The decreased effectiveness for removing recalcitrant cesium and
strontium may be related to the lower acidity (higher pH), since a higher
acidity (lower pH) would be expected to solubilize some insoluble material
and aid in desorption of adsorbed ions. In both the weak- and strong-acid
resin tests, an excess of resin was used, and the solution was effectively
deionized (sodium ions were removed and borate ions were converted mostly

to neutral boric acid).
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Two modifications of the feed were tested for their effect on exchange
with strong-acid resin. Preacidification of the feed with nitric acid to
pH 2.5 resulted in a solution pH <2 after equilibration with the resin.
This high acidity caused a somewhat lower Kq for both cesium and
strontium, as shown in Table 15, because of the increased competition for
resin sites. However, the amount of recalcitrant cesium and strontium
(which could not be removed by ion exchange) was essentially the same as
that for similar experiments without preacidification. The effect of time
at the lower pH was not tested.

Additions of small amounts of lanthanum (1 and 10 ppm) to the feed
solution prior to ion exchange treatment appeared to have no significant
effect, as shown in Table 15. In other situations,’ in which trace
radioactivity was adsorbed on surfaces, the addition of lanthanum enhanced
the release of radionuclides from the surfaces to the solution (the
lanthanum adsorbs more strongly, displacing the elements previously
adsorbed). In this test, however, no improvement was observed.

Filtration of the IX1 effluent solution through a O.1-um Millipore
filter prior to the distribution measurements did not improve cesium and
strontium removal. In fact, this procedure may have reduced the amount of
strontium that was removed, as shown in Table 16. If the recalcitrant
species were associated with particulates that could be removed by such
filtration, the combined treatment of filtration followed by ion exchange
should reduce these contaminants to much lower concentrations than ion
exchange alone. No such improvement was observed. It is concluded that
if the recalcitrant species are associated with particulates, the par-

ticles will pass through a 0.1-um filter.



Table 15. Effect of various pretreatments on cation exchange
Test 1-6 Test 1-7 Test 1-8
Resin HCR-S HCR-S HCR-S
Initial form H* H* H¥
Weight, g 2.0 2.0 2.0
Feed source IX1-31 IX1-33 IX1-33
Treatment pH adjusted to 2.5 Addition of La(NQ3)3 Addition of La(NQ3)3
with nitric acid to 1 ppm La* to 10 ppm La*3
Volume, mL 20 20 20

Key radionuclides

90s,
106Ry
125gp
137¢s

pH

Conc. (uCi/mL)

Feed Adj. feed Supernate Kd
2.7 -- 1.7€-3 16,000
7.6E-4 -- 8.4E-4 --
2.0E-2 -- 2.0E-2 -
3.8E-3 - 1.8E-4 390
8.5 2.5 1.8

Conc. {uCi/mL)

Feed Supernate

Kd

2.8 4.2E-4
8.7e-4  7.3E-4
2.1E-2  2.1E-2
3.4E-3  2.4E-5
8.5 2.4

66,000
1.9

1,400

Conc. (uCi/mL)

Feed Supernate Kd
2.8 2.5E-4 110,000
8.7e-4  7.0E-4 2.3
2.1E-2  1.9€-2 1.3
3.4E-3  2.7E-5 1,200
8.5 2.4

6b
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Table 16. Effect of feed filtration through 0.1-um Millipore

Test 1-1 Test 1-5
Resin HCR-S HCR-S
Initial form H* H*
Weight, g 2.0 2.0
Feed source I1X1-29 IX1-31
Treatment None Feed filtered through
0.1-um Millipored
Volume, mL 20 20
Conc. (uCi/mL) Conc. (uCi/mL)
Key radionuclides Feed  Supernate Kd Feed®  Supernate Kd
905y 2.4 1.6E-4 150,000 2.7 2.6E-4 100,000
106Ry 1.1E-3  8.9E-4 2.8 7.6E-4  5.4E-4 4.0
1255p 2.0E-2  2.1E-2 -- 2.0E-2  2.1E-2 --
137¢s 4.1E-3  2.4E-5 1,600 3.86-3  3.8E-5 2,000
pH 8.5 2.3 8.5 2.5

a

Filter read >5 x 104 cpm beta and 150 mR/h gamma at 0.5 in.
b

Before filtration.
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6.3.3 Hydrolyzed and insoluble species

Several metals (Ce, Co, Zr, Nb, etc.), that can not be effectively
removed in the SDS process were not studied explicitly. These metals are
expected to hydrolyze and exist as hydrous oxides or in association witn
other insoluble material. It is also possible that some colloidal par-
ticles are present.

Two series of ultracentrifuge tests were made with the IX5 column
effluent solution. The effluent water was subjected to 48,000 g for 3 h
in one test and to 150,000 g for 4 h in the other. The results were
somewhat imprecise because of the low activities of the radionuclides of
interest and the much higher level of other isotopes, notably 125Sb. The
results suggested that the following fractions of the activities were
removed from the water and deposited in the centrifuge cones: strontium,
ruthenium — 30 to 35%; niobium — 25%; cerium, cobalt, cesium — 10 to 20%;
antimony — <0.3%. Identical centrifuge cones, which were similarly
exposed to the same water but not centrifuged, did not retain significant
activity; thus, the radioactivity retained in the cones was the result of
the centrifugation and not merely adsorption.

These results clearly show that a substantial fraction of the radio-
activity of the ion exchange effluent solutions is present in a form that
can be removed from the water by extreme centrifugation. Thus,
colloidal material appears to exist, and the associated radionuclides
apparently are not in rapid equilibrium with ionic species. However,

the exact nature of the material is not known.
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7. EXPECTED PERFORMANCE OF THE SUBMERGED DEMINERALIZER SYSTEM

Based on the results of the column tests, the expected concentrations
of radionuclides in the decontaminated effluent stream from the SDS after
treatment of CB water were estimated and are shown in Table 17. The total
volume of product water accumulated after 200 bed volumes of throughput
(based on the resin volume in each zeolite bed) is expected to have 90sy
and 137Cs concentrations that are slightly lower than the instantaneous
concentrations in the product stream. These total product-water con-
centrations are estimated to be 1.0 x 10~3 uCi/mL of 90sr (3300 times
greater than the 10 CFR 20 concentration) and 1.2 x 10-3 uci/m of 137¢s
(60 times greater than the 10 CFR 20 concentration).

The projections shown in Table 17 are based on the most pessimistic
test results — the zeolite effluent concentration from test IX6 after 200
bed volumes and an additional DF of 2 for all nuclides except 125Sb in the
cation, anion, and mixed resin beds downstream of the third zeolite
column. The 125Sb also will be removed initially, until all of the H*-
form cation resin has been converted to the Na* form, but this effect will
not be significant, overall. Thus, the most concentrated radioactive com-
ponent in the effluent from the polishing bed, other than tritium, will be
125sh. however, in terms of the relative hazard, 90Sr will be the major
concern and will be the key factor for determining the amount of dilution
thit will be required, in order to meet the 10 CFR 20 concentrations.

The expected concentrations of key radionuclides in the solid wastes
(1oaded sorbents and filter solids, not including filter aid) from SDS

operations are shown in Table 18. The zeolite beds, when removed from the



Table 17. Expected activity concentrationsd in SDS process streams
after 200 bed volumes through each zeolite bed

(Based on continuous flow through three zeo!ite columns)

Feed and effluent concentrations,a UCi/mL

Polishing
Zeolite columns Cation column  Prod. Conc.
Nuclide Feed Filter First Second Third column (prod.) x 10 CFR 20b
34 1.0 1.0 1.0 1.0 1.0 1.0 1.0 330
60co c c 6E-5 6E-5 6E-5 6E-5 6E-5 0.1
89sr 5.3g-1d 5.26-1d 6.6E-3 6E-4 5.9E-4 5.2E-4 3.0E-4 100
90sr 2.29d 2.26d 3.2E-2 2.8E-3 2.7€-3 2.4€-3 1.4€-3 4500
95nb c c 1.9€-5 1.0E-5 1.0E-5 1.0E-5 1.0E-5 0.1
103gy c c 2.9E-5 2.4E-5 2.4E-5 2.4E-5 1.2€-5 0.2
106Ru c c 2.4E-3 2.0E-3 2.0E-3 2.0E-3 1.0€-3 100
125gp c c 1.9€-2 1.9€-2 1.9€-2 1.9€-2 1.9e-2¢ 200
134¢s 2.62E+1 2.62E+1 2.4€-3 5.3E-4 5.0E-4 5.0E-4 2.5€-4 30
137¢s 1.56E+2 1.56E+2 1.4€-2 3.3E-3 3.1E-3 3.1E-3 1.6E-3 80
144¢e c c 4.7€-4 4.7€-4 4.7€-4 4.7€-4 2.4€-4 25

€9

dIn uCi/mL as of July 1, 1980.

bMu]tip]es of concentrations listed in 10 CFR 20, Appendix B, Table II, Column 2.

CNot detected.

dpifferences in strontium concentrations between feed and filter effluent based on estimate of 500 gal
of solids in 700,000 gal of water.

€Concentration lower initially (until cation beds become loaded with sodium).



Table 18. Expected activity concentrations? in SDS solid wastes
after 200 bed volumes through each zeolite bed

Concentrations,a uCi/mL

Key tiltered Zeolite beds Cation Pclishing bed
radionuclides sol ids First Second Third bed Cation Anion Mixed
90sy- 3.8E+1 5E+2 5 5E-2 <1E-1 <2E-1 <4E-1  <3E-2
106Ry 7.6E-1 1E-1 5.46-2  3.3E-2 1.2€-2 1.8€-3 4.46-2 6.0E-6
125gp 1.5 5E-2 3.86-2  2.9E-2 7.2€-2 6.0E-3 1.1E-1  3.0€-3
134¢5 8.2E-1 5.2E+3 4.9E-2  5.3E-2  <2E-4 <3E-5 <9E-5 1.3E-5
137¢s 4.7 3.1E+4 2.96-1  3.0E-1 3.5E-4 1.2€-5 5.9E-5 6.4E-5

a
In uCi/mL as of July 1, 1980.

vS
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first position, will contain most of the activity. Based on the loading
profile shown in Fig. 7, the activity will be present predominantly in the
upper one-fourth of the bed. Therefore, the maximum concentrations will
be about four times greater than the average concentrations shown here

(e.g., approximately 1.2 x 105 uCi/mbL of 137Cs).

8. IMPLICATIONS FOR CLEANUP

8.1 Containment Building Water

The data obtained permits a reasonable definition of the minimum per-
formance to be expected from the SDS system and from a modification in the
flowsheet so as to remove 125Sb. If the SDS is modified by using enough
H*-form cation resin to completely remove the Na‘* ions from the water and
convert the borate ions to weakly ionized boric acid prior to anion
exchange, the 125Sb concentration can be reduced by a factor of at least
100. Since the total amount of 125Sb present is approximately 50 Ci and a
limit of 10 Ci may be applied to storage of the decontaminated water, at
least a fivefold reduction of the 125Sb may be necessary.

The primary problem in obtaining further decontamination of the water
from strontium and cesium is associated with recalcitrant species, and the
ability to overcome the problem is limited by an inadequate understanding
of the basic nature of these species. Some indications of appropriate
treatment were obtained during the tests (e.g., the additional DFs
obtained after aging between tests IX1 and IX2). However, there is no
definitive information that the problem of the recalcitrant species can be
substantially alleviated, and there is no firm technology on which a

superior ion exchange process can be based.
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It is likely that aging of the decontaminated water, especially at

the optimum pH and possibly at an elevated temperature, will permit further
decontamination, although there are no data to support this supposition
other than the chance observations made during this study. It should be
clearly understood that if the processed water is immediately run through
the SDS process for a second time, there will be very little additional
decontamination. If a substantial additional DF is to be achieved, the
nature of the recalcitrant cesium and strontium species will have to be

changed. This general area represents the primary remaining uncertainty.

8.2 Reactor Primary Coolant System Water

The RCS is a recirculating loop that can not be drained because it
must always contain a substantial volume of water in order to cover the
core. Thus, the RCS water must be decontaminated in a recirculation or
by-pass mode, as opposed to once-through operation. Also, the boric acid
and sodium borate concentrations in the RCS must be held constant to
prevent criticality and to maintain the pH at a sufficiently high level to
prevent corrosion. Thus, modifying the SDS to reduce the concentrations
of the minor contaminants, 125sb and 106Ru, can not be considered until
after the fuel has been removed from the reactor. The objective of using
the SDS to treat the RCS water will be to decrease the concentrations of
cesium and strontium, which, in turn, will reduce exposure to personnel
during fuel removal operations. Only the zeolite columns in the SDS will
be needed for this purpose because zeolite will sorb the bulk of the
cesium and strontium without affecting the boric acid and sodium borate

concentrations. The time required to process the RCS water can be reduced
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by increasing the amount of zeolite in the SDS; this can be done by
replacing the cation column with a fourth zeolite column.

In the recirculating mode, only one theoretical stage of separation is
possible for each batch of zeolite used, and this can be obtained only if
the throughput volume is large enough to bring the batch of zeolite into
equilibrium with the water in the entire RCS. In order to minimize the
volume of zeolite used (and hence the volume of radioactive waste
generated), the throughput of each column in each position should be at
least 1000 bed volumes; after being moved through all four positions,
each column will have accumulated a total throughput of 4000 bed volumes,

which is equivalent to 2.7 volumes of the RCS.

8.3 MWaste Volumes

A comparative estimation of the volume of waste (sorbents or evapora-
tor concentrates) resulting directly from the processing of the CB water
is summarized in Table 19 for several possible processing approaches. The
modified SDS system (Case 2) would generate approximately 2.5 times as
much waste sorbents as the basic SDS system (Case 1) because of the larger
volume of cation resin required to remove the Na* ions. Elution and rege-
neration of this resin (Case 3) would offer no appreciable advantage in
terms of waste volume; the disadvantages of regeneration would be the
additional equipment and operational requirements. Evaporation of the
zeolite column effluent (Case 4) would provide effective removal of
non-ionic species of the radionuclides. A negative effect would be the
production of a much larger volume of waste because of the large amount of

boric acid that would be included in the evaporator concentrate.
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Table 19. Estimated waste volumes? generated during the processing of
the Containment Building water at TMI-2 using the SDS system

Volume
Case i (gal)
1 Basic SDS flowsheet
Zeolite (containing cesium and
stront ium) 3,500
Cation resin 1,000
Mixed resin 500
Total 5,000
2 DS, modified for 125sb removal
Zeolite (containing cesium and
some strontium) 1,000
Cation resin (IRC-50, containing
sodium and most of stron %um) 10,500
Anion resin (containing

Sb) 1,500
Total 13,000

3 Same as Case 2 except includes elution
of IRC-50 resin and evaporation of eluate
to 22% solids

Zeolite (containing cesium and some

strontium) 1,000
Anion resin (containing 125gp) 1,500
Evaporator concentrate® (containing
sodium and most of strontium) 9,500
Total 12,000
4 Basic SDS (zeolite columns only) plus

evaporation of zeolite effluent

Zeolite (containing cesium and some

strontium) 1,000
Evaporator concentrateC [containing

remaining radionuclides (except

tritium), sodium, and boric acid] 65,000

Total BBfUUU

aVolume of dewatered sorbents or evaporator concentrates from treating
700,000 gal of CB water. Waste solidification will increase these
volumes by factors that depend on waste form.
Evaporated to 22% sodium sulfate.
CEvaporated to 10 to 12% boric.acid.
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Decontamination of the RCS water also will generate a minimum of

several thousand gallons of additional waste.

9. CONCLUSIONS AND RECOMMENDATIONS

Samples taken from the floor of the Containment Building have con-
tained solids that are precipitates (probably hydroxides) of, primarily,
Cu, Ni, Al, and Fe and contain a significant concentration of
radiostrontium. The volume of solids in the building is highly
conjectural; however, estimates indicate a volume of several hundred
gallons. If the water is not clarified adequately, these solids could
restrict or block the flow of water through the ion exchange columns.
Filtration tests indicated that the best results can be achieved by using
a downward flow through a filter housing in which sintered-metal filters
rated at 40 um are located at the bottom and are covered by several inches
of Celite 535 (or equivalent) diatomaceous-earth filter aid. If filtra-
tion difficulties or restricted flows are encountered with the current SDS
filters, use of the precoated, downward-flow filter should be considered.

The ion exchange column tests showed that cesium can be removed from
the CB water by a factor of 104 for at least 1000 bed volumes. The operat-
ing procedure planned for the SDS (using three zeolite beds in series and
moving the beds countercurrent to the water flow after every 200 bed vol-
umes of throughput) will make possible a DF of 103 for strontium. Very
little decontamination, if any, will be obtained in either the organic
cation resin column or in the polishing column. The primary radionuclide
in the SDS effluent will be 125Sb, with a concentration of 2 x 10-2 uCi/mL.

However, the primary hazard remaining in the effluent will be 90sr, with a
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concentration 4500 times greater than the concentration listed in
10 CFR 20. If discharge limits are established, the SDS effluent could be
diluted with routine plant discharges.

The 125sb was found to be anionic but poorly sorbed by the SDS anion
resins because of competition by borate ion for the exchange sites. The
SDS can be modified to enhance the removal of 125sb by passing the zeolite
column effluent stream through a large bed of cation resin to remove the
sodium ions and then passing the stream through an anion resin bed to sorb
the 125sb, Amberlite IRC-50 is the best cation resin because of its
relatively high capacity for sodium, and SBR is the best anion resin.

This modification of the SDS will generate approximately 2.5 times as much
solid wastes from CB water as the basic SDS flowsheet.

The remaining strontium and cesium are recalcitrant species which
cannot be removed by ion exchange unless their chemical nature is changed.
Simply recycling the effluent stream through the SDS column will not
remove these species. The nature of the recalcitrant species may possibly
be changed by altering the conditions of time, temperature, or pH;
however, this is an area of uncertainty that should be studied if further

work is done.
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Table A-1. pH of effluent fractions from ion exchange column tests
Sample No.

Test 1 2 4 6 8 10 14 16 20 28 39
TMI-IX1 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6
TMI-IX2 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6
TMI-IX3 2.9 8.2 8.4 8.5 8.5 8.5 8.6 8.6 8.6
TMI-IX4 = = ccccccmmccmcccccccccccccccmccmm e c e Not Measured -------cccemcccccccccmmccmcccncccnncnns
TMI-IX5 5.0 5.5 4.6 3.8 3.5 7.9 8.7 8.8 8.8
TMI-IX6 8.6 8.6 8.6 8.6 8.6
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Table A-2. Measured radioactivitya and pH in Test TMI-IX1 (first zeolite bed)
Bed volumes’ 0 25 50 100 150 200 300 400 500 600 700 800 900 975
Sample No., IX1- _ Feed ] 2 4 6 8 12 16 20 24 28 32 36 39
pH 8.6 86 86 86 8.6 8.6 — 86 8.6 8.6 _ — 8.6
Gross B, cpm/mL  1.81E8 1.16E6 1.30E6 1.30E6 1.47E6 1.61E6 2.20E6 3.69E6 5.856 7.35E6 9.09E6 9.14E6 9.65E6 9.80E6
Gross v» cpm/mL  9.05€7 5.20E4 1.57E4 1.71E4 1.77€4 2.02E4 1.87E4 1.71€4 1.67E4 1.55E4 1.69€4 1.57E4 1.70E4 1.84E4
60co, LcismL — — — — 4565 —  7.1E-4 —  3.26-4 — — — — —
89,.¢ .ci/mL.  6.17  7.9E-3 6.9E-3 7.6E-3 1.9€-2 7.9€-2 6.2€-1 1.8 3.3 45 50 54 54 6.0
0g. ¢ Lci/m 2.26  2.96-3 2.56-3 2.8€-3 6.9E-3 3.2E-2 2.36-1 6.6E-1 1.2 1.6 1.9 2.0 2.0 2
zp, uCisml — — — 0 [ - — — — — — — — —
nb, wCi/mL — — — —  1.3E-4  — — —  1.6E-4 1.0E-4 — — — —
103p,,, wci/mL — — 4.4E-4 4.8E-4 2.6E-4 4.2E-4 4.1E-4 3.8€-4 3.4E-4 2.3E-4 2.6E-4 1.8E-4 1.7E-4 1.8E-4
106py, wCi/mL — 3.46-3 3.0E-3 3.2E-3 3.0E-3 3.4E-3 3.0E-3 1.8E-3 2.1E-3 1.3E-3 8.1€-4 <6E-4 1.1E-3 1.3E-3
125y, Lci/mL —  2.06-2 2.1€-2 2.2E-2 1.6E-2 2.3E-2 2.2€-2 2.1E-2 2.0E-2 2.0E-2 1.7€-2 1.9E-2 2.0E-2 2.0E-2
134¢s, wci/mL 3.10E1 1.5E-2 1.6E-3 2.0E-3 1.4E-3 2.8E-3 4.56-3 1.8E-3 3.0E-3 8.3E-4 8.3E-4 6.6E-4 5.1E-4 9.0E-4
V37¢s, uCismL 1.56E2 7.2E-2 7.56-3 8.9€-3 7.76-3 1.4E-2 1.9-2 8.1E-3 1.2E-2 4.0E-3 3.7E-3 3.2E-3 2.9E-3 4.2E-3
148¢e, LcismL — — — —  4.98-4 1.1E-3  — — — — — — — —
3A11 values except gross B and gross y are as of January 2, 1980.
bBased on bed volume of 2 mL.
cStnr-ontium determinations by RCA; other nuclides determined by y-scan.
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Table A-3. Measured radioactivit_va and pH in Test TMI-IX2 (second and third zeolite beds)
Bed volumes® 25 50 100 200 300 400 500 615
Sample No., IX2- 1 2 4 8 12 16 20 25
PH 8.6 8.6 8.6 8.6 8.6 8.6 8.6 —
Gross 8, cpm/mL 8.56E3 1.42€4 1.29€4 4.25€4 1.88E5 3.94E5 5.97E5 8.79€5
Gross y, cpm/mL 4.38E3 6.78E3 6.96E3 7.19€3 7.78€3 8.19€3 8.86E3 9.96E3
8o, uCi/mL — 5.4-5 6.2E-5 5.4E-5 6.2E-5 4.6E-5 6.76E-5  4.32E-5
60co, wCi/mL — 4.9€-5 3.8E-5 3.56-5 4.3€-5 4.9€-5 4.05E-5  4.32E-5
895,.¢ LcismL 4.46E-4  9.08E-4  1.33E-3  1.47E-3  1.296-3  1.686-3  4.156-3  5.37E-2
Ty 1.97€-4  4.026-4  5.706-4  6.246-4  5.51E-4  7.27E-4  1.80E-3  2.33E-2
95Zr, uCi/mL Not Detected
b, uci/mL <2.70E-5  2.70E-5  7.3E-5 5.66E-5  5.95E-5  3.516-5  4.32E-5  1.76E-5
103y, wci/mL 8.10E-5  2.51€-4  2.51E-4  2.196-4  1.89E-4  2.46E-4  2.30E-4  1.70E-4
106y, wCi/mL 8.656-4  1.20E-3  1.40E-3  1.276-3  1.246-3  1.11€-3  1.27E-3  1.05E-3
125, LciymL 1.326-2  2.21E-2  2.00E-2  1.99-2  2.10E-2  2.176-2  2.31€-2  2.22E-2
129mpe  Lci/mL <6.76E-4  <5.14E-4  <5.146-4  <5.406-4  <4.59E-4  <5.40E-4  <6.49E-4  5.00E-4
134 Lci/mL <5.8E-5  <3.78E-5  <4.056-5  1.62E-5  <3.78E-5  <4.056-5  <5.68E-5  $5.40E-5
137¢s, wci/mL <3.2E-5  <3.24E-5  4.326-5  4.60E-5  <2.16E-5  <2.16E-5  <3.78E-5  <4.86E-5
Wace, ucismL <1.40E-4  3.786-4  4.056-4  3.78E-4  1.89E-4  3.78E-4  1.68E-4  2.05E-4

3 A1 values except gross B and gross y are as of January 2, 1980.
b Based on bed volume of one zeolite bed (2 mlL).

€ Strontium and tellurium determinations by RCA; all others by y-scan.
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Table A-4. Measured radioactivitya and pH in Test TMI-IX3 (HCR-S bed)

Bed volumesb 25 50 160 150 250 350 450 550 570
Sample No., IX3- 1 2 4 6 10 14 18 22 23
pH 2.9 8.2 8.4 8.5 8.5 8.€ 8.6 8.6 8.6
Gross B, cpm/mL 6.86E3 1.46E4 1.66E4 2.21E4 8.80E4 2.53E5 4.21E5 5.67E5 6.32E5
Gross y, cpm/mL 3.70E3 6.67E3 7.00E3 7.02E3 7.36E3 7.88E3 8.22E3 8.99E3 9.03E3
8C0, puCi/mL 2. 16E-5 4. 30E-5 6.2E-5 5.9E-5 5.95E-5 7.84E-5 5.95E-5 5.68E-5 5.95E-5
60Co, pCi/mL 1.62E-4 3.20E-5 4.6E-5 4.1E-5 4.05E-5 4.32E-5 3.78E-5 3.51E-5 3.78E-5
89Sr,C uCi/mL 2.76E-4 8.27E-4 1.21E-3 1.18E-3 1.15E-3 1.09€E-3 1.24E-3 1.35E-3 1.39E-3
9OSr,c puCi/mL 1.19E-4 3.52E-4 5.16E-4 5.03E-4 5.01E-4 4.71E-4 5.39E-4 5.87E-4 6.05E-4
952r, uCi/mL Not Detected

95Nb, uCi/mL 9.46E-6 4.3E-5 7.3E-5 7.0E-5 5.14E-5 3.78E-5 6.49E-5 2.70E-5 1.89E-5
]03Ru, pCi/mL 7.03E-5 2.05E-5 2.92E-4 2.38E-4 2.03E-4 2.24E-4 2.08E-4 1.57E-4 1.97E-4
]06Ru, pCi/mL 3.78E-4 1.08E-3 1.30E-3 1.32E-3 1.08E-3 1.16E-3 1.16E-3 1.11E-3 9.19e-4
IZSSb, puCi/mL 1.16E-2 2.18E-2 2.13E-2 2.14E-2 2.23E-2 2.26E-2 2.18E-2 2.23E-2 2.18E-2
]ngTe,c pCi/mL <3.51E-4 <4.05E-4 <5.40E-4 S4.59E-4 <5.14E-4 s5.95E-4 <5.40E-4 <6.76E-4 4.92E-4
]34Cs, puCi/mL <1.19E-5 <8.11E-6 <1.35E-5 <3.78E-5 <4.05E-5 <4.05E-5 $1.35E-5 $1.35E-5 <4.60E-5
37Cs, uCi/mL <3.51E-5 <2.54E-5 <5.14E-5 <3.24E-5 <3.78E-5 <5.95E-5 <4_05E-5 <4.60E-5 <5.14E-5
]44Ce, puCi/ mL 6.49E-5 2.43E-4 3.78E-4 3.24E-4 3.51E-4 <4.86E-4 1.57E-4 1.40E-4 <1.62E-4

3A11 values except gross B and gross y are as of January 2, 1980.

b

Based on bed volume of one zeolite bed (2 mL).
CStrontium and tellurium determined by RCA; other nuclides by y-scan.
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Table A-5. Measured radioactivity? in Test TMI-IX4 (second HCR-S and SBR bed)

Bed volumes® 25 50 100 150 250 375 500 520
Sample No., IX4- 1 2 4 6 10 15 20 21
pH Not Measured
Gross 8, cpm/mL 2.02E3 7.70E2 1.04E3 7.93€3 1.55E4 1.71€4 1.78E4 1.82€4
Gross v, cpm/mL <5 <8 3.80E] 3.79E3 7.62E3 7.56E3 6.12E3 6.18E3
8o, pCismL <5.416-6  <$5.416-6  <5.95E-6 — — — — —
60co, ci/mL $5.416-6  S3.246-6  <4.05E-6  S1.08E-5 — — — —
894y, Lci/mL <5.406-5  <5.40E-5  <2.70E-4 5.08E-4 4.576-4 5.40E-4 5.08E-4 5.32E-4
Ny ¢ LcismL $2.706-5  S2.70E-5  S1.08E-4 1.94€-4 1.73-4 2.05E-4 1.94E-4 2.03E-4
INb, uCismL — — _ 3.78E-5  <5.146-5  <2.70E-5  S2.70E-5  <1.35E-5
103y, wci/mL <5.416-6  $8.11E-6 4.35€-5 1.05€-4 1.49E-4 1.35€-4 3.51E-4 1.40E-4
106py, wCi/mL <1.626-4  <1.89E-4 2.03E-4 5.94E-4 4.32E-4 4.59E-4 2.97E-4 2.43E-4
125, uci/mL <8.116-6  <8.11E-6 1.81E-5 1.72€-3 3.35E-2 3.51E-2 2.89E-2 2.94€-2
129mpe € LCi/mL <7.30-5  S8.11E-5  <3.51E-5  S1.00E-3  S2.Z7E-3  <1.89E-3  $2.656-3  <1.84E-3
134¢s, \ciymL 1.03E-5 1.656-5  S1.08E-6 1.35E-5 — _ — —

Tes, uci/mL 5.51E-5 5.68E-5  <1.89E-6 4.86E-5  <1.326-5  <1.14E-5 7.576-5  <1.35E-5
Wee, LcismL <1.086-4  $8.116-5  $7.03E-5 1.43€-4 — — — —

3A11 values except gross B and gross y are as of January 2, 1980.

b

Based on bed volume of one zeolite bed (2 mL).

CStrontium and tellurium determinations by RCA; others by y-scan.
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Table A-6. Measured radioactivitya and pH in Test TMI-IX5 (mixed resin bed)

Bed volumes’ 25 50 100 150 200 300 400 475
Sample No., IX5- 1 2 4 6 8 12 16 19
PH 5.0 5.5 4.6 3.8 3.5 7.9 8.8 8.8
Gross B, cpm/mL 3.5€1 1.05E2 1.10E3 1.16E4 1.52€4 1.45€4 1.59E4 1.58E4
Gross vy, cpm/mL <5 7.2 2.94E2 6.12E3 7.56E3 6.84E3 6.72E3 6.53E3
8o, uci/mL Not Detected

%0¢0, wCi/mL 8.11E-6  <B.11E-6  8.11E-6 — — — — —
89, ¢ ci/mL <8.11E-5  <5.40E-5 1.65E-4 4.68E-4 3.40E-4 2.57€-4 2.84E-4 2.46E-4
905, d ' ci/mL $2.706-5  s2.70E-5 6.22E-5 1.78E-4 1.30E-4 9.73E-5 1.11€-4 9.46E-5
Prb, uci/mL <1.08E-5  <1.35E-5 2.43E-5 — — — — —
1030, wci/mL <1.62E-5 2.16E-5 5.68E-5 7.57€-5 1.11E-4 1.24E-4 1.32E-4 2.65E-4
106py,, wCi/mL <4.86E-5 9.46E-5 2.356-4 4.86E-4 3.51E-4 3.78E-4 4.32E-4 4.86E-4
1256, uci/mL <1.62E-5  <2.16E-5 1.196-3 2.76E-2 3.62E-2 3.19E-2 3.14E-2 2.92€-2
129mpe 4 CismL $2.16E-4  S2.70E-4  S2.43E-4 1.78E-3 1.46E-3 1.03E-3 1.11E-3 1.08E-3
138, wci/m 6.76E-6 1.89E-5  <1.356-5  S7.84E-5  <6.49E-5  <5.40E-5  <5.686-5  S5.68E-5
137¢s, Lci/mL 1.35E-5 3.516-5  <1.62E-5 8.11E-6 8.116-6  S8.11E-6 1.62E-5  <8.11E-6
e, uCism $2.70E-5 2.70E-5 9.19E-5 2.62E-4  <1.356-4  <1.30E-4 1.38E-4 2.65E-4

3A11 values except gross B and gross y are as of January 2, 1980.
bBased on bed volume of one zeolite bed (2 mL).

CSamp]e No. 10, taken after 250 bed volumes.

dStrontium and tellurium determined by RCA; others by y-scan.
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Table A-7. Measured radioactivitya and pH in Test TMI-IX6 (three zeolite beds)

Bed volumes® 0 25 50 75 100 125 150 175 200
Sample No., IX6- Feed 1 2 3 4 5 6 7 8
PH 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6
Gross B, cpm/mL 1.74€8 3.24€5 5.44E5 5.97E5 7.04E5 7.17€5 7.55€5 7.65E5 7.70E5
Gross v, cpm/mL 9.16E7 5.58E3 9.33€3 9.74€3 1.00E4 1.05E4 1.05E4 1.10€4 1.06E4
8o, wCi/mL 7.38E-2 3.24€-5 5.14E-5 4.32E-5 6. 76E-5 7.30E-5 2.43€-5 5.14E-5 8.11E-5
50co, uci/mL 2.70E-2 2.24E-5 4.32E-5 4.326-5 4.32E-5 4.32€-5 4.37€-5 5.40E-5 5.68E-5
89,.,¢ Lci/mL 8.49 2.62E-3 4.22€-3 5.76E-3 5.58E-3 5.24E-3 5.14E-3 5.54E-3 6.92E-3
g € Lci/m 3.32 1.03E-3 1.65€-3 2.24E-3 2.16E-3 2.05E-3 2.00E-3 2.16E-3 2.70€-3
INb, uCisml 1.24E-1 6.49E-5 1.76E-4 2.19E-4 2.00E-4 1.89E-4 2.81E-4 1.86E-4 2.11E-4
103p,, wci/mL 8. 65E-1 2.03E-4 3.78E-4 5.94E-4 3.78E-4 4.86E-4 6.76E-4 4.59E-4 5.40E-4
1060y, uCi/mL 1.14 8.65E-4 1.46E-3 1.51E-3 1.76E-3 1.97E-3 2.35E-3 2.08E-3 1.93E-3
N0my g ci/mL 4.86E-2 4.86E-5 2.97€-5 6.22E-5 1.03E-4 1.00E-4 7.57E-5 9.73E-5 8.11E-5
1256, uCi/mL 5.78E-1 1.81E-2 2.73E-2 2.89E-2 2.89E-2 2.86E-2 2.86E-2 2.92E-2 2.92E-2

3es, uCismL 3.40E1 1.30E-4 3.08E-4 4.59E-4 4.49E-4 5.14E-4 6.30E-4 6. 30E-4 5.92E-4

3es, ucismL 1.65E2 9.08E-4 1.57E-3 2.17€-3 2.42€-3 2.62E-3 3.08E-3 3.30E-3 3.11E-3
4ce, wcism 7.84E-1 2.16E-4 4.32-4 5.67E-4 6.49E-4 5.67E-4 6.22E-4 6.76E-4 7.30E-4

4411 volumes except gross B and gross y are as of

bBased on bed volume of one zeolite bed (2 mL).
CStrontium determinations by RCA; other nuclides determined by y-scan.

January 2, 1980.
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Table A-8. Elemental analyses in Test TMI-IX1 (first zeolite bed)

Bed volumes® 0 25 50 100 150 200 300 400

Sample No., IX1- Feed 1 2 4 o 8 12 16

pH 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6

E]ements,b nug/mL
Aluminum 1 2 2 0.5 2 2 2 4 0.4
Boron 2500 1500 ~700 1500 ~3000 1700 2000 ~500 2800
Barium <0.1 0.3 0.5 0.6 0.6 <0.07 0.6 <0.1 <0.3
Calcium 30 30 40 ) 90 20 30 30 20
Cobalt <0.2 <0.2 <0.2 <0.2 <0.2 <0.1 <0.2 <0.2 <0.2 <0.
Chromium 1 0.7 1 1 0.8 0.5 70.6 i 70.6 0.
Cesium 0.8 <0.03 <0.04 <0.06 <0.08 <0.04 <0.04 <0.02 <0.02 <0.
Copper 0.5 <0.2 0.7 0.4 0.3 0.2 0.4 <0.3 <0.1 0.
Iron 1 0.9 1 1 0.8 0.4 2 0.5 <0.5 0.
Potassium 7 5 2 3 2 3 20 7 3 9
Magnesium 7 20 30 40 50 5 10 20 10 7
Manganese <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.1 <0.2 <0.2
Molybderum 3 1 3 2 2 3 2 2
Sodium >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000
Nickel <0.3 <0.2 <0.2 0.4 0.2 <0.1 <0.2 <0.1 0.1
Phosphorus 0.6 0.5 0.4 0.6 0.3 0.1 0.2 0.2 0.5
Rubidium 0.6 <0.03 <0.06 <0.05 <0.04 <0.05 <0.03 <0.04 0.1
Silicon 30 20 30 60 50 10 20 30 10
Strontium <0.1 0.1 0.6 <0.1 0.4 <0.03 <0.2 <0.1 0.1
Zinc <0.3 0.3 0.4 0.4 0.5 0.1 1 <0.2 6

8L

3Based on bed volume of 2 mL.
bDetermined by spark-source mass spectrographic analysis.



Table A-9. Elemental analyses in Tests TMI-IX2, TMI-IX3, TMI-IX4, and TMI-1x5°

Test 1X2 I1X3 1X4 IX5

Bed vo]umeSb 25 300 615 25 250 570 25 250 500 25 200 475

Sample No., IX 2-1 2-12 2-25 3-1 3-10 3-23 4-1 4-10 4-20 5-1 5-8 5-19

pH c 8.6 8.6 8.6 2.9 8.5 8.6 —_ — — 5.0 3.5 8.8

Elements,  wug/mL
Aluminum 0.3 0.7 1 0.2 1 2 0.5 1 0.4 0.5 0.5 0.6
Boron 700 1000 300 300 300 1000 1000 1000 1000 20 1000 1000
Barium 0.04 0.04 s0.2 0.05 50.03 <0.3 0.5 — — -— — —
Calcium 20 10 10 8 7 10 50 50 4 5 10 7
Cadmium <0.05 s0.06 s0.4 s0.04 s0.2 <0.7 — — — — —_ —
Chlorine 10 6 5 8 5 20 5 20 5 5 10 7
Cobalt <0.02 0.05 s0.1 <0.02 <0.02 0.3 — — — — — —_
Chromium 0.1 0.2 1 0.2 50.05 2 0.3 1 0.1 1 0.3 0.
Cesium
Copper 0.05 0.06 0.4 0.04 0.2 0.5 0.2 <0.1 <0.1 — s0.3
Iron 0.2 0.2 0.5 0.6 0.8 0.9 0.7 2 3 0.3 2 1
Indium s0.01 s0.01 s0.1 s0.02 s0.04 s0.2 — —_ —_ —_ —_ —
Potassium 0.5 1 1 0.5 1 1 2 5 0.5 0.4 0.7 1
Magnesium 20 10 5 0.3 5 20 <0.5 10 <0.5 <0.5 s sl
Manganese 0.01 0.02 <0.1 0.02 0.07 0.3 — — — — — —_
Molybdenum 1 2 2 1 2 4 —_— _— —_ —_ —_ —_—
Nickel 0.05 0.09 0.3 0.07 0.2 0.7 <0.3 0.6 s0.3 <0.2 1 s0.1
Phosphorus 0.1 0.2 0.3 0.1 0.2 1 0.2 0.3 0.1 0.2 0.1 0.2
Rubidium
Silicon 30 20 30 30 20 20 40 50 40 50 10 40
Silver 1 <0.06 <0.3 0.07 <0.2 <0.2 — — — — — —
Sodium 21000 21000 ~300 200 21000 ~1000 2100 21000 ~1000 70 2100 ~1000
Sulfur 5 20 20 6 20 30 7 20 10 7 10 10
Strontium 50.02 0.03 0.2 s0.02 0.2 0.3 — — —_ — — —
Yttrium s0.2 0.2 s0.5 s0.1 sl s0.5 1 2 0.4 — — 1
Zinc 0.07 0.09 0.2 0.07 0.2 0.5 0.3 <0.5 1 s0.1 s0.2 0.2
Zirconium — — 0.5 — — <0.4 — — — — — —

3TMI-IX2 - second and third zeolite beds; TMI-IX3 - HCR-S bed;
bBased on the volume of one zeolite bed (2 mL).

Cpetermined by spark source mass spectrographic analysis.

TMI-IX4 - second HCR-S and SBR bed; TMI-IX5 - mixed resin bed.
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Table A-10.

Elemental analyses in Test TMI-IX6 (three zeolite beds)

80

Bed volumes®

0 25 100 200
Sample No. Feed I1X6-1 1X6-4 1X6-8
pH 8.6 8.6 8.6 8.6
Element:s,b ug/mL
Aluminum 0.7 1 1
Boron 2500 ~300 500 ~500
Barium <0.1 —_ <0.5 —_
Calcium 30 10 10 20
Cadmium Not Detected
Chlorine — 10 10 5
Cobalt <0.2 —_ —_ —_
Chromium 1 1 1 1
Cesium 0.8 — — —_
Copper 0.5 — <0.5 <0.5
Iron 1 0.6 0.7 0.8
Indium Not Detected
Potassium 7 1 5 1
Magnesium 7 20 30 10
Manganese <0.2 —_— — —
Molybdenum — <2 <3 <3
Nickel <0.3 <0.2 <0.3 <0.2
Phosphorus 0.6 0.3 0.7 0.3
Rubidium 0.6 — — —
Silicon 30 50 70 50
Silver —_ <3 <4 <]
Sodium >1000 ~300 500 ~500
Sulfur —_— 20 20 20
Strontium <0.1 — <0.2 <0.3
Yttrium — — 2 5
Zinc <0.3 0.5 0.7 1
Zirconium Not Detected

3Based on volume of one zeolite bed (2 mL).

b

Determined by spark-source mass spectrographic analysis.



Table A-11. Assay of loaded sorbents by gamma spectrometrya

(values corrected for radioactive decay to Jan. 2, 1980)

Test IX2 I1X3 IX4 I1X5 1X6
Bed 2nd zeolite 3rd zeolite HCR-S HCR-S SBR MR-3 2nd zeolite 3rd zeolite
Bed volume, mL 2.0 2.0 1.0 7.7 7.7 4.4 2.0 2.0
Radionuclides, total uCi
S4Mn <G.1E-3 1.0E-3 1.6E-4 9.5E-4 1.9E-4 2.5E-4 — —
58Co <1.4E-2 1.7€e-3 7.8E-4 6.8E-3 4.9E-2 3.0E-4 —_ —
60cg <5.4E-3 1.2E-3 6.0E-4 4.3E-3 2.1E-2 1.7E-4 1.6E-3 1.5E-3
895y 1.4E+3 1.2E+2 <1.9E+2 <3.5 <7.2 <0.4 — —
95Nb <2.7E-2 1. 2E-2 1.8E-3 1.8E-3 5.9E-3 3.4E-4 3.3E-2 2.1E-2
957 — — — 9.6E-4 5.7e-3 1.5E-4 3.0E-2 2.0E-2
103py 5.7E-2 2.0E-2 3.7E-3 5.0E-3 8.9E-2 8.6E-4 — —
106Ry 1.8E-1 9.3E-2 1.7E-2 2.0E-2 4.8E-1 3.7E-5 1.5E-1 9.5E-2
l10mpg — — 3.8E-4 3.4E-4 7.3E-4 4.4E-5 9.5C-3 2.9E-2
1135p <5.4E-2 3.8E-3 <2.4E-4 — — — — —
1255h 1.4E-1 1.3E-1 8.2E-2 5.3E-2 9.9E-1 1.5E-2 8.5E-2 6.7E-2
i29Mte <8.1E-1 <3.2E-2 <5.4E-3 — — — — —
134Ccs 3.1 7.3E-4 <1.9E-4 <1.7E-4 <6.7E-4 6.4E-5 1.2E-1 1.3E-1
137¢cs 1.5E+1 2.2E-3 3.5E-4 "9.6E-5 5.3E-4 2.8E-4 5.8E-1 6.0E-1
1ukce 1.6E-1 4.1E-2 8.5E-3 1.1E-2 2.1E-2 3.0E-4 5.7E-2 3.8E-2

3First zeolite beds of Tests IX1 and IX6 were not assayed.
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