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EXECUTIVE SUMMARY

The objectives of this research program at BNL are to provide a technical
basis that will assist the NRC's capability to predict low-level waste isola-
tion perfonnance, and to establish regulatory criteria. To meet these objec-
tives, the work undertaken in this program was directed at characterizing low-
level waste fonas, their behavior and their perfonnance. Research perfonned
during the 1981 fiscal year is summarized below.

137 s, 85 r, andA study designed to evaluate the leachability of C S

60Co fran simulated boric acid waste in Portland III cement and to measure
the compressive strength of the ensuing waste forms was performed. The simu-
lated waste fonns were leached in deionized water using a modified IAEA leach-

,

ing procedure for periods extending to 229 days. The compressive strength of
the specimens was measured before and af ter their exposure to a leaching en-
vironment for 352 days. The waste forms were made with 3%, 6%, and 12% boric
acid solutions; the waste-to-cement ratios studied were 0.5 and 0.7.

Increasing the waste-to-cement ratio from 0.5 to 0.7 caused an increase
in the leachability of 137Cs from the three boric acid / cement composite

85 r.fonnul a tions . This ef fect is not noticeable for the leachability of S

For a waste-to-cenent ratio of 0.7, increasing the boric acid solution
concentration (from 3% to 6% and 12%) effectively decreased the leachability

13/ s and 85 r. This trer.d is less noticeable for a waste-to-of both C S

cement ratio of 0.5 when comparing composites made with 3% and 6% boric acid
solutions, but Secres prominent between coaposites made with 3% and 12%. The
reasons for this decrease in 137Cs and 85 r leachability with increasingS

boric acid content are not presently understood.

85 r release in a given time was approximately one-The extent of S

137 s from these composites. Cobalt-60, on the othertwentieth that of C

hcnd, was below the detection limit in the leachates from all the conposites
(3.0 x 10-2 UCi per 1.5 L samples).

For a waste / cement ratio of 0.5, leaching for 352 days caused a substan-
tial decrease (approx. 50%) in the conpressive strength of the specimens.

For a waste / cement ratio of 0.7, although initially the conpressive
strength of these specimens was approximately 40 to 50% lower than those for
w/c ratio of 0.5, it did not decrease further af ter 352 days of leaching.

The co1pressive strength of the specimens at waste /cment ratios of both
0.5 and 0.7 was approximately 20 to 38 times higher than the lower acceptable
limit (50 psi) set forth in the proposed Code of Federal Regulations,10CFR
Part 61.56.

xv
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An experiment was performed to detemine the leachability of 137 s,C

85 r and 60Co from organic ion exchange resin / cement composites.S

Portland II and Lumnite (high alumina) cements were used as binders, with
waste-to-cement ratios of 1.0 and 1.8 for both cements. In addition, the

displacement of the three radiotracers from the ion exchange resins upon
mixing the loaded resins with the two cements (before solidification) was
measured.

85 r than137 s andC SLumnite cement showed a lower leachability of
Portland II cement. Cobalt-60 was below the detection limit in leachates from
both types of cement (3.0 x 10-2 pCi per 1.5 L sample). Strontium-85 was
observed only in leachates from Portland II cement. These observations may be
due to either an isotopic dilution of radiotracers with the cement components
or to an actual chemical interaction of the radiotracers with the cement
matrices.

The upper surf aces of the Portland II/ organic ion exchange resin com-
posites for waste / cement ratios of 1.8 crumbled before leaching was initiated,
and the waste foms deteriorated further upon water immersion. The composites
made with Lumnite cement, however, maintained their physical integrity
throughout the leaching experiment.

137 s, 85 r, and 60Co di splaced f rom the ion ex-The amounts of C S

change resins during the paste phase of the solidification process were
comparable when mixed with Portland II cement (waste-to-cement ratio of 1.0

85 r from theand 1.8), but not with Lumnite cement. The displacement of S

137 s andresins by Lumnite cement was approximately 10". less than that of C

60 o at waste-to-cement ratios of 1.0 and 1.8. The displacement of 137 sC C

a nd 60Co by Lumnite cement was comparable to that with Portland II cement.
1

137 s from small-scale toCA study correlating the leachability of
large-scale cement forms was performed. The waste forms consisted of organic
ion exchange resins incorporated in Portland I cement, with a waste-to-cement
ratio of 0.6, and a water-to-cement ratio of 0.4. The samples varied from
1 in. x 1 in. to 22 in. x 22 in. (diameter x height) in size. Leaching data
extending over a period of 169 days was obtained. A method based on semi-
infinite plane source di f fusion model was applied to analyze the leaching
data. An ef fective bulk diffusion coef ficient was calculated from the leach
data. A derived mathematical expression allows prediction of the amount of
137 s leached from the forms as a function of leaching time and waste formC

dimensions. A reasonably good agreement between the experimental and calcu-
lated data is obtained.

H+, Na+ Cs+, and Sr+2 forms cationic resins, loaded with 137 sC
85 r, wer,e mixed in varying ratios with anionic resins in S0 -2S 4and

form, and subsequently solidified in bitumen. The leachability and physical
integrity of the resulting camposites were evaluated.

xvi
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The presence of anicnic resins in the sul fate fonn (50". by weight of
resins) increased the leachability of 137Cs from the waste forms by
approximately two orders of magnitude (from 5 x 10-4

85r(from1.6x10j0-2),to approx. 3 x

and by apgroximately one order of magnitude for S to

1.5 x 10- ). The physical integrity of the forms deteriorated during leach-
ing, as the amount of SO -2 resin increased.4

A total of 30 00T 17H drums from three different manufacturing lots were
tested to detennine if they met the specifications set forth in the Code of
Federal Regulations 49 CFR Parts 178-118-66. Only one drum was found to meet
the speci fications.

Under a subcontract fron BNL, a study was undertaken at the Georgia
Institute of Technology to investigate the effects of radiation on the physi-
Cal and chenical properties of organic ion exchange resins, and corrosion
ef fects on the walls of the irradiation containers in contact with the resins
and their radiolytic bgproducts. Organic ion exchange resins were irradiated
up to a dose of 5 x 10 rad. The irradiation containers were fabricated
from stainless steel type 304.

9Increasing the total absorbed dose of anionic resins fran 108 to 5 x 10
caused an increase in 1iquids generated, whereas for cationic resins no
noticeable increase in liquids was observed. The presence of amines was de-
tectable at lower doses and amnonia at the higher doses for irradiated anionic
resins. Both types of resins showed fracturing of the resin beads and layer
shedding after irradiation. The color of the irradiated resins were darker.
This ef fect was more pronounceu in cationic resins.

The pH of the liquid phase resulting fran irradiating anionic resins de-
creased with increasing absorbed dose. The pH data from the liquid phase
obt ained fran cationic resins does not show a ccnsistent trend. Analysis of
aqueous extracts from irradiated anionic resins revealed that total dissolved
Carbon, nitrogen, ammonia, monoethyl, and dimethyl amines increased with the
absorbed dose, but trimethyl amine decreased with increasing the dose.
Extracts fron cationic resins show an increasing trend of total dissolved
carbon and sulfate with dose.

Gases detected following irradiation of resins were: H2, 02, N2, CO2,
CO, CH4, C2H6, CgH8, C4H10, and sul fur ga s (502, S03). Irradiated anion
resins (0.8 x 10 rad) yielded a total volume of gases (cc/g) that was
approximately twice that obtained fran cation resins (2.5 x 109 rad ) .

Chemical analyses of irradiated cationic resins indicate that cationic
resin solids maintain essentially the same chemical composition for total
absorbed doses up to 5 x 109 rad , whereas for anionic resins, deconposition
was observed.
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Radiolytic by-products resulting from irradiating cationic resins did not
significantly attack Type 304 stainless steel, whereas those from anionic
resins caused significant localized corrosion. The attack was in the form of
etching under surface deposits and pitting. This type of localized corrosion
might cause perforation of the container walls at longer exposures.

.
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PROPERTIES OF RADI0 ACTIVE WASTES AND WASTE CONTAINERS
STATUS REPORT, OCTOBER 1980-SEPTEMBER 1981

INTRODUCTION

This report sunmarizes work performed during the 1981 fiscal year at
Brookhaven National Laboratory for the NRC-sponsored program, " Properties of
Radioactive Wastes and Waste Containers," under contract DE-AC-02-76CH00016,
FI N- A-3027.

Licensing of near surface low-level radioactive waste disposal sites and
waste forms / containers requires the ability to predict the dispersibility of
radionuclides fran waste forms and waste containers disposed in burial sites.
Basic concerns in licensing radioactive waste forms and containers are their
dimensional stability and the potential for migration of the radionuclides en-
closed therein in a near- and long-term predictable fashion. To assess these
concerns, a data base is needed for evaluating the acceptability of solidified
low-level radioactive waste packages for disposal. Furthermore, the need to
develop test procedures and methodologies exists to enable the prediction of
long-term performance of waste forms based on short-term laboratory tests.

The objectives of the research program at BNL are to provide an improved
understanding of phenonena, testing methodology and data. This improves the
NRC's capability to predict low-level waste isolation performance, and to pro-
vide a better technical basis for regulatory standards. The areas addressed
to meet these objectives during the 1981 fiscal year were:

e Leachability and compressive strength of boric acid waste in Portland
III cenent. The tracers used for the study were 137Cs, 85 r, andS

60Co.

137 s, 85 r, and 60e Leachability of C S Co from organic ion exchange
resin / Portland III and Lumnite cements.

137 s, 85 r. and 60 o fran organic ion exchangee Displacement of C S C

resins upon mixing with Portland II and Lumnite cements.

Leachability of organic ion exchange resins / Bitumen composites usinge

resins in the H+, Na+, Cs+, Sr+2, and SO -2 fo rms , a nd4
137 s and 85 r tracers.C S

e Correlation of 137Cs leachaoility from small-scale (laboratory)
samples to large-scale waste forms.

e Hydrostatic testing of DOT 17H drums.

1
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1. LEACHABILITY AND COMPRESSIVE STRENGTH OF BORIC ACID WASTE IN
PORTLAND III CEMENT (P. Hayde and N. Morcos)

1.1 Introduction

Boric acid waste and its sodium salts are a major constituent (up to 12%
by weight) of radioactive waste derived f rom pressurized water reactors. The
interaction of this waste with the cement matrix, sometimes prevents solidif-
ication, resulting in waste fonns with poor physical integrity. Work was per-
formed earlier in our laboratory on optimized process parameters and the
treatment of boric acid waste prior to solidification in Portland III
cement.(1,2) This earlier work indicates that adjustment of the boric acid
waste pH to a value of 10 to 12 assures proper solidification for waste to
binder ratios of 0.5 and 0.7.

1.2 Experimental

Samples incorporating simulated boric acid waste in Portland III cement
matrix were made at two di fferent waste-to-cement ratios (w/c) of 0.5 and 0.7.
Boric acid solutions of 3%, 6% and 12% (by weight) were solid.ified in Portland
III cement at each of these w/c fonnulations. Control samples for compressive
strength testing consisted of Portland III cement only. The leached samples
were also evaluated for their compressive strength af ter a 352-day period of
leaching. All samples were prepared in five replicates.

1.2.1 Specimen Preparation

Stock solutions containing approximately 3, 6, and 12 weight percent
boric acid were prepared. The pH of these solutions was adjusted to approxi-
mately 12, by the addition of sodium hydroxide. The stock solution composi-
tions are shown in Table 1.1.

Table 1.1

Boric Acid Stock Solutions Compositiona

Waste Components 3% Solution 6% Solution 12% Solution

Deionized H O 95.2% 90.5% 81.7%2
H B03 2.9% 5. 8% 11.1%3
Na0H 1.9% 3.7% 7.2%

acomposition expressed as weight percent.
<

These solutions, hereafter referred to as " simulated waste," were
heated to 170 F prior to solidification in Portland III cement so as to simu-
late actual solidification conditions at power reactor sites. The dimensions

3
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of the solidified samples were 4.6 cm (diameter) by 9.1 to 9.5 cm (height).
137Cs, 85Sr, andThe leaching samples contained one microcurie each of

60Co. Control samples for compressive strength testing were made with
Portland III cement and water. The compositions of simulated boric acid waste
forms are summarized in Table 1.2. All samples were cured for a period of
35 days in sealed polyethylene containers.

.

Table 1.2

Composition of Boric Acid Waste Compositesa

H 803 Stock Solution3

Set A Set B Set C
Waste / Cement Matrix 3% H 803 6% H 803 12% H B033 3 3

Ratio Component Solution Solution Solution

HO 93.6 89.0 83.10.5 2
H B03 2.9 5.7 11.33
NaOH 1.9 3.6 7.3
Portland III 196.7 196.7 203.3

HO 111.2 107.0 98.70. 7 2

H B03 3.4 6.9 13.43
Na0H 2.2 4.4 8.7
Portland III 166.7 168.8 172.7

.

aWeight in grams.

The ratios by weight of the components (H B03 and Na0H) to cement3
(Portland III) used to make the waste forms are summarized in Table 1.3, to-
gether with ratios of Na0H to H B0 -3 3

Table 1.3

Ratios of NaOH, H B0 , and Cement in the Waste Composites3 3

H B0 / Cement NaOH/ Cement% H B03 3 33
Solution Used Waste / Cement x 100 x 100 Na0H/H B033

3% 0.5 1.5 1.0 0.7
0.7 2.0 1.3 0.7

6% 0.5 2.9 1.8 0.6
0.7 4.1 2.6 0.6

12% 0.5 5.6 3.6 0. 7
0.7 7.8 5.0 0.7

4 1
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I

1.2.2 Specimen Leaching

dure (3)The specimens were leached using a modi fied IAEA leaching proce-consisting of 24-hour leaching periods for the first ten days.
Thereaf ter, the leaching period was extended to a week, and later on to a
month, based on the amount of activity observed in the leachates. The leach-
ates were counted under identical gemetries using a Ge(Li) detector system,
and their radioactivity contents were determined.

1.2.3 Compressive Strength Testing

Compressive strength measurements were performed on specimens af ter the
cure period and on the leached specimens at the end of the leaching experi-
ment.

The compressive strength of the specimens was measured using a Soil-
Test concrete tester in accordance with ASTM C 39-72. Prior to testing, the
samples were capped on each end with a sulfur-based capping compound approved
for use with concrete specimens.

1.3 Results and Discussion

1.3.1 Leaching Data

As shown in Taole 1.2, three sets (A, B and C) of waste foms were
evaluated, each set corresponding to one of the three boric acid solution con-
centrations (3%, 6% and 12% by weight) considered. In addition, in each set,

two dif ferent waste-to-cement ra*.ios (w/c) were studied (w/c - 0.5 and 0.7).

The cumulative fractional release data from these specimens are summar-
ized in Tables A.1 through A.6 for 137 s and in Tables A.7 through A.12 forC

85 r (Appendix A). The errors quoted represent only the statistical errorsS

associated with the counting of each fraction. These data are also shown
graphical 13 in Figures 1.1 through 1.12 for 137 s and Figures 1.13 throughC

1. 24 fo r CS r . Each pair of figures shown on a page presents leach data of
five replicate samples for a given formulation and the average cumulative
f ract ional release of the five replicates. These average cumulative fraction-
al releases were normalized for the volume to geometric surface area (V/S) of
the waste foms. Cobalt-60 in the leachates from all samples was below the
detection limit (3.0 x 10-2 pCi per 1.5 L sample or an incremental fraction-
al release of less than 3.0 x 10-2) of the experimental system. Based on

60 o present in the waste formsthis detection limit, and the amount of C

(1 pCi), this radiotracer may totally leach out of the foms without detec-
tion. However, earlier work (5) has shown that the leachability of 60 oC
f rom BWR regenerative waste solidi fied in Portland II cement was approximately
two orders of magnitude lower than that of 137 s.C

5



The curves shown in Figures 1.1-1.24 were computer-generated, using a
cubic spline interpolation between data points. In the absence of additional
data between known points, any reasonable method may be employed to connect
adjacent points. These curves do not imply any expected or known leaching
behavior.

' (Continued Page 18)
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85 r cumulative fractional release vs (time)1/2 from 6%Figure 1.17 S
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Figure 1.20 Average cumulative fractional release of 85Sr vs (time)1/2
from 6% H B03 waste composites (w/c = 0.7; V/S = 0.94 cm).3
The average CFR was normalized for V/S.

1

! 15
.

- - - - , - - - - ._ - - - - -,- --- -- ,



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

!i

;

O
i g-

:

? b.
4 i P-Ty+. 7i -

/ **,
h ----- -kfg /1 3 ,.

U 8- , ,-

7

I. ~T - -- -1- - -1
{j^i

,

AtHHV! k /
$ f _ g&.~
O . - ~ . . . .

'

00 26 52 78 10 4 13 0 15 6

[ Time (days) ]'''1

,

!

85 r cumulative fractional release vs'(time)1/2 froa 12%! Figure 1.21 S

H B03 waste' composites (w/c = 0.5; V/S = 0.94 cm).3

|

4

8'

.- io

'C
-p

-

98co
S;

tra

i>
8

x o --;.

T I; &
i N 'XI I_

| " ?_ , n ,- x W '.^
; . -. - . . .

t 00 26 52 78 10 4 13 0 15 6

[ Time (days) ]'''
,

1

85Sr vs (time)1/2Figure 1.22 Average cumulative fractional release of
,

from 12% H B03 waste composites (w/c = 0.5; V/S = 0.94 cm).3
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The average cumulative fractional releases for a given formulation,
based on five replicates after 229 days of leaching, are summarized in
Table 1.4

Table 1.4

85 r Cumulative Fractional Releases (CFR)137 s and SCAverage
Af ter 227 Days of Leaching

Waste / Average CFR From Composites Incorporating:a,b
Solution 6% H B03 Solution 12% H 803 SolutionCement Radiotracer 3% H B03 3 33

0.5 137 s 83.3 + 11.8 79.9 + 5.7 63.0 + 3.2C

0.7 137 s 105.6 + 3.8 89.8 + 3.8 86.1 + 4.0C

0.5 85 r 5.20 T 1.2 4.74 T 0.6 1.82 T 0.7S

0.7 85Sr 7.98 I 2.4 3.00 T 0.4 2.05 T 0.5
60 o c c cC

aThe error presented is the standard deviation from the mean of the five
replicates for each formulation.

bCFR is expressed in percent.
c60Co was below the detection limit (3.0 x 10-2 pCi per 1.5 L).

The following observations and conclusions are noted:

Increasing the waste-to.-cemerit ratio from 0.5 to 0.7 resulted in ane

137 s frcm the three baric acid /increase in the leachability of C

cement comp 3 site fonnulations (3%, 6% and 12% t'oric acid solutions
85 r release,as waste). This effect is not noticeable for S

e For a waste-to-cement ratio of 0.7, increasing the boric acid solu-
tion concentration (from 3% to 6% and 12%) effectively decreased the

85 r. This trend is less pro-137 s and SCleachability of both
nounced for a waste-to-cement ratio of 0.5 when com;,ariig composites
made with 3% and 6% boric acid solutions but becomas prominent when

85 r from composites137Cs and Scomparing the leachability of
made with 3% to those made with 12% boric acid solutions. The rea-

85 r leachability137 s and Ssons for the observed decrease in C

with increasing boric acid content of the composites are not pres-
ently understood, but may explain the low (below detection limit)

85 r in these forms,Scumulative fractional releases of

85Sr was approximately one-twentieth that ofe The leachability of
13/ s from these composites. This may be attributed to the as-C
similation of the divalent strontium into the cement matrix, pre-
sumably substituting for calcium. Furthermore, the extent of
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!

displacement of the two cations from the resins to the matrix will

be different. This factor will have to be taken into consideration,

for a more quantitative evaluation of the data.

60 o in the leachates from all samples was below the detectionCe
,

limit (3.0 x 10-2 Earlier work (yQi per 1.5 L sample) of the experimengal meth-31 has shown that the leachability of OCood.
,

from B.W.R. regenerative waste solidified in Portland II cement was
approximately two orders of magnitude lower than that of 137 s.C

1.3.2 Compressive Strength Data

The compressive strength of some composites was measured immediately
after curing. These samples included control samples (composed of Portland
III cement and water), and samples of identical composition to those which
were leached. All the composites, which were leached (for.a duration of
352 days), were also evaluated for their compressive strength.

The compressive strength data from these measurements are summarized in
Table 1.5 and graphically shown in Figure 1.25. All reported values represent
an average value of five replicates.

Table 1.5

Average Compressive Strength of H B0 / Portland III Cementi

3 3
Composites Before and Af ter 352 days of Leaching.

__

Compressive Strength (Psi)
,

After Leaching After Leaching
Initially 352 (days) Initially 352 (days)

Formulation w/c = 0.5 w/c = 0.7, ,

i

Controla 3400 + 2% 1400 + 26% i--- ---

3% Boric Acid 2600 + 16% 1900 + 16% 1100 + 23% 1000 & 12% '

6% Boric Acid 2400 7 35% 1200 + 9% 1700 + 18% 1400 + 12%
'

12% Boric Acid 3300 1 9% 1600114% 1900112% 1300117%,

aSamples consisted of water and Portland III cement only.
k

The data indicate that, for a waste-to-cement ratio of 0.5, leachingi

for 352 days caused a substantial decrease (approx. 50%) in the compressive
strength of the composites. The data derived from the composites with a
waste-to-cement ratio of 0.7 indicate that, although their initial compressive
strength is lower than those with a w/c ratio of 0.5 (by approx. 40 to 50%),
their compressive strength did not decrease substantially after 352 days of
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leaching. It should be noted that the compressive strength of these compos-
ites is still approximately 20 to 38 times higher than the lower limit
(50 psi) set forth in the proposed Code of Federal Regulations,10CFR Part
61.56.

4000 - -

W/C = Q7

j 3000 - -

{2000 - { -

Iicoo f
a,

s 4000 - -

w/C = 0.5g
~

{3000
- -

s o

P2 2000 - g -

I
I1000 -- - 1---'

o% 3% 6% 12 %

BCRtC AClo CONCENTRATION

Figure 1.25 Average compressive strengths of boric acid waste forms before
leaching (e) and after 352 days of leaching (o) for both formu-
lations (w/c = 0.5 and 0.7) as a function of boric acid waste
formalations.

1.3.3 Leachate pH Data

The leachate average pH data for each formulation (3%, 6% and 12% boric
acid solutions), and both waste-to-cement ratios (0.5 and 0.7) are 'shown in
Figure 1.26. The pH values varied between 7 and 12, and were consistently
lower for those from composites incorporating 3% boric acid taiutions than
those from the composites incorporating 6% and 12% boric acid solutions.
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I 137 s, 85 r, and 60 o FROM CEMENT /0RGANIC ION EXCHANGE2. DISPERSION OF C S C

i RESIN COMPOSITES AND FROM ORGANIC ION EXCHANGE RESIN / CEMENT MIXES
| (L. Milian and N. Morcos)

2.1 Introduction ~~

Organic ion exchange resins from power plants are currently disposed in
! shallow land burial sites in the dewatered state. A preliminary draft. of

10 CFR Part 61(4,5) stipulates that " ion exchange resins shall be immobilized by so-lidification." In addition, the commercial burial site operators have.

! indicated that af ter July 1981, some unsolidified dewate ed organic resins
will not be acceptable for burial in their facilities.(6(f

Several solidification agents such as cement, bitumen, urea formaldehyde,
and vinyl ester-styrene are compatible with organic ion exchange resins. How- '

ed.( )certain difficulties associated with the use of cement have been report-
eve r;

These difficulties include poor integrity of the waste forms when-;

immersed in water and the subsequent release of the contained radioactivity.

We have reported earlier on the displacement of 137Cs from ion
exchange resins when they are mixed with cement (8,9) adsorbedI The present study

137 s, 85 r, and 50addresses the leachability of C S Co from organic ion ex-
change resin / cement conposites. The observed leachability is the net result

; of (a) leaching the radionuclides that were initially displaced from the resin
! during the mixing with cement, and (b) leaching of the radionuclides renaining
j on the resins in the waste form af ter solidification,

2.2 Experimental

2.2.1 Cement /0rganic lon Exchange Resin Compositi;s,fs

Spent organic ion exchange resins are expected to change their ini-
tial fann (H+) to that of the most prevalent cattuns in the water entering
the resin bed. To simulate the conditions -found in spent resins, samples of

: Amberli te cation exchange resins (Rohm and Haas IRN-77, H+ fonn) were con-
verted to the Na+ form, and then batch loaded with one microcurie each of
137 s, 85 r , a nd 60Co. The loaded resins were slurried in water andC S

| mixed with either Portland II or Lumnite cements. The compositions of the'

mixtures used for each type of waste fann are shown in Table 2.1. The speci-
mens were cured for six weeks prior to leaching. The specimens were 4.7 cm
(diameter) bprocedure.(3i 8.9 cm (height), and were leached using a modified IAEA leachingi The leaching volume was determined by the relationship: V=
10 cm x S, where V is the leachant volume, and S is the geometric surface of i

the sample being leached. The waste (water plus resin) to cement ratios used
in fabricating the fonns were 1.0 and 1.8. Five replicates of each fonnula-
tion were made.

I The activities in the leachates were determined using a Ge(Li) detec- '

tor system, and are expressed as fractional (incremental fractional release),,

and as cumulative fractional release.

t
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Table 2.1

Composition of Cement / Cation Exchange Resin Composites

Waste / Cement Component Weight
Cement Type Ratio (by weight) Component (grams)

Portland II 1.0 Cation exchange resin
(IRN-77, Na+ form) 65
Water 65
Cement 130

Portland II 1.8 Cation exchange resin
(IRN-77, Na+ form) 86
Water 69
Cement 86

I Lumnite (HAC) 1.0 Cation exchange resin
(IRN-77, Na+ form) 63

| Water 63
Cement 125

Lumnite (HAC) 1.8 Cation exchange resin
(IRN-77, Na+ form) 86
Water 69
Cement 86 .

I

2.2.2 Cement / Organic Ion Exchange Resin Mixtures

Samples of loaded cation organic ion exchange resins (described in the
previous section) were slurried in water and mixed with Portland II or Lumnite
cements. The ratios of waste / cement / water for both types of cements were
1/1/0.8. After contact times ranging from five minutes to two hours, the
resins were separated from the cement mixtures and rinsed with deionized

137 s , 85 r , a nd 60 o radioactivity displacedwater. The amounts of C S C

from the resins into the cement were determined. Control sainples of resins
loaded with activity in a similar fashion (not mixed with cement) were rinsed
with an equal volume of water as those contacted with cement.

60 o remaining on the cation ex-85 r, 137 s, and CThe fractions of S C
,

change resins relative to those loaded onto the resins were measured as a func-
tion of contact time with Portland II and Lumnite cements. Averages of five
samples for each contact time were computed.
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2.3 Results and Discussion

I2.3.1 Cement /0rganic lon Exchange Resin Composites
. _,

'

The average pH for each fonnulation for varying leaching periods is
graphically shown in Figure 2.1. The pH of leachates from Portland II cemer t -

composites ranged from 11 to 12, and those from Lumnite cemen*., composites ''
'

ranged from 9.9 to 11.5. Af ter approximately two weeks, the spread in pH
narrowed and remained at 11-11.5.

s ,

I'
i i i i i i i i i i

13 -

66
g ia @OO

-

3 3

20 6 N-I o
W || --

$ 0
u.10 0 =

.

O ~
. ,

I9 0 6 PORTLAND || CEMENT. W/C-l.O _ m
;
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.' s. -
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. s,

i i I | | 1 1 I I __I_

;
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CUMULATIVE LEACH TIME (doys) '

:

Figure 2.1 pH of leachates as a function of time. s

.s

Cumulative fractional release data for 137 s and 85 r from each ofC S

five replicate organic ion exchange resin / Portland II cement composites are -
shown in Figures 2.2 and 2 3 respectively plotted as functions of /t. Fig-
ures 2.4 and 2.5 show the 13 Cs cumulative fractional release of repitcate.
composites made with organic ion exchange resins and Lubite cea'ent at waste-
to-cement ratios of 1.0 and 1.8, respectively.

! The mean cumulative fractional release obtained from five replicate sam-
ples for each formulation are shown in Figures 2.6 and 2.7. The error bars,

represent the standard dev ation from the mean. Lumnite cement showed a lower
~.

>

leachability of 137 S r than Portland II cement. This effect wasreported earlier (9)Cs and
S

for the leachability of 137j Cs from both types of ce-
- mants and w s attributed to the lower permeability to water of Lumnite ce-
| ment. 10,11 Cobalt-60 was below the detection limit in leachates from both

types of cements (3.0 x 10-2 pCi per 1.5 L sample), and 853p us not

.
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observed in leachates from Lumnite composites. These observations may be at-
tributed to either an isotopic dilution of the radiotracers with the cement

1

conponents or to an actual chemical interaction of the tracers with the!

matrices.
f.

The upper surfaces of Portland !!/ organic ion exchange resin composites
(waste / cement = 1.8) crumbled before leaching was initiated, ar.d the waste
form deteriorated further upon water immersion. The composites made with
Lunnite cement maintained their physical integrity throughout the leaching
experiment.
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2.3.2 Cement /0rganic lon Exchange Resin Mixtures

137 s, 85 r, and 60 o remaining on the ca-The fractions of the C S C

tion exchange resins relative to those loaded initially were measured as a
function of contact time with Portland II and Lumnite cements. The averages
of five samples for each contact time for a given cement formulation were com-
puted and are summarized in Table 2.2. No detectable activity was displaced
from the control resin samples.

Table 2.2

Activity Remaining on Cation Resins (IRN-77)
as a Function of Contact Time With Portland II and Lumnite Cements

Fraction of Radiotracer Remaining on
Cation Exchange Resins

w/c Ratio Contact 85 r 137Cs 60 oS C
Cement Type by Weight Time

5 min 82. 5 + 9. 4 73.6 + 8.8 82.6 + 8.0
1.0 1h 79.3 T 3.0 73.0 T 3.0 77.7 I 4.3

2h 86.212.6 78.113.1 79.812.8
Portland II

5 min 88.3 + 6.1 81.9 + 4.4 85.0 + 4.4
1. 8 1h 97.7 + 5.6 88.1 + 2.0 86.3 + 3.1

2h 91.5 7 5.7 83.2 T 4.7 79.3 T 4.5

5 min 99.9 + 1.6 86.2 + 1.5 82.8 + 2.4
1.0 1h 99.0 T 5.4 80.9 T 4.3 81.8 T 3.6

2h 91.0 T_ 6.1 78.3 T 5.6 80.015.3
Lumnite

5 min 97.6 + 4.0 88.9 + 3.9 79.8 + 4.6
1.8 1h 97.5 T 4.7 86.8 T 4.8 81.4 T 4.5

2h 94.813.1 86.714.0 77.711.7

2.4 Conclusions

2.4.1 Cement /0rganic lon Exchange Resin Composites

Cobalt-60 in the leachates from both Portland II and Lumnite cements
for the two waste formulations studied (waste-to-cement ratios of 1.0 and 1.8)
was below the detection limit (3.0 x 10-2 u Ci per 1.5 L sample).
Strontium-85 was not observed in the leachates from Lumnite cement for both
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fonnula tions. Earlier work (3) has shown that the leachability of 60 oC
from Portland II cement was approximately two orders of magnitude lower than '

that of 137 s. These ef fects may be attributed to either an isotopic dilu-C

tion of the radiotracers with cement components or to a chemical interaction
of these radiatracers with the cement ma. trices, or to a combination of these

137 s from the resin /two processes. The cumulative fractional release of C

Lumnite cement fonns was approximately one-half the release from the resin /
85 r fromPortland Il cement forms. The cumulative fractional release of S

the resin / Portland II cenent forms was approximately one-third of the release
of 137 s.0

2.4.2 Cement /0rganic lon Exchange Resin Mixtures

60 o), 85SrOf the three radiotracers studied (137 s, 85 r- and CC S.
was most tenaciously held by the organic resins when they were mixed with
Lumnite cement (Table 2.2).
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3. LEACHABILITY OF BITUMEN /0RGANIC IGN EXCHANGE RESIN COMPOSITES
(S. Chan)

3.1 Introduction

Organic ion exchange resins frwn power plants may be currently disposed
in shallow land burial sites in the dewatered state. However, in view of the

existing (rep 1,lations (49 CFR Parts 171-179) and proposed regulations (10 CFRPa rt 61) 4 it is anticipated that in the near future ion exchange resins
will require solidification before disposal. In addition, the commercial
burial sites operators have indicated that af ter July 1981, some unsolidified
dewatgrp organic resins will not be acceptable for burial in their facili-

6ties.1 f

Bitumen is considered a viable material for the solidification of organic
ion exchange resins. The following properties are attributed to bitumen: re- .

sistant to leaching, radiation, and bacterial attack; tolerant of oil contami- !

nation in the waste; requires no water or catalysts for the solidification
process; and is readily available.(llel2)

Bitumen solidification systems claim the ability to handle a wide variety
of reactor waste streams including acids, bases, organic liquids, evaporator
bottom concentrates, decontamination liquids, sludges, and ion exchange res-
ins. However, bitumen burns, and there is evidence that the incorporation of
oxidizing agents increases the fire hazard.(13-16) Substances that decom-
pose at the working tempgrature of a process should not be considered for so-
lidification in bitumen.t )8

This study was undertaken to evaluate the integrity and leachability of
bitumen / organic ion exchange resin composites. Anion and cation resins in the
50 -2, q+, Na +, Cs+, a nd Sr+2 fonns were evaluated.4

3.2 Experimental

Anion and cation exchange resins were used in this study. The cation
resins (IRN-77) were totally converted from their original H+ form to the
Na+ fonn and were dried overnight in an oven at 100'C. Four hundred VCi of
137Cs and 500 pCi of 85 r (in a total of 60 mL of solution) were slowlyS

added, with stirring, to 90 grams (dry weight) of resins in the Na+ form
suspended in 200 mL of deionized water. After overnight equilibration, the
supernate activity was found to be negligible. The resins were filtered by
suction and dried again. The resins, containing 4.4 uCi of 137 s andC

85 r per gram, were mixed with nonradioactive resins in either. 5.6 uCi of S

! the Na+ or the SO -2 fo rms. The mixtures of resins were then folded4
j into molten Pioneer 221 bitumen and allowed to solidify overnight. The waste
i forms were leached with deionized water in plastic containers. The volume of
j the leachant used for each form is given by the relationship: V = 10 cm x S,

where V is the volume of leachant, and S is the gectnetric surface of the form.;
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Initially, the leachate was sampled daily, followed by weekly samplings.
The leachates were analyzed for 137 s and 85Sr.C

3.3 Results and Discussion

Figures 3.1-3.4 show cumulative fractional release data for bitumen waste
foms plotted as a function of /t. The waste forms incorporated the follow-
ing:

a) Na+ fom cation resins loaded with 137 s,C

b) A mixture of 50% (by weight) Na+ fom cation resins, loaded with
137 s and 50% (by weight) SO " form anion resins,C 4

85 r, andc) Na+ fom cation resins loaded with S

d) A mixture of 50% (by weight) Na+ fonn cation resins, loaded with
85 r and 50% (by weight) SO " form anion resins.S 4

The waste to bitumen ratio was maintained at 1 and the total amount of resins
per waste fom was constant.

The presence of sulfate form anionic resins (50% by weight of resins) in
137 s by approximatelythe bitumen waste forms increased the leachability of C

two orders of magnitude (from approximately 5 x 10-4 to approximately 3
and ' y approximately one order of magnitude for 85 r (from 1.6 x 10-4 too S

1.5 x 10 5). The data derived from this study with radiotracers show the
same trgnds observed in a previous leaching study in which stable cesium was
used.(91

I

i

! (Continued Page 41)

!
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137 s LEACHABILITY FROM SMALL-SCALE (LABORATOM SAMPLES4. CORRELATION OF C

TO LARGE-SC ALE WASTE FORMS (W. Becker, A. Colavito, P. Hayde, L. Milian,

and N. Morcos)

4.1 Introduction

Several theoretical and empirical methods based en mass transport and
diffusion theory have been developed to predict the leachability of radio-
1sotopes from waste composites.(16-23) A method has been recamended ear-
lier (1970) by the International Atomic Energy Agency (IAEA) for leaching sam-
ples and for the analysis and interpretation of leaching data.(24) Recent-
ly, a standard method, which has much in common with the earlier IAEA method,
was proposed by the American Nu. lear Society Standards Committee Working Group.

(ANS-16.1). This method suggests the accumulation of data over a short-term
period (five days) to detemine the "Leachability Index," a material param-
eter. This parameter characterizes the leaching of a radionuclide from the
waste form under evaluation, and may be used for perfomance predictions under
actual environmental conditions, if the type of material being tested was
characterized through generic studies. A working group (ISO /TC 85/SC 5/WG 5)
of the International Standards Organization (IS0) is also currently directing
efforts toward the adoption of a unifom standard leach test.

The IAEA method assumes a semi-infinite plane source model of diffusion
for radioisotopes from waste composites, and relates the amount of substance
diffused out of a waste cmposite to the leaching time, the amount of that
substance initially present, and a diffusion rate. The sglution for the rate
equation describing this diffusion mode can be written as(8,16):

.e r

f=S x2 _D t 1/2 (4,1)
v w

where f = fraction of substance diffused out of the composite
during time t,

S/V = ratio of the geometric surface of the sample to
its volume,

D = effective bulk diffusion coefficient of the substance
for the particular composite matrix,

The underlying assumptions dictated by Equation (4.1) are that the iso-
tope under study is either stable or has a long half-life as compared to the
duration of the experiment and that the initial isotope surface concentration
of the waste fom is zero. Furthemore, the relationship in Equation (4.1)
implies that initially for t = 0, the fraction leached (f) is also zero. How-
ever, experimental leaching data deviates from this prediction for small val-
ues of t, and a more general relationship is suggested (16,25):

i
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f,S.2 Dt 1/2 + a (4.2)
V ( jn

where the term (4),12) presents non-diffusive contributions from the surface ofa re
the waste fonn.( Furthennore, a linear relationship o the tenn (a)
with the S/V ratio of the waste form was shown to exist,(26(1 indicating that
it is indeed surface controlled.

137 s leach data onExperiments were initiated to detennine if the C

small-scale laboratory samples could be used in predicting the leaching be-
havior of larger samples. This report presents the experimental data on
1 x 1, 2 x 2. 2 x 4, 3 x 3, 6 x 6, 6 x 12 and 22 x 22 forms incorporating

1$7 s and solidified in Portland Iorganic ion exchange resins loaded with C

ce nen t. A method is presented to correlate the leaching data from the small-
scale samples to those from large samples. It also allows estimating the
cumulative fractional release for a given waste form size and a given leaching
t ime.

4.2 Experimental

The waste fonns evaluated in this study are representative of those that
are expected to be generated at nuclear power plants, e.g. , organic ion ex-
change resins and boric acid waste solidified in Fortland cements.

137 s added to the different size wa.te fonns wereCThe amounts of
chosen by scaling the amounts used in earlier leaching experiments where 2 x 4
waste fonns were studied. This insured detection of activity in the leach-

The relationship f (V/S)1 = f (V/S)2 where f1 and f2 areates. 1 2
the cumulative fractional releases leached from two different size waste forms
during the same leaching time, and (V/S)1 and (V/S)2 are the geometric
surface-to-volume ratios of these two fonns. Using the leached fractions from
2 x 4 organic catio: exchange resin / Portland II cement composites (27 1 as

f.f2 was calculated for the various sizes using the appropriate (V/S)2
l

values.

A modified IAEA leaching procedure (3) was followed. The first leach-
ing period was 100 minutes, and thereaf ter the leachant was changed daily,
during the first 42 days, except for weekends, where the leaching periods ex-
tended frm Friday to Monday. (However, the leachant was changed during the
fi rst weekend). After 42 days, the daily leaching period was extended to a
week , and later to a month.

4.2.1 Organic Cation Exchange Resin Preparation

Organic cation exchange resins (Rohm and Haas IRN-77, H+ fonn) were
converted to the Na+ form with 2 molar NaOH solution. The volume of Na0H
solution was twice that of the resin and following the sorption period, it was
decanted. The resins were then rinsed with deionized water until the pH of
the rinse water was cmparable to that of the initial deionized water, indi-
cating that the excess Na0H was rinsed out completely. The resins were stored
in deionized water.
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4.2.2 Organic Cation Exchange Resin / Cement Composites

Organic cation exchange resin / cement composites were fabricated with a
waste-to-cement (w/w) (Portland I) ratio of 0.6 and a water-to-cement (w/w)
ratio of 0.4. The simulated waste composition consisted of 33 weight percent

137 s, and 67 weightIRN-77 Na+ fom cation exchange resin loaded with C

percent deionized water. This fomulation was chosen because test samples I

maintained their physical integrity during a prolonged leaching period (4-5
weeks), ard because it provided good workability of the(m{xture during themixing stage. Earlier process parameter investigations 2 1 for the solidifi-
cation of IRN-77 resins in cement had defined boundaries for the components of
the waste form (resin, water, and cement) where a freestanding solid product
was produced. However, the durability of the solidified product upon immer-
sion in water had not been evaluated. Formulations corresponding to those
shown in the area bounded by heavy lines in the table reproduced from Refer-
ence 2 were evaluated (see next page). Up to twelve two-inch-diameter by
four-inch-high foms were made and immersed in deionized water to evaluate
their physical integrity (no evidence of crumbling) under leaching conditions.
Only two fomulations, denoted by the triangle and circle in the table, passed
the immersion and workability tests. However, some of the forms with the
triangle fomulation began to crumble af ter several days in water, whereas
there were no failures of the fomulation shown in the circle.

The following procedure was used in preparing the 1 x 1, 2 x 2, 2 x 4,
and 3 x 3 foms: Appropriate amounts of resins were added to each mold and

137 s radiotracercovered with deionized water to which a measured amount of C

was added while stirring. Af ter a 24-hour equilibration period, the water was
sampled a.id assayed for 137 s content to assure uptake by the resin. TheC

water was then removed by suction through a fritted filter and an amount of
deioaized water was added commensurate with the formulation for the composite.
The la rger samples (6 x 6, 6 x 12,12 x 12, and 22 x 22) were prepared in a
slightly different manner. The amount of water added to the resins prior to

137 s was the amount needed for solidification, and there-the addition of C

137 s assay. The amount offore was not decanted after equilibration and C
137 s -remaining in the aqueous phase (after sorption) for all samples wasC

less than 0.1% of the initially added activity, indicating that greater than
99.9% of the 137 s was sorbed onto the resins.C

.

The mixtures of cement, water, and resins in individual molds were hand
stirred with polyethylene rods (for samples up to 3 x 3), and mechanically
etirred with a stainless steel mixer attached to a motor for the larger forms
for five minutes and capped to prevent water evaporation during the 28-29-day
curing period. Earlier work has shown that ion exchange resin / cement compos-
ites cured in air or left open to air after curing, disintegrated after immer-
sion in water.

,
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Table (Frm Manaktala and Weiss - Reference 2)

Formulation of Ion [achange Resin Test Samples
(all weights given in grams)

Water
le^Rin

[. WasteCe M t ~ 0.4 0.6 0.8 l.0 1.2 1.4 1.6 1.8
_

0.3 15.7 a 41.2 61.1 77.0 90.0 100.8 110.0 117.9
47.1 41.2 36.7 33.0 30.0 27.5 25.4 23.6

157.1 137.6 I??.? 110.0 100.0 91.7 84.6 78.6

0.4 0.0 27.5 8. 66.0 8Q.0 91.7 101.5 110.0
62.8 55.0 48.9 44.0 40.0 36.7 33.9 31.4

!!7.2 137.5 I??.? \l10.0 100.0 91.7 84.6 78.6

0.5 13.8 36.7 55.0 10.0 82.5 93.1 102.1
68.7 61.1 55.0 50.0 45.8 4?.3 39.3

137.5 !?2.2 110.0 100.0 91.7 84.6 78.6

0.6 0.0 24.4 44.0 60.0 13.3 84.6 94.3
P2. 5 73.3 66.0 60.0 55.0 50.8 47.1

137.5 122.2 110.0 100.0 91.7 84.6 78.6

0.7 12.2 33.0 50.0 64.2 76.2 R6.4
85.6 17.0 70.0 64.2 59.2 55.0

I??.2 110.0 100.0 91.7 84.6 18.6

0.8 0.0 72.0 40.0 55.0 67.7 78.6
97.8 88.0 80.0 73.3 67.7 62.8

I??.? 110.0 100.0 91.7 84.6 78.6

0.9 110.0 30.0 45.8 59.2 70.7
99.0 90.0 82.5 76.2 10.7

110.0 100.0 91.7 84.6 78.6

1.0 0.0 20.0 36.6 5G.8 62.8
110.0 100.0 91.7 84.6 78.6
1:0.0 100.0 91.7 84.6 78.6

slach en g.ig co posed of three parts, vir., resin (15.7), water (47.1), andcew nt

Table 4.1 summarizes the waste composite sizes made to date, together
with their contents, volume-to-surf ace ratios, and leachant volumes. Each
sample size was prepared in triplicate.
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Table 4.1

Conposite Di=ensions. Crnponents, and Lesch 49t Volurws

VolumeComposite Components (g) 137 s Added ofC
5 ar eter He1 h t v/s we1 ht cement i(4Tre to Cenposite teachant9 9

Sample (In.) (in.) (c9) (g) To~rtland7 TIQ7* Hg f (LC1) (ml)

Ia1 0.93 0.94 0.396 20 12.5 2.5 5.0 1 2650.93 0.94 0.396 b 12.5 2.5 5.0 1 26 5
0.93 0.94 0. 39 6 b 12.5 2.5 5.0 1 265

2a2 1.83 1.89 0.734 150 93.9 18.8 37.5 10 1.0501.83 1.89 0.784 150 93.8 18.8 37.5 10 1.0501.83 1.89 0.784 150 93.8 18.8 31.5 10 1.050
2s4 1.85 3.62 0.936 290 181.3 36.3 12.5 10 1.7001.95 3.62 0.936 29 0 181.3 36.3 72.5 10 1.7001.85 3.62 0.936 290 181.3 36.3 72.5 10 1.700
3s3 3.00 3.34 1.32 134 450 92.0 18 4 10 2.9501.00 3.34 1.32 735 460 92.0 184 10 2.9503.00 3.34 1.32 735 460 92.0 18 4 10 2.950
6a6 6.06 5.79 2.53 b 3.250 650 1.300 500 11.0006.06 5.73 2.52 b 3.250 650 1.300 500 11.0006.06 5. 11 2.51 b 3.250 650 1.300 500 11.000
6 a 12 6.00 11.6 3.03 9.620 6.139 1.228 2.456 1.000 18.2006.00 12.5 3.07 9.250 6.139 1.228 2.456 1.000 18.2006.00 11.1 3.00 9.430 6.139 1.228 2.456 1.000 18.200
12 a 12 12.5 11.5 5.14 40.000 24.900 4.990 9.983 10.000 44.00012.3 11.5 5.09 40.100 24.900 4.990 9.9 D 10.000 44.000!?.3 11.5 5.09 39.800 24.900 4.990 9.903 10.000 44.00022 a 22 21.5 21.5 9.10 229.340 143.700 28.740 $1.49] 20.000 136.200

aRohm and Haas A9berlite orgailc cation exchange resin,bNot weighed.
__

4.2.3 Leaching

The composity were leached in deionized water using a modified IAEA
leaching procedureP1 described earlier. The leaching volume was deter-
mined by the relationship: V = 10 cm x S, where V is the leachant volume and
S is the geometric surface of the composite being leached.

; Leaching was carried out in two sets of containers. The samples were'

placed in a fresh leachant and the leachate from the previous period was acidi-
fied with HNO3 (volume of conc. acid 1% volume of leachate). Ten-milliliter

i aliquots of the acidified leachate were withdrawn in a plastic test tube and
137 s content using a 3 in. x 3 in. NaI well crystal. The re-| assayed for C

maining liquid was removed, the container was washed, and fresh leachant was1

. added to it for the next leaching period. The leachant was allowed to equili-
! brate to room temperature overnight before transferring the waste form from
j the other container.
|

1

t
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All samples were counted until a minimum of 1,000 counts were accumu-
lated in the " window" set around the 137 s photopeak (661.6 kev) Data re-C

duction was perfomed using a cmputer program developed at BNL.(28)
Incremental fractional and cumulative fractional releases from the forms were
cal cula ted . Cumulative fractional release data are presented as a function of
time.

4.3 Results and Discussion

4.3.1 Leaching

The calculated incremental and cumulative fractional releases from each
waste fom are given in Tables B.1 through B.7. These tables are included in
Appendix B. The errors quoted represent only the statistical errors
associated with the counting.

These data are also graphically shown in Figures 4.1-4.18. Each pair
of figures shown on a page presents the leaching data of three replicate sam-
pies and the average cumulative fractional release of the three replicates ex-
cept for the 22 x 22 samples. The average cumulative fractional release
curves have been nomalized for V/S variation in the waste forms.

Two of the 1 x 1, and one of the 6 x 6 composites partially disinte-
grated during the first three weeks of leaching. The cause of the deteriora-
tion of the 1 x 1 samples is not known. However, in the case of the 6 x 6
sample, the deterioration occurred mainly along a line on the sample that was
inadvertently exposed to mbient air during the curing process. This line
corresponds to a t. rack in the mold used in the fabrication of this sample.

The cumulative fractional releases from the composites that deterio-
rated were higher than those from the composites that remained intact. How-
ever, the actual geometric surfaces of the deteriorated composites could not
be measured, and their geometric surfaces prior to leaching were used to calcu-
late the normalizing V/S ratio.

(Continued Page 56)
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Figure 4.5 137Cs cumulative fractional release vs (time)1/2 from
2-inch-diameter x 4-inch-high waste composites (w/c = 0.6;
V/S = 0.936 cm).
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Figure 4.6 Average cumulative fractional release of 137Cs vs (time)l/2
from 2-inch-diameter x 4-inch-high waste composites (w/c = 0.6;
V/S = 0.936 cm). The average CFR was normalized for V/S.
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Figure 4.7 137Cs cumulative fractional release vs (time)1/2 from
3-inch-diameter x 3-inch-high waste composites (w/c = 0.6;
V/S = 1.32 cm).
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from 3-inch-diameter x 3-inch-high waste composites (w.c. = 0.6;
V/S = 1,32 cm). The average CFR was normalized for V/S.
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Figure 4.9 137Cs cumulative fractional release vs (time)1/2 from
6-inch-diameter x 6-inch-high waste composites (w/c = 0.6;
V/S = 2.52 cm). (The form denoted by O partially disin-
tegrated during the first four weeks of leaching.)
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was normalized for V/S.
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137 s cumulative fractional release vs (time)1/2 fromFigure 4.11 C

6-inch-diameter x 12-inch high waste composites (w/c = 0.6;
V/S = 3.30 cm).
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137 s vsFigure 4.12 Average cumulative fractional release of C

(time)l/2 from 6-inch-diameter x 12-inch-high waste
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137 s cumulative fractional release vs (time)l/2 fromFigure 4.13 C

12-inch-diameter x 12-inch-high waste composite #1
(w/c = 0.6; V/S = 5.11 cm).
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Figure 4.14 Cumulative fractional release of 137Cs x V/S vs (time)l/2
from 12-inch-diameter x 12-inch-high waste composite #1
(w/c = 0.6; V/S = 5.11 cm). CFR was normalized.for V/S/.
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137 s cumulative fractional release vs (time)1/2 fromCFigure 4.15
12-inch-diameter x 12-inch-high waste composites #2 and 3
(w/c = 0.6; V/S = 5.11 cm).
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137 s cumulative fractional release vs (time)1/2 fromFigure 4.17 C

22-inch-diameter x 22-inch-high waste composite (w/c = 0.6;
V/S = 9.10 cm).
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Figure 4.18 Cumulative fractional release of 137Cs x V/S vs (time)l/2
from 22-inch-diameter x 22-inch-high waste co,posite
(w/c = 0.6; V/S = 9.10 cm). CFR was normalzied for V/S.
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4.3.2 Analysis of Leaching Data

' A semi-empirical approach based on the semi-infinite plane source model
of diffusion is presented to analyze the leaching data. Rewriting Equation
(4.2) as Equation (4.3) gives:

f = [S/V 2(D/*)1/2] x t /2 + a (4.3)1

This relationship describes a straight line with slope [S/V 2(D/nl/2],
and intercept a when f is plotted vs t /2 The linear regions of the data1

in Figures 4.1-4.18 were detennined visually and are summarized in Table 4.2.

Table 4.2

Linear Regions of CFR vs t /2 Data1

Size S/V Linear Regiona of CFR vs t /21

2x2 1.28 Beyond 36 days of leaching
2x4 1.07 " " " " "

3x3 0.76 " " " " "

" " " "6x6 0.40 16

6x12 0.33 49" " " "

12x12 0.19 9
" " " "

" " " "22x22 0.11 7

alinear regions of CFR vs t /2 in Figures1

4.1-4.18

The average CFR's from the intact fonns for each size studied were cal-
culated over the regions outlined in Table 4.2, and were plotted vs t /2 as1

shown in Figure 4.19.

A least squares linear regres ion was performed on these lines to deter-
mine the best fit, slopes and intercepts. The results of these calculations
are summarized in Table 4.3, together with the coefficients of determination
as defined by:

2 aI(CFR)$ + bE(t1/2)$x(CFR)$-1/n(I(CFR);)2\ ,

(4.4)R(S/V) = I(CFR)2 - 1/n(I(CFR)j)2
)(S/V)k

where the coeficients a and b are derived coef ficients from the fitting:

(CFR)(3fy) = [a + b x t /2](3fy) for each sample size studied.1

56



<

:

1 e i i i 4 3

,

100 -

2.53
~

w
U
$ *

E 80
--

-

z +

'

! 60 -

l.28
- ~

,
'

: e -
: w -

y 40 1.07 -
-

'
i- O.33-

'
) 20 - - --'

C
'

$ '
O 19-

sE5 b T"'
o. ", , ,

0
0 2 4 6 8 10 12 14

(TIME (doys)f 2
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their least squares linear regression fits.4

!

} Table 4.3

Summary of Slopes and Intercepts of CFR vs t /21

S/V Sl opea Intercepta Coefficient of
| Size (cm-1) (b) (a) Determinationc
:

2x 2 1.28 3.03 16.4 1.0
i 2x 4 1.07 3.45 11.8 0.99
! 3x 3 0.76 2.10 8.15 1.0
! 6x 6 0.40 1.77 2.73 1.0

6 x 12 0.33 1.58 1.58 1.0
i 12 x 12 0.19 1.20 0.95 1.0
'

22 x 22 0.11 0.66 0.11 1.0

aSlopes and intercepts are obtained for the general relation-
ship CFR = a + b(t)1/2 over the linear region of the data as

.

explained in the text.
'

bb are the slopes of the lines in Figure 4.19.
cThe coef ficient of detennination is defined in Equation 4.4.

!
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The data from the 1 x 1 forms were excluded from further treatment since
they did not appear to be linear with t /2 with (Fi The1

surface-to-volume ratio was the largest (2.53 cm-1)gs. 4.1 and 4.2).for this size, and any
surface effects will be accentuated in its leaching behavior relative to the
other sample sizes.

Since the slopes of the lines (Table 4.2) are equal to [S/V x 2(D/n)]1/2 ,

plotting these slopes as a function of S/V would yield a line with a slope
equal to: 2(D/.r)1/2, i.e. , for z = (S/V), then d(slope)/dz = 2(D/n)1/2 + a.

A plot of these slopes vs S/V is shown in Figure 4.20, indicating a
linear relationship. A least squares linear regression on the -points (slopes,
S/V) (Table 4.3) yields an expression of the form: Slope = a + bx, with:

R2 = 0.90,
a = 0.7 5,

b = 2.07

where b = 2(0/n)1/2,

10.0 . .

8.0 -
-

U
i 6.0 -

-

o
N
y 4.0 -

-

-;; .

* -

2.0 -
.

k.0 ||0 2.0

S/V

Figure 4.20 Plot of [S/V 2(D/n)1/2] or slopes of the lines shown in
Figure 4.19 vs (S/V). Note: the straight line is a least
squares linear regression on the points.

Therefore, the slope or [S/V d'D/n)1/2] could be calculated for any S/V
ratio using the relationship:

4
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.

(slope)(sfy) = 2.07 x S + 0.75 (4.5)
V 7

A similar fit was perfonned on the intercepts (a) of the lines shown in
Figure 4.19, and the S/V ratios, resulting in Equation (4.6), with a coeffi-
cient of detennination R2 = 0,99,

(a)sf y = 1.80 + 12.6 .S_ (4.6)
V

A plot of these intercepts [(a)sfy] versus their corresponding S/V ratios is
shown in Figure 4.21.
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Figure 4.21 Plot of the intercepts [(a)sfy] of the lines shown in
Figure 4.19 vs S/V. Note: The straight line is a least-,

squares linear regression on the points for S/V less than
2.53 (i.e. , forms larger than 1 x 1).

i

Combining Equations (4.5) and (4.6) yields

(CFR) = (2.07 S/V + 0.75)t /2 + (12.6*S/V - 1.80) (4.7)1
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Thus, the cumulative fractional release at a given time t from a sample with a
geometric surface-to-volume ratio of S/V, can be calculated using Equation
(4.7). The cumulative fractional release calculated for several S/V values at
different time intervals are summarized in Table 4.4 together with the experi-
mental data obtained at these values. A good agreenent is observed between
the calculated values and the experimental data measured over the linear
region of CFR vs t /2l

In the derivation of the slope of Equation 4.5, it was found that:

Slope = 2.07 = 2(D/ n)1/2

Solving for D in Equation (4.8), we obtain the value of the effective bulk
diffusion coefficient:

0 = 3.37 x 10-4 cm2 or 3.9 x 10-9 cm2 sec./

day

It should be emphasized that this value for D corresponds only to the specific
matrix and waste form formulation used in this experiment.

In order to estimate the radioisotopes containment period, we arbitrar-
ily chose a limit of 95% release. The time required for 95% of radionuclide
activity to be released from a waste form with a given S/V ratio can be deter-
mined from:

- -

(95 - 12.6 x S/V + 1.8) (4*g)t0.95 = 2.07 x S/V + 0.75
--

The calculated times for the various waste form sizes used in this study are
137 s is not considered insummarized in Table 4.5. Radioactive decay of C

these calculations.

i
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Table 4.4

Cumulative Fract f onal Release Experimental and Calculated Data

Cumulative Fractional Release Time (Days)
Olmension S/V Mode 4 5 9 15 21 30 42 47 56 8Ad 105 112 169

1x! 2.53 Empt. 50.7 56.8 68.6 73.5 86.4 94.0
Calc. 57.6 62.9 68.9 74.9 93.5 108.0

2x2 1.28 Empt. 24.5 27.6 31.7 36.3 18. 6 48.* 33.4
Calc. 27.5 29.9 32.9 36.4 39.8 50.3 58.6

ES 2x4 1.07 Empt. 20.5 23.9 28.6 34.2 37.6 48.6 55.7
Calc. 23.2 25.3 27.9 30.9 33.9 43.1 50.3

3x3 0.76 Expt. 12.8 15.0 18.4 22.2 23.6 30.3 35.2
Calc. 16.8 18.4 20.5 22.9 25.2 32.4 38.0

6x6 0.40 Empt. 7.20 9.20 10.7 12.2 14.4 16.3 19.6 24.0
Calc. 7.98 9.36 10.5 11.9 13.5 15.1 19.9 23.8

6 x 12 0.33 Expt. 5.0 7.70 9.60 11.2 13.0 15.0 17.0 21.3
Calc. 5.57 6.66 7.91 8.93 10.2 !!.7 13.1 17.1

12 x 12 0.19 Expt. 3,40 5.30 6.50 7. 38 8.40 9.37 9.73
Calc. 3.15 4.03 5.03 5.H4 6.H6 H.01 8.44

22 x 22 0.11 Empt. 1.28 2.07 2.70 3.13 3.70 4.49 8.30
Calc. 1.54 2.52 3.37 4.7 4.94 5.92 8.76
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4 Table 4.5

Time Required for 95% Release of Radionuclide Activity
From Waste Forms Having Varying Sizes

S/V Calculated Time
Size (cm-1) (days)

1

1x 1 2.53 120
2x 2 1.28 560
2x 4 1.07 790
3x 3 0.76 1410

1 6x 6 0.40 3380
6 x 12 0.33 4180

12 x 12 0.19 6820
22 x 22 0.11 9520
34 x 22.5a 0.09 10,440

aNaninal dimensions for a 55-gallon drum.
i

4.4 Conclusions

A relationship has been developed from the leaching data obtained to date
in this study. This relationship can be used to estimate the cumulative frac-
tional releases from forms varying in size from 1 x 1 to 22 x 22 (in inches)
for a given leaching time. The ef fective bulk diffusion coef ficient of
137 s in the waste form matrix has been estimated to be 3.9 x 10-9C

cm2 s. This value corresponds only to the specific matrix (Portland II/
cement) and waste form fonnulation used in this study. However, the method of
arriving at this value can be applied to other waste forms. The calculated
times required for 95% of radionuclide activity to be released fran the waste
forms vary from 120 days for 1 x 1 to 10,440 days for a 55-gallon drum.

:
,
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5. HYDROSTATIC TESTING OF 55-GALLON CARBON STEEL DRUMS
(W. Becker, M. Hope, and N. Morcos)

5.1 Introduction

DOT 17H 55-gallon carbon steel drums are used for type A packaging at
many power reactors. These drums are available in both open head (re-
movable clamp-on lids) and c19 seq head forms. Hydrostatic testing was per-
fomed earlier on these drumst291 to detemine the maximum sustainable pres-
sure and mede of failure. Shipping container specifications in the Code of
Federal Regulations 49 CFR Part 178-118-66, state that 00T 17H drums should
sustain a hydrostatic pressure of 15 psi for five minutes. Earlier results
indicated that these drums did not meet the imposed specifications. The pres-
ent study was undertaken to confirm these earlier results with an acceptable
statistical sample of drums. Ten drums from each of three different manufac-
turing lots were acquired and tested. The drums were tested with the as-
supplied gaskets, which were either 0-rings or foam rubber.

5.2 Experimental

In preparation for hydrostatic testing, an air bleed valve with a 3 inch
calibrated pressure gauge (0-30 psi) and a filling connector were brazed to a
side of each drum. The drums were filled with water and the pressure gauge
was monitored as the water pressure was gradually increased. The failing
pressure was the pressure at which water leakage was observed. In the case
where pressure was observed to drop after a rise, the highest pressure
observed was r.oted. The physical arrangement of a drum under testing is shown
in Figures 5.1 and 5.2.

5.3 Results and Discussion

The maximum sustained pressures observed in a total of 30 drums tested
are summarized in Table 5.1.

Failure occurred by water leakage at the butt weld on the edge at the top
of the drums, as shown in Figure 5.3.
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Table 5.1

Maximum Sustained Pressure by
DOT 17H Open Head Drums (psi)

Lot A lot B Lot C

1 11 8 7

2 2.5 7 5

3 5 5 15a
4 14 6 7

5 14 6 0
6 8 14 4
7 4b 3 2
8 15c 11 2
9 10 7 6

10 5 7 5

aPressure sustained for 5 min.
bFoam gasket.
cPress are sustained for 2 min.

5.4 Conclusions

Out of 30 drums tested, (10 from each of three manufacturing lots) only
one drum was observed to meet the specifications imposed by 49 CFR Part 178-
118-66. All f ailures were due to a poor seal created by an improper mechan-
ical alignment at the butt weld on the upper lip of the drum.
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Figure 5.1 DOT 17H drum being filled with water prior to pressure testing.
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6. ' ANALYSIS OF IRRADIATED ION EXCHANGE MATERIALS

6.1 Introduction

Organic ion exchange resins are routinely used in the nuclear industry to
decontaminate water containing radionuclides. However, these resins are known
to undergo radiation damage as the total absorbed dose exceeds 108 rad.(30)

Organic ion exchange ~ resins were used in the decontamination of water in
the auxiliary building at Three Mile Island (TMI-II) in an EPICOR decontamina-
tion system. As a consequence, gome liners contain resins with high loadings
of 13_/Cs (approximately 40 CifftJ or 1300 curies per liner), and these
resins could be 9xpqcted to absorb a total dose as high as 108 rad within a
two-year period.131;

An earlier scoping . study addressed some effects of external radiation (up
to 2 x 10 . rad) on organic ion exchange resins.(32) The ef fects due to9

radiation that were studied were: a) pH changes and agglomeration of resins
during storage, c) generation of gases due to radiolysis, and d) corrosion of
mild steel in contact with irradiated resins.

The present study was performed at the Georgia Institute of Technology
(GIT), under a subcontract from BNL, to investigate three areas of concern
regarding the effects of radiation on ion exchange resins currently used and
proposed for use in the water decontamination processes at TMI-II. Organic
ion exchange resins were irradiated up to a dose of 5 x 109 rad in stainless
steel (Type 304) containers, and the areas addressed were:

a) The ef fects of radiation on the physical characteristics of the
resins.

b) The chemical properties of materials resulting from radiation degra-
dation of the resins (liquids, gases, and solids).

c) The corrosion ef fects on the walls of the irradiation containers- in
contact with the resins and their radiolytic byproducts.

The Georgia Institue of Technology research report is included as
Appendix C and the results are summarized below.

- 6.2 Summary of Results and Conclusions From the GIT Report

6.2.1 Physical Characteristics of Irradiated Resins'

When anion resion were exposed to increasing total doses from 108 to1

109
'

rad, the following observations were made:

a) The amount of liquid generated increased from a small amount of,

liquid to a flowing slurry of liquid and resins.:

;

I
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b) The presence of amines was detected at the lower dose, whereas
ammonia was detected at the higher dose.

c) The color of resins at both dose ranges was brown, and large
fractured resin pieces were present and layer shedding was apparent.

Whereas, for cation resins, the amount of liquid generated did not increase
with dose and no odors were detected, but the color of the resins increased in
darkness with the dose up to a dark black color. The presence of fractured
pieces and a floculent fine red-brown precipitate also increased with the
absorbed dose. At the highest dose (5 x 10'> rad), the resins tended to
cling together.

6.2.2 Chemical Properties of Degradation By-Products of Irradiated Resins

6.2.2.1 Properties of Liquid Phase

The pH of the liquid phase resulting from irradiating anion exchange
resins decreased from a range of 8.5 to 9.0 at 108 rad to a range of 8.5 to
7.5 when irradiated at a dose of 109 rad. The pH data fron1 the liquid phase
resulting from cation resin irradiation does not show a consistent trend with
absorbed dose.

Analysis of aqueous extracts from irradiated anion resins revealed
that total dissolved carbon, nitrogen, ammonia, monmethyl amine, and dimethyl
amine increase with the absorbed dose; however, trimethyl amine decreased with
increasing the dose. Extracts from cation resins revealed that the total dis-
solved carbon and sulfate increased with increasing absorbed dose. Organic-
sulfur was not found in extracts from irradiated cation resins.

6.2.2.2 Properties of Gas Phase

Gases generated by irradiation of resins were: Hg, 0 , N , CO , CO,2 2 2
CH , C H22 C3 8, C H4 10, and sulfur gases (S02, S03). Irradiated anion resinsH4

0 ad) yielded a total volume of gases (cc/g of resin(0.8 x 10approximately twice that obtained from cation resins (2.5 x 10] that was
r

rad).

Hydrogen and methane production peaked at a total absorbed dose of
109 rad, then gradually decreased with increasing dose, whereas ethane,
propane and butane production gradually increased with increasing dose up to
5 x 109 rad.

6.2.2.3 Properties of Solid Phase

Chemical analyses of irradiated ion exchange resins indicate that
cation resin solids maintain essentially the same composition for total ab-
sorbed doses up to 5 x 109 rad. The carbon to hydrogen and carbon to sulfur
ratios change by less than 10%, whereas for anion resins, decomposition was
observed as the carbon to hydrogen ratio increased by 25% (109 rad), and the
carbon to nitrogen ratio increased by 60% over the unirradiated resins.
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; 6.2.3 Corrosion Effects of Radiolytic By-Products

The ef fects of radiolytic by-products resulting' from irradiating
anionic resins did not significantly attack Type 304 stainless steel, whereas4

the by-products fram irradiated cationic resins caused significant localized
- corrosion of Type 304 stainless steel. The attack was in the form of etching

; under surface deposits and pitting. Although the corrosion attack did not
! cause loss of strength in the stainless . steel, its localized nature might

cause perforation of the container walls at longer exposures.
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APPENDIX A

LEACHING DATA FOR SECTION 10F THIS REPORT:

LEACHABILITY AND COMPRESSIVE STRENGTH OF BORIC ACID WASTE IN
PORTLAND III CEMENT
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Table A.1
I37Cs Incremental and Cumulative Fractions teleased From

Boric Actd/ Portland Ill Cement Composites (35 8eric Acid Solution and e/c Ratte of 0.5)

Compostte fl Compostte #2 Cogostte #3

Tire lacremental fraction Cumulative fraction incremental Traction Cumulative Traction lacremental Fraction Cumulative fraction
Days Released a 100 Released a 100 Released a 100 Released a 100 Released a 100 Released a 100

I 13.34 ( 7.0 ,a g3.3 , 0.g g,01 (9.8}a g.01 + 0.88 18.2 (8.8)e 11,3 0.96
20.4 7 1.1 3.32 16.0) 32.3 7 1.0 6.64 (11.1) 17.971.27 7.00 (9.5 i

3 5.64 | 10.6 L 26.1 7 1.3 2.47 1A.6) 14. F 71.1 3.65 (44.9) 21.671.3
4 4.02 i 12.6'l 30.1 7 1.4 2.30 19.3) 17.1 7 1.2 1.38 (24.3) 22.9 * I.4
5 2.49 1 16.0 ' 32.6 7 1.5 2.38 18.9;i 19.5 71.3 2.51 (19.6) 25.0 I 1.4
6 2.30 i 12.9 i 34.9 7 1.5 1.96 20.9,1 21.4 7 1.4 2.10 (19.3) 27.2 7 1.5

37.9 7 1.6 1.28 25.9:1 22.7 7 I.4 2.03(20.0) 29.3 I 1.57 2.94 ' 14.8,i
23.7 7 1.4 1.54 (23.0) 30.8 7 1.68 2.11 i 17.4J 40.071.6 0.986 29.3' i

20.5 l 41.6 7 1.6 1.11 27.7 || 24.8 7 1.5 1.38 (24.3:1 32.2 7 4.69 1.51 i

10 1.38 i 5.61 1 42.8 7 1.6 1.84 (5.6 i 26.6 7 1.5 1.57 (5.91 33.7 7 I.6
15 5.83 '2.801 48.7 7 1.6 3.86 4.2 30.5 71.5 5.54 (3.2: ' 39. 3 + 3.6i |

20 3.87 1 3.44 | 52.5 7 1.6 3.38 l'4.5 ' 33.9 7 1.5 4.23 (3.7 43.571.6
i 29 5.86 2.811 58.4 7 1.7 5.08 3. 7 i 39.0 71.5 6.79 (2.9: 50.3 7 1.7

44.5 7 1.5 1.29 (2.8 i 57.671.743 7.20 f2.55 i 65.6 7 1.7 5.56 3.5. '

i 52.2 71.5 8.75 (2.6 | 66.3 7 1.771 9.04 '2.31 74.6 7 1.7 7.65 3.1:
100 6.87 i 2.60 81.5 7 1.7 6.74 1 3.3 i 58.9 7 1.5 6.57 (3.01 72.9 7 1.7
158 6.88 i'2.60 . 88.4 7 1.7 7.84 ',3.0 l 66.7 71.5 7.95 (2.8) 80.9 7 1.7
229 5.66 L2.23h 94.111.7 6.6% L2.4 1 73.4 11.6 5.56 (2.5) 86.4{l.7

s

composite #4 Coaposite #5

$ line lacremental fractlen Cumulative fraction increaental fraction Cumulative Fraction
Days Released a 100 Released a 100 teleased a 100 Released a 100

i

I 7.28 i'lo.9:la 7.28 + 0.80 15.4 (7.4 :ia 15.4 + 1.0
2 3.30 i 16.23 !O.6 7 0.96 4.66 l'13.4 ;I 20.1 7 I.3
3 3.45 ' 15.8 t 14.1 7 1.1 4.24 1 14.0 ' 24.371.4

2 3. 0 '' 15.7 7 1.2 3.66 1 15.1 28.071.54 1.65 1 i

5 1.56 '23.6 i 17.3 71.2 3.74 i 14.9u 31.7 7 1.6
, 6 1.27 I'26.0 | 18.5 7 1.3 2.41 i 18.6' 34.1 T I.7i

i 1 0.867 L31.6 i 19.4 7 1.3 1.83 121.4) 35.9 7 1.7'
8 1.04 f28.9 i 20.4 7 1.3 3.91 f20.9) 37.971.8

; 9 0.884 L31.4 1 21.3 71.4 1.15 (21.0) 39.0 7 1.8
t 10 0.954 1 1. 9s 22.3 7 1.4 1.26 i 6.6) 40.3 I l.R
. 15 3.71 i,4. 3 ' 26.0 71.4 5.27 ' 3.4) 45.5 7 1.8
' .0 2.93 i 4.9 ' 28.9 7 1.4 4.28 i 3.7) 49.871.8

3. 9 '. 33.7 71.4 5.74 3.2) *

63.0 7 1.8
55.6 T 1.8' 29 4.77 i

i 39.3 7 1.4 7.4443 5.65 i 3. 6 ' 2.9)i

i

47.3 71.4 8.75 . 2.7) 11.7 7 1.971 7.96 3. 0i i

3.2;' 54.3 7 1.4 1.45 12.9) 79.2 7 1.9100 7.00 4

158 7.65 '|3.1 61.9 + 1.5 8.08 L2.8) 87.373.9i

i 68.7 11.5 6.01 12.3) 94.1{l.9229 6.75 Lt. 4 ,

i

* Number in ( ) = le percent counting uncertalnty.
.
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Table A.2
1 37Cs increnestal and Cueviattee Fractions Reitased f ree

8eric Acid /Partland ill Cement Composites (31 Bortc Acid Soletion and /c matte sf 0.7)

Compostte #1 Compostte #2 Corvosite #3

flae Incremental Fraction Cuaulative Fraction incren*ntal fractiog C ruistive fraction lacrecental f raction Cuaulative Fraction
Days Aeleases a 100 aeleased a 100 Released a 100 teleased a 100 Aeleased a 100 #eleased a 100

I 15.0 (6.91a 15.0 * 1.0 16.4 (7.0 a 16.4 * 1.1 14.7 (7.2)8 14.7 e 1.1
2 6.04 (10.81 21.0 7 1.2 6.14 (11.3 l 22.7 * 1.3 5.41 (11.8) 20.1 7 1.2

25.0 7 1.3 4.50 1:13.3,l 27.2 7 1.5 5.26 (12.0) 25.3 * 1.43 3.94 (1 3.4 |

30.0 7 1.5 3.55 14.9i 30.7 7 1.6 3.46 (14.8) 28.871.54 5.06 (11.8 i

5 3.94 (13.41 34.0 7 1.6 2.05 i 19.6 1 32.8 7 1.6 3.68 (14.3) 32.5 7 1.6
6 2.60 (16.5') 36.6 7 1.6 2.4 5 Lla.0 l 35.2 7 3.7 3.16 (15.5 l 35.6 * 1.6
7 2.25 (17.7) 38.8 7 1.7 3.16 i 15.8 38.471.7 2.10 (18.9i 37.7 7 1.7:

8 2.!! (18.31 4 0.9 + i.7 2.45 i 18.0, 40.871.8 2.93 (16.0'l 40.671.8
9 1.60 (20.9i 42.5 7 1.7 1.44 i;23.4 ;I 42.3 7 1.8 1.88 (20.0 l 42.5 7 1.8

44.571.7 1.93 (5.3 i 44.2 7 1.8 1.84 (2.910 1.97 5.3 44.3 7 1.8i i

15 7.59 2. 81 52.1 7 I.8 6.92 (2.9 I 51.171.8 7.39 (2.9 51.7 7 1.8i

20 5.33 3.3 i 57.4 * 1.8 5.49 ( 3. 2,i 56.6 7 1.9 4.84 ( 3.6 56.6 7 I.8f

29 8.53 (2.6 i 65.9 7 1.8 8.68 i:2.6 :, 65.3 7 1.9 7.98 (2.8 64.5 7 1.8t

43 9.64 (2.5 1 75.671.8 10.4 12. 4 ) 75.6 7 1.9 8.67 (2. 7 ;l 13.2 7 1.8
11 11.2 (2. 7 l 86.7 7 1.8 12.4 -2.2) 88.0 7 1.9 11.6 (2.4 i 84.8 7 1.9
100 1.64 (2.8) 94.4 7 1.8 9.30 1 2.5) 97.3 7 1.9 9.66 (2.6) 94.4 7 1.9
158 6.13 (3.1) 101.0 7 1.8 8.75 J2.6) 11,.071.9 8.57 (2.7) 103.0 7 1.9
229 2.99 (3.1) 104.011.8 5.26 ft.6) !!!.011.9 5.17 (2.5) 108.01I.9

Composite s4 Compostte #5

y Time lacrearatal fraction Cumalative Fraction incremental Fraction Cuaulative fraction
Days Released a 100 Released a 100 Released a 100 Released a 100

1 13.1 (7.518 13. 7 + 1.0 11.8 ( 0. 2 'i8 11.8 * 1.0
2 4.89 12.4 | 18.671.2 4.35 13.5 1 16.1 * 1.1
3 4.51 12.9 | 23.I 7 1.3 4.19 I 13.8 i 20.371.2
4 3.91 13.9;I 27.0 * 1.4 4.43 i:13.4 ' 24.8 7 1.4
5 3.61 (14.4 i 30.6 7 1.5 2.P5 l'16.7;I 27.6 7 1.5

33.0 7 1.6 2.37 ' 18.3 30.0 7 1.56 2.33 (18.0 1 i

7 1.96 (19.6 ' 34.9 7 1.6 1.42 23.6 1 31.4 7 1.6
4 2.63 (16.9 l 31.5 7 1.7 3.99 i,20.0 33.4 * 1.6i

9 1.75 (20.8 i 39.371.7 3. 36 ||24.!') 34.8 7 1.7
to 1.41 I6. 01 40.7 * 1.7 1.66 16.2) 36.4 7 1.7
15 6.61 2.9 I 47.371.7 7.22 1 3.01 43.6 7 1.7
20 5.18 i 3. 2 ,1 52.5 7 1.7 5.30 1 3. 5 i 48.9 7 1.1
29 7.99 ,2. 6 ' 60.5 7 3.8 8.89 2.8 1 57.871.7
43 9.13 ' 2. 4 l 69.671.8 9.21 1 2.7 f 67.073.7

19.6 7 1.8 11.2il 10.0 1,2. 4 2.5 l 18.2 7 I.1t 1

87.9 7 1.8 9.99 i2.6 t 88.2 7 1.8100 8.25 I:2.6 :

158 7.59 ft. 7? 95.5 7 1.8 8.10 12. 9 i 96.3 7 1.4
229 6.09 62.4;i 102.011.8 7.03 (2.3,i 103.0lI.0

atu cer in ( ) = to percent counting uncertainty.a



Table A.3
137Cs Incremental and Cumulative Fractions Released From

Boric Acid / Portland til Cement Composites (61 Boric Acid Solutton and w/c Ratto of 0.5)

Composite #1 Composite il Composite #3

Time lacrewntal Fraction Cumulative Fraction incremental Fraction Cumulative Fraction incremntal Fraction Cumulative Fraction
Days Released a 100 aeleased a 1,00 Released a 100 Released a 100 peleased a 100 aeleased a 100

1 11.05 (10.0)a 11.1 * 1.0 10.58 (8.9 a 10.6 + 1.0 8.59 (9.71a 8.59 * 0.83
2 5.28 (8.7 16.3 7 1.2 4.10 14.2 14.7 7 1.1 2.89 (16. 7 ;l 11.5 7 0.96
3 3. 4 6 c l 2. 5 ' 19.8 7 1.3 3.77 14.8 18.5 7 1.2 2.72 (17.21 14.2 7 1.1
4 2.80 : 15.5' 22.6 7 1.4 2.05 20.0 20.571.3 I.60 (22.4 l 15.8 7 1.1
5 2.80 i:15.5L 25.4 7 1.5 2.38 18.6) 22.9 7 1.4 1,77 (21.4 l 17.6 7 1.2
6 1.98 <20.4 27.4 7 1.5 1.97 (20.4) 24.9 7 1.4 1.61 (22.4 1 19.2 7 1.2
7 2.39 | 18.6' 29.8 7 1.6 1.15i26.7) 26.0 7 1.5 1.28 (25.0 t 20.5 7 1.3

31.6 7 1.6 1.39 124.3) 27.4 7 1.5 1.36 (24.3 l 21.8 7 1.38 1.81 121.4' i

9 1.63 | 22.4) 33.2 7 1.7 1.10 L27.3) 28.571.5 0.738 (32.8 | 22.6 * 1. 3
10 1.88 15.5) 35.1 7 1.7 1.26 (6.7) 29.8 + 1.5 1.25 (6.6 i 23.8 + 1.4
15 5.44 L3.5) 40.5 7 1.7 4.13 (3.8) 33.9 7 1.5 4.30 (3.91 28.1 7 1.4
20 3.93 1 4.1) 44.5 7 1.7 3.23 (4.2) 37.1 I 1.5 3.19 I4.5 1 31.3 7 I.4
29 6.05 3.4) 50.5 7 1.7 5.32 (3.3) 42.4 7 1.6 5.27 ; 3.6 1 36.6 + 1.4i

43 7.14 L 3.1 ) 57.771.7 6.43 (3.0) 48.9 7 1.6 7.14 L 3.1 1 43.7 7 1.4
i 41.0 T 3.43.0) 65.5 7 1.7 7.56 2. 8 ) 56.4 + 1.6 7.22 |3.171 7.80 i

100 7.05 3.1) 72.5 * l.7 6.20 3.1) 62.6 7 1.6 7.66 L3.0 ! 58.6 7 1.4
158 7.75 ' 3.0) 60.3 7 I.8 7.83 2.8) 70.5 7 1.6 8.54 (2.81 67.1 71.5
229 6.08 L2.5) 86.4j1.8 5.94 (2.5) 76.4 T,1.6 6.72 (2.31 73.9 jI.5

Composite #4 Composite #5

CC
O 31ma lacremental fraction Cumulative Fraction incremental Fraction Cumulative Fraction

Days Released a 100 Released a 100 Released a 100 Released a 100

1 9.80 (8.9)a 9.80 a 0.88 7. 6 7 < 10.lla 7. 6 7 + 0. 78
2 6.14 (11.3) 15.9 I 1.3 4.77 ' 12.8g 12.4 7 0.99*
3 3.34 (15.3- 19.3 7 1.2 3.52 ' 14.91 16.0 71.1
4 2.33 (18.3 . 21.6 7 l.3 3.29 1 15.5 1 19.2 71.2

24.8 71.4 1.80 120.9'5 3.19(15.6' i 21.0 7 1.3'

i 27.0 7 1.5 1.46 ' 23.1 1 22.5 7 1.36 2.18 (18.9'
29.5 71.5 1.49 i 23.0 1 24.0 * 1.47 2.57 (17.4 i

i 31.4 7 1.6 2.11 '19.3 1 26.1 7 1.48 I.87 (20.4
i 32.7 7 1.6 1,77 L 21.1,1 27.9 7 1,59 1.26 (24.8

10 1.48 i 6.0 i 34.1 7 1.6 1.42 (6.1 l 29.3 7 1.5
39.7 7 1.6 4.82 (3.6 i 34.1 71.515 5.52 i').2 i

20 4.01 i'3.7 i 43.7 7 1.6 3.47 (4.3 1 3.67 7 1.5
29 5.88 1:3. lg 49.6 + l.6 5.48 (3.4 1 43.1 7 1.5
43 6.97 I 2.9'- 56.5 7 1.6 7.12 (3.0 l 50.2 7 1.5

65.1 71.7 7.96 2.9 58.1 7 1.511 8.57 (2.6 i

100 6.69 (2.9' I 11.8 + 1.7 6.36 3. 2 44.5 71.6
t 79.5 I 1. 7 6.96 3. l ? 71.5 7 1.6158 7.78 (2. 7

229 5.93 (2.4,i 85.5 {l.1 5.67 (2.5) 77.1 11.6

aMunter in ( ) = 18 percent counting uncertainty.



Table A.4
I 37Cs !acremental and Cumulative Fractions Released Fram

8eric Acid /Partland Ill Cement Cepasttes (618eric Acid Solution and w/c Ratts of 0.7)

Canpostte il Composite #2 Compostte #3

71me increaratal Fraction Cumulative Fraction Incremental Fraction Cumulative Fraction incremental fraction Cumulative Fractton
Days Released a 100 Released a 100 Released a 100 Released a 100 Released a 100 Released a 100

1 10.5 '(8.5 is 30,5 + o.90 10,9 ,;g,3)a 10.9 + 0,9g 3 0,a (g,4 a jo,e ,o,9g
14.2 7 1.0 3.162 3.61 i14.4 i 4 15.5'l 14.1 7 1.0 3.P6 i14.0L I4.77 1.1
17.971.2 2.49 il 7. 4 'l 16.6 7 1.1 3.18 1 15.5 . 17.9 + 1.23 3.76 L l 4.2 i

4 2.11 i 19.0l 20.071.2 2.03 '19.3'l 18.6 7 1.2 2.35 18.0 J 2 0. 2 + 1. 2i

5 2. 71 16.7 1 22.7 7 1.3 2.11 L 19. 0 20.7 7 1.2 3.26 i 15.3) 23.571.3i

24.5 7 1.4 2.26 ,18.3 23.071.3 1.R2 20.4) 25.3 7 1.46 1,81 120.4, i

7 2.03 i 19.3' 26.6 7 8.4 0.828 f30.2 23.8 7 1.3 1.59 i21.8) 25.9 7 1.4i

28.1 7 1.5 1.28 124.3 . 25.171.4 1.74 120.9) 28.671.58 1.51 122.4 i

29.3 7 1.5 0.858 {29.7 25.9 7 1.4 1.24 L24.6) 29.9 7 1.59 1.25 124.6' '

10 1.33 (6.2' 30.7 + 1.5 1.37 (6.1 ' 27.3 7 3.4 1.29 I6.3) 31.2 7 1.5
35.9 7 1.5 3.90 (4.0 l 31.2 7 1.4 5.13 115 5.25 (3.2 3.2) 36.) T 3.5i

20 3.90 ( 3. 7; 39.871.5 3.43 (4.2 3 4.6 + 1.4 4.15 1 3.6 ) a0.4 7 1.5i

46.2 7 I.5 6.44 (3.1 - 41.1 7 1.4 6.16 -;2.9) 41.271.529 6.41 (2.9 i

54.6 7 1.5 7.38 (2.9 . 48.471.5 8.01 1 2.7) 55.2 7 1.643 8.38 (2.6 i

65.4 7 1.6 10.1 (2. 5 ;i 58.6 7 1.5 10.9 12. 3 ) 66.I T 1.671 10.8 (2.3' i

100 8.94 (2.51 74.3 7 1.6 8.19 (1.2) 67.4 7 1.5 9.12 12.5) 15.2 7 1.6
85.1 T 3.6 10.2 (2.5) 77.5 7 1.5 10.1 (2.4) 85.3 7 1.6158 10.8 (2.3' i

229 8.13 (2.10 93.3I1.6 8.17 (2.1) 85.711.5 7.7s (2.1) 93.1I1.6

Composite #4 Compasite #5
CD
* Time Incremental f raction Cumulative Fraction Incremental Fraction Cumulative Fraction

Days Released a 100 peleased a 100 Released i 100 9eleased a 100
+

1 11.3 (8.2 a 31,3 , o,93 g3,9 ( 7,9 , a 11.9 0,93
2 3.02 i 15.8 14.3 7 1.0 4.52 (12.71 16.4 7 1.1
3 2.27 1 18.3 16.5 + 1.1 3.64 Cl4.2 20.0 7 1.2i

4 2.12 1 18.9 IH.7 7 1.2 1.97 ,
5 1.96 i 19.6) 2(1.6 7 1.3 1.89 l';19.3

1 22.071.3
89.6 | 23.9 7 1.3

6 1.59 L21.8) 22.2 + 1.3 1.24 -,24.2 | 25.1 7 1.4
7 1.03 127.1) 23.2 7 1.3 1. 3a ''23.0 1 26.5 + 1.4
8 0.982 |27.7) 24.2 7 1.4 2.!! '4.6 i 28.6 + 1.4
9 1.21 425.0) 25.4 7 1.4 1.28 f 23.0 29.9 T 1.5
10 1.27 16.4) 26.7 7 3.4 1.18 (6.5, 31.1 7 1.5
15 4.40 f 3.1) 31.1 7 1.4 4.90 f3.3) 36.0 7 1.5
20 3.57 ';4.2) 34.7 7 I.4 4.23 1 3.5) 40.271.5
29 6.09 i 3.J i 40.7 7 1.4 6.65 2.8) 46.9 + 1.5i

43 7.49 . 2.' 41.2 7 1.4 R.16 . 2.6) M 0 71.5
Il 10.1 2.5) 58.4 7 1.5 10.1 1 2.3) 65.1 7 1.5i

100 8.69 2.7) 67.1 7 1.5 8.64 | 2.5) 73.4 7 1.6
158 10.4 1 2.5) 72.5 7 1.5 10.1 12.3) 83.9 7 1.6
229 8.28 12.1) 85.8I1.5 7.10 L2.2) 91.0I1.6

Muncer in ( ) - le percent countin9 uncertainty.
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Table A+5
137Cs incremental ead Cumulative Tractions Released Frrre

Boric Acid / Portland !!! Cenent Composites (125 Soric Acid Solution and w/c Ratto of 0.5)

Composite #1 Compostte #2 Ccuapostte #3

'

Tise lacrenectal Fraction Cumulative Fraction incremental Fraction Cumulattre fraction Incremental l'raction Cumulative Traction
Days 8eleased a 100 Released a 100 Released a 100 Released a 100 keleased a 100 aeleased a 100 |

1 7.75 (10.0)a 7.75 + 78 8.05 (10.0)a 8.05 + 0.81 H. 3 7 (9.9 a B.37 + 0.83
2 2.25 (18.6) 10.0 7 0.08 2.90 (16.7) 11.0 + 0. 94 2.62 (17.7 11.0 7 0.95 '

3 0.931 (28.8) 10.9 7 0.92 3.06 (16.2) 14.0 7 1.1 1.97 (20.4 13.0 7 1.0
4 2.02 (19.6 | 13.0 7 1.0 2.42 (18.3) 16.4 7 1.2 2.05 (20.0) 15.0 7 1.1
5 1.40 (23.6 | 14.4 71.1 0.805 (31.6) 11.2 7 1.2 1.64 (22.4) 16.7 7 1.2
6 1.29 (24.5 - 15.6 71.1 2.17 (19.3) 19.4 7 1.3 1.39 (24.3) 18.0 7 1.2

16.3 + 1.1 1.61 (22. 4 ) 21.0 7 1.3 1,39 (28.3) 19.4 71.37 0.698 (33.3' i

8 1.24 (25.0 i 17.6 + 1. 2 1.37 (24.2) 22.4 7 1.3 1.56 (23.0i 21.0 7 1.3
i 21.9 7 1.39 0.637 (30.8 ' 18.4 71.2 1.16 (26.4) 23.5 7 1.4 0.869 (30.8

to 0.869 L 7. 7 l 19.3 7 1.2 1.33 (6.9) 24.7 7 1.4 0.968 ( 7.5 . 22.8 7 1.3
15 3.06 . 4.2 | 22.3 + l.2 3.53 (4.3) 29.2 7 1.4 3.41 (4.1L 26.2 7 1.4

28.7 7 1.420 2.44 [4.7L 24.7 7 1.2 2.HO (4.0) J1.0 + 1.4 2.46 (4.8 i

29 a 51 L 3.51 29.3 7 1.2 4.67 (3.8) 35.7 + 1.4 4.11 (3.5l 33.4 + 1.4
43 4.76 L 3. 4 1 34.0 71.2 5.96 ( 3. 4) 41.6 7 1.4 5.74 (3.2) 39.2 7 1.4
11 6.02 i3.11 40.0 7 1.2 6.72 (3.2) 48.3 7 1.4 6.50 ( 3.0 ) 45.7 71.4
100 4.89 ( 3. 4 ' 44.9 71.3 5.46 (3.5) 53.8 7 1.5 5.25 (3.3) 50.9 7 1.4 i

'

| 51.7 + 1. 3 6.70 (3.2) 60.5 7 1.5 6.56 (3.0) 57.5 7 1.4158 6.71 (2.9|
229 6.67 (2. 3;t 58.3 i 1.3 5.70 (2.5) 66.2 11.5 6.06 (2.5) 61.5 Il.4

CD composite is compostte #5
g

Time Incremental fraction Cumulative fraction incremental fraction Cumulative fraction
Days Released a 100 Released a 100 Released a 100 Released a 100

1 6.05 (ll.4;ia 6.04 + 0.69 5.94 (11.7'8 5.94 * 0.67
2 2.56 17.4 1 8.61 7 0.82 3.90 14.4 I 9.84 7 0.90
3 2.56 17.4 l II.2 7 0.93 3.17 16.0' 13.0 * 1.0

13.0 + 1.0 3.17 16.0;. 16.1 7 1.14 1.78 20.9; i

5 1.47 (23.0 l 14.4 71.1 1.87 (20.9:1 1 R.1 7 1.2
16.0 7 1.1 1.55 (2 3.0 't 19.6 71.36 1.55 (22.4' i

7 1.40 (23.6h 17.4 7 1.2 1.22 (25.9' l 20.8 + 1. 3
> 21.7 + 1.38 1.13 (26.1 l 18.5 7 1.2 0.895 (30.2

22.5 7 1.49 1.29 (24.6I 19.8 I 1.2 0.830(31.4 i

10 1.01 (7.3 i 20.8 7 1.2 C.813 ( 8. 2,. 23.4 7 1.4
15 3.54 (4.2 t 24.3 7 1.3 3.87 (3.8 ' 27.2 7 1.4

i 27.4 7 1.3 2.83 (4.5 1 30.1 7 1.420 3.04 (4.5
29 4.82 3.6'l 32.2 71.3 5.29 (3.3| t M.3 + 1.4
4 3 ,- 5.85 3. 3,1 38.1 7 1.3 5.61 (3.2 i 41.0 7 1.4

i 47.7 I 1.471 6.81 3. I 'l 44.9 71.3 6.73 ( 3.0 '
100 5.09 3.61 50.0 11.3 5.54 ( 3.3 ;I 53.2 i1.4

3.2) 56.4 + 1.3 6.34 (3.0) 59.6 + 1.4
(2.5)

158 6.41
( 61.7 I1.3 5.80 (2.5) 65.4 I1.4229 5.31

aNunter te. ( * ) = le percent countin9 uncertainty.

._
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Table A.6
137Cs incremental and Cwwlative fractions Released Free

Beric Acid / Portland III Cement Composites (125 Boric Acid Solution and m/c Aatto of 0.7)

Composite #1 Compostte #2 Compostte #3,
t

time lacremental fraction Cumulative Fraction Incremental Fraction Cumulative Fraction lacremental Traction Cum lative Fractionu
Days 8eleased a 100 . Released a 100 Released a 100 Released a 100 Released a 100 peleased a 100

*
I 9.14 (9.2la g.14 0.84 9.85 (R.6;a 9.85 + 0.85 !!.3 (8.2 la 11,3 . o,gt
2 3.46 i 14.9 i 12.6 + 1.0 2.55 I16.9 i 12.4 7 0.96 4.56 '12.8 l 15.9 7 1.1i

i 18.0i 15.0 71.1 2.77 16.2 i 15.2 71.1 2.47 L17.4 | 18.3 71.23 2.38
4 3.38 i 15.I'' 18.4 71.2 1.02 | 26.7,' 16.2 7 1.1 2.25 I 18.3 | 20.6 7 1.2
5 2.23 (18.6'. 20.6 71,3 2.48 17.2, 18.7 71.2 2.02 i 19.31 22.6 71.3i

4 6 2.07 ( 19.3 ' 22.7 . T 1.3 1.97 i 19.31' 20.6 + 1.2 1.57 '21.8 1 24.2 7 1.3
7 0.845 (30.2 23.5 71.3 1.68 '20.9 | 22.3 7 1.3 ~1.87 ' 20.0 26.0 7 1.4

4 8 1.54 (22.4' 25.1 7 1.4 1.24 24.3 I .23.6 7 1.3 I.95 i 19.6 t 28.0 7 1.5i

9 1.14 (26.0 26.2 7 1.4 0.890 128.7 6 24.5 7 1.3 1.32 (23.9| 29.3 7 1.5
. 10 3.46 '6. 0 'i 27.6 71.4 0.992 (7.1i | 25.4 7 1.3 1.26 ' (6.4 ) 30.6 7 1.5
j 15 4.53 3. 7 I 32.2 71.4 4.16 (3.51 29.6 71.3 4.82 (3.6 1 35.4 7 1.5

35.8 7 1.4 3.46 (3.8 33.1 7 1.4 3.80 (4.0 , 39.2 T 3.5j 20 3.60 1,4.1 :

| 29 6.33 (3.2 1 42.1 7 1.4 6.00 (3.0 l 39.1 7 1.4 7.11 - ( 3.0 i 46.3 7 1.5
: 43 8.44 l 2.8 i 50.6 7 1.5 7.78 (2.61 46.8 7 1.4 7.87 (2.8

'

t 54.2 7 1.5
| 71 10.4 '2. 5 'i 61.0 71.5 10.9 (2.3 57.8 + 1.4 11.3 (2.4 i 65.5 71.6
. 100 8.73 L2. 7,1 69.7 7 1.5 0.90 2. 5 66.7 7 1.4 9.12 f 2. 71 74.6 71.6'

| 158 10.0 12.6 i 16.9 7 1.4 9.97 (2.619.7 7 1.5 10.30 2. 3, 84.5 7 1.6i i

j 229 7.77 i 1.8|, 87.6 I1.5 7.30 2.1;i 84.2 1 1.5 7.26 ( 2. 2,1 91.8 11.6
;

CD
w Compostte #4 Compostte #5

Time Incremental Fraction Cumulative Fraction Increcental fraction Cumulative Fraction
Days seleased a 100 Released a 100 Released a 100 ' peleased a 100

t

i 10.9 (8.3!4 10.9 + 0.90 9.98 ( A.8; a 9,gs . 0.88
2 3.13 15.5'- 14.0 7 1.0 2.71 16.9' 12.7 7 1.0
3 2.76 16.5 16.8 71.1 2.86 16.5 15.6 71.1

'

4 1.11 20.9 18.5 7 1.2 1.78 20.9'' 17.3 7 1.2
1 20.6 71.2 2.24 (18.6 | 19.6 71.25 2.16 (18.6

6 1.04 (26.7 l 21.7 7 1.3 1.47 (23.0 1 21.0 7 1.3
1 1.34 23.6 I 23.0 71.3 1.86 '20. 4 ) 22.9 71.3
8 1.86 20.0 24,9 7 1.4 1.24 125.01 24.1 7 1.4
9 1.22 24.7 t 26.1 7 I.4 1.15 f 26.0'i 25.3 7 I.4
10 1.37 (6.01 27.5 7 1.4 1.18 I 6.6:1 26.5 7 1.4:

! 15 4.65 (3. 4 l 32.1 7 I.4 4.01 | 4. 0,1 30.5 73.4|

35.7 7 1.4 3.28 4.4' 33.8 7 1.42a 3.61 (3.8 i

29 6.87 i|2.8 1 42.6 71.4 6.25 |3.2: 40.0 71.4
! 43 8.09 L 2. 6 50.7 71.4 7.46 1 3. 0 'l 47.5 71.5

71 10.8 |2. 3 ' 61.4 7 1.5 9.75 '2. 6 | 57.2 71.5
100 8.65 ( 2. 5 i 70.1 7 1.5 8.24 |2.8'
158 9.02 (2. 5 'i 79.1 71.5 8.67 i:2.8) '

65.4 7 1.5
74.1 7 1.5

229 6.86 (2.2) 800 11.5 6.92 | 2.3;I 81.0 11.5

anuater th ( ) = le percent counting uncertainty.
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Ta bl e A * 7
85 r Incrcreatal amt Cea lattee fractieas seleased Fress5 u

Beric Actd/ Portland Ill Cearnt Cmposttes (31 seric Acts Salutten and e/c Batte er 0.5)

Campostte il Cepestte #2 Campostte #3

Cu ntattee Fractionf tse lacre* ental Fraction Cumulattee Fraction incremental Tractiee Cumulative Fraction lacrearatal Fraction e

0425 Released a 2004.b Aeleased a 100 Aeleased a 1008.D aeleased a 100 peleased a 1008.* Released a 100

1 1.23 (20.7) 1.23 + 0.25 0.809 (25.0) 0.809 + 0.20 0.919 (23.4) 0.919 + 0.22
2 0.003 + 0.01 1.2370.25 0.000 + 0.01 0.809 7 0.23 0.000 + 0.01 0.919 + 0.22
3 0.030 7 0.01 1.2370.25 0.000 7 0.01 0.6c1 7 0.20 0.000 7 0.05 0.919 7 0.22
4 0.000 7 0.01 1.23 7 0.25 0.003 T 0.01 0.8C9 7 0.20 0.000 + n.cl 0.919 T 0.22
5 0.000 7 0.01 1.2370.25 0.000 7 0.01 0.e3 7 0.20 0.000 7 0.01 0.919 7 0.22
6 0.000 7 0.01 1.23 7 0.25 0.000 7 0.01 0.8G9 7 0.20 0 000 7 0.03 0.9'970.22
7 0.000 7 0.01 1.23 7 0.25 0.000 7 0.01 0.809 7 0.20 0.6a7T27.8) 1.61 7 0.29
6 0.000 7 0.01 1.2370.26 0.000 7 0 01 0.809 7 0.23 0.000 + 0.01 1.61 7 0.29
9 0.179T54.1) 1.41 7 0.29 0.000 7 0.01 0.839 7 0.21 0.003 7 0.01 8.61 7 0.29
lo 0.003 * 0.01 1.41 + 0.28 0.000 7 0.01 0.809 7 0.21 0.121 Tl6.7) 1.13 + 0.29
15 0.274Ti!.2 1.6970.28 0.384 Tio.0) 1.15 + 0.21 0.353(9.7) 2.ca 7 0.29
20 0.326 (10.3 2.01 7 0.28 0.364 (9.7) 1. 52 7 0.21 0.314 (9.5) 2.45 7 0.29
29 0.105 (18.0 2.12 7 0.28 0.546 ( R. 0 ) 2.06 7 0.25 0.464 (A.5) 2.92 7 0.29
43 0.548 (8.8 ) 2.66 7 0.28 0.536 (6.1) 2.60 7 0.22 0.475 (8.5) 3.39 7 0.30
71 0.264 (11.1) 2.95 7 0.29 c.546 (8.0) 3.14 7 0.22 0.818 (6.2) 4.21 7 0.33 i

500 0.562 (14.7) 3.4570.29 0.488 (14.9) 3.63 7 0.23 0.733 (12.0) 5.00 7 C.31 |
158 0.000 + 0.01 3.4570.29 e.76) (16.3) 4.40 7 0.77 1.07 (13.6 ) 6.08 + 0.35

'

229 0.000 7 0.01 3.4570.30 P JO * 0.01 4.40 2 0,27 0.000 + 0.01 6.08 * 4.35 '

1

04supostte di Camposite di
s

03
* Time lacremental fracttee Cunelative tracties increwntal Tracttee fusutetae f racttee

Days seleased a 100a.b peleased a 1Q3 seleased a 100a.h teleased s 103

1 1.25 (20.7) 1.2%+ J.76 1.02 (22.3) 1.02 * 0.23
2 0.0G0 + 0.01 1.25 7 0.2e 0.000 + 0.01 1.r2 7 0.23 -

3 0.000 7 0.01 1.257 0.26 0.879 T24.0) 5.93 73.3
4 0.000 7 0.01 1.25 7 0.26 0.000 + s 01 1.93 70.31
% 0.000 + 0.01 1.25 7 0.26 0.000 7 0.01 I.90'+ 0.31,

6 0.732 T26.2) 2.04 + 0.33 0.000 T 0.01 1.=0 + 0.3
1 0.000 + 0.01 2.04 + t.33 0.000 7 0.01 1.50 7 0.38
a 0.000 7 0.01 2.0476.33 n,000 + 0.01 1.9'1 + 0.31

!' 9 2.054T91.7) 2.1070.): 0.000 7 0.91 1.90 7 0.31
10 0.153 (15.7) ?.t5 7 0.34 0.152 Il4.7 L 2.05 7 0.31
15 0.204 (13.2) 7.4570.34 0.344 (10.0' 2.a 3 7 0. 32|

20 0.214 (13.0 2.677 0.34 0. M 4 (9.7 ' 2.75 7 0.32
3.18 0.3229 0.482 (8.7 3.25 7 0.34 1.435 ( 8. 9 ,

4.Os T 0.3243 0.578 (8.0 3.73 7 0.35 0.900 (6.11
71 0. 182 (6.9) 4.5170.33 0.758 (6.7) 4.84 7 0.33 -

100 0.612 (13.7) 5.12 * 0.36 0.637 (12.9) 5.48 7 0.34
158 0.944 (15.0) 6.04 7 G.39 0.638(IF.6) 6.82 + 0.?6
229 0.00a + 0.01 6.061p.39 0.000 + 0.01 6.1210.36

ago,e,r in ( ) = le percent countin9 encertalaty.
6For tecremental Traction releases equal to sere, the error is based on the statmum -

detectaDie llett.
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Table A.8
8'5r lacreaeatal aad C.mlatlee 'ractions saleased Fram

Soric Actdf*ertland 183 Cemer.t Cowesttes (35 Boric Acid 5elatten and w/c aatte of 0.7)
,

Compostte #1 Co w stte #2 Compostti il

Time Increwntal fractica Cumulat tee Fract tae lacremental Fraction Cv%lative f ractlen lacrearatal Fracties twed ittee fractose
Days Ne'essed a 100a.* Released a 100 aeleasd a 10ca.* peleased a 100 neleased a 100a.t geleased a 100

1 0.000 + 0.01 0.C30 + 0.01 0.298 (41.0) 0.298 + 0.13 1.63 (18.0) 1.6 3 + 0.29
2 0.000 7 0.01 0.000 7 0.02 1.25 (14.9) 1.54 7 0.23 1.14 (15.2) 2.77 7 0.34
3 0.773 7 (25.7) 0.773 7 0.23 0.000 + 0.01 1.54 7 0.23 0.C00 + 0.Gl 2.77 7 0.14
4 0.000 7 0.C1 0.773 7 0.20 0.0u0 7 0.01 1.54 7 0.23 0.no3 + 0.ca 2.77 7 0.34
5 0.000 7 0.01 0.773 7 0.20 0.000 7 0.01 1.54 7 0.23 0.0 W 7 0.01 2.77 7 0.34
6 0.nco 7 0.01 0.773 7 0.23 0.003 7 0.01 1.54 7 0.23 0.0C0 7 0.01 2.77 7 0.34
7 0.000 7 0.01 0.773 * 0.20 0.000 7 0.01 1.54 7 0.23 0.0 M 7 0.01 2.77 7 0.34 ,

8 0.000 7 0.01 0.773 7 0.20 0.003 7 0.01 1.54 7 0.23 0.000 7 0.01 2.77 7 0.34 l

9 0.295T41.4) 1.07 7 0.24 0.132~(64.2) 3.68 7 0.24 c.549 T30.8) 3.32 7 0.39
10 0.265 (!!.1) 1.35 7 0.24 0.287 (11.2) 1.96 7 0.25 0.422 (9.3) 3.74 7 0.38
!$ 0.9:6 (6.2i 2.26 7 0.24 0.628 ' 7. 8 ) 2.59 7 0.25 0.969 (6.1) 4.71 7 0.39
20 0.895 (4.31 3.15 7 0.25 0.663 d F.5) 3.25 7 0.26 0.646 (7.21 5.48 + 0.39
29 1.04 (5.8 ' 4.19 7 0.26 0.849 '6.7) 4.30 7 0.26 0.969 (6.1 6.38 7 0.a3

i 5.86 * 0.27 1.30 1 5.4) 5.43 7 0.27 1.28 (5.3 7.6570.4343 1.67 (4.6 i

11 1.50 (4.9) 7.36 + 0.28 1.63 L4.8) 7.03 7 0.28 1.26 (5.4 - 8.92 * 0.41
100 1.07 (10.0;. 8.43 4 0.30 0.574 (14.2) 7.61 7 0.29 0.991 (10.7 | 9.91 7 0.42
158 0.000 + 0.01 8.43 70.30 0.000 + 0.01 7.61 7 0.29 1.27 (32.9l 11.17 7 0.45
229 0.000l0.01 8.43 10.30 0.00010.01 7.61 10.30 0.000 + 0.01 !!.17 { 0.45

I

m Composite #4 Composite #5

L71

?tme Increvntal Fraction Comutatt,e Fraction Increaratal Fracttee Cumulative Fractlen
Days Deleased a 100a.D geleased a 100 8eleased a 100a.* 8eleased a 100

1 2.25 (15.5) 2.25 + 0.31 0.000 e 0.01 0.000 + 0.01
2 0.7G4 (27.7) 2.96 7 0.40 0.G00 7 0.01 0.000 7 0.02
3 0.000 + 0.01 2.9673.43 0.030 7 0.01 0.000 7 0.02
4 0.000 7 0.01 2.96 * 0.40 0.000 7 0.01 0.000 + 0.03
5 0.000 7 0.01 2.9670.43 0.000 7 0.01 0.000 7 0.03
6 0.000 7 0.01 2.96 7 0.40 0.000 7 0.H 0.000 7 0.03
7 0.000 7 0.01 2.96 7 0.43 0.000 + 0.01 0.003 + 0.04
8 0.100 7 0.01 2.96 7 C.a0 0.010 7 0.01 0.00L. + 0.04
9 0.45% T34.5) 3.4170.43 0.309 T43.01 0.309 + 0.14
10 0.228 (12.4 3.6470.43 0.286 (ll.6) 0.595 7 0.14
15 0.542 8. 2 4.14 * 0.43 0.732 |7.38 t 1.33 7 0.15

8.72L I.P5 7 0.8620 0.672 1.3 4.8570.44 c.526 4

29 0.574 A. 0 5.4370.44 0.618 L8.00L 2.47 7 0.17
43 1.34 (5.2) 6.77 7 0.45 1.60 1 4.99) 4.07 7 0.18
73 0.347 (10.3) 7.12 7 0.45 0.457 18.28|| 4.53 7 0.19
100 0.000 + 0.01 7.12 7 0.45 0.000 + 0.01 4.53 7 0.19
158 1.03 Tl4.3) n.15 7 0.47 0.000 7 0.01 4.53 7 0.19
229 0.000 y,0.04 8.15}0.47 0.000}0.01 4.53 {0.20

agureer in ( ) = la percent covetta9 macertainty.
b er incremental fraction releases equal to aere, the error is based se the sintows ,

F

detectable llelt.
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Table A.9
85 r lacreecatal and Cemlat tve Fractions Released Free5

Boric Actd/ Portland Ill Cement Competites (65 Sortc Actd Seletten and e/c aatte of 0.5)

Co-postte #1 C=pestie #2 C-peit t e # 3

flee lacremental fraction Cuaulative Fraction lacremental Fractlan Cuawlattee fraction Incremental fraction Camlative f racties
Cays seleased a 100a.b seleased a 100 Released a luca.t seleased a 100 teleased a 1004.b seleased a 100

1 0.000 * O.01 0.00 + 0.01 0.000 + 0.01 0.000 + 0.C1 0.000 + 0.01 0.000 + 0.01
2 0.000 7 0.01 0.00 7 0.02 0.000 7 0.01 0.000 7 0.02 0.000 7 0.01 0.000 7 0.02
3 0.000 7 0.01 0.00 7 0.02 0.000 7 0.01 0.000 + 0.02 0.000 7 0.03 0.000 7 0.03
4 0.000 7 0.01 0.00 7 0.03 0.000 7 0.01 0.000 7 0.02 0.0C0 + 0.01 0.000 7 0.03
5 0.000 7 0.01 0.00 7 0.03 0.572 T29.8) 0.572 7 0.17 0.000 7 0.01 0.n00 7 0.03
6 0.000 " * 01 0.00 7 0.03 0.000 + 0.04 0.572 7 0.11 0.000 7 0.01 0.000 + 0.04
7 0.0G0 ' .01 0.00 7 0.04 0.000 7 0.01 0.572 7 0.17 0.000 7 0.01 0.000 7 0.04
8 0.000 "+ 01 0.00 7 0.04 0.000 T 0.01 0.572 + p 17 0.000 + 0.01 0.000 + 0.04.

9 0.175 T54.1) 0.175 7 0.10 0.174T54.1) 0.746 7 0.20 0.2u T46.5) 0.256 7 0.13
10 0.227 (12.3) 0.4|12 + 0.11 0.153 (14.7) 0.899 7 0.20 0.223 (13.0) 0.479 + 0.13
15 0.443 (8.e6) 0.845 7 0.11 0.603 i F.66) 1.50 7 0.20 0.464 (8.84) 0.947 7 0.14
20 0.319 (10.3) 1.16 7 0.12 0.460 LA 69) 1.% 7 0.21 0.346 (10.3) 1.29 7 0.14
29 0.598 (7.62) 1.76 7 0.13 0.510 18.23) 2.47 7 0.21 0.624 (7.71) 1.92 7 0.15
43 0.783 (6.61) 2.56 7 0.14 0.674 (1.15) 3.15 7 0.22 0.713 (7.22) 2.63 I 0.16
71 0.660 (7.15) 1.23 7 0.14 0.797 (6.70) 3.94 7 C.22 0.557 (8.23) 3.19 7 0.16
100 0.758 (11.8) 3.98 7 0.17 0.542 (14.1) 4.49 7 0.24 0.497 (15.3) 3.6% ~7 0.1815e 0.000 + 0.01 3.98 7 0.17 0.836 (15.7) 5.32 7 0.27
229 0.00010.01 3.96 I 0.18 0.000 + 0.04 5.32 1 9.27

Capostte #4 Iemposite #5

Ch -

Time Incremental Fractina Cumulative Fracttom Increwatal Fract tee Cumulattue Fractlen
Days Released a 10Ga.b Released a 100 Released s Inca.h Released a 100

1 0.000 + 0.01 0.000 + 0.01 0.596 (29.2) 0.594 * 0.17
2 0.543T32.1) 0.543 7 0.17 0.000 + 0.01 0.5% T 0.17
3 0.000 + 0.02 0.543 7 0.14 0.000 7 0.01 0.5 % * 0.17
4 0.000 7 0.01 0.543 7 0.18 0.003 7 0.01 0.596 * 0.18
5 0.000 7 0.01 0.543 7 0.18 0.000 7 0.01 0.596 * 0.18
6 0.000 7 0.01 0.543 7 0.18 0.000 7 0.01 0.596 7 0.18
7 0.28aT4).s) 0.832 7 0.r7 0.000 7 0.01 0. 5 96 * 0. l a
8 0.000 + 0.01 0.832 * 0.72 0.000 7 0.01 0.596 * 0.!*
9 0.000 + 0.02 0.832 7 0.22 0.000 7 0.01 0. 5 96 + ' . 3 A
10 0.155Il5.7) 0.967 7 0.?? 0.121 T!*.7) 0.717 7 0.la
15 0.510 (8. 72 ) 1.50 7 0.22 0.353 (9.74) 1.07 7 0.18
20 0.455 9.05 - 1.95 7 0.23 0.293 (11.1) 1.35 * 0.14
29 0. 710 1. 38 2.66 7.0.23 0.72; (6.84) 2.04 7 0.19

3.54 7 0.24 0.04 (s.84) 2.50 7 0.2043 0.876 6.62..
4.40 70.25 0.464 (e.51) 2.97 * 0.20FI 0.865 (6.73;|

100 0.000 + 0.01 4.40 7 0.25 0.447 (15.4) 3.42 7 0.25
158 0.824 tis.4) 5.23 7 0.2s i.00 (14.0) 4.42 T 0.25
229 0.000 + 0.04 5.23 10.29 0.000 + 0.04 4.42 1 0.26

amumber in ( )e le percent cewating uncertalaty.
b er lacremental fraction releases equal te zero, the error is based on the statownF

detectable limit.
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Table 8.1

137Cs incremental and Cumulative Fractions Released From
1 . I o, .n.. e . i t e..n I..h n.m 4ust./r..rtlan.t I re.cnt om.os t e n s

Composite #1 Compostte #2 Co.vostte #3

Time Incremental Fraction Cumulative fraction Fncremental Fraction Cum lattve Fraction !ncremental fraction Cumulative fractionu
Days Released a 101) Nelease.1 m 100 Weleased a 10C weleasel a 100 weleased a 100 keleased a 100

0.01 10.1 (1.1) 10.1 + 0.1 4.00 1.8) 4.0 + 0.1 2.15 (2.1) 2.15 + 0.00
1 21.6 (0.7) 33.5 7 0.2 25.1 0.7) 29.1 7 0.2 11.9 (1.0) 14.1 7 0.1
2 10.1 (l.1) 48.6 7 0.2 11.9 (1.0) 41.0 7 0.2 0.19 (1.4) 20.d 7 0.2
3 6.19 (1.4) 54.8 7 0.3 1.58 (1.3) 48.6 7 C.2 4.43 (1.1) 25.3 7 0.2
4 4.60 (1.1) 59.4 7 0.3 5.11 (1.5) 54.3 7 0.3 3.44 (1.9) 28.1 7 0.2
5 3.53 (1.9) 63.0 7 0.3 4.48 (1,1) 58.8 7 0.3 2.09 (2.2) 31.4 7 0.2

o 6 2.16 (2.1) 65.1 7 0.3 3.69 (1.9) 62.5 7 0.3 2.31 (2.3) 33.1 7 0.2N
1 2.30 (2.4) 68.0 7 0.3 3.14 (2.0) 65.6 7 0.3 1.u1 (2.6) 35.6 7 0.2
8 1.16 (2.1) 69.8 7 0.3 2.58 (2.2) 63.2 7 0.3 1.60 (2.9) 31.2 7 0.2
9 1.66 (2.9) 11.4 7 0.3 2.13 (2.5) 10.3 7 0.3 1.53 (2.9) 38.1 7 0.2

12 3.23 f?. 0 ) 14.1 7 0.3 4.60 (1.1) 14.9 7 0.3 3.50 (1.9) 42.2 7 0.2
13 0.957 L3.9) 15.6 7 0.3 1.35 (3.2) 16.3 7 0.3 1.10 (3.1) 43.3 7 0.2
14 0.9b6 (3.9) Ib.6 7 0.3 1.28 (3.3) 11.6 7 0.3 1.23 (3.4) 44.5 7 0.2
1$ 0.180 [4.4) 11.4 7 0.3 1.01 (3.6) 61.6 7 0.3 1.05 (3.1) 45.6 7 0.2
16 0.164 (4.5) Id.1 7 0.3 1.04 (3.8) 19.1 7 0.3 1.09 (3.6) 46.1 7 0.2
19 1.le (2.3) 19.1 7 0.3 2.04 ( .'. 0 ) 81.1 7 0.3 2.32 (2.3) 49.0 7 0.3
20 0.022(3.b) 80.5 7 0.3 0.691 (4.6) N/.4 7 0.3 0.Nn9 ( 3.9) 49.9 7 0.3
21 0.590 (3.1) Hl.1 7 0.3 0.10$ (4.1) 83.1 7 0.3 0.uj6 (4.2) 50.1 7 0.J
22 U.Sl$ (4.1) 61.6 7 0.3 0.581 (3.1) d3.1 7 0.3 0.121 (4.b) 12.4 7 0.3
23 0.414 (4.4) 82.1 7 0.3 0.516 (3.8) 84.3 7 0.3 0.181 (4.4) S2.2 7 0.3
26 1.23 (3.4) 83.310.3 1.44 (3.0) 85.110.3 1.92 (l.6) 54.1 10.3

- _ _ _ _ _ _ _ _



Teole B.I. Continued

I Ih in. e . ...t a t .a n. ru a.. t .it s . I r.n o 4.w.s N e t p a ge.t e r ee
1a 1 Orgente Cation tachange Restn/ Portland I Lement Composttes

Compostte #1 Compostte #2 Compostte #3

Time Incremental Fractton Cumulative Fraction Incremental Fraction Cumulat t ve F raction Incremental Fraction Cumu14ttee Fraction
Days Released a 100 Neleased a 100 Released a 100 Nefeased a 100 Released a 100 Released a 100

21 0.457 (6.0) 83.8 + 0.3 0.543(3.9) 86.3 + 0.3 0.133 (4.5) 54.9 + 0.3
28 0.401 (5.0) 84.210.3 0.485 (4.5) 86.710.3 0.641 (3.5) 55.5 10.329 0.4 31 (4.6) H4.6 + 0.3 0.424 (4.7) 82.7 + 0.3 0.6b! (3.5) 56.2 + 0.3
30 0.319 (4.9) 85.0 7 0.3 0.360 (5.2) 81.5 7 0.3 0.635 (3.5) 56.3 7 0.3
33 1.05 (2.H) ttb.0 7 0.3 1.fM I1.6) ed.b 7 0. 3 1.ta b (1.J) 58.S T 0. 3
34 0.355 (5.9) H6.4 7 0.3 0.337 /3.6) 88.9 7 0.3 0.Sc6 (2.5) 59.1 7 0.3
35 0.335 (6.3) eb./ 7 0.3 0.303 L3.6) 89.2 7 0.3 0.530 (2.5) 59.6 7 0.3
36 0.284 (3.9) 81.0 7 0.3 0.286 (3.8) 89.5 7 0.3 0.484 (2.8) 60.1 7 0.3
31 0.229 (4.8) 81.210.3 0.260(4.2) 89.810.3 0.461 (2.9) 60.5 10.3e

w 40 0.621 (2.4) 87.9 13 0.644 (2.3) 90.4 1 0.3 1.28 (1,1) 61.8 0.30
41 0.278 (4.0) 88.1 + 0.3

0.438j2.5)0.241 4.6) 90.6 + 0.3 0.521 (2.1) 62.4 + 0.3
42 0.448 (2.4) 94.3 7 0.3 96.8 7 0.3 0.610 (2.0) 68.6 7 0.3
49 1.30 (0.93) 95.6 7 0.3 1.15 {1.0) 97.9 7 0.3 2.53 (0.71) 71.1 7 0.3
56 1.11 (1.5) 96.7 7_ 0.3 0.889 (1.6) 98.810.3 2.35 (1.0) 13.5 7, 0.3
63 1.02 (1.5) 97.7 + 0.3 0.768 (1.1) 99.6 + 0.3 2.36 (1.0) 75.8 + 0.3
10 1.10 (1.5) 98.810.3 0.883 (1.6) 100.410.3 2.26 (1.0) 'e.1 10.311 0.876 (1.6 99.7 + 0.3 0.513 (2.1) 101.0 + 0.3 1.H3 (1.1) 79.9 + 0.3
84 0.191 [1.H 100.5 7 0.3 0.159 (1.1) 101.1 7 0.3 1.18 (1.2) 81.1 7 0.3!!2 1.62 [2.1 102.110.3 0.650 (4.3) 102.410.3 4.14 (1.6) 86.4 10.3140 1.34 (1.0) 103.4 + 0.3 0.51 (1.4) 102.9 + 0.3 4.33 (5.3) 90.8 + 0.3

169 U.16 (2.8) 104.210.3 0.36 (4.0) 103.210.3 3.22 (13.8) 94.0 10.3

dNumber in ( ) = Ig percent Counting unCertatnty.
. ... .. .. .............
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Table B.2

IIIrs lor re.a..nt al ASI IHhaI4ttyp fra(tInns RMIrasest fr(DM
2a / Orgarett Latture acnanye hestn/e rtlanJ l L eriscrit C + opus t t e su

Composite #1 Compostte #2 Cosapos t t e # 3

Ilme Incremental Fraction Cumulative fractfun incremental Fraction Cumulattve fraction increna-ntal Fraction Cumulative Fraction
U sy s Released a 100 Released a 100 Released a 100 heteased a 100 peleased a 100 Neleased a 100

0.07 2.32 (1.4) 2. 32 + 0.03 1.54 (1. 7) 1,5 4 + 0. 0 3 1.16 (2.0) 1.16 + 0.02
1 7.71 (0. ti) 10.0 7 0.1 5.70 (0.9) 1.24 7 0.06 5.24 (0.9) 6.4 7 0.05
2 3.31 (1.2) 13.4 7 0.1 2.73 (0.4) 9.91 7 0.0b 3.13 (1.2) 9.5 7 0.01
3 2.26 (1.4) 15.6 7 0.1 2.04 (1.5) 12.0 7 0.1 2.21 (1.4) 11.7 7 0.1

$ 4 1.76 (1.6) 17.4 10.1 1.67 (1.7) 13.7 [0.1 1.83 (1.b) 13.6 [0.1
5 1.45 (1.8) 18.8 + 0.1 1.40 (1.8) 15.1 + 0.1 1.51 (1.7) 15.1 + 0.1
6 1.23 (2.0) 20.1 7 0.1 1.20 (2.0) 16.3 7 0.1 1.30 (1.9) 16.4 7 0.1
7 1.90 (2.1) 21.1 7 0.1 1.09 (2.1) 17.4 7 0.1 1.15 (2.0) 17.5 7 0.1
8 0.917 (2.3) 22.1 7 0.1 0.696 (2.3) 18.3 7 0.1 1.L5 (2.3) 1.95 7 0.1
9 0.858 (2.3) 22.9 10.1 0.872 (2.3) 19.1 [0.1 8.e5 (1.5) 21.6 [0.1

12 1.89 (1.6) 24.8 + 0.1 1.94 (1.5) 21.0 + 0.1 2.11 (1.5) 21.6 + 0.1
13 0.729 L2.5) 25.5 7 0.1 0.656 (2.7) 21.7 7 0.1 0.718 (2.6) 22.3 7 0.1
14 0.709 J2.5) 26.2 7 0.1 0.665 (2.6) ??.4 7 0.1 0.74 (1.5) 23.1 7 0.1
15 0.597d2.H) 2e.H T 4.1 0.3 1 (2.7) 23.0 7 0.1 0.tM (2.6) 23.7 7 0.1
16 0.5 /t (2.H) 2/ 4 7 0.1 0.572 (2.8) 23.6 7 0.1 0.%2 (2.6) 24.4 7 0.1
19 0.135 (1.H) /H.H T O.1 1.35 (1.3) 25.0 7 0.1 1.S0 (l.d) 25.9 7 0.1
20 0.549 (2.9) 29.3 7 0.1 0.526 (3.0) 2'. 5 70.1 C.5b2 (/.9) 26.4 7 0.!
21 0.513 (3.0) 29.8 7 0.1 0.501 (2.9) 26.0 7 0.1 0.559 (2.9) 2..0 7 0.1
22 0. 4 /1 ( 3.1 ) 30.3 7 0.1 0.4:36 3.1) 26.4 7 0.1 0.5?1 (3.0) 27.5 7 0.1

0.494(|3.1)23 0.501 (3.0) 30.8 7 0.1 21.0 7 0.1 0.447 (3.1) 28.0 7 0.1
?6 1.20 (2.0) 3t.0 10.1 1.20 (1.9) 28.2 [0.1 1.39 ( 1. 0 ) 29.4 [0.1

___

_ _ _ _ _ _ _ _ _
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Table B.2. Continued

137cs incr. wntal and Cumalative Fractinns Released Fern
/A J d#ejeHis LJttud ta68eaneje kestH/PutLtdHJ 1 Lessent coegsusiten

. .... - . - - -

Composite #1 Compostte #2 Compostte #3

f tsme Incremental Fraction Cumulative Fraction incremental Fraction Cumulative Fraction !ncremental Fraction CuN1stive Fraction
Days Released a 100 Released a 100 Released a 100 Released a 100 Released a 100 Released a 100

27 0.480 (3.1) 32.5 + 0.1 0.443 (3.2) 28.6 + 0.1 0.5?9 (3.0) 29.9 + 0.1
28 0.416 (3.3) 32.9 7 0.1 0.432 (3.3) 29.0 7 0.1 0.519 (3.0) 30.5 7 0.1
29 0.425 (3.2) 33.3 7 0.1 0.444 (3.2) 29.5 7 0.1 0.E14 (3.0) 31.0 7 0.1
30 0.418 (3.3) 33.7 7 0.1 0.402 (3.4) 29.9 7 0.1 0.475 (3.1) 31.4 7 0.1
33 1.12 (0.9) 34.8 7 0.1 1.16 (0.9) 31.0 7 0.1 1.34 (0.8) 32.8 7 0.1
34 0.484 (1.4) 35.3 7 0.1 0.485 (1.4) 31.5 7 0.1 0.503 (1.4) 33.3 7 0.1
35 0.428 (1.5) 35.8 7 0.1 0.429 (1.5) 32.0 7 0.1 0.325 (2.0) 33.6 7 0.1
36 0.381 (1.5) 36.1 7 0.1 0.411 (1.5) 32.4 7 0.1 0.317 (2.0) 33.9 7 0.1

$ 37 0.390 (1.5) 36.5 7 0.1 0.391 (1.5) 32.8 7 0.1 0.460 (1.4) 34.4 7 0.1
40 0.943 1.0) 37.5 7 0.1 0.919 (1.0) 33.7 7 0.1 1.09 (0.9) 36.0 7 0.1
41 0.436 1.5) 31.9 7 0.1 0.440 (1.5) 34.1 7 0.1 0.479 (1.3) 36.0 7 0.1
42 0.374 1.6) 38.3 7 0.1 0.489(1.4) 34.6 7 0.1 0.44b (1.4) 36.4 7 0.1
49 0.336 (1.6) 38.6 7 0.1 0.343 (1.6) 34.9 7 0.1 0.410 (1.5) 30.8 7 0.1
56 1.65 (0.75) 40.3 7 0.1 1.61 (0.80) 36.7 7 0.1 1.u9 (0.71) 3d.1 7 0.1
63 1.31 0.85) 41.6 7 0.1 1.58 (0.76) 38.1 7 0.1 1.79 (0.12) 40.5 7 0.1
10 1.71 0.73) 43.3 7 0.1 1.56 (0.77) 39.7 7 0.1 1.81 (0.71 42.3 7 0.1
11 1.31 0.65) 44.6 7 0.1 1.31 (0.80) 41.1 7 0.1 1.49 (0.17 43.8 7 0.1
84 1.32 0. 84 ) 45.9 7 0.1 1.37 (0.80) 42.5 7 0.1 1.5> (0.77 45.3 7 0.1

112 3.58 (1,1) 49.5 7 0.1 3.86 (1.1) 46.3 7 0.1 4.33 (1.0) 49.7 7 0.1
140 3.50 (0.37) 53.0 7 0.1 3.75 (0.36) 50.1 7 0.1 4.14 (0.JJ) 53.8 7 0.1
169 2.92 (0.88) 55.9 [0.1 3.00 (0.88) 53.1 10.1 3.26 (0.85) 57.1 10.1

dNumber in ( ) = la percent counting uncertainty.
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Table B.3

I Uc e i n re.non t a l anil cuemalative f rai t luna tie tease.1 f r
2 x 4 Organtc Catton Exchange Restn/ Portland i Cement Composites

Composite #1 Compostte #2 Compostte #3

Time Incremental Fraction Cumulative Fraction incremental Fraction Cumulative Fractton !ncremental Fraction Cumulative Fraction
Days Released a 100 Released a 100 Released a 100 Released a 100 Released a 100 Released a 100

0.01 1.14 2.5)8 1.14 + 0.03 1.06 (2.1) 1.06 + 0.03 0.999 (2.1) 1.00 + 0.03
1 3.81 1.4) 4.9S 7 0.06 4.15 (1.3) S.21 7 0.06 4.1J (1.3) b.13 7 0.00
2 2.40 1.8) 1.35 7 0.01 2.55 (1.1) 1.16 7 0.08 2.40 (1.1) 1.49 7 0.03
3 0.950 (4.0) 8.3010.08 2.02 (1.9) 9.78}0.09 2.01 (1.9) 9.60}0.0:4

to 4 1.60 (2.1) 9.90 + 0.09 1.62 (2.1) 11.4 + 0.1 1.59 (2.1) 11.2 0.1em b 1.32 (2.4) !!.2 7 0.1 1.43 (2.3) 12. tt 7 0.1 1.31 (2.3) 12.b 7 0.1
6 1.16 (1.3) 12.4 7 0.1 1.20 (2.5) 14.0 7 0.1 1.21 (2.5) 13.8 7 0.1
1 1.06 (2.6) 13.5 7 0.1 1.06 (2,1) 15.1 7 0.1 1.09 (2.b) 14.9 7 0.1
8 0.9 88 (2.8) 14.4 7 0.1 0.934 (2.9) 16.0 7 0.1 0.901 (2.9) 15.8 7 0.1
9 0.982 (2.1) 15.4 7 0.1 0.905 (2.9) 16.9 7 0.1 0.r$4 (3.0) 16.6 7 0.1

12 2.00 (1.9) 11.4 7 0.1 2.00 (1.9) 18.9 7 0.1 1.99 (1.9) 18.6 7 0.1
13 0.125(3.2) 18.1 7 0.1 0.165(3.1) 19.1 7 0.1 0.160 (3.1) 19.4 7 0.1
14 0.1/1 (3.1) 18.9 70.1 0. 162 (3.1 ) 20.5 7 0.1 0.149 ( J.2) 20.1 70.1
1$ 0.106 (3.3) 19.6 7 0.1 0.690 (3.3) 21.2 7 0.1 0.110 (3.2) 20.H + 0.1
16 0.695 (3.3) 20.3 T 0.1 0.601 (3.4) 21.8 7 0.1 0.656 (3.4) 21.$ 7 0.I
19 1,59 (2.1) 21.9 7 0.1 1,58 (2.2) 23.3 7 0.1 1.51 (2.2) 23.0 7 0.1
20 0.626 (3.4) 22.5 70.1 0.610 (3.5) 24.0 7 0.1 0.510 (3.6) 23.6 7 0.1
21 0.591 (3.5) 23.1 7 0.1 0.594 (3.5) 24.5 7 0.1 0.593 (3.5) 24.2 7 0.1
22 0.tH1 (3.6) 23.1 7 0.1 0.5HO L3.6) IS.1 7 0.1 0.666 (J.1) /4.H T 0.1
2.1 0.061 (3.0) 24.3 7 0.1 0.538 (3.1) 25.1 7 0.1 0.%1 (J. 7) 25.4 7 0.1
2b 1.45 (2.2) 25.6 {0.1 1.32 (2.4 ) 21.0 10.1 1.23 (2.5) 20.6 10.1

- _ _ _ _ _ .



Table B.3. Conttnwed
IU ts Ini e wasunt a t an.8 fuamel a t i so 1 e as t 4.m. Neleased Ire.=

2 a 4 Organic Catton Exchange Restn/ Portland I Cement Composites

Compostte #1 Composite #2 Composite #3

Time Incremental Fraction Cumulative Fraction Incremental Fraction Cumulattue Fraction incremental Fraction Cumulattue Fraction
Udys Released a 100 Released a 100 Releasec a 100 keleased a 100 Released a 100 Released a 100a

27 0.585 (3.5) 26.3 * 0.1 0.553 (3.6) 27.5 + 0.1 0.531 (3.8) 27.1 + 0.1
28 0.568 (3.6) 26.9 7 0.1 0.517 (3.9) 28.1 7 0.1 0.510 (2.0) 27.8 7 0.1
29 0.533(3.H) 27.5 7 0.1 0.562 (2.61 28.6 7 0.1 0.53e (3.7) 28.2 7 0.1
30 0.516 (3.7) 28.0 7 0.1 0.533 (2.0'l 29.1 ~ 0.1 0.474 (3.0) 2 H. 6 7 0.1
JJ 1.40 (1.0) 29.4 7 0.1 1.35 (1.0) 30.5 7 0.1 1.33 (1.1) 30.0 7 0.1
34 0.561 (1.6) 29.9 _7 0.1 0.555 (1.6) 31.1 10.1 0.559 (1.6) 30.5 10.1

N 35 0.535 (1.7) 30.5 + 0.1 0.518 (1.7) 31.6 + 0.1 0.531 (1.1) 31.0 + 0.1
36 0.530 (1.7) 31.0 7 0.1 0.512 (1.7) 32.1 7 0.1 0.513 (1.7) 31.6 7 0.1
37 0.527 (1.7) 31.5 7 0.1 0.457 (1.8) 32.5 7 0.1 0.413 (1.1) 32.0 7 0.1,

40 1.22 (1.1) 32.7 7 0.1 1.07 (1.2) 33.6 7 0.1 1.10 (1.1) 33.1 7 0.1
41 0.556 (1.6) 33.3 70.1 0.525 (1.7) 34.1 7 0.1 0.519 (1.1) 33.7 7 0.1
42 0.518 (1.7) 33.8 7 0.2 0.479 (1.7) 34.6 7 0.2 0.470 (1.1) 34.1 7 0.2
49 2.10 (1.9) 35.9 7 0.2 2.00 (1.9) 36.6 7 0.2 0.396 (1.9) 34.5 7 0.2
56 1.99 (0.86) 37.9 7 0.2 1.87 (0.87) 38.5 7 0.2 1.90 (0.90) 36.4 7 0.2
63 1.85 (8.8) 39.7 70.2 1.75 l'0.93) 40.2 7 0.2 1.78 (0.91) 38.2 70.2
70 1.86 (8.8) 41.6 7 0.2 1.78 [0.91) 42,0 7 0.2 1.83 (0.89) 40.1 7 0.2
17 1.60 (0. 9 7) 43.2 7 0.2 1.52 1 ,0.98) 43.5 7 0.2 1.57 (0.99) 41.6 7 0.2
84 1.59 (9.7) 44.8 7 0.2 1.49 [0.99) 45.0 7 0.2 1.57 (0.99) 43.2 7 0.2

112 4.32 (1.3) 49.1 70.2 4.04 (1.4) 49.' 7 0.2 4.31 (1.3) 41.5 7 0.2~

140 3.H1 (0.44) 5 3.0 + 0.2 3.84 (0.44) 52.9 7 0.2 4.10 (0.43) 51.6 7 0.2
169 3.16 (1.1) 56.110.2 3.18 (1.11 56.1 10.2 3.26 (1.1 54.9 10.2

4 Number in ( )a la percent Counting uncertatnty.
.-_



Table B.4

3 3 Irs Intre.wnfal an.1 runalat ive Frar t tons Released F rm
Ja J Ur 9a rt i L Letton t attian9e kes t p/Por t land i Lewit Luavust teh

Composite #1 Composite #2 Composite #3

Time Incremental Fraction Cumulative Fraction incremental Fraction Cumulative Fraction Incremental Fraction Cumulative Fraction
Day s Released a 100 Heleased a 100 Released a 100 Released a 100 Released a 100 ReleaseJ a 100

0.07 1.30 (3.1)8 1.30 + 0.04 0.914 (3.7) 0. 91 + 0. 0 3 0.623 (4.5) 0.62 + 0.03
1 2.77 (2.1) 4.0710.07 2.40 (2.3) 3.3110.07 2.65 (2.2) 3.2710.06
2 1.30 (3.1) 5. 31 + 0. 0 8 1.23 (3.2) 4.54 + 0.08 1.35 (3.1) 4.62 + 0.08
3 0.997 (3.5) 6.37 7 0.09 0.901 (3.8) 5.45 7 0.08 1.01 (3.5) 5.63 7 0.08
4 0.878 (2.1) 7.2570.09 0.780 (2.9) 6.23 7 0.09 0.935 (5.3) 6.54 7 0.10

e 5 0.812 (2.8) 8.06 7 0.10 0.685 (3.1) 6.91 7 0.09 0.8J0 (5.8) 7.34 7 0.11CD 6 0.717 (3.0) 8.7870.10 0.665 (3.0) 1.51 7 0.09 0.761 (5.8) 8.10 7 0.12
7 0.658 (3.0) 9.4410.10 0.584 (3.2) 8.1610.09 0.709 (6.1) 8.18110.12
8 0.669(3.0) 10.1 + 0.1 0.582 (3.2) d.74 + 0.10 0.623 (o.5) 9.43 + 0.13
9 0.629 3.2) 10.7 7 0.1 0.531 (3.6) 9.27 7 0.10 0.610 lb.2) 10.1 7 0.1

12 1.1/ 3.2) 11.9 7 U.t 1.10 ( 3.4 ) 10.4 7 0.1 1.27 J3 11.4 7 0.1
13 0.543 3.5) It.4 V U.1 U.482 (5.7) 10.9 7 0.1 0.tb3 Jo.2) ~' O.17) 11.9 +

14 0.523 3.4) 13.0 7 0.1 0.452(3.6) 11.3 7 0.1 0.589 (6.6) 12.5 7 0.2
15 0.493 (3.0) 13.5 7 0.1 0.451 13.6) 11.8 7 0.1 0.5/o (7.0) 13.0 7 0.2
to 0.461 (J.8) 13.9 7 0.1 0.444 (3.1) 12.3 7 0.1 0.478 (7.4) 13.5 7 0.2
14 0.mn (2.1) 14.H T 0.1 0.812 (2.8) 13.0 T 0.1 1.11 (4.b) 14.1 7 0.2
/u 0. 4 % ( 2. 5 ) 15.J 7 U.1 U.4/J (t.4 ) 13.4 7 0.1 U.443 (12.0) 15.1 7 H.2
21 U.4/u (t.4) !5./ Y 0.1 0.413 (2.4) lj.N 7 0.1 0.443 (1/.u) 15.o V u./
22 0.421 (2.4) 16.2 7 0. . 0.406 (2.5) 14.3 7 0.1 0.439 (12.1) 10.0 7 0.2
23 0.425 (2.4) 16.6 7 0.1 0.419 (2.4) 14.7 7 0.1 0.457 (11.9) 16.5 7 0.2
2e 0.848 (1.8) 17.4 10.1 0.769 (1.7) 15.4 10.1 0.907 (8.1) 17.4 {0.2



Table B.4. Continued

I U 's lei.e .. etat ase.t ( e s t a t I vo i ra. e t e eu. N o t e a s e<t I t .o.st

3 a J Organtc Catton tschange Restn/ Portland ! Cement Composites
_

Composite #1 Composite #2 Composite #3

Time Incremental Fraction Cumulative Fraction Incremental Fraction Cumulative Fraction Incremental Fraction Cumulative Fraction
Day s Released x 100 Released x 100 Released a 100 Released a 100 Released a !@) Released a 100

27 0.422 (2.4) 17.9 + 0.1 0.390 (2.6) 15.8 + 0.1 0.428 (12.1) 17.9 + 0.2
28 0.387 (2.6) 18.3 7 0.1 0.390 (2.6) 16.2 7 0.1 0.401 (12.6) 18.3 7 0.2
29 0.424 (2.4) 18.1 70.1 0.395 (2.6) 16.6 7 0.1 0.434 (12.2) 18.7 7 0.2
30 0.405 (2.5) 19.0 7 0.1 0.375 (2.7) 17.0 7 0.1 0.423 (12.2) 19.1 7 0.2
33 0.639 (2.2) 19.7 7 0.1 0.704 (2.0) 17.1 7 0.1 0.191 (1.8) 19.9 7 0.2
34 0.404 (2.2) 20.1 10.1 0.413(2.4) 1H.1 }0.1 0.4/4 (/.4 ) 20.3

f.0.7C 35 0.409 (2.5) 20.5 + 0.1 0.380 (2.7) 18.5 + 0.1 0.395 (2.6) 20.7 0.2*
36 0.382 (2.6) 20.9 7 0.1 0.379 (2.7) 18.9 7 0.1 0.414 (2.4) 21.1 7 0.2
37 0.396 (2.6) 21.3 7 0.1 0.381 (2.7) 19.2 7 0.1 0.377 (2.1 ) 21.5 7 0.2
40 0.645 (2.2) 21.0 7 0.1 0.722 (1.9) 20.0 7 0.1 0.756 (1.H) 22.3 7 0.2
41 0.410(2.5) 22.4 7 0.1 0.452 (2.2) 20.4 7 0.1 0.451 (2.2) 22.7 7 0.2
42 0.399(2.5) 22.8 10.1 0.374 (2.1) 20.8 I0.1 0.401 (2.5) 23.1 10.2
49 0.232 (3.3) 23.0 + 0.1 0.192 -(3.9) 21.0 + 0.1 0.236 (3.2) 23.4 + 0.2
56 1.14 (1.4) 24.1 7 0.1 1.08 f,1. 5 ) 22.1 7 0.1 1.14 (1.4) 24.5 7 0.2
63 1.09 (1.5) 25.2 7 0.1 1.06 fl.6) 23.1 7 0.1 1.12 (1.5) 25.6 7 0.2
70 1.14 (1.4) 26.4 7 0.1 1.12 | 1.5) 24.2 7 0.1 1.18 (1.5) 26.8 7 0.2
77 1.01 (1.6) 27.4 70.1 0.928 [1.6) 25.2 7 0.1 0.976 (1.6) 27.8 7 0.2
84 0.977 (1.6) 28.3 7 0.1 0.948 (1.6) 26.1 7 0.1 0.972 (1.0) 28.8 7 0.2

112 2.69 (2.2) 31.0 7 0.1 2.40 (2.3) 28.5 7 0.1 2.64 (2.2) 31.4 7 0.3
140.0 2.70 (0.71) 33.7 7 0.1 2.53 (0.70) 31.1 7 0.1 2.70 (0.70) 34.1 7 0.3
169.0 2.2b (1.7) 36.0 10.2 2.14 (1.7) 33.210.1 2.26 (1.1) 36.4 10.3

8 Number in ( )e Ia percent Counting uncertainty.
-_.

__
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Table 8.5

137 s incrmental and Cumulative f ract tons Released ProeC

6 x 6 Organte Catton Exchange Restn/ Portland 1 Cement Composttes

Compostte #1 Compostte #2 Compostte #3

Time Incremental Fraction Cumulative Fraction lacremental Fraction Cumulative Fraction Incremental Fraction Cumulative Fraction
I Days Released a 100 Released x 100 Released a 100 Released a 100 Released a 100 Released a 100 l

0.07 0.580 (0.9)8 0.58 + 0.01 0.489 (1.0) 0.49 + 0.01 0.469 (1.0) 0.47 + 0.01
1 2.71 (0.4) 3.29 7 0.01 1.95 (0,5) 2.44 7 0.01 1.55 (0.6) 2.02 7 0.01
2 1.72 (5.2) 5.0170.02 1.19 0.6) 3.6370.01 0.877 (0.7) 2.90 7 E 01-

0.944((0.7)I 3 1.35 (0.6) 6.36 7 0.02 4.57 7 0.01 0.708 (0.8) 3.60 7 0.01
4 2.92 (0.4) 9.2870.02 1.94 (0.5) 6.5170.02 1.50 (0.6) 5.1070.02
7 0.818 (1,1) 10.1 7 0.1 0.533 ||1.3) 7.05 7 0.02 0.431 (1.5) 5.54 7 0.02
8 0.665 (1.2) 10.8 7 0.1 0.452 (1.4) 7.5070.02 0.360 (1.6) 5.9070.02~

o 9 0.729 (1.1) !!.5 7 0.1 0.470 fl.4) 7.97 7 0.02 0.407 (1.51 6.30 7 0.02
! O 10 0.634 fl.2) 12.1 7 0.1 0.410 Lt.5) 8.38 7 0.02 0.335 (1.73 6.6470.02

*

1 13 1.63 00.3) 13.3 7 0.1 1.09 J0.4) 9.47 7 0.02- 0.94 5 (0.51 7.58 7 0.02
i 14 0.561 LO.6) 14.3 7 0.1 0.369||0.7) 9.84 7 0.02 0.316(0.8h 7.90 7 0.02 i

15 0.514 f0.6) 14.8 7 0.1 0.333(0.7) 10.2 7 0.1 0. 28 6 (0. 8) 8.18 + 0.02 '

16 0.482 [0.6) 15.3 7 0.1 0.322 (0.8) 10.5 7 0.1 0.252 (0.8) 8.4570.02
17 0.432(0.7| 15.8 7 0.1 0.286(0.8) 10.8 7 0.1 0.251 (0.9) 8.70 7 0.02
20 - 1.07 (0.4s 16.8 7 0.1 0.741 (0.5) 11.5 7 0.1 0.647 (0.5) 9.34 7 0.02 -[
21 0.381 (0.7) 17.2 7 0.1 0.277(0.8) 11.8 7 0.1 0.243 (0.9) 9.58 7 0.02 '

22 0.359 (n.74) 17.6 70.1 0.263 (0.87) 12.1 7 0.1 0.232(0.90) 9.82 7 0.1
'

29 1.85 (0.72) 19.4 7 0.1 1.31 (0.85) 13.4 7 0.1 1.20 (0.89) 11.0 7 0.1 '
36 1.65 (0.34) 21.1 7 0.1 1.19 (0.40) 14.6 7 0.1 1.05 (0.43) -12.1 7 0.1

l 43 1.47 (0.36) 22.5 7 0.1 1.09 (0.42) 15.7 7 0.1 0.963 (0.44) 13.0 7 0.1
'O.36 24.0 7 0.1 1.11 (0.411 16.8 7 0.1i 50 1.49
I0.38) 0.930 0.45) 14.0 7 0.1

0.792(0.49) 14.8 7 0.125.3 7 0.1 0.% 3 0.44L 17.7 7 0.1
~

57 1.31 (
64 1.28 LO 39 26.6 7 0.1 0.952 0.45j 18.7 7 0.1 0.800 (0.49) 15.6 7 0.1.
92 3.40 (0.53 30.0 7 0.1 2.64 0.603 21.3 7 0.1 2.32 (0.64) 17.9 7 0.1

120 3.05 (0.18) 33.1 7 0.04 2.44 (0.20) 23.8 7 0.03 2.23 (0.21) 20.1 ~+ 0.03
149 2.57 (0.4 3) 35.6 10.04 2.15 (0.47)' 25.9 10.03 1.88 (0.50) 22.0 10.03

8Nurter in ( ) = 1 opercent counting uncertainty.
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Table B.6

IIIrg (n. rm..nt al an.t Tw=ulaftve Frarttons Relea wf frise
o a It Organic Letlun LaCleangy NeblH/PurLiand ! t,enen* Cusupoli ten

Composite #1 Composite #2 Composite #3

Cu ulative FractionTime Incremental Fraction Cumulative Fraction !ncremental Fraction Cumulative Fraction Incremental Fraction m

Days Released a 100 Released a 100 Released a 100 ReledSed a 100 Released a 100 Released a 100

0.07 0.305 (1.7)8 0.305 + 0.005 0.286 (1.8) 0.286 + 0.005 0.279 (1.77) 0.279 + 0.005
1 1.76 (0.71) 2.07 7 0.01 1.96 (0.67) 2.25 7 0.01 1,69 (0.72) 1.96 7 0.01
2 1.18 (0.86) 3.24 7 0.02 1.33 (0.82) 3.58 7 0.02 1.07 (0.90) 3.04 7 0.02
3 0.950 (0.97) 4.19 7 0.02 1.05 (0.92) 4.63 7 0.02 0 n62 (1.0) 3.90 7 0.02
4 0.7/9 (1.1) 4.97 7 0.02 0.861 fl.0) $ 49 7 0.'02 0.104 (1.1) 4.60 7 0.02

~ 8 2.31 (0.62) 7.28 7 0.03 2.43 [0.60) 7.92 7 0.03 1.91 (0.b8) 6.S2 7 0.02
3 9 0.517(1.3) 7.19 7 0.03 0.511 'l.3) 8.43 7 0.03 0.387 (1.5) 6.91 7 0.02

10 0.478 (1.4) 8.27 7 0.03 0.464[1.4) 8.90 7 0.03 0.310 (1.5) 7.28 T 0.03
11 0.362 1.6p 8.63 7 0.03 0.356 (1.6) 9.25 70.03 0.290 (1.7) 7.57 7 0.03
14 0.695 1.0) 9.$3 7 0.03 0.917 (0.98) 10.2 7 0.1 0.7td (1.1) 8.32 7 0.03
15 0.285 1.8) 9. H1 7 0.03 0.296 (1.7 10.$ 7 0.1 0.252 (1.9) 8. t B T 0.03
16 0.268 1.8 | 10.1 7 0.1 0.2/3 (1.H 10.7 7 0.1 0.2n L2.0) 8.81 7 0.03
17 0.281 1.8h 10.4 7 0.1 0.292 (1.7 !!.0 7 0.1 0.239[1.9) 9.05 7 0.03
.8 0.267 1.8) 10.6 7 0.1 0.286 (1.8 11.3 7 0.1 0.241 (1.9) 9.29 7 0.03
21 0.759 (1.1) 11.4 7 0.1 0.800 (1.0) 12.1 7 0.1 0.670 (1.1) 10.0 7 0.1
22 0.247 (1.9) 11.6 7 0.1 0.265 (1.8) T2.4 7 0.1 0.241 (1.9) 10.2 7 0.1
23 0.245 1.91 11.9 7 0.1 0.259(1.8) 12.6 7 0.1 0.23d (1.9) 10.4 7 0.1
24 0.220 2.0h 12.1 7 0.1 0.248 (1.9) 12.9 Y0.1 0.226(2.0) 10.7 7 0.1
25 0.202 2.1) 12.3 7 0.1 0.235 (1.9) 13.1 7 0.1 0.215 (2.0) 10.9 7 0.1
28 0.461 1.4) 12.8 7 0.1 0.585(1.2) 13.7 7 0.1 0.559 (1.2) !!.4 7 0.1
29 0.145 (2.4) 12.9 10.1 0.195 (2.1) 11.9 10.1 0.192 (2.1) 11.0 10.1

. _ _ _ _ _ _ __



Table 8.6. Continued

I3 Irs i ne rs*=*n t al an.l fumulat ive. T ract inns Deleaso f Frm
6 a 12 Or94nic Cattun tachange Restn/ Portland 1 Cement Composttes

Composite #1 Composite #2 Composite #3

Time Incremental Fraction Cumulative Fraction incremental Fraction Cumulative Fraction Incremental Fraction Cusulative Fraction.
Days Released a 100 keleated a 100 Released a 100 Released a 100 Released a 100 Released a 100

.._.

30 0.158(2.3) 13.1 + 0.1 0.218(2.0) 14.1 + 0.1 0.223 (2.0) 11.9 + 0.1
31 0.159 (2.4) 13.2 10.1 0.215 (2.0) 14.J l0.1 0.217 (2.0) 12.1 10.1
32 0.136 (2.6) 13.4 + 0.1 0.201 (2.1) 14.5 + 0.1 0.206 (2.0) 12.3 + 0.1
35 0.363 (1.6) 13.7 7 0.1 0.539 (1.3) 15.1 7 0.1 0.573 (1.2) 12.9 7 0.1
36 0.142 (2.5) 13.9 7 0.1 0.201 (2.1) 15.3 7 0.1 0.227 (1.9) 13.1 7 0.1
37 0.121 (2.1) 14.0 7 0.1 0.182 (2.2) 15.5 7 0.1 0.186 (2.2) 13.3 7 0.1
3d 0.126 (2.7) 14.1 7 0.1 0.170 (2.3) 15.6 7 0.1 0.193 (2.1) 13.5 7 0.1

5 39 0.132 (2.5) 14.2 7 0.1 0.173 (2.2) 15.0 7 0.1 0.196 (2.1) 13.7 7 0.1
N 42 0.317 (1.7) 14.6 7 0.1 0.450 (1.4) 16.3 7 0.1 0.tud (1.3) 14.2 7 0.1

43 0.122 (2.7) 14.7 7 0.1 0.170 (2.3) 16.4 7 0.1 0.204 (2.1) 14.4 7 0.1
44 0.115 (2.8) 14.8 7 0.1 0.165 (2.3) 16.6 7 0.1 0.192 (2.2) 14.6 7 0.1
49 0.484 (1.3) 15.3 7 0.1 0.691 (1.1) 17.3 7 0.1 0.194 (1.1) 15.4 7 0.1
t) 0.116 (2.7) 15.4 70.1 0.173 (2.2) 17.5 7 0.1 0.214 (2.0) P6 7 0.1
31 0.119 (2.1) 15.5 7 0.1 0.162 (2.3) 17.6 7 0.1 0.19$ (2.1) a.8 7 0.1
of 0.135 (2.6) 15.7 7 0.1 0.176 (2.3) 17.8 7 0.1 0.222 (2.0) 16.0 7 0.1
33 0.!!6 2.8 l 15.8 7 0.1 0.151 (2.4) 17.9 7 0.1 0.169 (2.2) 16.2 7 0.1
33 0.281 1.8h 16.0 7 0.1 0.387(1.5) 18.3 7 0.1 0.4v5 (1.3) 16.7 7 0.1
o3 0.526 1.3s 16.6 7 0.04 0.693 (1.1) 19.0 7 0.04 0.949 (1.0) 17.6 7 0.04
?J 0.501 (1.3) 17.1 7 0.04 0.535 (1.3) 19.6 7 0.04 0.H43 (1.0) 18.5 7 0.04
'l 0. P30 (1.4) 1/.h 7 0.04 0.4H4 (1.4) 20.1 7 0.04 0.193(1.1) 19.3 7 0.04
e4 0.474 (1.4) IH.1 7 0.04 0.412 (1.4) 20.5 7 0.04 0.764 (1.1) 20.0 7 0.04
91 0.474 (1.4) 18.5 10.04 0.472 (1.4 ) 21.0 7 0.04 0.6d5 (1.1) 20.7 7 0.07
93 0.546 (1.3) 19.1 1 0.04 0.5 39 (1. 3) 21.5 7 0.04 0.613 (1.2) 21.3 7 0.04

!Ui 0.477(1.4) 19.6 + 0.04 0.498 (1.3) 22.0 }0.04 0.561 (1.3) 21.9 10.04

ab nber in ( ) = 1 opercent counting uncertainty.
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Table 8.7

137 s increnental and Cumlative Fractions ReleasedC,

From 12 x 12 Organic Catton Exchange'

Resin / Portland I Cement Co?posite il

Time incremental Fraction Cunulative Fraction
Days Released a 100 Released a 100

_

0.07 0.117 (1.3)* 0.117 + 0.002
1 0.825 (0.48;I 0.943 7 0.004
2 0.582 (0.58? 1.53 7 0.035
5 1.89 (0.32 ! 3.42 7 0.008
6 0.951 (0.45j 4.37 7 0.039
7 0.346 I;0. 75,1 4.11 7 0.01
8 0.285 f0.82J 5.00 7 0.01
9 0.254 i;0.87;l 5.25 70.01

12 0.640 1;0.551 5.89 7 0.01
13 0.226i;0.92) 6.12 70.01
14 0.188(1.0) 6.31 7 0.01
15 0.173 (1,1) 6.48 70.01
16 0.300 0.80) 6.78 7 0.01
19 0.361 0.73) 7.14 7 0.01
20 0.120 1.31 7.26 7 0.01
21 0.124 (1.2;I 7.38 7 0.01
22 0.122 [1.3J 7.51 7 0.01
23 0.123 1;1.3) 7.63 7 0.01
27 0.421 l 0.68) 8.05 7 0.01
28 0.115 1;1.3 8.16 7 0.01
29 0.107 1;1.3 8.27 7 0.01
30 0.1091:1.3 8.38 7 0.01
33 0.242(0.90) 8.62 7 0.01

0.088 8. 71 7 0.010.088(1.5;l
34

1 1.5) 8.80 7 0.0135
36 0.090 1;1.5? 8.89 7 0.01
37 0.091 (1.5;I 8.98 7 0.01
40 0.220(0.93) 9.20 70.01
41 0.039 (1.5 9.29 7 0.01
42 0.076||1.6 9.37 7 0.01
43 0.0 81 l 1.6 9.45 7 0.01

1.5) 9.53 7 0.0144
0.087 I;0.98)47 0.200 ( 9. 73 7 0.01

54 0.428 (0.73 10.2 7 0.01
61 0.383 I;0.7;I 10.6 7 0.01
68 0.384 i,0. 7p 10.9 7 0.01
15 0.371 (0.7J 11.3 7 0.01
82 0.369 f0.7j 11.7 7 0.02
89 0.356 f0.7J 12.0 7 0.02
96 0.405 i;0.7) 12.4 7 0.02

124 1.35 I;0.4) 13.8 _7 0.02

a L P.ber in ( ) = l e percent coantirg uncertainty.
...._._.. --.__ _ ._.
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Table B.7, Continued

137Cs Increwntal and Cumulative Fractions Released Frari
12 x 12 Or9 ante Catton Enchan9e Resin / Portland ! Cement Composites #2 and 3

Cosmosite #2 Composite #3

Time Increwntal Fractfun Cumulative Fraction incruinental f raction Cumulative f ract f un
Days kelvased a 100 keleshed a 1.00 Neleased a 100 Neleased a 100

0.01 0.148 (1.3)e 0.148 + 0.002 0.091(1.9) 0.091 + 0.002
1 1.00 l' O. 5 ) 1.16 7 0.005 1.14 (0.5) 1.24 7 0.000
2 U.bS4 Io.b) 1.H1 7 0.001 U.191 (0.6) 2.03 7 U.001
3 0.501 LO.1 2.32 7 0.001 0.518 (0.7) 2.61 7 0.003
4 0. 4 33 J0.1 2.15 i 0.008 0.483 (0.7) 3.09 7 0.009
1 0.964(0.5 3.12 7 0.009 1.02 (0.5) 4.!! T 0.01
8 0.322 1 0.9) 4.04 7 0.01 0.321 (0.9) 4.43 7 0.01
9 0.212 1:0.9) 4.31 7 0.01 0.211 (1.0) 4.10 7 0.01

10 0.219 1 1.0) 4.53 7 0.01 0.221 (1.1) 4.93 7 0.01
11 0.198 fl.1) 4.13 + 0.01 0.208(1.1) 5.14 7 0.01
14 0.491 (0.7) 5.22 7 0.01 0.442(0.8) 5.58 7 0.01
15 0.183(1.1) 5.40 7 0.01 0.189 (1.2) 5.11 7 0.01
16 0.165 (1.2) 5.51 7 0.01 0.169(1.2) 5.94 7 0.01
11 0.159(1.2) 5.13 }0.01 0.160 (1.3) 6.10 10.01
18 0.151 fl.2) 5.88 + 0.01 0.186 fl.2) 6.28 + 0.01
21 0.313(0.8) 6.25 7 0.01 0.391LO.8) 6.68 7 0.01
22 0.152 fl.2) 6.40 7 0.01 0.142 ||1.4) 6.82 7 0.01
23 0.134 II 8) 6.54 7 0.01 0.131||1.4) 6.95 7 0.01
24 0.110l'!.5) 6.65 7 0.01 0.138 (1.4) 1.09 7 0.01

10.0125 0.134 (1.3) 6./8 10.01 0.126 (1.4) 1.21
28 0.362 0H 1.14 * 0.01 0.324 0.9 1.54 0.01
29 0.115 1.4 1.26 7 0.01 0.100 1.6 1.b4 7 0.01
30 0.100 1.5 1.36 7 0.01 0.101 1.6 1.15 7 0.01
31 0,108 1.5 1.41 7 0.01 0.120 (1.5) 1.81 7 0.01
32 0.102 (1.2) 1.51 7 0.01 0.104 (1.6) 1,91 7 0.01
35 0.282 (0.9) 1.86 7 0.01 0.284(1.0) 8.25 7 0.01
36 0.093 1.6 1.95 7 0.01 0.091 (1.1) 8.35 7 0.01
31 0.94 1.6 8.04 7 0.01 0.092 (1.1) 8.44 30.01
38 0.094 1.6 8.14 7 0.01 0.093 (1,1) 8.54 1 0.02
39 0.098(1.6) 8.24 7 0.01 0.093 (1.1) 8.63 3 0.02

1 0242 0.280(0.9) 8.52 10.01 0.313 (0.9) 8.94 0

aNunt>er in ( ) = la percent countin9 uncertainty.
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Table B.8

137Cs Incremental and Cumulative Fractions Released From
i 22 x 22 Organic Cation Exchange Resin / Portland Cement

Time Incremental Fraction Cumulative Fraction
Days Released x 100 Released x 100

;
0.07 0.05 (2.8) a 0.05 + 0.001
1 0.44 (0.9) 0.48 T 0.004,

2 0.31 (1.1) 0.80 T 0.01
i 3 0.26(1.2) 1.06 T 0.01
| 4 0.22 (1.3) 1.28 T 0.01
| 7 0.49(0.9) 1.77 T 0.0'1

8 0.16 (1.5) 1.93 7 0.01
', 9 0.14 (1.7) 2.07 7 0.01

10 0.11 (1.9) 2.18 T 0.01
1 11 0.11(1.9) 2.23 T 0.01 ;

. 14 0.31 (1.1) 2.60 T 0.01
~

'

15 0.10 (2.0) 2.70 7 0.01'
16 0.08 (2.2) 2.78 T 0.01

I 17 0.08(2.2) 2.86 T 0.01
18 0.08 (2.2) 2.94 T 0.01
21 0.20(1.4) 3.13 T 0.01
22 0.07 (2.4) 3.20 T 0.01
23 0.06 (2.5) 3.27 T 0.01
24 0.07(2.4) 3.33 T 0. 01
25 0.07 (2.4) 3.40 T 0.01
28 0.18 (1.5) 3.58 10.01-

'
,.

aNumber in ( ) = la percent counting uncertainty.

!

:

!
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1. ST/M7diff OF T1E PIOBIEJ1
i

; Solid adaorbents and ion exchance nateriala, used in the decontamination
! ;

of h1Fh level 11guld "adioactive wante, will receive larDe mdiation dosen |
9

Tmm the mdioactive material which they renove from the wante atream. Ihd-

i

intion damam to the adsorbent material is responsible for the observed er- |

f|
1

: fects of loca of exchange capacity and chentical decomposition of the base
1 [

material. Since the decontamination process is relatively rapid, the ],cs of (
i

exchange capacity due to radiation darnge is a minor concideration in the ac-
i

{ tual decontamination of liquid md waste. On the other hand, radiolytic decom-
)

(caition of the bane ruterial and loss of exchange capacity can be major con- f
j cems wlen the highly mdioactive adscrbent nnterials are buried for long
i

| rcriada of time in sealed containerc. 'Ibe possibility that radiation decompo-
i

j alt ion of adsortent nnterialc could produce cases in sufficient quantity to
i
3

j cause over pressurination of burial containerc led to thia investigation.
!s

This has been a two phane project. Phase one funded by Chem-Nuclear Sys- ':

i

! tems, Incorpomted had as its objectives to determine the pressure buildup and
!

| gas compocition as a function of ganrn dose in burial canisters of the type

beirc considered for use at Three Mile Island. Funded by Brookhaven Ihtlonal
f

Labomtor*y, the second phase was te determine the physical and chemical pro- I
!

perties of the mdiolytic pmducts and to determine the effects of these pro-
iducts on the stainless steel containers. The second phase wan not begun until
[
l

one year after the samples were irradiated, f

[

The initial part of the first phase was to measure the pressure versus f
ga=a radiation doce, in separate simulated burial containers holding organic f

cation rusin, organic anion resin, and activated charcoal. In order to design f
!

111
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1

this experiment it was first necessary to estimate the radiation dose to an

adsortent material loaded with TIE high level radioactive waste and sealed in

a burial container. The calculation of the estimated radiation dose is given

in Appendix B. Once the magnitude of the total dose was determined, the gamna

irradiator design was finalized. 'Ihe details of the Co-60 irradiator and in-

radiation capsules are given in section 2. Finally, the simulated burial con-

6tainers were irradiated in the Co-60 ganma irradiator at 5 X 10 rad /hr. field
9

until the total accumulated dose reached 5 X 10 rads or the capsule reached

the pressum limit of 200 psig. Pressum versus ganria dose curves are given

in seciton 3.1 The remainder of the first phase was to determine H and hydro-
2

carbon content inside the Insin irradiation capsules at several different dose

levels. The gas composition was determined using gas chrtmatography and the

methods and results are discussed in Section 4.3

Phase two of this project cormenced with opening of the irradiated resin

containers from phase one and the determination of the physical properties of

the irradiated material. 'Ihe physical properties of the irradiated resin ma-

terials are given in section 3 Chemical analyses were performed on the li-

quid, solid and gas phases taken from the capsules and the results are report-

ed in section 4. The corrosion effects were evaluated and the results report-

ed in appendix A.
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2. IIUlADIATION CAPSULE CONSTRUCTION AND IldlADIATOR IESIGN

In onier to rret the tilte schedule of this project, it was decided that

the pmssure test and gas chromatograph test capsules should be constructed

frw. cormurcially available fittings to the mximum extent possible. The con-

atruction material chosen was stainless steel in order to match the proposed

burial containers as clocely as possible. M111e stainless steel might influence

the cherdeal reactions and be undesirable from a purely scientific point of

view, it was a good compromise considering radiation resistance, pressum 11-

mitations, chemical reactivity, and the dosim to simulate the actual burial

containers. In addition, it was required that no organic materials, other than

those being tested, be used in any of the units. At the high dose levels in-

volved, organic 0 ringc and bellows could break down and contaminate the gases

or releace the gaseous producta. All stainless steel valves and presaure

gaums were used in the construction of these containers.

Figure 1 shows the pressure test capsules. Specifications for the fittin$s

and tubing are given in figure 5. The pressure test capsules requimd an in-

ternal stajnless steel spacer plug (item 23) to raise the material into the

radiation field and to pmvide the cormet nnterial to void ratio. From data

supplied by Chem-Nuclear Systems it was estimated that the burial containers

wotdd have a main to toal volum ratio of 0.875. The pmssum test capsule

shown in figure 1 has a resin to total volum ratio of 0.866. In order to get

this ratio as close to the actual ratio as possible, the pressum gauges had

to have a cmall intemal volunn and had to be connected to the capsule with a

minimum length of 1/8" stainless steel tubing. To keep the tubing connections

short, the gauges wem located on a rack on the back wall of the hot cell about

9 feet from the capsules. The cauges were outside the most intence radiation

113
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field but the glass faces still had to be removed because of radiation dark-

enin6 The gauges were Ashcroft 0-200 psi gauges which were calibrated using

a dead weight gauge tester. At the inside top of the pressure test capsule

there was a stainless steel screen (10 micron openings) to prevent particles

from entering the tubing leading to the gauge. Figum 2 shows the details of

the top of the pressure capsule and the spacer plug.

To determire the gas conposition versus dose, the gas chmmatograph

capsules shown in figure 3 were constructed. As with the pressure test cap-

sules, these were also all stainless steel construction. The rvsin was weir)wd

into these capsules which had an intemal volune of 18.9 cc. 'lhe void vol-

ume was calculated assuming that the wet resin had a density of 1.1 gm/cc.

After irradiation, the samples were removed for analysis using the gas chrom-

atograph cample assenbly shown in figure 4. She sample assemble was screwed on-

to the gas chomatogmph capsule and evacuated with the capsule valve closed.

Af'ter evacuation the sample assenbly valve was closed and the capsule valve

was opened. Samples could then be taken from the septum side arm for analysis

by gas chronntogmphy.

To simulate the decontamination of TML liquid radwaste, samples of cation

resin (DOW HCR-S), anion tvsin (DOW SBR-OH) and activated charcoal supplied

by Chem-Nuclear Systems, were converted to the sodium and borute forms and

loaded into the irmdiation capsules described above. Sodium bomte solution

was passed through the resin sanples until the pH of the effluent from the col-

umn was identical to the pH of the original solution. In the case of the acti-

vated charcoal, no simple indication of exhaustion could be found. To pre-

treat the activated charcoal, an anount of sodium bomte solutica, equal to

the arount needed to convert the anion resin to the bomte form, was passed

120
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throui11 the charcoal sample. After pietr atnent with sodium borute solution

free liquid was removed by pulling air tnrough the column for about 2 minutes.

7he adsortent nnterial was then tmnsferred to the pressure test and GC irra-

diation capsules using a tap fill procedure. Adsortent loading in the irra-

diation capsules matched the anticipated loading of the proposed TMI clean-up

canisteru to within 10%.

The Co-60 irmdiator shown in figure 6 was assembled to irradiate the test

capsules in the Geord a Tech hot cell. The Co-60 was in the form of four

plates each containing 6.25 K Ci of Co-60 arranged as shown in figure 6. The

outside spaces held the pressure test capsules and the long term gas chromato-

gmph capsules. Themocouples were attached to the pressuru capsules, the long

tenn GC capsules and several other places on the irmdiator. Compressed air

was piped into the hot cell and used for cooling the capsules. Before start-

irc irmdiation, dose mtes were neasured at several positions inside the ir-

Indiation assenble. The dose mtes were neasured using Harshaw TL-800 lithium

borute thermoluminescent dosimeters. These thermoluminiscent dosinnters were

calibmted against a Farmer dosineter, nodel 2502/3, which had been calibmted

using NBS Co-60 at M. D. Anderson Hospital, Houston, Texas. In the outside
6space the dose mtes were: at the top 3" above center, 4.46 X 10 mds/hr. ;

6 6center, 5.87 X 10 mds/hr. and 3" above bottom, 4.86 X 10 radb/hr. This
6gives an average of 5.0 X 10 mds/hr. The center space for the G.C. capsules

6 6had dose mtes of 4 3 X 10 mds/hr. at the top; 5.4 X 10 rads /hr. at the

center, and 4.60 m.is/hr. at the bottom. The avemge dose rate in the GC sanr

ple was 4.8 X 106 , ads /hr.
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3.1 CAPSUIE PRESSUIE AS A FUNCTION OF GN01A DOSE

The filled capsules of cation resin (DDR HCR-S), anion resin (DOW SBR-OH)

and activated charcoal supplied by Chem-Nuclear Systems were placed in the
600-60 irradiator as shown in figure 6 and irradiated at 5 x 10 mds/hr. , in

the Georgia Tech hot cell. The capsule pressure was monitored visually usirs

a monocular sighting through the hot cell window in order not to disturb the

irradiation. The capsule tempemture was determined using thermocouples with

the reader located outside the hot cell. The temperature stabilized within a

few hours of the begir nirc; of the irradiation and remained between 30 C and 45 C

throughout the test. Die I-essure versus gamma my dose curves for the anion

msin, cation resin, and activated charcoal are presented in figures 7, 8, and

9, respectively. The pressure tests on the resin samples were teminated when

the pressure reached the limit of the pressure gauge which was 200 psig. Dup-

licate pmssum test capsules containing each of the adsorbent materials wem

prepared and irmdiated. One of the anion pressure test capsules developed an

interval leak in the spacer plug during the irradiation and the results from

that capsule were not reported. The close agmement between the duplicate ca-

tion resin tests indicate the reproducibility of the tests.

3.2 UflSICAL PROPERPIES OF IRRADIATED MATERIAL

E'ght GC capsules from the first phase of this project remained undis-

turted after one year and were available for phase two of this project. These

capsules wem opened and the physical properties of the material inside were

noted. Unlike the pressuru test capsules discussed later these capsules were

not expected to be under pressure due to the fact that they had been contained

only by a punctured rubber septum for this long period of time. Actually two

9
of the cap. _es wem still under pmssure, cation 5 x 10 rads and anion
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910 mds . After removal, samples of the solid material were soaked in water

and the properties of the remaining solids were recorded. 'Ihis water soak

test was intended to simulate the opening of TMI resin canisteru and tre use

of water to trnnsfer the resin to additional radioactive waste treatment faci-

lities.

Anion resin irmdiated to 10 rads has very little liquid present and a

strong smell of amines. When viewed under a microscope at 100X come large

fmetured pieces wem seen and som2 of the apherical beads appear to be shed-

ding layers of material. t,bst of the beads were transparent and slightly

brown. Among the remaining spherical beads no drastic changes from unirra-

diated Insin in the size distribution or density were apparent. 'lhe water-

soaked beads showed no changes.

9Anion msin irradiated to 10 mds results in a flowing slurr/ of liquid

and resin. Fmetured pieces of beads were visible under a microscope and som2

of the beads had rough scaling surfaces. No changes in the size distribution

or density of the remaining spherical beads were apparent in either the slurr/

or the water soaked sample. The liquid was watery and strelled more of ammonia

than amires.
0Cation resin irradiated to 10 rads showed very few changes. The beads

were slightly darker than unirradiated beads. No additional liquid was

found in these sanples and no noticeable odor was detected. No fractured

pieces of resin beads could be detected. When the irradiated beads were soaked

in water no chanrys were noticeable. In the dr/ state the beads showed a ten-
1

dency to cling together or to cling to any surface close by.
8 8At 3 X 10 to 5 X 10 rads the cation resin beads darken considerable but

are not completely black. After water is added a floculent red-brown preci-

pitate becones apparent. Frem microscopic examinations it appears that this
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fine precipitate forms frum largar pieces of material broken down by the

added water. This pmcipitate is veIy fine and remains in suspension for sev-

eral hours after the mixture is shaken. Attempts to filter this precipitate

after shaking were unsuccessful, since the fine material clogged the filter.

When the material had settled down for several hours it could be filtemd

through a 0.2 micron filter with more verj fine brown material remaining
i

on the filter. Again the rennining spherira1 beads have the same approxi-

mate size distribution and density as the unirradiated resin and water soak-

ing showed no changes in the reads themselves.

When the exposure is increased to 109 9rada and 5 x 10 mds, cation

resin shows no large additional changes in physical appearance. The red-

brewn, fine precipitate is present. No additional liquid is found. bbre frac-

ttund pieces of beads can be seen. The beads are all dark black and tend to

cling together or to any surface close at hand. 'Ihe only effect of water

soaking appears to be the production of the floculent precipitate.

Four pressure test capsules remaining frem the first phase of the pre-

ject were opened. Connercially available devices for sampling aerosol cans

were tested for application to the sampling of these pressure capsules. The

pressure capsules described in section 2 were not originally designed to
! be sampled since phase two was a much later addition to this preject. It

was found that the stainless steel pressure capsules could not be penetrated

in a manner that would allow retention of the gas using any conceivable type of

puncturing device. Measturnent of the gas volume and sampling of the radiolytic

gases was acconplished using a one liter gas sampling bag sealed around the

coruy3ction between the 1/8" tubing and the gauge.q

127



The air was removed from the bag by an aspirator ptro thmuch a hypodermic

needle inserted into the septum port on the sampling bag. After the bag was

evacuated a known cuantity of Xe-133 in 0.10 ml of air was injected into the

bag to masure th expanded volume of mdiolytic gas by isotope dilution.

Following the addition of Xe-133 the connection between the 1/8" tubing and

the gauge was broken and the radiolytic gases were allowed to escape into the

gan sarpling bag. She flexible sampling bag was sufficiently large to allow

the mdiolytic gases to expand until the pressure inside the bag was equal to

the atnospheric pressure outside. The gases were mixed with the Xe-133 by

kneading the bag for several minutes. A 0.8 m1 sanple was removed from the

carpling bag and counted for Xe-133 in a Ge(L1) gama spectrometer system.

The volume of mdiolytic gas in the sanpling bag was calculated by comparing

the concentration of Xe-133 in the 0.8 ml sample to the original anount in-

jected.

0The gas volume calculated for anion resin 7.9 X 10 mds was 680 cc at
920 C and 410 cc for cation resin 2.6 X 10 mds . From these gas volume mea-

cutumnts it is obvious that the effect of neglecting interstitial void volume

between beads and the gas solubility in the liquid-Insin mixture introduced a

serious error in phase one gas composition measurements on these samples with

high resin loading. In the pressure test capsules the bed volute was 67 cc with

an estimated 10 cc volume in the 1/8" line and the pressure gauge. At 200 psi,

which is the pressure at which these capsules were renoved frem the radiation

field, the gas in the anion capsules should occupy 50 cc and in the cation

capsules about 30 cc. Results from Gas an tlyses on samples fmm the pressure

r act capsules were corrected to the measured volumes.
4
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I 1.1 CHFRICAL PIOPFRfIES OF '11E LIQUID PHASE1

!

Iranediately upon opening the irradiation capsules the pil of the liquid

inside was treasured. Since the anount of 11guld in trnst cases was sun 11 and

inseparable from the rusin phase, samples of the resin liquid rrdxture were

placed on wide mnge pH paper and the pH was estimated. Additional samples

were placed on the appropriate narrow range pH paper for closer measurenent.

Anion resin liquid material was in the basic pH region between 7.5 and 9.0.

0'1he pH decreased with increasing ganma my dose from 8.5 - 9 0 at 10 rads
9to the 8.5 to 7.5 mnge at 10 mds . Cation resin showed a general increase

in pli with ganrna dose. These pH measurenents are given in table 1.

In order to perfona chemical analyses on the liquid phase *t was neces-

sary to add to a known anount of water a weighed portion of the resin-liquid

mixture to separate the phanes. This water soaking was especially rwcessary

in the low dose camples wheru the liquid phase was very small and held inside

the resin.

Sanples of the water extract from the irradiated cation resin material

were analyzed for total organic carbon, total organic sulfur, sulfate, organ-

ic acido, aldehydes, alcohols, and peroxides. Water extracts from the irm-

diated anion resins were analysed for total organic crrbon, total nitrugen,

:

annonia, amines, ory;1nic acids, aldehydes, alcohols, and peroxides. Ort;anic

carbon, nitrogen, and sulfur analyses were perfonned by Atlantic Microlab, In-

corporated. Carbon was determined by a modified Pregl procedure, nitrogen by

a modified Dumas procedurn, and sulfur by Schoniger flask co:Tbustion fol-

lowed by titration. Sulfate, amronia, and amines weru detennined by lon ex-

change chromatography using conductivity detection. 'Ihe results of these ana-

lyses are rymrted in table 2 and 3 as concentmtion of analyte in the orlginal
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j TABLE 1. pH OF LIQUID PHASE
;

i

j Besin Type Dose (rads) g Corments
! 8

Anion 10 8.5-9.0,

<

9| Anion 10 8.0-8.5
:

I Anion 10 7.5-8.0 Capsule pmssurized

!
,

0
; Cation 10 2.5-3.0
,

', 8
| Cation 3 X 10 4.0-4.5
; 8
: Cation 5 x 10 2.5-3 0

901 tion 10 4.0-4.5
9

i Cation 5 X 10 4.0 Capsule pmsaurized

!

i

i

!

|

1

4
4

i

i
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irradiated liquid-resin mixture. The water extracts wem analyzed for organic

acids by gas chromotography and liquid chromotography. The gas chronotographic

analyses were performed using the mthod described by Ottenstein and Bart--

ley (1,2) No simple orwinic acids of carbon number C to C
2 10 *

*.

this method. This was confirmed by ion exchange chromotcgraphy using both

conductivity and UV detection. Several anionic species wem detected using

the two detectoru but the retention times did not nutch any of the litemture

values. Attempts to extract these species from the effluent of the liquid

chrurntogruph wem ur' successful. It appears that nest of the ionic species

pmcent are multifunctional species and are veraj sensitive to the solution

conditions. Tnis is evidenced by the fact that liquid chromatography runs

using diffemnt buffers (borate or carbonate) give results which did not vary

in a predictable manner. Variations in the elution pattern were observed

with the column condition and the length of tine the sample was exposed to air.

Gas chromatographic analyses for alcohols, aldehydes, and ketones gave

results similar to the organic acid determinations. No simple compounds

could be detected by gas chromatography but polarographic analyses indicated

the presence of carbonyl groups either as aldehydes or ketones. Using the

polarographic method of Heyrovsky (3) a possible indication of the presence of

a ennll amount of peroxide was obtained. The polarographic peak found in

the samples was anall and shifted slightly negative fmm that in the pemxide

standards. The effect of other functional groups may account for the shift.

Infra md analyses proved to be of little use in verifying any of these re-

sults due to the difficulty in removing the compounds frem the water extracts.

The results of the chemical arnlyses on the water extracts from anion

resins show some distinct differences from those myiewed by Gangwer, Gold-
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| TABLE 2. CIDHCAL ANALYSIS OF WA'IER EXTRACTS FROM IRRADIATED ANION IESINS

i ,

hse (rads) C(%) N(%) Anronia (%) Vonomethyl Dimethyl Trimethyl

Amine (%) Amine (%) Amine (%)

10 4.1 0.72 0.002 0.015 0.41 2.1

910 6.5 1.4 0.027 0.19 2.6 0 79
.

9 4.8 1.3 0.044 0.26 2.2 0.8110

i
;

i

TABE 3. CIEMICAL ANALYSIS OF WATER EXTRACTS FROM IRRADIATED CATION FESINS

Doce (rada) C(%) Organic Sulfur (%) Sulfate (%)
,

I 8
-

10 2.2 0 0.59'

! 3 x 10 2.8 0 29

5 x 10 29 0 2.5

10 3.6 0 4.1

5 x 10 4.1 0 5.3

|

i

!
.t

!

4
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stein, and Pillay Organic carbon analyses indicate significant weight.

loss from the resin due to carbon compounds other than amines. he nest

striking difference appears to be the amine yields. At 10 rads the primary

product is trinethylamine as in the previous studies. When the dose is in-

9cmased to 10 mds the trirethylamine yield decreases drastically and nore

dinethyl and nononethyl amines are pmduced. It is not known what effect the

borate ion has in this system, which may account for the differences with pre-

vious work. Calculation of the total nitrogen found as anmonia and the var-

ious amines gives a nunber slightly smaller than the total nitrogen value

determined by the Dumas nethod. This small difference may indicate the pre-

sence of sone other forno of nitregen but it is very close to the experinen-

tal error in the five determinations.

4.2 CIEMICAL PIOPERPIES OF IRRADIATED SOLID MATERIAL

Samples of the sclid nnterial from the anion and cation capsules were

submitted to Atlantic Microlab for carbon, hydrogen, nitrogen, and sulfur

analysis. Carbon and hydrogen were determined by the nodified Pregl nethod,

nitrogen by the nodified Dumas procedure, and sulfur by Schonigcr flash com-

bustion and titmtion. %e samples were drained of any liquid and dried at

40*C under vacuum. Since the resin was not washed some of the liquid pro-

ducts probably rennined inside the beads. %e results am sunmarized in

Table 4 and expressed as percent of wet weight.

The analyses on the cation resin solids indicates that the solid nater-

ial runnins of essentially the sane elenental constitution up to 5 x 109 mds .

The caiton to hydrogen and carbon to sulfur ratios change by less than 10%.

On the other hand, the anion resin solids show changes with increasing dose.

%e carbon to hydrogen mtio increases by 25% between unirmdiated resin and
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TABIE 4. ELFJETPAL ANALYSIS OF ION EXCHANGE RESINS

Resin Dose C (%) H (%) N (%) S (%)

cation 0 43.55 4.78 0.0 9.98

8Cation 10 40.37 4.24 - 12.60

cation 3 X 10 40 30 4.49 - 11.08

Cation 5 x 10 41.10 4.35 - 12 52

9
cation 10 38.42 4.66 11.97

9Cation 5 x 10 42.25 4.72 - 10.36

Anion 0 47.09 7.54 3.18 0.0

Anion 10 48.79 7.49 3.10 -

9Anion 10 54.02 7 30 2.69 -

9
Anion 10 60.43 7.49 2.50 -
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9msin irradiated to 10 rada. 'Ihe carbon to nitrogen ratio increases by

60% over the sane dose interval. Loss of aliphatic amine groups probab]y

accounts for these changer. Unfortunately, these solids were so hydro-

scopic that infra-Ind analyses showed only the presence of water.

4.3 CHFRICAL PROPERfIES OF 'IEE GAS PHASE

Sanples of the radiolytic gases were withdrawn from the gas sampling

bags used to trap the radiolytic gases as described in section 3.2 Gas

sanples were drawn through hypodermic tubing into evacuated 25 ce glass

vials fitted with rubber septa. liydrocarbon gases were determined by gas

chrunatography on a k."X 6' stainless steel column packed with n-octane /

porasil e using a flane ionization detector. Hydrogen was determined by

gas chromatography on a 1/8" X 3' stainless steel coltmi packed with Pora-

pak R using a catalytic detector 'Ihermal conductivity gas chromato-.

graphy was used to determine CO , CO, N , and 0 na X @ Mosieve
2 2 2

S column. Sulfur gases were estimated by injecting an absortant solution

of Na 00 , Nalm , and H 0 into the vial, converting the sulfur gases to
2 3 22

SO nd d termining the sulfate by the method described in section 4.1.,

4

The results of these analyses on radiolytic gases from the pressure test cap-

sules are given in table 5 The following figures show the results of the

pressure test capsule analyses as well as neasurements made using the GC test

capsules in phase one of this project after correction for the gas voltme

effects discussed in section 3 2.

'Ihe results shown in table 5 for the cation resin radiolytic gases are in

rough agreenent with earlier results sunmarized by Gangwer, Goldstein, and Pil-

layb) for H ' (13 and CO. The cation resin used in this study was in the
2 2
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TABLE 5 ANALYSIS OF GASES FROM PRESSURE TESP CAPSULES

Pesin Dose 'Ibtal gas H CD (D CH 0 N Sulfbr gases

(rads) (cc/gm resin) (cc/gm)(cc/h) (cc/gn) (cc/gn) (cc / gm) (cc / gn) (ugS/gm)2 2 2

8Anion 7.9 x 10 12.6 6.8 1.1 1.3 0.81 0.56 0.68 -

9 6.8 2.8 0.83 1.0 0.12 0.71 - 0.09cation 2.5 x 10

-

O
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sodium fom with appmximately 30% water content. 'Ihe effects or the stain-

less steel surfaces and the contact with the radiolytic gases under high

pmssure are not known. The pmssum test capsules were allowed to sit under

pressure at mom tenperature for about one year between phase one and phase

two of this project which probably had some effect on the more mactive gas-;

|

es. Previous analyses on anion msin radiolytic gases am very sketchy and

comparison is further couplicated by the fart that the resin used in this

study was in the borate form. 'Ihis study was initially undertaken as an en-

gineering test to determine the pressum buildup in a few very specific

situations, as a result,, the later more basic scientific phase of this work

has had to cope with capsules and equipnent which wem not ideal from the

standpoint of basic msearch design.

142

, .



lettu1CES

(1) D. M. Ottenstein and D. A. Bartley, Anal. Chem.,~ 43 (7), 952 (1971).

(2) D. M. Ottenstein and D. A. Bartley, J. Qutnntog. Sci. , 9, 673 (1971).

(3) J. IIeyruvaky and P. Zunan, " Practical Polarography," p. 98,- Academic
Press, 1968.

(4) T. E. Gangwer, M. Goldstein, and K. K. S. Pillay, "fladiation Effects
on Ion Excharp bhterials," BE 50781, 1977

(5) V. C. McFarland, Private Cmmunication.

143

_ _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____ _____ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ - _ .

:
1

!

.
*

a

ANALYSIS OF IRRADIATED ION EXCl!ANGE MATERIALS: CORROSION EFFECTS

|

by
,

M. ''arck and J . G. Rinker
;

i Metallurgy Program, School of Chemical Engineering

.,

1

GEORGIA INSTITUTE OF TECHNOLOGY
Atlanta, Georgia 30332

4

1

:
I

FINAL RESEARCil REPORT
Sub-project

Prepared for
Brookhaven National Laboratory
Associated Universities, Inc.

Upton, N.Y. 11973 ,

-

144

4

k

, , , . ,---.m___ _ . , _ . . . - _,_ . . _ _ . , , _ , . . _ _ _ - _ . . _ _ , _ _ . . . _ . _ _ _ , _ . . . _ . . . _ - . -



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

r

|

4 OBJECTIVE

I .

-
~

To evaluate the corrosion effects on stainless steel containers which were
i
j exposed to irradiated ion-exchange resins.
1

i MATERIALS
i
| The containers were made of AISI type 304 stainless steel tubing stock. The

;j nominal composition of type 304 steel is: 18-20% Cr, 8-10.5% Ni, max 0.08% C,
)
; max 2% Hn, max 1% Si, max 0.045% P, max 0.030% S, balance Fe. The steel used
1

; in the program was not analyzed for actual composition.

The containers were made available for metallurgical examination after

i the resin had been removed. The samples were identified by letter codes; an
!

unexposed Cont.rol was also included in the examination. The sample codes,

| nominal sizes, radiation doses, and final pH data for the environment are
!

i shown in Table 1.
.

1 Only the internal surfaces of the tubes were exposed to the resin and the

products of its decomposition. The length of the containers which had been

i exposed was about 6.5 in. for samples A, C, and D, and about 4 in, for samples

i P - X and Control.
!

JROGRAM OF TESTS

f The following tests were conducted on each container: .

t

'

1. Examination of the interior surfaces by low-power microscopy.

2. Examination of the interior surfaces by scanning electron microscopy (SEM).

j 3. Meta 11ographic examination of both radial and axial sections.
1

1 4. Mechanical tensile testing to determine yield strength, ultimate tensile
i.

strength, and elongation at fracture.

145.
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A limited, energy-dispersive X-ray analysis was performed on some of the

samples to determine the composition of deposits on the surface exposed to

the resin.

PREPARATION OF SPECIMENS

The as-received samples were cicaned ultrasonically in distilled water. A

short section was cut from each tube and further cut into small pieces suitable

for metallographic and SEM examination. The remaining exposed part of each

container was prepared for mechanical testing. Sampics A, C, and D were machined

to produce tensile strip specimens of the shape and dimensions shown in Fig. 1.

Sampics I - X and Control were tested in the tubular form according to ASTM

E-8. Figure 2 shows the dimensions of the specimens and the brass plugs used

for the reinforcement of the ends.

TESTING PROCEDURES

The low-power optical microscopy and metallographic examinations were performed

using the standard techniques and facilities of the Metallurgical Laboratories

of the School of Chemical Engineering. The SEM examination was performed in the

Georgia Tech Engineering Experiment Station using the Cambridge Model 150

Scanning Electron Microscope. The tensile tests were done in the Fracture and

Fatigue Laboratory using the MTS Model 810 testing system, a 1 in. gauge length

extensometer, and an X-Y recorder for the recording of the load-elongation curves.
|

i
The crosshead speed was 0.02 mm/sec.

|

RESULTS

It was found that the sampics could be divided into two groups according to the

observed corrosion effects. Group I consisted of samples A, S, V, and X;
i

samples of this group had been exposed to the anionic resin and showed little.
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l

if any, evidence of corrosion attack. Group II consisted of samples C, D, P,

Q, T, U, and W, which had been exposed to the cationic resin and showed various

degrees of deterioration by corrosion. The results of the tests will be presented

separately for the two groups.

Group I. The low-power optical examination of the exposed surfaces failed to

reveal any difference between the unexposed control and samples S, V, and X.

No control was available for comparsion with sample A; the examination of sample

A did not reveal any surface features which would indicate a corrosion attack.

The metallographic examination also showed no difference between the structure

of the control and the structure of samples S, V, and X. Figure 3a shows a

micrograph representative of the structure of the control and Figure 3b . hows

the structure of sample V; examination of samples S and X showed same structures.

The SEM examination showed that the surfaces of the exposed samples were

cleaner than the surface of the control (Figure 4). No evidence of corrosion

attack was observrd on sample S (Figure 5) and sample A (Figure 6). Samples

V and X showed a slight etching of the grain boundaries (Figures 7 and 8).

The results of the mechanical tests (Table 2) show that all the differences

in properties in this group were within the limits of experimental error.

Group II. The appearance of the exposed surfaces of the samples in this group,

as revealed by both low-power and SEM microscopy, indicated that substantial

corrosion attack had taken place. The attack was usually localized in circular

areas which may have been the areas of contact between beads of the resin and

the metal. The attacked areas were etched and pitted; on the more severely

corroded samples the etching and pitting resulted in relatively large (up to

about 0.8 mm in diameter), shallow depressions. In some cases smaller but deep

pits were observed. Following is a brief description of the surface features
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observed on the individual samples:

Sample C. Large areas of the surface were covered with crusty deposits (Figure

9a); where the deposits peeled off, the metal surface was etched. Numerous

small, shallow pits (Figure 9h) and occasional deep pits were observed as well

as a few large and deep depressions. Relatively clean areas showed evidence

of grain boundary attack (Figure 10).

Sample D. Many relatively small pits, which were deeper than those on Sample

C, were observed (Figures 11 and 12). Large areas were covered with a dark

deposit. Some very deep pits were found, as well as some very largg but shallow,

areas of attack.

Sample P. Large areas of the surface were covered with a deposit. Where the

deposit had peeled off the surface was pitted and etched (Figure 13). The

examination of cross sections (Figure 14) showed that the attack resulted in

shallow depressions, about 50 to 70 pm deep.

Sample Q. Appearance was similar to that of Sample P. showing extensive pitting

under the deposits (Figure 15). Depressions caused by the attack were more

localized but deeper than on Sample P.

Sample T. Relatively clean surface that showed etched circular areas, some of

which contained deeper pits in the center (Figure 16).

Sample U. Examination revealed a relatively small number of sites of attack in

the form of circular, deep pits. bbst of the depressions were covered with

heavy deposits (Figure 17a). lieavy crystallographic etching was observed at

! the rims of the pits (Figure 17b).

Sample W. Large, circular areas were corroded into relatively deep depressions.

licavy deposits were found in the pits (Figure 18). Some of the area outside

|
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the pits was covered with a crust. Clean surface areas showed evidence of grain

boundary attack. Examination of cross sections showed shallow depressions up to

200 pm deep (Figure 19).

A semi-quantitative, energy-dispersive X-ray analysis of the deposits in

the pits showed high percentages of sulfur, nickel, and chromium, indicating

that the deposits were primarily sulfates of these two alloying elements.

In spite of the relatively severe attack on some of the samples, the

results of the mechanical tests (Tabic 2) did not show a degradation of
,

strength. The only significant degradation of properties was observed for

samples C and U which showed a decreased elongation at fracture.

DISCUSSION

The results of the metallographic and surface examinations of the containers

show that the anionic resins caused little if any attack on the Type 304;

stainless steel. The very slight etching of grain boundaries on samples V and

X, which received the highest radiation doses, was not considered significant.
i
- The pressurized container, A, did not show any more attack than the other samples.

There was no effect of the exposure on the mechanical properties.
"

The lack of deterioration by the anionic resin and its products of de-

composition seems to be mainly due to the pH of the environment, which was in

the neutral to slightly alkaline range. These conditions are favorable for the

resistance of stainless steel to the corrosion. The lack of corrosion is also

evidence of the absence of aggressive species in the environment. The cationic

resin and its products of decomposition caused serious deterioration of the

stainless steel. The deterioration was generally higher for higher radiation

doses, sample T being least attacked and sample W most attacked. There were,

however, no sharp differences between samples which received slightly different

149
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radiation doses. The deterioration seemed to be related mainly to the acidic

nature of the environment, which ranged f rom pH 2.5 to pH 4.5. At this level

of acidity, the Type 304 stainless steel is less corrosion resistant than in

neutral environments. The presence of sulfates in the electrolyte indicates

that the environment was essentially a sulfuric acid solution. A detailed

chemistry of the environment was not available.

The localized nature of the attack indicates that at the areas of contact

between the resin and the container, and/or under the crusty deposits of the

products of decomposition, formation of localized corrosion cells resulted in

a severe local attack. The attack was probably intensified by local chemistry

changes, which may have included further acidification and or.ygen concentration

differences. The mechanism of the attack may have included other aggressive

species; since the detailed chemistry of the environment was not available,

these factors could not be thoroughly evaluated.

Although the depth of the attack was as high as 20% of the wall thickness

in the deepest pits, the mechanical strength, as determined by the tensile tests, was

not affected. This can be explained by the localized nature of the attack; even

the deepest pits represented only a small f raction of the total cross section.

The only noticeable effect on mechanical properties occurred when a pit was

located in a critical area, such as at the edge of the specimen, and the resulting

localization of deformation led to lower values of elongation at fracture.

In spite of the lack of effect on mechanical strength the observed corrosion

attack represents a serious degradation of the stainless steel containers. The

form of the attack indicates that, at longer exposures, corrosion wnuld probably

result in perforation of the container walls.

l 150

;



CONCLUSIONS
_

| 1. The irradiated anionic resin and its products of decomposition did not

significantly attack the Type 304 stainless steel containers.

2. The irradiated cationic resin and its products of decompcsition caused

significant localized corrosion of the Type 304 stainless steel containers.

The attack was in the form of etching under surface deposits, and pitting.

The pits were of different sizes, including some large and deep depressions.

3. Although the corrosion attack did not cause loss of strength of the test

cylinders, the localized nature of the attack might cause performation

of the walls at longer exposures.

d

(

|
;

t
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Table 1

Sample Codes, Nominal Sizes, and Exposure Data

Nominal Nominal wall Resin Dose pil
Code 0.D. (in.) thickness (in.) type (rads)

A) 1.0 0.037 anion 7.9x108

C) 1.0 0.037 cation 2.5x10I 9I

D) 1.0 0.037 cation 2.5x109

P 0.5 0.034 cation 1x10 4.0-4.5

Q 0.5 0.034 cation 3x10 4.0-4.5

8
S 0.5 0.034 anion lx10 8.5-9

8T 0.5 0.034 cation 1x10 2.5-3

8
U 0.5 0.034 cation 5x10 2.5-3

V 0.5 0.034 anion lx10 7.5-8

W 0.5 0.034 cation 5x10 4

9
X 0.5 0.034 anion 1x10 8-8.5

Control 0.5 0.034 none none

1) Pressurized containers

2) pil of the environment in the containers at the end of the exposure,
as determined in the main project.
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Table 2

Results of the Tensile Tests of the Containers

Sample Code Yield Strength Ultimate Tensile Elongation
(Maa/ psi) Strength (MPa/ psi) at Fracture
MPa(psi) MPa (psi) %

A 250 (36,200) ND 68
250 (36,300) 68

C 243 (35,200) ND 41
228 (33,000) 58

D 247 (35,800) ND 55
249 (36,100) 60

P 310 (44,950) 642 (93,140) 61

Q 356 (51,600) 658 (95,400) 59

S 331 (46,060) 650 (94,290) 63

T 312 (45,750) 646 (93,750) 72

U 333 (48,280) 639 (92,640) 47

V 325 (47,170) 646 (93,750) 63
W ND 642 (93,180) 61

X 312 (45,220) 650 (94,290) 63

Control 314 (45,480) 650 (94,290) 64

Notes: Sampics A, C, and D were made of a tubing stock dif ferent
from the one used for samples P - X and Control.

ND: Not Determined
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APPE!IDIX B - CALCULATIO!1 OF DOGE TO BtTrlIED AI130RBEITP MATERIAL

Container dimensions - h=136 cm, r=30.5 cm

Ibsin load / Container - 10ft3 = 2.84 x 105 3cm

| Asstm d Activity Loading (per container)

420 C1 Cs-137
50 C1 Cs-134

: 70 Ci Sr-90
! 120 C1 Ce-144

Beta Dose

Dose Rate =

10 -6(Q C1) (3.7.10 dps/C1) (E BbV) (1.6 X 10 errs /bbV) (3600 Sec/hr)

(Wr;;:s) (100 ergs /gr/ rad)

Assune:

0Resin Density = lgm/cc, or 2.84 X 10 grs Resin per Container

Dose Rate From Cs-137 6

3 1.18 M)V (6.0%)1

6, 0.514 BbV (93.5%)

0.557 lbV Average Maximum Energy (Weighted Average)
0.186 bbV Average Beta Energy (1/3 X 0 557)

10 -6DR = (42001) (3.7 X 10 dps) (0.186 DbV) (1.6 X 10 ergs /BbV) (3600 cec /hr)

5(2.84 X 10 gms) (100 ergs /gr/ rad)

= 586 Rads /hr

-1A = 0.0231 yr- or 6.326 x 10-5 day
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s.

,

Ten Year Dose D. ) = (586PadsAlr) (24hr/ day) (1-c-A3652.5)
-5 -1 76.326 x 10 3y . 4.50 x 10 Rads

Da = (586 RwsMir) (24hm/ day)

-5 8~ Rads6.326 x 10 = 2.22 x 10

Ence Rate Frua C3-1348

8 0.662 MeV (71%)1

6 0.089 obv (28%)2
>

0.495 bbV Average Maximum Energy (Weighted Average)
0.165 bbV Average Beta Energy (1/3 x 0.495)

DR = (50) (0.165) (7 50) = 62 Rads /nr

A = 9 257 x 10-4 day-1

D = (62) (24) (1-e-A3652.5) = 1.55 X'10 Rads6
10

De = (62) (24)
69.257 x 10- = 1.6 x 10 Eads

Dase Race Frun Sr-908

8 0.546 obv (100%)1

6 2.27 obV (100%)2

2.82 bbV Maximum Beta Energy

0.94 bbV Avemge Beta Energy '

DR = (70) (.94) (7.50) = 494 Rads 42r

,

D = (494) (24) (1_ 3652.5) = 3.834 x 107 Rads10
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Do = (494) (24)
-5 86.778 X 10 = 1.75 x 10 Racb

I

Duae Rate Frun Ce-1446

61 0 33 fbV (75%)

6 0.16 t4ev (25%)2

S 2.996 f.bv (98%)*

inuchter (
3.284 fbV Paximum Average Energy

i

1.10 tbV Averary Beta Fnerfy

'

DR = (120C1) (1.10) (7 50) = 990 Rads /hr

A = 2.44 X 10~ day-1

D 9 * "
''

, 10

Do = (990) (24)
6

2.44 X 10-3 = 9.74 X 10 Rada

Total Beta Dose

D = 4.60 X 10 + 1.55 x 106 + 3.83 X 107 + 9.73 X 106
7= 9.56 x 10 Rach'

10

Du = 2.22 X 10 + 1.6 X 106 + 1.75 X 108 + 9.74 X 106
8= 4.08 x 10 Rada

Gama Lone

Dose Rate = C T g Rads /hr, Where

C = m 01/On

P = gamma my constant

- g = averapp rpor:ntr)" factor
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Cylinder r = 30.5 cm, b = 136 cm; g %150 assures tisaue equivalent.

Dose Rate From Ca-137y

2
T = 3 3 Ibdn Cm /hr - nC1

5
DR = (3 3) (4.2 X 10 mC1) (150)

2.84 X 10 Cm3 = 832 Ratb/hr

D
) IO

Do = 2.80 X 10 Ihda

Dane ihte Prom C3-134y

I = 8.7

DR = (5 X 10 mC1) (817) (150)

2.84 X 10 Cm = 230 Rads /hr
,

'
6

| D #'
10

! 6
i Do = 5 95 X 10 FM s
I

l

Doce Ibte From Sr-90 - Ganma Doce Is Zem

Dane Thte Fmm Ce-144y

F = 0.4

#DR = (1.2 X 10 mC1) (0.4) (150)
5 2

2.84 X 10 Cm" = 25.4 Rada/hr
5D = 2.49 X 10 fhda

Do = 2.62 X 10 Rada
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Total Gama Dose

D = 5.74 X 107 + 5.75 X 106 + 0 + 2.49 x 105 7= 6.34 X 10 Rae

8 T8
Do = 2.80 X 10 + 5.59 X 106 + 0 + 2.52 X 103= 2.86 X 10 Rads

r

p
i
i

Total Dose - Beta and Ganura
k

010 total + D YtotalD =D
10 10

= 9.56 x 107 + 6.34 X 107 = 1.59 X 10 Rads

+D totalDo = Da6

= 4.08 X 10 + 2.86 X 10 = 6.94 X 10 Rads

|

|

|

|

|
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