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ABS TRACT

A study correlating the leachability of 137¢s fram small-scale to
large-scale cement forms was performed. The waste forms consisted of organic
ion exchange resins incorporated in Portland | cement, with a waste-to-cement
ratio of 0.6 and a water-to-cement ratio of 0,4 (as free water) and boric acid
waste (12% solution), incorporated in Portland [Il cement, with a wasie-to-
cement ratio of 0,7, 137Cs was added to both waste types prior to solidi-
fication, The samples' dimensions varied from 1 in. x 1 in, to 22 in, x 22
in, (diameter x height) in size. Leach data extending over a period of 260
days were obtained, A method based on semi-infinite plane source diffusion
model was applied to analyze the leach data. An effective bulk diffusion co-
efficient was calculated from the leach data for both types of solidified
waste, A derived mathematical expression allows prediction of the amount of
137¢s 1eached fram the forms as a function of leaching time and waste form
dimensions. A reasonably good agreement between the experimental and calcu-
lated data is obtained,







10

11

12

FIGITES

137¢s Cumulative Fractional Release vs (Time)l/2 From
l-Inch-Diameter x l-Inch-High Resin Waste Composites (w/c = 0.6)

Volume/Surface Area Normalized Average CFR of 137Cs vs (Time)l/2
From the Intact l-Inch-Diameter x l-Inch-High Resin Waste
Composite (w/c =0.6; V/S = 0,396 cm for the three samples). . .

137¢s cumulative Fractional Release vs (Time)1/2 Fram
2-Inch-Diameter x 2-Inch-High Resin Waste Composites

(W/C:O.G)oooo----oo--o....oo-c-ooooo

Volume/Surface Area Nommalized Average CFR of 137Cs vs (Time)l/2
From 2-Inch-Diameter x 2-Inch-High Resin Waste Composites
(w/c = 0.6; V/S =0,784 cm for the three samples). « « « « + &+ &

137¢s cumulative Fractional Release vs (Time)l/2 From
2-Inch-Diameter x 4-Inch-High Resin Waste Composites (w/c = 0.6)

Volume/Surface Area Normalized Average CFR of 137Cs vs (Time)l/2
Fram 2-Inch-Diameter x 4-Inch-High Resin Waste Composites
(w/c = 0.6; V/S = 0,936 cm for the three samples). . + « o & «

137¢s Cumulative Fractional Release vs (Time)1/2 From
3-Inch-Diameter x 3-Inch-High Resin Waste Composites (w/c = 0.6)

Volume /Surface Area Normalized Average CFR of 137¢s ys (Time)l/2
From 3-Inch-Diameter x 3-Inch-High Resin Waste Composites
(w/c = 0.6; V/S = 1.32 cm for the three samples) . . o & & o « &

137¢s cumulative Fractional Release vs (Time)l/2 From
6-Inch-Diameter x 6-Inch-High Resir Waste Composites (w/c = 0,.6)

Volume/Surface Area Normalized Aver ge CFR of 137Cs vs (Time)l/2
From the Two Intact 6-Inch-Diameter x 6-Inch-High Resin Waste
Composites (w/c = 0.6; V/S = 2,53, 2.52, and 2.51 cm for the
three SamplesS) o« o o o ¢ o s o o 5 6 o s o s o o s 0 s s o 5 s s

137¢s cumulative Fractional Release vs (Time)l/2 From

6-Inch-Diameter x 12-Inch-High Resin Waste Composites (w/c = 0.,6).

Volume/Surface Area Normalized Average CFR of 137Cs vs (Time)l/2
Fram 6-Inch-Diameter x 12-Inch-High Resin Waste Composites

(w/c = D.6; V/S = 3.03, 3.07, and 3.00 cm for the three samples) .
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Table Showing Formmulation of
lon Exchange Resin Test Samples (Manaktala and Weiss(16))
(all weights are given in grams)

— 04 0.6 0.8 1.2 1.4 1.6 1.8

15.790 &41.2 61, 90.0 100.8 110.0 117.9

47.1 41.2 3.7 30.0 27.% 25.4 23,6

157.1 137.6 122.2 100.0 §1.7 34.6 18.8

0.4 0.0 : 80.0 $1.7 1015 110.0
62.8 40.0 35.7 33.% 3.4

157.2 100.0 9.7 24.6 78.6

0.5 13.8 36,7 58.0 70.0 82.% 3.1 102.1
68.7 61.1 55.0 50.0 45.8 £2.3 39.3

137,58 122.2 ] 110.0 100.0 9.7 24.6 72.6

0.6 0.0 24.4 44,0 60.0 73.3 24.6 94.3
&.51 3.3 66.0 60.0 55.0 50.8 47,1

137,5 §122.2 | 110.0 100.0 9.7 B2.6 8.6

0.7 12.2 33.0 50.0 68.2 16.2 B6.4
85.6 17.0 10.0 64.2 £9.2 85.0

122.2 § 110.0 100.0 91.7 B4.6 8.6

0.8 0.0 22.0 40.0 £5.0 67.7 8.6
97.8 88.0 80.0 73.3 67.7 62.8

122.2  110.0 100.0 91.7 84.5 18.6

0.9 110.0 30.0 45.8 59.2 0.7
93.0 90.0 82.5 76.2 70.7

110.0 100.0 91.7 e4.6 78.6

1.0 0.0 20.0 36.6 $0.8 62.8
110.0 100.0 9Nn.7 g4.5 78.6

110.0 100.0 91.7 84.6 78.6

3fach enkr; 1! composed of three parts, viz., resin (15.7), water (47.1), and
ceent (157.1).

Table 1 summarizes the waste composite sizes made, together with their
contents, volume-to-surface ratios, and leachant volumes., Each sample size
was prepared in triplicate with the exception of 22 x 22.









3. Results and Discussion

3.1 Leaching Data

The calculated incremental and cumulative fractional releases from each
waste form are given in Appendix A for the organic ion exchange resin/cement
composites (Tables A.1-A.8) and for the boric acid/cement camposites (Tables
A.9-A.13). The errors quoted represent only the statistical errors associated
with the counting,

The solution for the mass transport diffusion model (£q. 2) considered
infers that CFR is a linear function of t1/2, Therefore, the CFR data were
plotted vs t1/2, These plots are shown in Figures 1-16 for the organic ion
exchange resins/cement composites, and Figures 17-26 for the boric acid/cement
composites, Fach pair of figures shown on a page represents the leach data of
three replicate samples, and where applicable, the average cumulative frac-
tional release of the intact replicates, except for the 3 x 3 and 22 x 22 sam-
ples, Some of the resin/cement composites physically deteriorated during the
course of the experiment., Two of the 1 x 1, one of the 6 x 6 and the larger
waste forms (6 x 12, 12 x 12, and 22 x ?2) disintegrated at various times
during the experiment, Leach data obtained from these forms were considered
only while the forms remained intact, Further details are given in CFR plots
displayed in Figures 1-16. The average cumulative fractional release curves
were normalized for V/S variation in the waste forms. The vertical error bars
represent variation in leach data of replicate samples,

Continued on Page 22


















Figure 11

lime (davs) |

137¢s cumulative fractional release vs (time) /2 fram
f-inch-diameter x 12-inch high resin waste composites

(w/c = 0.6). *Indicates e,cessive release due to cata-
strophic failure of waste firms,

Figure 17

P

| Time {davs) [

Volume/surface area normalized average CFR of 137¢s

vs (time)1/2 fram 6-inch-diameter x 12-inch-high resin
waste composites (w/c = 0.6; V/S = 3,03, 3.07, and 3.00 cm
for the three samples). The average CFR plot is based on
the 4ata for the time perivds during which forms were
intact, Data beyond 119 days, shown in Figure 11, were

not considered,
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| Time (days) |

Figure 15 137Cs cumulative fractional release vs (time)l/2 fram
22-inch-diameter x 22-inch high resin waste composite
(w/c = 0,6). Waste forms began to distintegrate after
47 days. *Indicates time at which form failed catastroph-
ically, For this particular size, only one form was tested,

i1 5 61

| Time (davs) |

Figure 16 Volume/surface area normalized average CFR of 137¢s
vs (time)l/2 from 22-inch-diameter x 22-inch-high resin
waste composite (w/c = 0.6; V/S = 9,10 cm). Data beyond
4?2 days, shown in Figure 15, were not considered.
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| L Ha 10 126
[ Tine (days) |

Figure 19 137¢s cumulative fractional release vs (tl’me)l/2
from 2-inch-diameter x 2-inch-high boric acid waste

composites (w/c = 0.7).

j Fime (davs) I

Figure 20 Volume{surface area normalized averaqge CFR of 137¢s vs
(time) /2 from 2-inch-diameter x 2-inch-high boric acid
waste composites (w/c = 0,7; V/S = 0,783 cm for the three

samples).,
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i 6t A4 10 ¢ 126
| Time (days) |

Figure 23 137Cs cumulative fractional release vs (time)l/2
from 3-inch-diameter x 3-inch-high beric acid waste
camposites (w/c = 0,7).

{ ' W | e
1 it { <)
| Fime (days) |

Figure 24 Volume{Surface area normalized average CFR of 137¢cs vs
(time)1/2 from 3-inch-diameter x 3-inch-high boric acid
waste composites (w/c =0.,7; V/S = 1.32 cm for the two
samples).






-
rt
+

r
r
wit

r
Nne
tna
rnd
r
’
¢
(ol 8
CAa
T
ndr
Y
3
b

o
e

£
r
3

f

»
r e
ron
tr
rom
X

) I
wi
ar

¢ iy
1 r
X
»e §
] | ¢
r at
rack
X
i nd
4 r
A r 4
1
" p
t he
§ f
’
) re
-
.

n

r

y
ng r
1
iu I
ptwoean
1 ne
)\ r
s3] were
eMnpe
-

re n
oant
i Y
*n
v #
;
+ |
ated
hy ¢
1 ra
+h +3
| 1
re
y
|
re¢ w’
ral <

arter

-
’7
S Of
)
vy $
o









Appropriate linear regions of the 137¢s release curves displayed in
Figures 1-16 were selected visually. The selection was based on the fact that
the dominant diffusional mass transport reaction occurs in the linear regions
summarized in Table 3 and that the initial reactions are primarily surface-
controlled and not representative of the overall release curve,

Table 3

Linear Regions of CFR vs t1/2 pata
Fram [RN-77 Resin/Cement Composites

Size (34!1\ Linear Region? of CFR vs tl1/2

——

2x2 1.28 Beyond 36 days of leaching
x4 1.07 " 3 " " "
3x3 0.76 36

6x 6 N.40 16

6x12 0.33 a9

12x12 0.19 9

22x2? 0.11 7

L inear regions of CFR vs t1/2 in Figures 1-16.

The average CFR's from the intact forms for each size studied were cal-
culated for the regions outlined in Table 3 and were plotted vs tl/2 as
shown in Figure 31, The data from the 1 x 1 forms were not considered since
they did not fit the diffusion model. The surface-to-volume ratio was the
largest for this size (2.53 ecm=1), As a result, the surface effects will be
most pronounced in this particular size relative to the other sample sizes,

A least squares linear regression was performed on these lines to deter-
mine the best fit, slopes and intercepts. The results of these calculations
are summarized in Table 4, together with the coefficients of detemination as
defined by:

o (CFR). + b:r(t”?)i x (CFR), - 1/n(:(ch)‘.)2

")2 = DU 1 -
(S/v) v(CFR)f - 1/n(z(CFR);

)2
(S/V)

where the coefficients « and b are derived coefficients from the relationship:
(CFR)(spy) = [+ b x t1/2](5,y) for each sample size studied.
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A plot of these intercepts [(a)s/y] versus their corresponding S/V ratios is
shown in Figure 33,

4 -

%o

1,0 20
S/V (cm'l)

Figure 33 Plot of the intercepts [(a)s/y] of the lines shown
in Figure 31 vs S/V for resin/cement composites.
The solid 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).

Combining Equations (5) and (6) yields
(CFR) = (2.07+S/V + 0,75)t1/2 4+ (12.6+5/v - 1.80) (7)

Thus, the cumulative fractional release for a given time t from a sample with
a geametric surface-to-volume ratio of S/V can be calculated using Equation
(7). The cumulative fractional release calculated for several S/V values for
different time intervals are summarized in Table 5, together with the experi-
mental data. A good agreement is observed between the calculated values and
the experimental data measured over the linear region of CFR vs t1/2,






3.3.2 Analysis of Leach Data From Boric Acid/Cement Composites

The CFR from the boric/acid cement composites are shown as a function
of t1/2 in Figure 34, Data from the 2 x 4, 3 x 3, and 6 x 6 sampies, after
9 days of leaching, renresent the main diffusion-controlled mass transport re-
action, This set of data for the post 9-day linear regions is used in calcu-
lating CFR's for the boric acid waste/cement composites, The 1 x 1 and 2 x 2
leach data were not considered here for the same reasons given for the 1 x 1
resin/cement camposites (see Page 25),
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Figure 34 Solid lines represent least squares linear regression fits through
average CFR's for boric acid/cement caomposites of varying sizes.

Dashed lines represent extrapolation of the best fit lines to
detemmine a, the intercept.

The slopes, intercepts, and coefficients of determination based on the
data from the 2 x 4, 3 x 3, and 6 x 6 samples for 9 days of leaching and be-
yond are summarized in Table 6. Fitting the slopes and intercepts given in
Table 6 versus S/V for form sizes 2 x 4, 3 x 3, and 6 x 6 yields:

(STope)(s/y) = 3.15+S/V + 0.70 (8)
and  (a)gsy = 18.69:S/V - 2.63 (9)

Combining Equations (8) and (9) yields:

CFR = (3.15-S/V + 0.70)t1/2 + (18.69 S/V - 2.63) (10)



Table 6

Summary of Slopes and Intercepts of CFR vs t1/2 for
Boric Acid/Cement Composites

S/V Coefficient of
Size (em=l)  Slope? Intercepts? petemination®

2 x 2 1.28 4.05 20,2 0.98
2 x4 1.07 3.89 16,7 0.99
I x3 N.76 3.41 12.7 N.99
6 x 6 0.40 1.79 4.2 1.00

ASlopes and intercepts are obtained from the general
relationship CFR = a + b(t)1/2, using leach data beyond
9 days.

bThe coefficient of detemination is defined in Equation 4.

Using Equation (10), the CFR for several V/S ratios at different time
were calculated for boric acid/cement camposites, These values are
summarized in Table 7, together with their corresponding experimental values.
A reasonably good agreement between the calculated and experimental data is

intervals

obhserved,
Table 7
Experimental and Calculated CFR Data in Percent
for Boric Acid/Cement Composites
S/V CFR in Days
Nimension (cm=1)  Mode 9 15 2T N 57 122150
2 x 2 1.28 Expt., 29.6 35.2 39.1 43.9 49,7 65.1 68,1
Calc. 35.5 39.6 43,0 37.2 52.0 73.6 76.3
2 x4 1.07 Expt, 26.1 31.2 34,7 39.5 44,7 59.8 63.0
Calc. 29.6 33.1 36.0 39,7 43.8 62.3 67.2
Ix 3 N.76 Expt., 20.9 25.3 28.5 32.5% 37.3 .48 53,2
Calc. 20,9 23.6 25.8 28.6 31.6 45.8 49,5
6 x A N.40 Expt. 5.3 111 12.% 14.2 16.4 24,1 25.9
Cale. 10,7 12.4 13.8 15.6 17.6 26.5 28.9

31



3.4 Diffusion Coefficients of 137Cs in Resin/Cement and Boric
Acid/Cement Composites

The effective bulk diffusion coefficients of 137Cs (Dg) in resin/
cement and boric acid cement camposites were estimated for each waste form
size considered. Using appropriate values of S/V for eacl size and their
respective slopes [S/V+2(D/n) /2] derived from linear regression fits of
the lines shown in Figures 31 (resin/cement composites) and 32 (boric acid/
cement camposites), we arrived at the Dg values summarized below in Table 8,

Table 8

Calculated Diffusion Coefficients for the Various Waste Form Sizes

Nominal S/V De

Waste Formm Matrix Form Size (cm-1) Slope (108 cm?/s)
Resin/Cement 2% 2 1.28 3.03 o
Composites 2 x 4 1.07 3.45 0.9
3 x 3 N.76 2.1) 0.7
b x 6 0,40 1.77 1.8
6 x 12 0.33 1.58 2.1
12 x 12 0.19 1.20 3.6
22 x 22 n.11 N.66 3,3
Boric Acid/Cement 2x2 1.28 4,05 0.9
Composites 2 x4 1.07 3.89 1.2
Ix3 N.76 3.41 1.8
6 x 6 0.40 1.79 1.8

Figure 35 shows the dependence of Dg on 5/V for both matrices. The
value of Da 15 observed to increase with the size of the waste form. The
De in the resin/cement matrix varies fram 0.5 x 10-8 to 3.3 x 10~
eml/s for 2 x 2 and 22 x 22 samples sizes, respectively. The maximum vari-
ation being less than an order of magnitude, Comparison of De values for
similar waste form sizes of the two matrices indicates that the matrix type
does not appear to affect 137Cs diffusion rate. The observed increase in
De with increasing waste form size for both matrices could be attributed to
variations in the degree of curing of large forms as compared to the smaller
forms. It is worth noting that the observed dependence applies to both
matrices.
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APPENDIX A

LEACH DATA FOR RESIN/CEMENT AND BORIC ACIN/CEMENT COMPOSITES

Tables A,1 through A,8 present 137cs incremental and cumulative frac-
tional release data for the various sizes of resin/cement camposites,

Tables A.9 through A,13 present 137Cs incremental and cumulative frac-
tional release data for the various sizes of boric acid/cement composites.

Numerical entries under “Incremental Fraction Released x 100" column
heading, represent the incremental fractional releases, followed by the 1o
percent counting uncertainty in parentheses. Numerical entries under
“Cumulative Fraction Released x 100" column heading, represent the cumulative
fractional releases, followed by the absolute error propagated through the
summing process; (+/-) means (+).
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Table A.1

137¢s Incremental and Cumulative Fractional Releases
From 1x]1 Resin/Cement Composite #1

TIME
DAYS

INCREMENTAL
RELEASED X 100

10.87
28.03
10.30
6.38
4.79
3.722
2.94
2.49
1.94
1.82
3.38
1.11
l.’z
74
92
1.90
'80
77
69
65

+60
'59
.6‘
56
1.25
.56
+5A
A9
A4
B3
+A9
A5
1.30
1.11
1.02
l. ‘o
.88
.80
1.62
1.34
76
57

.~

FRACTION

1.0%5)

+65)
1.09)
1.38)
1.58)
1.81)
2.01)
2.18)
2.48)
2.58)
1.87)
3.3%)
3.32)
3.57)
3.64)
2:,53)
2.71)
2.80)
2.96)
3.14)
2.98)
4.43)
3.33;
3.14)
3.2%)
2.22)
3.2%)
3.37)
2.21)
2.49)
1.74)
2.23)
2.42)

.93)
1052)
1.53)
1.5%
1.6%5)
1.81)
2.7%)

99
2.8%)
3.3%)
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CUMULATIVE FRACTION
RELEASED X 100

10.87
38.%90
49.21
55.58
60.37
64.09
67.03
69.52
71,44
73.28
76.467
77.78
n.721
79.84
80.77
:—'.67
83.47
84.24
f4.93
a5.%8
86.76
87.56
A8.13
H8.,75
89.30
90.5%
P1.11
71.64
P2.14
?2.57
93.40
93.89
74.33
95.63
96.74
?7.76
98.84
99.74
100.53
102.15
103.49
104,25
104.83

i
4/~
/-
;e
/-
S~
A
S~
+/-
L 7 o

/-
Y7=
& o
4/~
/-
+/-
/-
\ 2 e
7
:
$f
-
L g
P
¥/~
W=
/-
Y=
$£=
4/~
§f
4/~
| 7 daad
2 dod
4=
V/-
4/~
7=
4/~
$ /=
L 7
/-

11
22
24
26
27
28
.2.
29
l:v
'30
.30
« 31
+ 1
03‘
«31
«32
32
.3)
.32
32
32
.32
32
32
« 32
«32
«33
033
33
'3.‘
33
.33
.33
.33
+33
33
33
+33
+33
«33
+33
33
33
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Table A.10, Continued

137¢s Incremental and Cumulative Fractional Releases
From 2x2 Boric Acid/Cement Composite #3

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100
007 3049 ( 060) 3049 */- 002
1 7.70 ( +41) 11.19 +/= .04
2 4.41 ( +54) 15.60 +/- .04
3 3030 ( o62) 18090 +/" .05
4 2.68 (  ,68) 21.59 +/= 05
7 2+21 € +50) 26.80 +/- .06
8 145 ¢ +93) 28,25 +/- 06
10 1.08 ¢ 1.06) 30.51 +/- .06
11 1.00 ( 1.10) 31.51 4/~ .06
15 71 ( 1.83) 34,73 +/- .07
16 228 £ 1.79) 35.49 +/- .07
17 +60 ( 2,02) 36.09 +/- .07
18 60 ( 2,01) 36.69 +/- .07
21 1.64 (  .86) 38.33 +/- .07
22 61 C 1.,42) 38495 4/~ 07
23 ¢ 57 ( 1.49) 39.52 +/- .08
24 +54 ( 1.48) 40.06 +/- .08
28 1.34 ( 1.34) 41.90 +/- .08
29 52 ( 2,17) 42,42 +/- .08
30 sol1 ¢ 2.19) 42,93 +/~- .08
31 67 ( 1,93) 43,60 +/- .08
34 93 (W 74) 46.15 +/- .08
37 90 (4 79) 46,65 +/- .08
39 02 ( 1033) 47018 +/" 008
32 1.18 ¢ ,65) 48.36 +/- .08
49 2.09 «( +50) S0.45 +/- .08
56 1.90 ¢ .51) 92+ 35 */~ +08
71 1:.99 € +57) 00+ 49 +/= ,09
2 1.06 ¢ .70) 98, 715 +/= 09
84 1.20 ¢ .64) S57.94 +/- .09
122 9469 ( +48) 63.63 +/= .09
150 2:9% < +65) 66.62 +/- .09
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