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DIRECT GROUT STABILIZATION OF HIGH CESIUM SALT WASTE:
CESIUM LEACHING STUDIES (U)

Christine A. Langton,
Westinghouse Savannah River Company
Savannah River Technology Center,
Aiken, SC 29808

SUMMARY

The direct grout alternative is a viable option for treatment/stabilization and disposal of salt
waste containing Cs-137 concentrations of 1-3 Ci/gal.

The significant difference between these waste solutions is that the high cesium salt solution will
contain between 1 and 3 Curies of Cs-137 per gallon compared to a negligible amount in the
current salt solution. This difference will require special engineering and shielding for a direct
grout processing facility and disposal units to achieve acceptable radiation exposure conditions.
The higher cesium concentrations in the direct grout also require that the cesium leaching be
evaluated as a function of curing temperature. ANS 16.1 leaching results and distribution ratios
(approximations of distribution coefficients) as a function of temperature are presented in this
report.

About 77 wt.% of the cesium in the 6.4 M sodium salt waste is stabilized in the direct grout
formulation after 90 days of leaching in deionized water per the ANS16.1 test. This is consistent
with the arnount of cesium retained in powdered direct grout (-200 mesh) leached in the 18 hour
TCLP test.! The average effective dlffusmn coefficient for cesium in the direct grout was
determined to be about 2E-09 cm/sec®. This is more than an order of magmtude (30 X) less than
the average value measured for nitrate which was about 6E-08 cm/sec’.

The cesium distribution coefficients, K4's, for direct grout as a function of curing temperature
were approximated as the distribution ratios, Ry’s. The last (longest) three leach intervals were
used as the closest approach to equilibrium conditions. The averaged Ry’s for cesium in direct
grout ranged from 228 to 255 ml/g over the temperature range 24 to 90°C. Based on these
results, a conservative cesium Ky of 200 ml/g is proposed for both Saltstone and direct grout
cured between 24 and 90°C. This value is two orders of magnitude higher than the value of 2
ml/g used in the Saltstone Performance Assessment. This K4 value for cesium applies to Class A,
B, or C Saltstone (direct grout) smce itis mdependent of the amount of cesium in the waste up to
concentrations of at least 3.3x 10” molar cesium.
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The stabilization mechanism has not been determined. However, the cesium is most likely
incorporated (chemically bonded) in the matrix phases of the waste form. The cesium ion
probably substitutes for another alkali ion such as potassium or sodium in the crystal structure or
non-crystalline structure of the alumino silicate and silicate matrix phases.

The composition of the direct grout salt solution is higher in sodium salts and contains
approximately 10* times more of each of the cesium isotopes than the current reference salt
solution. However it is still similar to the composition of the current reference salt solution.
Consequently, the processing, setting, and leaching properties (including TCLP for Cr and Hg)
of the direct grout and current saltstone waste forms are very similar.!

RECOMMENDATIONS

Data generated in this study justify the use of the following values for modeling the transport of
cesium in the direct grout waste form:
Cesium Degt 2E-09 cm’/sec
Ra=Ky4 200 ml/g

Data generated in this study also support the following values for modeling the transport of
nitrate in the direct grout waste form:
Nitrate Dt 3E-08 cm?/sec for curing temperatures between 24 and 70°C
6E-08 cm’/sec for curing temperatures between 70 and 90°C.

If Direct Grout is selected as the salt alternative, modify the direct grout formulation to
specifically include cesium stabilization so that more of the cesium is retained in the matrix as
the result of precipitation and/or adsorption. (A program plan has been written for the
formulation modification studies.)

BACKGROUND

Direct disposal of the cesium in grout is one of the alternatives identified in WSRC-RP-98-
00166.2 and WSRC-RP-98-00168 Rev.1>. In this proposed process, Cs-137 is not separated
from the concentrated salt waste. It is instead sent to a new, shielded Saltstone Facility. The
resulting waste form would be classified as Class C low-level waste if disposal were to be
regulated by the NRC. A new grout production facility is needed for this option. The new
facility requires remote maintenance capabilities and a shielded cell for the grout production
equipment. A new disposal facility may also needed for the direct grout option.

A Feasibility Study was conducted to evaluate the direct grout oPtion. Processing and properties
of the cured grout were determined as a function of curing time,” Cesium leaching data for the
direct grout were not included in the feasibility study. However, cesium leaching as a function
of curing temperature is presented in this report.

The technical task and quality assurance plans for this effort are presented elsewhere.*’
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Comparison of Reference Z-Area Salt Solution and High-Cesium Salt Solution

The average composition of the direct grout salt solution is listed in Table 1 and compared to the
current reference salt solution composition. The average cesium concentration in the direct grout
waste stream is estimated to be 1.65E-4M (1.5 Ci/gal).” This waste and the resulting direct grout
waste form which has about 40 % less curies per unit volume (about 250 Ci/cubic meter of
saltstone) due to dilution with the cementing reagents fall within the NRC Class C waste
category. The range of cesium concentration for Class C low-level waste is 44 to 4600 curies of
cubic meter.” Consequently, the estimated cesium concentration of the direct grout of 1.5 Ci/gal
(255 Ci/m3) is at the lower end of the Class C range.

Table 1. Compositions of the Reference Salt Solution and the Direct
Grout High-Cesium Salt Solution.5®

Reference Salt Direct Grout
Component Solution High Cesium Salt Solution
(Molar) {Molar)
NOy 2.04 2.49
NO. 0.62 0.581
OH 117 2.181
COs* 0.15 0.181
AlO™ 0.41 0.355
S0.° 0.15 0.169
F 0.0015 0.0361
cr 0.023 0.0282
C.04° 0.025 0.0136
PO,* 0.01 0.009
Na+ 4,94 6.44
K* - 0.0168
Cs* 20 n Ci/g 0.000165
Hg 0.012 mg/L 33 mg/L
Cr 161 mg/L 161 mg/L

EXPERIMENTAL METHOD

Preparation of the Reference Salt Solution and Direct Grout High-Cesium Salt Solution
Simulated salt solutions were made according to the following recipes. Cesium, mercury and
chromium were spiked in amounts greater than the concentrations listed in Table 1 in order to
determine differences between leaching performance in the various leaching tests. In addition,
the detection level for non radioactive cesium measured by ICPMS was 0.0750 mg/L. The
higher cesium loadings were necessary assuming a diffusion coefficient of 10 E-08 cm?/sec over
the 90 day leach period.
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Table 2. Ingredients in the Reference Salt Solution and the Direct
Grout High-Cesium Salt Solution.

Reference Salt Direct Grout
Solution High Cesium Salt Solution
ingredient (g/L) (g/L)
NaNQ; 173.4 211.6
NaNO, 431 40.09
NaOH 46.7 87.24
Na,CO3H.0 18.5 22.44
NaAlO,H,0 40.6 34.48
Na SO, 20.9 24.00
NaF 0.62 1.52
NaCl 1.35 1.66
Na20204 3.44 1.82
NasPO, 2.9 -
Na,P0O412H:0 - 3.42
KNO; - 1.69
CsNO; - 0.643*
_HgCl, 0.338™ 0.338*
Na,CrO, 0.623 *** 0.623"

* (s spiked at 0.0033 M Cs using CsNQOa. This is 20 times more than the
concentration projected for the direct grout case.

** Hg spiked at 250 ppm as HgCl, in direct grout solution prepared for this feasibility
study.

*»*  Cr spiked at 1830 mg/L as Na2CrO4,

Preparation of Reference Saltstone and High-Cesium Direct Grout
The ingredients and proportions in the reference saltstone are shown below:

Cement Type I/IT 4 wt%
Fly ash Class F 25 wt%
Slag Grade 120 25 wt%
Salt solution 46 wt%

(containing 71 wt % water)
The water to total cementitious solids weight ratio of this mixture is 0.6048.
The ingredients and proportions used in the direct grout saltstone containing the high cesium

loading are shown below. The water to the total cementitious solids ratio is 0.6092 and is similar
to that of the reference saltstone.
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Cement Type I 4 wt%h
Fly ash Class F 24 wt%
Slag Grade 120 24 wt%
Salt solution 48 wt%

(containing 66 wt. % water)
The water to total cementitious solids weight ratio of this mixture is 0.6092.

The dry cementitious reagents were premixed to simulate the Z-Area process, then added to the
salt solution. Mixing was done in a Waring blender for one minute at low speed. Samples were
immediately cast into the appropriate containers for the various tests.

Waste Form Curing

The curing was conducted at ambient temperature (24°), 45°, 70° and 90° C +/-5° C in sealed
containers. This curing range is representative of the range of initial and long-term curing
temperatures which could be encountered under actual field conditions.

The relative humidity was maintained at 100 % except for the samples cured at 90°C. At this
temperature, the seals were not adequately maintained and excessive drying of the samples was
observed. This was very apparent from the physical appearance of the samples and from the
cracking pattern after curing.'

Samples were prepared on August 4 to 6, 1998, They were removed from the curing chambers
28 days later and tested for strength and TCLP leaching. The microstructure and mineralogy of
the direct grout waste forms were prev1ously characterized.! The samples were stored in sealed
plastic bags at room temperature (22- 25°C) to minimize dehydration, from the time the samples
were removed from the controlled temperature curing chambers and the time they were prepared
for the ANS 16.1 leaching experiments. Samples were labeled with the formulation and curing
temperature. For example, DGRT refers to direct grout cured at room temperature. DG45
represents a direct grout sample cured at 45°C, and Ref70 represents a reference saltstone sample
cured at 70°C.

ANS 16.1 Leaching

The American Nuclear Society ANS 16.1 leaching test® was used to obtain effective diffusion
coefficients and fractions leached as a function of leaching time. Preparation of the leach
specimens involved cutting the material into discs or wafers, which fit into the SRTC leach
vessels. The vessels provide a leachate volume to sample surface area ratio of 10 +/- 0.2(cm).
Deionized water was used as the leachate. The samples were prepared for leaching between
February 10 to 12, 1999. Leaching began on February 16, 1999 and continued for 90 days. The
leach sequential intervals were 30 seconds, 2, 7, 24, 48, 72, 96, 120, 456, 1128, and 2160 hours.
The leachate was changed after each leach interval and the leachates analyzed for cesium and
nitrate. Duplicate samples were leached for each curing time.
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RESULTS AND DISCUSSION

Cesium and nitrate leaching results for the direct grout samples are presented in Appendices A
and B, respectively. Results for the reference saltstone formulation are presented in Appendices
C and D. The information required to calculate the effective diffusion coefficients and the
cumulative fractions leached for each sample are given in Appendices E to H. Data for only one
sample is given in Appendix G, since the detection limit for cesium was too high to obtain useful
information from the reference saltstone sample, which was not spiked with extra cesium.

For the purpose of calculating the cumulative fractions leached, detection limit values were used
for leachate concentrations which were reported as less than the detection limit. Consequently,
the cumulative fractions leached and the effective diffusion coefficients are conservative values.
Results of the leaching data are summarized in Table 3.

Calculation of Effective Diffusion Coefficients
The diffusion coefficients were calculated according to equation (1):

a) D:,,[fn’_Ao_] [Y_] T
(an, | LS
where

D = effective diffusivity (effective diffusion coefficient), cm’fs

V = volume of specimen, cm®

S = geometric surface area of the specimen as calculated from measured
dimensions, cm’

1 2
T= =@V +¢2 jl
I: 2 ( n n-1
leaching time representing the “mean time” of the leaching interval, s
a, = amount of the species released from the specimen during the leaching interval n, (g)

Ao = total amount of a given species in the specimen at the beginning of the first leaching
interval (g).

If more than 20 % of the leachable species was removed by any time, t, the effective diffusivity
can only be calculated from a shape specific solution of the mass transport equation. The ANS
16.1 procedure provides a table of dimensionless correction factors, G, as a function of the
fraction leached and length to diameter ratio for the unique sample geometry. These values are
listed in Appendices E to H and were used to calculate the effective diffusion coefficients when
more than 20 percent of the chemical species was leached.
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Dt
and
2
3) D= Gd
t
where

D = effective diffusivity (effective diffusion coefficient), cm?s,
G = a time factor for the cylinder, dimensionless,

d = the diameter of the cylinder, cm,

t = the elapsed leaching interval, s.

Cesium Versus Nitrate Leaching

The effective diffusion coefficients for cesium leached from the direct grout are about one order
of magnitude lower than those for nitrate (3.11 x 107 ... versus 4.01 x 10°® ave) OVer the
temperature range studied. Previous studies indicated that the nitrate is not stabilized in either
the direct grout or saltstone formulations. Consequently, the lower diffusion coefficients for
cesium imply that a measurable degree of stabilization occurs for cesium in the direct grout (and
saltstone). This is confirmed by a comparison of the cumulative fractions for cestum (22.6 wt.
%) and nitrate (85.5 wt. %) leached after 90 days.

For the direct grout samples cured between 24 and 90°C, the effective cesium diffusion
coefficients ranged from 2.44 to 3.78E-09 cm?/sec. The average cesium value is 3.11E-09
cm*/sec. There is no apparent trend with respect to curing temperatures. This implies that the
mechanism responsible for stabilizing the cesium ion is constant over the temperature range

studied.

Nitrate diffusion coefficients were calculated for the reference saltstone. These values ranged
from 2.47 to 8.18E-08 cm?¥/sec (4.49E-08,,. cm*/sec). The average value is very consistent with
the average nitrate D¢ for the direct grout, 4.01 x 10® cm?%sec. Cesium diffusions were not
calculated for the reference saltstone because the total concentration of cesium in the sample and
in each of the leachates was below the detection limit.

Although there is no trend with respect to curing temperature for the cesium data, both the direct
grout and the reference saltstone showed an increase in the nitrate Deg for the samples cured at
90°C. This is attributed to the increased surface of the 90°C samples and was associated with the
observed cracks in these samples. The 100% relative humidity condition was difficult to
maintain at 90°C. Consequently, some drying and subsequent shrinkage occurred in these
samples.
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Calculation of Distribution Ratios

The parameter known as the distribution coefficient, Kg, is used to quantify sorption reactions
for the purpose of environmental transport modeling of ionic species. The distribution
coefficient is used to assess the degree to which a chemical species will be removed from
solution as a fluid migrates through a media. In other words, the distribution coefficient
provides an indication of how rapidly an ion can move relative to the rate of ground water
movement under the geochemical conditions tested.

Justification of the distribution coefficient concept is generally acknowledged to be based on
expediency in modeling, averaging the effects of one or more attenuation reactions. Measured
partitioning reactions may include adsorption, ion exchange, co-precipitation and filtration
processes that cannot be easily described by equations.

In reference to partitioning in soils, equilibrium is assumed (although not always achieved) and
the equilibrium value is referred to as the K4. In these laboratory experiments, the distribution
ratio, Ry, is calculated which may be used for estimating the value of the distribution coefficient
for a given set of site specific geochemical conditions. Although short-term laboratory tests and
the attainment of equilibrium in the Iaboratory is not presumed, the R4 values can be used as
approximations of the equilibrium K4 values. Cesium dsitribution ratios were calculated for the
direct grout based on the following equations:

¢y R, = (mass of the solute on the solid phase per unit mass of the solid phase)
(mass of the solute in solution per unit volume of the liquid phase)

where

R,; = distribution ratio, ml/g,

Mass of the solute on the solid = 1- the total fraction leached into solution,

Unit mass of the solid phase = concentration in the solid,

Miass of the solute in solution per unit volume of liquid phase = leachate concentration at each
leach interval.

Based on the data tabulated in Appendix E, distribution ratios were calculated for cesium in
direct grout samples cured over the temperature range 24 to 90°C. Results are summarized in
Table 4. The lowest values correlate with the longest leaching intervals, 456, 1128, and 2160
hours. These values more closely approach equilibrium condition than do the shorter leaching
intervals. Consequently, they were averaged and can be considered conservative
approximations of the cesium distribution ratios for direct grout cured over the temperature
range of this study.

The averaged Rq values for the three longest leach intervals range from 228 to 255 ml/g. These
values do not appear to be affected by the direct grout curing temperature over the range studies.
These values are two orders of magnitude higher than the cesium K4 used
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in the Z-Area Performance Assessment and are consistent with the effective diffusion coefficient
of 10 cm?/sec.

The K4 value of 2 used in the PA was taken from the literature on concrete and was used as a
worst case. The literature value used in the Saltstone PA is based on sorption of cesium onto
cured concrete rather than leaching from a cement or slag (Saltstone and direct grout) waste form
prepared with aqueous waste containing soluble cesium. (At the time the Saltstone PA was
written, the low concentration of cesium in the salt solution required no stabilization in the waste
form to meet the ground water requirements.) Since saltstone is a slag-based material as opposed
to a portland cement-based material, and since saltstone contains no inert aggregate (concrete
contains about 90 volume % sand and gravel), more cesium retention is expected from the
saltstone compared to concrete.

CONCLUSIONS

Cesium is stabilized (retained in the waste form relative to nitrate) in the direct grout and the
saltstone formulations. This is based on the cesium effective diffusion coefficients, camulative
fractions of cesium leached as a function of curing times, and the cesium distribution ratios
(approximations of distribution coefficients, Kq) determined in this study.

After 90 days of leaching, over 77 wt. % of the cesium was retained in the direct grout compared
to 14 wt. % of the nitrate. After 90 days of leaching, only 2 wt. % of the nitrate was retained in
the reference saltstone. These results are consistent with the earlier TCLP results (18 hour test of
a —200 mesh crushed sample), which indicated that more than 80 wt.% of the cesium was
retained after 18 hours leaching in an acetic acid solution.

The effective cesium diffusion coefficients for direct grout are about one order of magnitude
lower than those for nitrate. Average values were calculated to be 2E-09 versus 6E-08 cm*/sec,
respectively. Curing temperatures between 24 and 90°C did not affect the cesium leaching for
the direct grout. However, samples cured at 90°C did show an increase in the amount of nitrate
leached. This was attributed to an increase in surface area of the samples due to drying
shrinkage cracking and to the fact that nitrate is not chemically stabilized in the direct grout and
saltstone matrices.

Distribution coefficients, Kq, were approximated as distribution ratios, Rq. The distribution
ratios were calculated from data generated in the ANS 16.1 leaching protocol. The lowest Rd
values were obtained for the longest curing times. The data for the last three leach intervals were
averaged to obtain conservative values indicative of the measurable cesium stabilization
observed in this study. Conservative cesium Rq (Kq) values calculated for the direct grout ranged
from 228 to 255 ml/g over the range of curing temperatures studied. These values are more than
100 times greater than the value used in the saltstone Performance Assessment. The PA value of
2 was based on literature values for cesium sorbed onto portland cement concrete.
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QUALITY ASSURANCE

Results are recorded in WSRC-NB-98-00204. Testing was conducted in accordance with
SRTC procedures.
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Cesium Leaching Results for Reference Saltstone as a Function of
Curing Temperature
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Nitrate Leaching Results for Reference Saltstone as a Function of
Curing Temperature
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APPENDIX E

Cesium Effective Diffusion Coefficients Calculated for Direct Grout as a
Function of Curing Temperature
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APPENDIX F

Nitrate Effective Diffusion Coefficients Calculated for Direct Grout as a
Function of Curing Temperature
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APPENDIX G

Cesium Effective Diffusion Coefficients Calculated for Reference
Saltstone as a Function of Curing Temperature - Example
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APPENDIX H

Nitrate Effective Diffusion Coefficients Calculated for Reference
Saltstone as a Function of Curing Temperature
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