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ABSTRACT

An empirical relatignship has been developed to estimate the cumulative
fractional releases of 137Cs from simulated waste forms as a function of
leaching time and the geometric surface-to-volume ratios. Data from an on-
going leaching study were used. The simulated waste forms consisted of or-
ganic cation exchange resins solidified in Portland I cement at a waste-to-
cement ratio of 0.6 and water-to-cement ratio of 0.4. The nominal specimen
dimensions were: l-inch diameter x l-inch high, 2-inch diameter x 2-inch high,
2-inch diameter x 4-inch high, 3-inch diameter x 3-inch high, 6-inch diameter
x 6-inch high, 6-inch diameter x 12-inch high, and 12-inch diameter x 12-inch
high. The waste forms were leached in deionized water using a modified IAEA
leaching procedure. :

A study designed to evaluate the leachability of 137Cs, 855r, and
60co from simulated boric acid waste solidified in Portland III cement and
to measure the compressive strength of the ensuing waste forms before and
after leaching was concluded. Leaching data extending over 229 days are pre-
sented. The simulated waste forms were leached in deionized water using a
modified IAEA Tleaching procedure. The compressive strength of the specimens
was measured initially and after their exposure to a leaching environment for
352 days.
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SUMMARY

I. Experiments were initiated earlier to determine if the leachability
of 137Cs from small-scale laboratory samples could be used in predicting the
leaching behavior of larger waste forms. This progress report updates the
experimental data obtained to date, presents an empirical method of correlat-
ing the leaching data from the small-scale samples to those from large sam-
ples, and offers a method of estimating the cumulative fraction release for a
given waste form size for a given total leaching time.

Simulated waste forms consisted of organic cation exchange resins solid-
ified in Portland I cement at a waste-to-cement (w/w) ratio of 0,6 and a
water-to-cement (w/w) ratio of 0.4. Samples with nominal specimen dimensions
evaluated to date were: 1l-inch diameter x l-inch high, 2-inch diameter x
2-inch high, 2-inch diameter x 4-inch high, 3-inch diameter x 3-inch high,
6-inch diameter x 6-inch high, 6-inch diameter x 12-inch high, and 12-inch
diameter x 12-inch high. The waste forms were leached in deionized water
using a modified IAEA leaching procedure. Incremental and cumulative
fractional releases of 137Cs were determined.

Observations and conclusions from the data collected to date are:

e The physical integrity of the 6-inch diameter x 12-inch high, and
12-inch diameter x 12-inch high waste forms began to deteriorate after
approximately 100 days of leaching. (We are currently attempting to
understand the reasons for this deterioration, and are preparing new
forms with possibly a modified formulation that will withstand Tonger
leaching periods.)

e An empirical relationship was developed from the leaching data
obtained to date in this study. This empirical approach relates the
cumulative fractional release to the geometric surface-to-volume ratio
of the waste forms and the square root of the leaching time.

[I. This progress report concludes_a_stud 1n1f1afeg earlier, and de-
signed to evaluate the leachability of 1.37Cs Sr and 90Co from

simulated boric acid waste solidified in Port]and III cement. The compressive
strength of the ensuing waste forms was measured before and after 352 days of
leaching.

The waste forms were made with 3%, 6%, and 12% boric acid solutions whose
pH's were adjusted to approximately 12. The waste-to-cement ratios studied
were 0.5 and 0.7.

The following conclusions and observations were made:

e Increasing the waste-to-cement ratio from 0.5 to 0.7 caused an
increase in the leachability of 137¢s from the three boric

Xi



acid/cement composite formulations (i.e., made with 3%, 6%, and 12%
boric/acid solutions as waste). This effect is not noticeable for the
leachability of 89Sr from these composites.

e For a waste-to-cement (w/w) ratio of 0.7, increasing the boric acid
solution concentration (from 3% to 6% and 12%) effectively decreased
the leachability of both 137¢s and 83Sr. This trend is less
noticeable for a waste-to-cement ratio of 0.5 when comparing
composites made with 3% and 6% boric acid solutions, but becomes
prominent between composites made with 3% and 12%. The reasons for
this decrease in 137Cs and 85Sr leachability with increasing boric
acid content of the composites are not presently understood.

e The extent of 85Sr release was approximately one-twentieth that of
/Cs from these composites.

e Cobalt-60 was below the detection 1imit in the leachates from all the
composites (3.0 x 10-2 uCi per 1.5 L-samples).

o Compressive strength data:

For w/c ratio of 0.5 - Leaching for 352 days caused a substantial
decrease (approx. 50%) in the specimens compressive strength.

For w/c ratio of 0.7 - Although initially the compressive strength
of these specimens was approximately 40 to 50% lower than those at
w/c ratio of 0.5, it did not decrease further after 352 days of
leaching,

The compressive strength of the specimens at w/c ratios of both
0.5 and 0.7 was approximately 20 to 38 times higher than the lower
acceptable 1imit (50 psi) set forth in the proposed Code of Federal
Regulations, 10CFR Part 61.56.

e Leachate pH data:

The leachate pH values from composites at both w/c ratio of 0.5 and
0.7 did not differ, however, those from the samples containing the
3% boric acid solutions were systematically lower than those con-
taining the 6% and 12% boric acid solutions by approximately one to
two pH units.



PROPERTIES OF RADIOACTIVE WASTES AND WASTE CONTAINERS
QUARTERLY PROGRESS REPORT, APRIL-JUNE 1981

1.  CORRELATION OF 137¢s LEACHABILITY FROM SMALL-SCALE (LABORATORY) SAMPLES
TO LARGE-SCALE WASTE FORMS (W. Becker, A. Colavito, P. Hayde, L. Milian,
and N. Morcos) A

1.1 Introduction

Licensing of near surface low-level radioactive waste disposal sites and
waste forms/containers requires the ability to predict the dispersibility of
radionuclides from 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
Tow-level radioactive waste packages for disposal. Furthermore, the need to
develop test procedures and methodologies exists to enable the prediction and
extrapolation of long-term performance of waste forms based on short-term
laboratory tests.

Several theoretical and, empirical methods based on mass transport and
diffusion theory have been deve]ope? to predict the leachability of radio-
isotopes from waste composites. 1-8) A method has been recommended earlier
(1970) by the International Atomic Energy Agency (IAEA) for leaching samples
and for the analysis and interpretation of leaching data. (9) Recently, a
standard method, which has much in common with the earlier IAEA method, was
proposed by the American Nuclear Society Standards Committee Working Group
(ANS-16.1). This method suggests the accumulation of data over a short-term
period (five days) to determine the "Leachability Index," a material para-
meter. This parameter characterizes the leaching of a radionuclide from the
waste form under evaluation, and may be used for performance 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 (ISO) is also currently directing
efforts toward the adoption of a uniform 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 composite to the leaching time, the amount of that
substance initially present, and a diffusion rate. The s?1uti?n for the rate
equation describing this diffusion mode can be written as 1,10).

.f=%x2(0~£) 1/2 (1.1)
m



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 diffusion coefficient of the substance for the

particular composite matrix.

The underlying assumptions dictated by Equation (1.1) are that the iso-
tope under study is either stable or has a lTong half-1ife as compared to the
duration of the experiment and that the initial isotope surface concentration
of the waste form is zero. Furthermore, the relationship in Equation (1.1)
implies that initially for t = 0, the fraction leached (f) is also zero.
However, experimental leaching data deviates from this pr?dictgon for small
values of t, and a more general relationship is suggested 1,11).

f=_S_'ZD_E 1/2+o(, (1-2)
Vv T
where the added term (a) i? attributed to non-diffusive contributions from the
surface of the waste form. (4,12 Furthermore, a linear relationship of this
added term () with the S/V ratio of the waste form was shown to exist. (12)

Experiments were initiated earlier(13) to determine if the leachabil-
ity of 37cs from small-scale laboratory samples could be used in predicting
the leaching behavior of larger waste forms. This report updates the experi-
mental data obtained to date, presents a method of correlating the leaching
data from the small-scale samples to those from large samples, and offers a
method of estimating the cumulative fractional release for a given waste form
size and a given leaching time.

1.2 Experimental

The waste forms being evaluated in this study are representative of those
that are expected to be generated at nuclear power plants, e.g., organic ion
exchange resins, boric acid, and sodium sulfate regenerative waste solid-
ified in Portland cements and vinyl ester-styrene (Dow). Cylindrical waste
composites with the following dimensions (inches) are considered in this study
(diameter x height): 1 x 1, 2x 2, 2 x4, 3x3,6x6, 6 x12, 12 x 12, and
22 x 22. The largest size approaches the dimensions of waste solidified in a
55-gallon drum.

This report presents updated leaching data obtained from 1 x 1, 2 x 2,
2 x4, 3 x 3, and 6 x 6 forms together with new data from 6 x 12 and 12 x 12
forms incorporating organic cation exchange resins loaded with 137¢s and
solidified in Portland I cement. An empirical method of predicting cumulative



fractional releases from various size forms as a function of total leaching
time is also presented. Larger size forms (22 x 22) are presently in the
leaching phase.

The amounts of 137Cs added to the different size waste forms were
chosen by using the relationship f1(V/S); = f2(V/S)2 where f{ and
fo are the cumulative release fractions leached from two different waste
forms during the same leaching time, and (V/S)y and (V/S), are the geo-
metric surface-to-volume ratios of these two forms. The measured leached
fractions from 2 x 4 organic cation exchange resin/Portland II cement compos-
ites(14) were substituted for f1, and fp was calculated for the various
sizes using the appropriate (V/S), value.

A modified IAEA leaching procedure(15) was followed. The first leach-
ing period was 100 minutes, and thereafter the leachant was changed daily,
during the first 42 days, except for weekends, where the leaching periods ex-
tended from Friday to Monday. (However, the leachant was changed during the
first weekend). After 42 days, the leaching periods were extended to a week,
and later to a month, based on the amount of activity observed in the leach-
ates.

1.2.1 Organic Cation Exchange Resin Preparation

Organic cation exchange resins (Rohm and Haas IRN-77, Ht form) were
converted to the Na* form with 2 molar NaOH solution. The volume of NaOH
solution was twice that of the resin and was decanted after the sorption peri-
od. The resins were then rinsed with deionized water until the pH of the
rinse water was comparable to that of the initial deionized water. The resins
were stored under deionized water.

1.2.2 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 incorporated simulated waste composition consisted_of 33
weight percent IRN-77 cation exchange resin, Na* form, loaded with 137Cs,
and 67 weight percent deionized water. This formulation was chosen because
test samples maintained their physical integrity during a prolonged leaching
period (4-5 weeks), and because it provided good workability of th? meture
during the mixing stage. Earlier process parameter investigations 16) for
the solidification of ion exchange resins in cement had defined boundaries for
the components of the waste form (resin, water, and cement) where a free
standing solid product was produced. However, the durability of the solidi-
fied product upon immersion in water had not been evaluated. Formulations
corresponding to those shown in the area bounded by heavy lines in the table
reproduced from Reference 16 were evaluated (see next page). Up to twelve
two-inch-diameter by four-inch-high forms were made and immersed in deionized
water to evaluate their physical integrity (no evidence of crumbling) under
leaching conditions. Only two formulations, denoted by the triangle and
circle in the table, passed the immersion and workability



Table (From Manaktala and Weiss - Ref. 16)

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

Cement—= 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

0.3 15,7718 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

157.1 137.6 122.2 110.0} 100.0 91.7 84.6 78.6

0.4 0.0 66.0 80.0 91.7 101.5 110.0

62.8 44,0 40.0 36.7 33.9 31.4

157.2 110.0 100.0 91.7 84.6 78.6

0.5 13.8 36.7 55.0 70.0 82.5 93.1 102.1

68.7 61.1 55.0 50.0 45.8 42.3 39.3

137.5 122.2 |} 110.0 100.0 91.7 84.6 78.6

0.6 0.0 24.4 44.0 60.0 73.3 84.6 94.3

8.5 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 86.4

85.6 77.0 70.0 64.2 59.2 - 55.0

122.2 | 110.0 100.0 91.7 84.6 78.6

0.8 0.0 22.0 40.0 55.0 67.7 78.6

97.8 88.0 80.0 73.3 67.7 62.8

122.2 110.0 100.0 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 70.7

110.0 100.0 91.7 84.6 78.6

1.0 0.0 20.0 36.6 50.8 62.8

110.0 100.0 91.7 84.6 78.6

110.0 100.0 91.7 84.6 78.6

8Each en rg is . composed of three parts, viz., resin (15.7), water (47.1), and
cement (157.1).




tests. However, some of the forms with the triangle formulation began to
crumble after several days in water, whereas there were no failures of the
formulation shown in the circle.

$

The objective of this work is not to develop a formulation for pro-
cessing ion exchange resins for waste disposal, but specifically to obtain
composites for these experiments, which will maintain physical integrity
during an extended leaching period, perhaps as long as one year for the large
waste forms.

The following procedure was used in preparing the 1 x 1, 2 x 2, 2 x 4,
and 3 x 3 forms: The appropriate amounts of resins were added tgo_each mold
and covered with deionized water to which a measured amount of 137Cs radio-
tracer was added while stirring. After a twenty-four-hour equilibration
period, the water was sampled and assayed for ’Cs content to assure uptake
by the resin. The water was then removed by suction through a fritted filter
and an amount of fresh water was added commensurate with the formulation for
the composite. The larger samples (6 x 6, 6 x 12, and 12 x 12) were prepared
in a slightly different manner. The amount of water added to the resins prior
to the addition of 137Cs was the amount needed for solidification, and
therefore was not decanted after equilibration and 137¢s assay. The amount
of 137¢s remaining in the aqueous phase (after sorption) for all samples was
Tess than 0.1% of the initially added activity, indicating that greater than
99.9% of the 137Cs was sorbed onto the resins.

The mixtures of cement, water, and resins in individual molds were hand
stirred with polyethylene rods 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 composites cured in air or left open to air after
curing, disintegrated after immersion in water.

Table 1.1 summarizes the waste composite sizes made to date, together
with their contents, volume-to-surface ratios, and leachant volumes. Each
sample size was prepared in triplicate.



Table 1.1

Composite Dimensions, Components, and Leachant Volumes

) Volume
. Composite Components (g) 137¢s Added of
Dla@eter Height V/S Veight Cement Waste to Composite Leachant
Sanple (in.) (in.) (cm) (g) Portland I TRN-77d Hp0 (uCi) (mL)
1 x1 0.89 0.90 0. 396 20 12,5 2.5 5.0 1 265
0.89 0.90 0.396 b 12.5 2.5 5.0 1 265
0.89 0.90 0.396 b 12.5 2.5 5.0 1 265
2 x 2 1.75 1.80 0.784 150 93.8 18.8 37.5 10 1,050
1.75 1.80 0.784 150 93.8 18.8 37.5 10 1,050
1.75 1.80 0.784 - 150 93.8 18.8 37.5 10 1,050
2 x4 1.77 3.46 0.936 290 181.3 36.3 72.5 10 1,700
1.77 3.46 0.936 290 181.3 36.3 72.5 10 1,700
1.77 3.46 0.936 290 181.3 36.3 72.5 10 1,700
3 x3 2.86 3.20 1.32 734 460 92.0 184 10 2,950
2.86 3.20 1.32 735 460 92.0 184 10 2,950
2.86 3.20 1.32 735 460 92.0 184 10 2,950
6 x6 5.79 5.53 2.54 b 3,250 650 1,300 500 11,000
5.79 5.47 2.54 b 3,250 650 1,300 500 11,000
5.79 5.45 2.54 b 3,250 650 1,300 500 11,000
6 x 12 6.00 11.6 3.03 9,620 6,139 1,228 2,456 1,000 18,200
6.00 12.S 3.07 9,250 6,139 1,228 2,456 1,000 18,200
6.00 11.1 3.00 9,430 6,139 1,228 2,456 1,000 18,200
12 x 12 12.5% 11.5 5.14 40,000 24,900 4,990 9,980 10,000 44,000
12.3 11.5 5.09 40,100 24,900 4,990 9,980 10,000 44,000
12.3 11.5 5.09 39,800 24,900 4,990 9,980 10,000 44,000

420ohm and Haas Amberlite organic cation exchange resin.
brot weighed.

1.2.3 Leaching

The composites were leached in deionized water using a modified IAEA
leaching procedure(lo) described earlier. The leaching volume was deter-
mined by the relationship: V = 10 ¢m x S, where V is the leachant volume and
S is the geometric surface of the composite being leached.

Leaching was carried out using two sets of leach containers. The sam-
ples were placed in fresh leachant and the leachate from the previous period
was acidified with HNO3 (volume of conc. acid =1% volume of leachate).
Ten-milliliter aliquots of this acidified leachate were withdrawn in a plastic
test tube and assayed for 137¢s content in a 3 in. x 3 in. Nal well crystal.
The remaining liquid was removed, the container was washed, and fresh leachant
was added to it for the next leaching period. The fresh leachant was allowed
to equilibrate to room temperature overnight before transferring the waste
form from the other container.



AT1 samples were counted so as to achieve a minimum of 1,000 counts in
the "window" set around the 137Cs photopeak (661.6 keV). Data reduction was
performed using a computer program developed at BNL by Barletta, et. al.(1l7
Fractional and cumulative fractional releases from the forms were calculated
and cumulative fractional release data as a function of time were plotted by
the program,

1.3 Results and Discussion

1.3.1 Leaching

The calculated incremental and cumulative fractions released from each
waste form are given in Tables 1.2-1.8. The errors quoted represent only the
statistical errors associated with the counting of each fraction. These data
are also graphically shown in Figures 1.1-1.14. Each pair of figures shown on
a page presents the leaching data of three replicate samples and the average
cumulative fraction release of the three replicates except for the 12 x 12
samples. The average cumulative fraction release curves have been normalized
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 ambient air during the curing process. This line
corresponds to a crack in the mold used in the fabrication of this sample.

The cumulative fraction releases from the composites that deteriorated
were higher than those from the composites that remained intact. However, the
actual geometric surfaces of the deteriorated composites were not measured,
and their geometric surfaces prior to leaching were used to calculate the
normalizing V/S ratio. '

(Continued on Page 22)



Table 1.2

137¢s Incremental and Cumulative Fractions Released From
1 x 1 Organic Cation Exchange Resin/Portland 1 Cement Composites

Composite #3

Composite #2

Composite #l

Cumulative Fraction

Incremental Fraction

Cumulative Fraction

Incremental Fraction

Cumulative Fraction

Incremental Fraction

Time
Days

Released x 100

Released x 100

Released x 100

Released x 100

Released x 100

Released x 100
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Figure 1.1 137Cs cumulative fractional release vs (time)1/2 from
1-inch-diameter x l-inch-high waste composites (w/c = 0.6;
V/S = 0.396 cm). (The two forms denoted by g3 and o partially
disintegrated during the first three weeks of leaching.)
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Figure 1.2 Average cumulative fractional release of 137Cs vs (time)1/2
from 1-inch-diameter x l1-inch-high waste composites (w/c = 0.6;
V/S = 0.396 cm).



Table 1.3

137¢s Incremental and Cumulative Fractions Released From
2 x 2 Qrganic Cation Exchange Resin/Portland I Cement Composites

Composite #3

Composite #2

Composite #1

Cumulative Fraction

Incremental Fraction

Cumulative Fraction

Incremental Fraction

Cumuletive Fraction

Incremental Fraction

Time
Days

Released x 100

Released x 100

Released x 100
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Figure 1.3 137¢s cumulative fractional release vs (time)l/2 from
2-inch-diameter x 2-inch-high waste composites (w/c = 0.6;
V/S = 0.784 cm). |
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Figure 1.4 Average cumulative fractional release of 137¢s vs (time)l/2
from 2-inch-diameter x 2-inch-high waste composites (w/c = 0.6;
V/S = 0.784 cm).
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Table 1.4

137¢s Incremental and Cumulative Fractions Released From
2 x 4 Organic Cation Exchange Resin/Portland I Cement Composites

Composite #3

Composite #2

Composite #1

Incremental Fraction

Cumulative Fraction

Cumulative Fraction

Incremental Fraction

Cumulative Fraction

Incremental Fraction

Time
Days

Released x 100

Released x 100

Released x 100

Released x 100

Released x 100
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Figure 1.5 137Cs cumulative fractional release vs (time)l/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 1.6 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). .
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Table 1.5

137Cs Incremental and Cumulative Fractions Released From
3 x 3 Organic Cation Exchange Resin/Portland I Cement Composites

Composite #3
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Figure 1.7 137¢s cumulative fractional release vs (time)l/2 from
3-inch-diameter x 3-inch-high waste composites (w/c = 0.6;
V/S = 1.32 cm).
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Figure 1.8 Average cumulative fractional release of 137¢s s (time)l/2
from 3-inch-diameter x 3-inch-high waste composites (w.c. = 0.6;
V/S = 1.32 cm).
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Table 1.6

137¢s Incremental and Cumulative Fractions Released From
6 x 6 Orgenic Cation Exchange Resin/Portland I Cement Composites
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Figure 1.9 137Cs cumulative fractional release vs (time)l/2 from
6-inch-diameter x 6-inch-high waste composites (w/c = 0.6;
V/S = 2.52 cm). (The form denoted by g partially disin-
tegrated during the first four weeks of leaching.)
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Figure 1.10 Average cumulative fractional release of 137¢s vs
(time)1/2 from 6-inch-diameter x 6-inch-high waste
composites (w/c = 0.6; V/S = 2.52 cm).
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Figure 1.11 137¢s cumulative fractional release vs (time)l/2 from
6-inch-diameter x 12-inch high waste composites (w/c = 0.6;
V/S = 3.30).
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Figure 1.12 Average cumulative fractional release of 137Cs vs
(time)1/Z from 6-inch-diameter x 12-inch-high waste
composites (w/c = 0.6; V/S = 3.30).
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Table 1.8

From 12 x 12 Organic Cation Exchange

137Cs Incremental and Cumulative Fractions Released
Resin/Portland I Cement Composite #1a

Cumulative Fraction

Incremental Fraction
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aComposites #2 and 3 were made at a later date

16 percent counting uncertainty.

)

and will be reported in a future report.

Number in (

b
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Figure 1.13 137Cs cumulative fractional release vs (time)l/2 from
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Figure 1.14

12-inch-diameter x 12-inch-high waste composites (w/c = 0.6;

V/S = 5.11).
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Cumulative fractional release of 137Cs x V/S vs (time)l/2
from 12-inch-diameter x 12-inch-high waste composite (w/c =
0.6; V/S = 5,11).
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Table 1.9 summarizes the cumulative fraction released from all the sam-
ples studied to date at 11 different leaching periods (0.07, 1, 2, 3, 4, 5, 9,
15, 21, 30, and 42 days). Leaching periods beyond 42 days will be considered
in a later report when data from the larger waste forms become available.

Table 1.9

Cumulative Fractional Release at Fixed Intervals?®

Cumulative Fractional Release Within Days

Size S/V 0.07d"1d 2d 3d 4d 5d 9d 15d Z1d 30d 42d
1 x1 2.53 2.8 14,7 20.8 25.3 28.7 31.4 38.7 45.6 50,7 56.8  68.6
2x2 1.28 1.70 7.80 11,0 13.1 14.9 16.3 21,2 24.5 21.6 31.7 36.3
2 x4 1.07 1.10  5.10 7.47 9.23 10.8 12,2 16.3  20.5 23.9 28.6 34.2
3x 3 0.76 0.94 3.60 4,84 5.82 6.67 7.40 10.0 12.8 15.0 18.4 22.2
6 x6 0.40 0.51 2.20 2,23 3.27 4.09 5.80 7.20  9.20 10.7 12.2 14.4
6 x 12 0.33 0.29 2.10 3.29 4,24 5.02 5.00 7.70  9.60 11,2 13.0 15.0
12 x 12 0.19 0.10 0.94 1.53 3.42 4.37 3.40 5.30 6.50 7.38 8.40 9.37

aFor sample sizes studied to date.

1.3.2 Analysis of Leaching Data

An empirical approach is presented in analyzing the leaching data.
Equation (1.2) (f = S/V - 2(Dt/n)1/2 + o) indicates that a plot of the
cumulative fractional release vs (S/V) would yield a line with slope equal to
(Dt/n)1/2 and intersect the "cumulative fraction release" axis at a.

The cumulative fractional releases (CFR) were plotted as a function of
S/V ratio at each of the leaching times mentioned above, and are shown in y
Figure 1.15. A linear dependence of CFR on the S/V ratio is observed. It
should also be noted that these lines do not meet at the origin, indicating
that (u)to # 0.

A least squares linear regression was performed on these lines to de-
termine the best fit slopes and intercepts. The results of these calculations

are summarized in Table 1.10 together with the coefficients of determination
as defined by:

az(CFR); + bE(S/V); x (CFR), - 1/n(>:(CFR)1.)2

2
i

2
Ry =

z(CFR)2

. 1/n(zCFR)

t

where the coefficients a and b are the derived coefficients from the fitting:
(CFR)¢=[o+ b (S/V)]t for each leaching period considered.
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Figure 1.15 Experimental cumulative fractional release data vs
S/V and their least squares linear regression fits.

Furthermore, since the slopes of these lines are equal to (Dt/n)l/z,
together with the assumption that the egfective diffusion coefficient should
remain constant for the same matrix then the rate of change of the
slopes (rewritten as slope = 2(D/ ™) /2 x £1/2 should be linear with re-
spect to the sauare root of the leaching time, i.e., for Z = t1/2, then
dS/dz = (D/m)1/2 = (a constant value).

A plot of these slopes (Table 1.10) at the different leaching periods
(0.07, 1, 2, 3, 4, 5, 9, 15, 21, 30, and 42 days), vs the square root of time
(Vdays) is shown in Figure 1.16, and indicates a_linear relationship atter the
five-day period. These data indicate that (D/x)1/2 is not a constant value
for leaching periods shorter than 5 days, but gradually approaches a constant
value. This is not surprising considering that during the initial leaching
period the mass transport is not predominantly diffusion-controlled. (4

A least squares linear regression on the slopes for leaching periods
from 9 days to 42 days, yields an expression of the form: Slope = a + bx
with:

RZ = 0.99 (coefficient of determination)
a = 5.41
b = 2.94
x = /t.
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Table.1.10

Summary of Slopes and Intercepts of CFR vs S/V

Time Time \1/2 Sloped Interceptd Coefficientb
(Days) Days (b) (o) of Determination
0.07 0.26 1.15 -0.01 0.98
1 1.0 5.86 -0.29 0.99
2 1.41 8.34 -0.51 0.98
3 1.73 9.72 0.09 0.98
4 2.0 10.86 0.47 0.98
5 2.24 12.05 0.35 0.99
9 3.0 14.49 1.62 0.99
15 3.87 16.81 2.64 0.99
21 4,58 - 18.54 3.55 0.99
30 5.48 20.71 4.75 0.99
4?2 6.48 25.13 5.03 0.99

dSlopes intercepts are obtained for the general relationship:

CFR = o+ b (S/V).

bThe coefficient of determin
as(CFR); + br(S/V); x (CFR), - 1/n(z(CFR)i)2

R

ation is defined as:

2
t

z(CFR)

2
i

- 1/n(zCFR)§
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Figure 1.16 Plot of the slopes [(D/m)1/2 x t1/2] of the lines
shown in Figure 1.15 vs (t)1/2, Note: The straight
line is a least squares linear regression on the points
for 9 days to 42 days.

Thus, the slope 2(Dt/m)1/2 [or the effective diffusion coefficient
2(D/7)1/2 x t1/2] could be calculated for any leaching period from nine
days and greater within the range of this experiment using the relationship:

(Slope)t = 5.41 + 2.94 x vt _ (1.3)
A similar fit was performed on the intercepts (o) of the lines shown in
Figure 1.15 and the square root of time (¥ day) resulting in Equation (1.4),
with a coefficient of determmination RZ = 0.98
ap = 1.78 + 1.12 /& (1.4)

A plot of these vy vs their corresponding square root of time is shown in
Figure 1.17.
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Figure 1.17 Plot of the intercepts [(a)¢] of the lines shown in

Figure 1.15 vs (t)1/2

least squares linea
to 42 days.

The observed linear relationshi
pendence of at on diffusion. The mech
not presently understood.

Combining Equations (1.3) and (1.
C(CFR)¢ = 3 (2.94 /& + 5.41) +
)

Thus, the cumulative fractional releas
geometric surface-to-volume ratio of S
(1.5). The cumulative fractional rele

Note: The straight line is a
r regression on the points for 9 days

p (Fig. 1.17) does not imply the de-
anism(s) contributing to this term are
4) into Equation (1.2), we get:

(1.12 /& - 1.78) (1.5)

e at a given time t from a sample with a

/V, can be calculated using Equation

ase calculated for several S/V values at

different time intervals are summarized in Table 1.11 together with the exper-

imental data obtained at these values.

These calculated cumulative fractional

reieases are plotted in Figure 1.18 together with the Tines derived from fit-

ting the experimental data. A good ag
lated values and the least square line
mental data.

reement is observed between the calcu-
ar regression fits through the experi-
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Table 1.11

Cumulative Fractional Release Experimental and Calculated Data

Cumulative Fractional Release Within Time (Days)
: 30

Dimension  S/V Mode 0.67 1 2 -3 4 5 9 15 21 42 47 56 112
1x1 2.53  Expmt.’ 2.8 14.7 2,08 25.3 28.7 31.4 38.7 45.6 50.7 56.8 68.6 73.5 86.4
Calc. 14.2 20,5 24.0 26,7 29,0 31,0 37.6 45,0 51,1 58,8 67.4 75.9 102.4
2x2 1.28 Expmt 1.70 7.80 11.0 13.1 14,9 16,3 21.2 24,5 27.6 31.7 36.3 38.6 48.5
Calc. 6.44 - 10,0 12.1 13.6 14,9 16.1 19.8 24.1 27.5 31.9 36.8 41.7 56.8
2 x4 1.07  Exmpt, 1,10 5.10 1.47 9,23 10,8 12,2 16.3 20.5 23.9 28.6 34.2 37.6 48.6
Calc. 5.14 8,27 10.0 11.4 12,5 13.5 16.8 20.5 23.6 27.4 3.7 35.9 49,2
Ix3 0.76  Exmpt. 0.94 3.60 4.84 5.82 6.67 7.40 10.0 12.8 15.0 18.4 22.2 23.6 30.3
Calc. 3.22  5.69 7.08 8.14 9,04 9,83 12.4 15.3 17.7 20.7 24.1 27.4 37.8
6 x6 0.40 Exmpt. 0.51 2.20 2.23 3.27  4.09 5,80 7.20 9,20 10.7 12,2 14.4 16.3 19.6
Calc. 0.99 2,68 3.63 4,36 4.98 5,52 7.27 9.28 10.9 12,9 15.3 17.7 22.4
6 x 12 0.33  Exmpt. 0.29 2.10 3.29 4,24 5.02 5.0 7.70  9.60 11.2 13.0 15.0 17.0
Calc. 0.56 2.10 2.96 3.63 4,19 4,68 6,28 8,10 9,58 11,5 13,6 15.6
12 x 12 0.19  Exmpt. 0.10 0.9 1.53 3.42 4.37 3,40 5,30 6,50 7,38 8,40 9,37 9.73
Calc. -0.3 0.93 1.62 2.16 2,61 3,00 4.28 5.75 6.94 8.44 10,1 10,7
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Figure 1.18 Calculated cumulative fraction releases (+) vs S/V.
Note: The lines are the least squares linear regression

fits through the experimental data.

1.4 Conclusions

An empirical relationship has been developed from the leaching data ob-
tained to date in this study, and can be used to estimate the cumulative frac-
tion releases from forms varying in size from 1 x 1 to 12 x 12 for a given
leaching time. This method will be applied to the leaching data presently
being developed for the largest waste form (22 x 22) under study.
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2. LEACHABILITY AND COMPRESSIVE STRENGTH OF BORIC ACID WASTE IN
PORTLAND III CEMENT (P. Hayde and N. Morcos)

2.1 Introduction

A study of the Teachability and compressive strength properties of boric
acid waste solidified in Portland III cement has been concluded. This report
presents additional data and the conclusions of the study.

Boric acid waste and its sodium salts are a major constituent (up to 12%
by weight) of radioactive waste derived from pressurized water reactors. This
waste interacts with the cement matrix during the solidification process,
sometimes preventing solidification and resulting in waste forms with poor
physical integrity. Work was performed earlier in our laboratory on optimized
process parameters and the treatment of boric acid waste prior to solidifica-
tion in Portland III cement.(16,18) This earlier work indicates that adjust-
ment of the boric acid waste pH to a value of 10 to 12 assures proper solidi-
fication for waste to binder ratios of 0.5 and 0.7.

2.2 Experimental

Samples incorporating simulated boric acid waste in Portland III Cement
matrix were made at two different waste-to-cement ratios (w/c) of 0.5 and 0.7.
Boric acid solutions of 3%, 6% and 12% (by weight) were solidified in Portland
IIl cement at each of these w/c formulations. Control samples for compressive
strength testing consisted of Portland III cement only. The leached samples
were also evaluated for their compressive strength after-a 352-day period of
leaching. A1l samples were prepared in five replicates.

2.2.1 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, and their compositions are
shown in Table 2.1.°

Table 2.1

Boric Acid Stock Solutions Composition@

Waste Components 3% Solution 6% Solution 12% Solution
~ Deionized H»0 95.2% 90.5% 81.7%

H3BO3 2.9% 5.8% 11.1%

NaOH 1.9% 3.7% 7.2%

dComposition expressed as weight %.
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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 ratios of
waste-to-cement were 0.5 and 0.7, and the dimensions of the solidified samples
were 4.6 cm (diameter) by 9.1 to 9.5 cm he1ghtg The leaching samples con-
tained one microcurie each of 137 7cs, 85sr, and ©0co. 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
2.2. A1l samples were made in quintuplets and cured for a period of 35 days
in sealed polyethylene containers.

Table 2.2

Sample Compositions
(Weight in Grams)

H3B03 Stock
olution Set A Set B Set C

Waste/Cement Matrix 3% H3B03 6% H3B03 12% H3BO3
Ratio Component Solution Solution Solution
0.5 H20 93.6 89.0 83.1
H3BO3 2.9 5.7 11.3
NaOH 1.9 3.6 7.3
Portland III 196.7 196.7 203.3
0.7 H20 111.2 107.0 98.7
H3B03 3.4 6.9 13.4
NaOH 2.2 4.4 8.7
Portland II1I 166.7 168.8 172.7

The ratios by weight of the components (H3BO3 and NaOH) to cement
(Portland III) used to make the waste forms are summarized in Table 2.3 to-
gether with their respective ratios of NaOH to H3BO0j3.

Table 2.3

Ratios of NaOH, H3BO3, and Cement in the Waste Composites

% H3B03 H BO3/Cement MNaOH/Cement
Solution Used Waste/Cement x 100 x 100 NaOH/H3BO3

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
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2.2.2 Specimen Leaching

The specimens were leached using a modified IAEA leaching proced-
ure(15) consisting of 24-hour leaching periods for the first ten days of
leaching. Thereafter, the leaching period was extended to a week, and later
on to a month, based on the amount of activity observed in the leachates.

2.2.3 Analysis of Leach Specimens

The waste forms and their leachates were counted under identical geom-
etries using a Ge(Li) detector system. The activities in the waste forms and
their respective leachants were quantitatively determined, and the leachate
activities expressed as incremental fractional release.

2.2.4 Compressive Strength Testing

Compressive strength measurements were performed on specimens after the
cure period and on the leached specimens at the end of the leaching experi-
ment. These latter samples were exposed to a leaching environment for a
period of 352 days.

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.

2.3 Results and Discussion

2.3.1 Leaching Data

The waste forms evaluated were divided into three sets (A, B and C).
Each set corresponded to one of the three boric acid solution concentrations
(3%, 6% and 12% by weight) that were solidified. In addition, in each set,
two different waste-to-cement ratios (w/c) were used. These w/c ratios were
0.5 and 0.7. Five replicates of each formulation were prepared.

The cumulative fractinnal release data from these specimens are summar-

jzed in Tables 2.4 through 2.9 for 137¢s and Tables 2.10 through 2.15 for

5Sr. The errors quoted represent only the statistical errors asociated with
the counting of each fraction. This data is also shown graphically in Figures
2.1 through 2.12 for 137Cs and Figures 2.13 through 2.24 for 85Sr. Each
pair of figures shown on a page presents the leaching data of five repli-
cate samples for a given formulation and the average cumulative fractional re-
lease of the five replicates. These average cumulative fractional releases
were normalized for the volume to geometric surface area (V/S) of the waste
forms. Cobalt-60 in the leachates from all samples was below the detection
limit (3.0 x 10-2 Ci ger 1.5 L sample or an incremental fractional release
of less than 3.0 x 10-¢) of the experiment.
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The curves shown in Figures 2.1-2.24 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 be-
havior.

(Continued on Page 58)
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Figure 2.1 137¢s cumulative fractional release vs (time)l/2 from
3% H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.2 Average cumulative fractional release of 137Cs vs (time)l/2
from 3% H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.3 137Cs cumulative fraction release of vs (time)l/2 from
3% H3B03 waste composites (w/c = 0.7 ; V/S = 0.94 cm).

12

)
> M/’ﬁ‘ﬂ
8
»— © —
=]
) /§/§/
b 5
>

<t
> O]
a5
—
&

o

= 1 I T ) 1

0.0 26 52 78 10.4 13.0 156

[ Time (days) ]

Figure 2.4 Average cumulative fraction release of 137Cs vs (time)l/2
from 3% H3BO3 waste composites (w/c = 0.7 ; V/S = 0.94 cm).
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Figure 2.5 137¢cs cumulative fractional release vs (t1'me)1/2 from 6%
H3BO3 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.6 Average cumulative fractional release of 137Cs vs (time)l/2
from 6% H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.7 137Cs cumulative fractionalelease vs (time)1/2 from 6%
H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm).
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Figure 2.8 Average cumulative fractional release of 137Cs vs (time)l/2
from 6% H3BO3 waste composites (w/c = 0.7; V/S = 0.94 cm).
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Table 2.8

137¢s Incremental and Cumulative Fractions Released From
Boric Acid/Portland III Cement Composites (12% Boric Acid Solution and w/c Ratio of 0.5)
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Figure 2.9 137Cs cumulative fractional release vs (time)1/2 from 12%
H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.10 Average cumulative fractional release of 137Cs vs (time)l/2
from 12% H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.11 137Cs cumulative fractional release vs (time)l/2 from 12%
H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm).
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Figure 2.12 Average cumulative fractional release of 137¢s vs (time)l/2
from H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm).
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Figure 2.13 85Sr cumulative fractional release vs (time)l/2 from 3%
H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).

D

=}

o
—~
—
)]
8
~
/'\CD

Q]
Fo
=
kL

==

. s /f/%/
A T
N © il
=
F=
Oo

=

o

T T I T T
0.0 2.6 ne 7.8 10.4 13.0 156

[ Time (days) |"*

Figure 2.14 Average cumulative fractional release of 85Sr vs (time)l/2
from 3% H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.15 ﬁ5§6 cumulative fractional release vs (time)l/2 from 3%
3PY3 waste composites (w/c = 0.7; V/S = 0.94 cm).
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Figure 2.16 Average cumulative fractional release of 85Sr vs (time)l/2
from H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm).
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Figure 2.17 85Sr cumulative fractional release vs (time)l/2 from 6%
H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.18 Average cumulative fractional release of 83Sr vs (time)l/2
from 6% H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.19 85Sr cumulative fractional release vs (time)l/2 from 6%
H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm).

0.09

L

0.06

G

CFR. X V/S (cm) (®Sr)
0.03

0.00

!

2 78 10.4 130 156
[ Time (days) ]

Figure 2.20 Average cumulative fractional release of 85sr vs (t1'me)1/2
from 6% H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm).
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Figure 2.21 85Sr cumulative fractional release vs (time)l/2 from 12%
H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Figure 2.22 Average cumulative fractional release of 85sr vs (time)l/2
from 12% H3BO3 waste composites (w/c = 0.5; V/S = 0.94 cm).
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Table 2.15

855r Increnental and Cumulative Fractions Released From
Boric Acic/Portland III C2ment Composites (12% Boric Acid Solution and w/c Ratio of 0.7)
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Figure 2.23 85Sr cumulative fractional release vs (time)1/2 from 12%
H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm).
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Figure 2.24 Average cumulative fractional release of 89Sr vs (time)l/2
from 12% H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm).
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The average cumulative fractional releases of each five replicates for
a given formulation are summarized in Table 2.16.

Table 2.16

Average 137Cs and 85Sr Cumulative Fractional Releases (CFR)

After 227 Leaching Days.

Waste/

Average CFR From Composites Incorporating:

Cement Radiotracer 3% H3BOj3 Solution 6% H3BO3 Solution 12% H3BO3 Solution

0.5
0.7
0.5
0.7

137¢s 83.3 + 11.8° 79.9 + 5.7° 63.0 + 3.2°
137¢s 105.6 + 3.8 89.8 + 3.8 86.1 + 4.0
85sp 5.20 + 1.2 4.74 + 0.6 1.82 + 0.7
85sr 7.98 + 2.4 3.00 + 0.4 2.05 + 0.5

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

The following observations and conclusions are noted:

Increasing the waste-to-cement ratio from 0.5 to 0.7 resulted in an
increase in the leachability of 137¢s from the three boric acid/
cement composite formulations (3%, 6% and 12% boric acid solutions
as waste). This effect is not noticeable for 85Sr release.

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
leachability of both 137¢s and 85Sr. This trend is less pro-
nounced for a waste-to-cement ratio of 0.5 when comparing composites
made with 3% and 6% boric acid solutions, but becomes prominent when
comparing the leachability of 137¢s and é5Sr from composites

made with 3% to those made with 12% boric acid solutions. The rea-
sons for this decrease in 137Cs and 85Sr leachability with in-
creasing the boric acid content of the composites are not presently
understood.

The leachability of 85sr was approximately one-twentieth that of

37¢s from these composites. This may be attributed to the as-
similation of the divalent strontium into the cement matrix and to
its chemical dilution with the other prominently abundant divalent
ions (e.g., calcium) within the matrix.

60co in the leachates from all samples was below the detection

Timit (3.0 x 10-2 uCi per 1.5 L sample) of the experimental
method.
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2.3.2 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 2.17. A1l reported values are an average of five replicates.
Table 2.17

Average Compressive Strength of H3BO3/Portland III Cement
Composites Before and After 352 days Leaching.

Compressive Strength (Psi)

After Leaching After Leaching
Initially 352 (days) Initially 352 (days)
Formulation w/c = 0.5 w/c = 0.7
Controla 3400 + 2% -—- 1400 + 26% ---
3% Boric Acid 2600 + 16% 1900 + 16% 1100 + 23% 1000 + 12%
6% Boric Acid 2401 + 35% 1200 + 9% 1700 + 18% 1400 + 12%
12% Boric Acid 3300 + 9% 1600 + 14% 1907 + 12% 1300 + 17%

aSamples consisted of water and Portland III cement only.

The data indicate that, for a waste-to-cement ratio of 0.5, leaching
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/¢ ratio of 0.5 (by approx. 40 to 50%),
their compressive strength did not further decrease after 352 days of leach-
ing. It should be noted that the compressive strength of these composites 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.

2.3.3 Leachate pH Data

The leachate average pH from each formulation (3%, 6% and 12% boric
acid solutions), at each waste-to-cement ratio (0.5 and 0.7), are shown in
Figure 2.25. The leachate pH values varied between 7 and 12, and were con-
sistently lower for those from composites incorporating 3% boric acid solu-
tions than those from the composites incorporating 6% and 12% boric acid solu-
tions.
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Figure 2.25 Average leachate pH values for 3%, 6%, and 12% H BO; waste
composites at waste-to-cement ratios of 0.5 and 0.7. Upper
figure is for w/c ratio of 0.5, and lower figure is for w/c
ratio of 0.7.
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