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Summary

This report was revised in May 2007 to correct *’Sr values in Chapter 3. The changes were made on
page 3.9, paragraph two and Table 3.10; page 3.16, last paragraph on the page; and Tables 3.21 and 3.31.
The rest of the text remains unchanged from the original report issued in October 2004.

This report describes the development of release models for key contaminants that are present in
residual sludge remaining after closure of Hanford Tanks 241-C-203 (C-203) and 241-C-204 (C-204).
The release models were developed from data generated by laboratory characterization and testing of
samples from these two tanks. Key results from this work are that future releases from the tanks of the
primary contaminants of concern (**Tc and ***U) can be represented by relatively simple solubility
relationships between infiltrating water and solid phases containing the contaminants. In addition, it was
found that high percentages of *’Tc in the sludges (20 wt% in C-203 and 75 wt% in C-204) are not readily
water leachable, and, in fact, are very recalcitrant. This is similar to PT¢ results found in related studies
of sludges from Tank AY-102 (Lindberg and Deutsch 2003; Krupka et al. 2004). These release models
are being developed to support the tank closure risk assessments performed by CH2M HILL Hanford
Group, Inc., for the U.S. Department of Energy.

The material used for testing consisted of sludge samples collected from the tanks in September 2003.
Initial (Tier 1) testing of the sludges consisted of 1) fusion analysis and acid digestion to determine the
total composition of the sludges and 2) water leaching to estimate the soluble portion of the solids. Based
on the results of these tests, subsequent analyses were conducted (Tier 2). These included X-ray diffrac-
tion (XRD) measurements to identify crystalline solids and scanning electron microscopy/energy disper-
sive spectroscopy (SEM/EDS) analysis to provide a close-up view of the morphologies of the sludge
material and identify the major constituents of individual minerals and amorphous solids. Periodic
replenishment and selective extraction tests were also conducted during the Tier 2 tests to further evaluate
water leachability and identify solid phases limiting the release of contaminants to solution. The test data
were used to develop conceptual contaminant release models based on a series of solubility controls.

The *Tc release model developed from the laboratory testing of C-203 and C-204 sludges is based on
the concentrations and solubilities of technetium-bearing solids in contact with pore water migrating
through the sludges. There are two stages of technetium release to solution:

1. Initially, part of the *Tc is present in the sludge as a highly soluble solid phase. The composition of
this solid is not known; however, NaTcO, has been used as a surrogate. The calculated concen-
trations of NaTcO, in the sludges are 0.074 pg *Tc /g-sludge in C-203 and 0.128 pg *Tc/g-sludge in
C-204. The calculated solubility of NaTcO, for both tanks is 706 g **Tc /L. The high solubility
effectively allows all the **Tc from this source to dissolve in a very small quantity of water, and this
portion of the *’Tc is very mobile.

2. After the soluble NaTcO, solid is removed from the waste by dissolution, the remaining *Tc is
relatively immobile because it is likely incorporated in a very insoluble iron mineral, which is
assumed to be ferrihydrite [Fe(OH);] for modeling purposes. The residual concentration of *’Tc in
C-203 is 0.030 pg *Tc /g-sludge, and in C-204 it is 0.259 ug **Tc /g-sludge. In this stage of release,

il



the ferrihydrite must dissolve to release the trace amounts of **Tc found in its structure. Based on the
concentrations of **Tc in the ferrihydrite and a calculated solubility of ferrihydrite for tank condi-
tions, the release of *’Tc during this stage is 0.28 pg *’Tc/L from Tank C-203 and 0.74 pg **Tc/L for
Tank C-204. These low dissolved concentrations effectively eliminate movement of *’Tc from these
tanks at this stage. The immobile **Tc represents 29 wt% of the total **Tc in C-203 sludges and

67 wt% of the total in C-204 sludge.

The ***U release model for C-203 and C-204 sludges is based on the concentrations and solubilities of
uranium- and sodium-bearing minerals in contact with pore water migrating through the sludges. There
are three stages of uranium release to solution:

1. Initially, soluble Cejkaite [Nas(UO,)(COs);] and a sodium nitrate solid are present in the sludges at
concentrations of 0.16 g U/g-sludge and 0.22 g NaNOj/g-sludge for C-203 and 0.068 g U/g-sludge
and 0.04 g NaNOs/g-sludge for C-204. The common ion effect due to Na" limits the solubility of
Cejkaite to 0.19 g U/L until all the NaNOs is dissolved. The solubility of NaNOj is constant at
629 g/L.

2. After all the NaNO; has dissolved, the solubility of ¢ejkaite increases to 69 g U/L and all the
remaining Cejkaite dissolves.

3. A residual non-Cejkaite uranium mineral present at a concentration of 0.058 g U/g-sludge in C-203
and 0.013 g U/g-sludge in C-204 controls the final release of uranium to pore water. The solubility of
this solid is estimated at 0.42 g U/L. The non-Cejkaite uranium mineral represents 27 wt% of the total
%0 in C-203 sludges and 16 wt% of the total in C-204 sludge.

The uranium stages of release do not coincide with the technetium stages of release.

I is a potential contaminant of concern in the tank sludges because of its mobility and long half-life;
however, it was not measured above the estimated quantitation limit of 71.1 pCi/g in C-203 sludge using
the fusion extraction method. This number should be considered a qualitative upper limit for '"*’I con-
centration in the sludge because the extraction method was not successful at dissolving the entire sludge
sample. The sludge extraction method is being improved to produce complete sludge dissolution and
iodine capture. '*°I was also analyzed in the water leachates from the single-contact tests. In almost all
cases, '’I was not measured above the estimated quantitation limits for these tests, which were in the
range of 18.7 to 30.6 pCi/g-sludge. In two cases, '*’I was reported at estimated concentrations of less
than 1 pCi/g-sludge in the water leachates.

The total concentrations of *’Tc by the fusion extraction method were 0.104 pg/g in C-203 sludge and
0.387 pg/g in C-204. Uranium was a major component in the sludge samples from both tanks. The
fusion extraction method gave concentrations of ***U of 218,000 pg/g (C-203) and 80,200 pg/g (C-204).
This corresponds to ¢ejkaite mineral concentrations of about 50 wt% of the sludge in C-203 and 18 wt%
in C-204. The other predominant metals in C-203 sludge were Na (17 wt%), Fe (3.9 wt%), and Cr
(2.4 wt%). The predominant anions in this sludge were carbonate (17.1 wt%), nitrate (16.3 wt%), oxalate
(2.54 wt%), and nitrite (0.8 wt%). The predominant metals in C-204 sludge, in addition to ***U, were Fe
(12.7 wt%), Na (9.1 wt%), Si (3.6 wt%), and Al (2.8 wt%). The predominant anions in this sludge were
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carbonate (8.32 wt%), nitrate (2.93 wt%), and nitrite (1.94 wt%). Another major component of the C-204
sludge was the organic compound tributyl phosphate (28.3 wt%).

The sum of the **’Pu and **' Am isotopes in C-203 sludge measured by the fusion method was
4,039 nCi/g; by the EPA acid digestion method it was 2,470 nCi/g. Based on the DOE definition of
transuranic (TRU) waste (>100 nCi/g), this would classify the sludge in Tank C-203 as TRU waste;
however, the final waste form in the tank will be a mixture of residual sludge and a tank-filling grout,
which will lower the concentrations of contaminants an amount dependent on the mixing ratio of the
sludge and the grout. The sum of the ***Pu and **' Am isotopes in C-204 sludge measured by the fusion
method was 13.8 nCi/g and by the EPA acid digestion method was 5.73 nCi/g. These measurements
suggest that the sludge in tank C-204 is not TRU waste; however, this sludge contained 28.3 wt% TBP
that was not totally extracted by the test methods and may have retained TRU constituents. These test
results should not be used to classify the waste in C-204.

The water-leachable amount of **Tc in C-203 sludge ranged from 56.3 to 71.3 wt% of the total *Tc¢ in
the sludge for the single-contact batch tests. The leachable percentage of *’Tc increases with contact
time. For Tank C-204, the water-leachable **Tc ranged from 28.0 to 33.9 wt% of the total *Tc. The
lowest percentage of *Tc is released in the one-day contact test (28.0 wt%), and similar amounts are
released at total contact times of two weeks (33.9 wt%) and one month (32.9 wt%). For the water leach
tests in which the water was periodically replaced with fresh water, most of the leachable **Tc occurs in
the first contact stage. During subsequent stages, low percentages (below detection to 2.9 wt%) of *Tc
are water leachable from the sludge. The recalcitrant nature of some of the **Tc (20 to 75 wt%) in
Hanford tank sludges has been documented in previous similar water leach studies of sludge from the
AY-102 tank (Lindberg and Deutsch 2003; Krupka et al. 2004).

The water-leachable amount of >**U in C-203 sludge from the single-contact batch tests ranges from
70.4 to 75.8 wt% of the total ***U in the sludge. There is no apparent time dependence on ***U water
leachability. In the periodic water replenishment tests, there does appear to be a time dependence on **U
leachability. For the first five stages, in which contact time was two to three days per stage, the leachable
amount decreased in the order 74.2 wt%, 2.4 wt%, 0.8 wt%, 0.2 wt%, 0.1 wt%; however, in stage 6a,
where the contact time was 65 days, the amount leachable increased to 0.8 wt%, and in stage 6b (86 day
contact) the value is 3.2 wt%. This suggests the presence of at least two uranium minerals (Cejkaite plus
possibly clarkeite) with different solubilities and reaction rates in the C-203 sludge.

The water-leachable amount of ***U in C-204 sludge for the single-contact batch tests ranged from
76.0 to 92.1 wt% of the available ***U in the single-contact tests. This is within the range of analytical
precision for these measurements, thus the differences between the values are not statistically significant.
For the periodic water replenishment tests of C-204 sludge, almost all of the Z**U was leached in the first
stage and there is a smaller increase in stages 6a and 6b, similar to that observed in testing C-203 sludge.

If a wet retrieval method is used for the sludge in these tanks, it is likely that a large fraction of the
contaminants in the soluble portion of the sludge will be removed by the retrieval process. A wet sludge
retrieval method could remove as much as 73% of the uranium in Tank C-203 and 84% of the uranium in
C-204. This method would also remove as much as 52% of the **Tc in Tank C-203 and 25% of the *’Tc
in C-204.



Cejkaite was identified by XRD and SEM/EDS analyses as an important uranium-containing phase in
the C-203 and C-204 sludges. The solubility of Cejkaite [Nay(UO,)(COs3)3] in water in contact with the
tank sludges was found to be strongly influenced by the dissolution of other sludge solids (primarily
sodium nitrate and possibly sodium carbonate) that provide common ions (Na and CO;”) to the solution.
Cejkaite solubility increased by a factor of 6 (from 0.03 to 0.18 mol/L) as the other sodium and carbonate
minerals were dissolved and removed from the system. The common ion effect is important from a
contaminant release standpoint because it can suppress the solubility of minerals containing contaminants,
thereby limiting their release to solution.

Cejkaite was the dominant crystalline phase identified by XRD analysis of the sludges from C-203.
A yellow nugget material separated from the C-203 sludge was also found to be predominantly Cejkaite;
however, the XRD pattern for this material also showed the possible presence of nitratine (soda niter,
NaNOs) in the nuggets. The lack of a Cejkaite pattern in the XRD analysis of the solids after two weeks
of leaching with water is a clear indication of the high solubility of ¢ejkaite in water. The XRD pattern
for the water-leached sludge suggests the presence of a small amount of poorly crystalline clarkeite
[Na[(UO,)O(OH)](H,0),.,] in the residual solid. Cejkaite is also the dominant crystalline phase identified
by XRD analysis of the sludges from tank C-204. This mineral in the C-204 sludge was also very
leachable with water.

SEM/EDS analysis of C-203 sludge showed the presence of predominantly ¢ejkaite, which has
distinctive acicular and rod-shaped crystals in this sludge. Some of the Cejkaite crystals were bound in a
matrix with a sodium nitrate solid, possibly nitratine (NaNOs). The yellow nugget material appeared to
be a combination of Cejkaite and this sodium nitrate phase. A second uranium mineral with a smooth
surface was identified at lower concentration in this sludge. This other mineral may be represented by the
composition Na,U,0; or clarkeite Na[(UO,)O(OH)](H,O),.;. Micrographs of the water-leached sludge
did not show the readily soluble Cejkaite but did show the presence of the apparently less-soluble/reactive
clarkeite.

SEM/EDS analysis of C-204 sludge showed that it is composed of ¢ejkaite and an amorphous solid
composed of Na, Al, P, O, and possibly C. Within this mixture, there were particles, sometimes as
aggregates, of an iron oxide that often also contained Cr and Ni. Water leaching completely eliminated
the Cejkaite crystals from this sludge. The remaining solid consisted of a variety of non-descript particles,
many of which had pitted altered surfaces. These particles included phases composed of Si oxide
(probably quartz), Fe oxide (often as globular or botryoidal aggregates), Na-Al silicate, and a porous-
looking material (or an aggregate of sub-micrometer particles) that typically contained Al, Cr, Fe, Na, Ni,
Si, U, P, O, and C. Cavities were found on the surfaces of some of the iron oxide particles. These likely
represent the locations of solids that preferentially dissolved in the water. These water-soluble solids had
been trapped in the iron mineral during its precipitation. If these solids contained contaminants, then the
release of these contaminants to water would be limited by dissolution of the low solubility iron oxides in
future infiltrating water. This process may account for at least some of the release of recalcitrant **Tc
found in these sludges.

Testing of sludges from Tanks C-203 and C-204 has shown the need for future development of
analytical techniques and release models. These future developments include:
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129 . .
Improved 1 extraction and measurement techniques

Evaluation of actinide partitioning in TBP and extraction methods for analysis of total actinides in
sludge

Testing of contaminant release from sludge under environmental conditions other than fresh water
infiltration (e.g., cement grout/sludge system)

Release model for chromium from residual sludge.
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AE
AEA
ASTM
am

avg

bse
CCcv
DDI
DOE
DUP
EDS
EMSP
EPA
EQL
ESL
EXAFS
FUS
GEA
HLW
IC
ICP-AES
ICP-MS
ICP-OES
ICDD
JCPDS
LOQ
N/A
ND

NR
PDF™
PNC-CAT
PNNL
QA

QC
RPL

se

SEM
TBP
TEM
TIC
TOC

Acronyms and Abbreviations

sample that has undergone the EPA acid digestion (or extraction) procedure
alpha energy analysis

American Society for Testing and Materials

amorphous

average

backscattered electron

continuing calibration verification

distilled deionized (water)

U.S. Department of Energy

duplicate sample

energy-dispersive X-ray spectrometry

DOE’s Environmental Management Science Program

U.S. Environmental Protection Agency

estimated quantitation limit

Environmental Science Laboratory

extended X-ray absorption fine structure

sample that has undergone the KOH-KNO; fusion treatment
gamma energy analysis

high-level radioactive waste

ion chromatography (chromatograph)

inductively coupled plasma-atomic emission spectroscopy (same as ICP-OES)
inductively coupled plasma-mass spectroscopy (spectrometer)
inductively coupled plasma-optical emission spectroscopy (same as ICP-AES)
International Center for Diffraction Data, Newtown Square, Pennsylvania
Joint Committee on Powder Diffraction Standards

limit of quantification

not applicable

not detected

not reported

powder diffraction file

Pacific Northwest Consortium — collaborative access team
Pacific Northwest National Laboratory

quality assurance

quality control

Radiochemical Processing Laboratory

secondary electron

scanning electron microscopy (or microscope)

tributyl phosphate

transmission electron microscopy (or microscope)

total inorganic carbon

total organic carbon
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TRU
WE
XAS
XANES
XRD

transuranic (waste)

sample that has undergone a water extraction procedure

X-ray absorption spectroscopy

X-ray absorption near edge structure

X-ray powder diffractometry analysis (commonly called X-ray diffraction)
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AtGoos°
°C
eV

Kog°
kcal
keV
kJ

Heq
ug
wm

mg
mL
mM
mol

pg

wmol
/1,

wt%

Units of Measure

angstrom

angle of incidence (Bragg angle)

Gibbs energy of formation from the elements in their reference states at 298.15 K
temperature in degrees Celsius [T(°C) = T(K) — 273.15)
electron volt

gram

temperature in degrees (without degree symbol) Kelvin [T(K) = T(°C) + 273.15]
equilibrium constant at 298.15 K

kilocalorie, one calorie equals 4.1840 joules

kilo-electron volt

kilojoule, one joule equals 4.1840 thermochemical calories
liter

micro (prefix, 10

microequivalent

microgram

micrometer

molarity, mol/L

milligram

milliliter

molarity, millimol/L

mole

picogram (10™'? grams)

revolution per minute

micromol

relative intensity of an XRD peak to the most intense peak
wavelength

weight percent
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1.0 Introduction

This report describes the development of release models for contaminants of concern that may be
present in residual waste in Hanford Tanks 241-C-203 (C-203) and 241-C-204 (C-204) after closure.
These release models are necessary components of the performance assessments being conducted as part
of the closure process. From the perspective of long-term risk to the environment, the primary con-
taminants of concern are *Tc, ***U, and '*’I because of their mobility in the environment and long half-
lives. Sludges from Tanks C-203 and C-204 were collected during preretrieval activities to characterize
the geochemistry of the solids and to quantify the release of the primary contaminants into water that may
contact residual sludge after tank closure.

The remainder of this section describes the scope of work for laboratory testing and release model
development as well as background information on the C-200 series tanks. The sludge samples and
laboratory testing procedures for this project are described in Section 2 of this report, and the results are
provided in Section 3. Release models are discussed in Section 4 and general conclusions in Section 5.
Cited references are listed in Section 6, and supporting material is included in the appendixes.

1.1 Scope

Initial (Tier 1) laboratory tests were conducted to characterize the sludge and identify water-leachable
constituents. The Tier 1 tests consisted primarily of fusion analysis and acid digestion, which measured
elemental concentrations in the solid and water leaching of contaminants from the sludge to evaluate their
mobility in infiltrating water. Based on the results of the Tier 1 tests, additional analyses were performed
to augment the characterization of the material and elucidate the controlling mechanism(s) for the release
of contaminants. Tier 2 tests consisted of X-ray diffraction (XRD) and scanning electron microscopy/
energy dispersive spectrometry (SEM/EDS) analyses of the solids to identify reactive phases and selec-
tive extraction and uranium mineral solubility measurements and to quantify the release of contaminants
from particular solid phases.

The laboratory results of sludge testing were used to develop source term models that describe the
release of contaminants as infiltrating water contacts the solids in the future. These models simulate the
geochemical system in the tank sludge and take into account interactions between the solution phase and
the contaminant-containing solids. The release models are simplifications of the complex geochemical
interactions occurring between the phases; however, they adequately represent the release of the key
contaminants technetium and uranium from the sludge as measured in laboratory tests. '*’lodine was not
present at measurable concentrations in the sludge or most water extracts; therefore, a release model could
not be developed for this radionuclide in the two sludges that were studied.

1.2 C-200 Series Tank Description

The C-200 series consists of four single-shell underground waste tanks (C-201 through C-204) in the
C Tank Farm in the 200 East Area of the Hanford Site (Figure 1.1). These tanks are 20 feet in diameter
and have a capacity of 55,000 gal when filled to a depth of 24 feet. Figure 1.2 is a schematic of the
configuration of Tank C-204.
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Figure 1.1. Hanford C Tank Farm

The history of waste transfers into and removals from these tanks provides an indication of the types
of residual materials that may be present in the tanks. The following information on tank transfers is
summarized from Johnson (2003).

e Metal waste transfers
o November 1947 to January 31, 1948 — four tanks filled with metal waste
— Measurements on May 27, 1948 showed each tank had about 4 feet of sludge and 18 feet of
liquid above the sludge
o February 1952 — metal waste began to be removed from these tanks by pumping and sluicing

February 1955 — removal complete; all sludge reportedly removed, as shown by visual
inspections through a periscope (undoubtedly some residual waste remained)
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Figure 1.2. Tank C-204 Configuration (Conner 1996)

e Hot Semiworks transfers
o May 1955-November 1956 — highly radioactive waste from research and development (R&D) of

PUREX process in the Hot Semiworks facility was concentrated to recover nitric acid, neutralized
with sodium hydroxide solution, and transferred to the four tanks.

o May 1956 — C-201 and C-202 were reported filled with this waste.

o November 1956 — C-203 and C-204 were reported to contain 34,500 gal of this waste

e PUREX plant cold uranium run wastes
o November 1955 — C-203 and C-204 received waste from cold uranium runs as part of startup

operations at the PUREX plant

e No additional waste after November 1956
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e Supernatant Removal
o January—March 1970 — C-203: 19,000 gal pumped to C-109
o April-June 1970 — C-201 through C-204: supernatant pumped to C-104; with the exception of
C-204, these tanks contained only a heel of sludge following the transfer of these amounts:
C-201: 54,000 gal
C-202: 55,000 gal
C-203: 12,000 gal
— C-204: 14,000 gal (contained 41,000 gal of supernatant in June 1970)
o July 10, 1977 — C-204: supernatant pumped out, leaving only 3,000 gal in this tank
October 1980 — C-201 through C-204 supernatant pumped into C-106 using a submersible pump

e Because of the limitations of sludge removal by sluicing and supernatant removal by pumping, some
residual material remained in the tanks after the removal campaigns.

Two auger samples of the sludges in Tank C-204 were collected in May 1995 (Conner 1996). At that
time, it was estimated that the tank contained 11 kL (3 kgal, 1.3 ft) of waste in the form of sludge. The
solid samples were analyzed for energetics, moisture, total alpha content, total organic carbon content,
and organic compounds. The analytical results (on a wet weight basis) were:

e Percent water 56.95%

e Energetics 813 - >1,234 Joules/g (dry basis)
e Total alpha 0.0322 uCi/g

e Total inorganic carbon 10,500 pg C/g

e Total organic carbon 126,000 pug C/g

e Tributyl phosphate 330,000 pg/g

e Dibutyl phosphate 2,000 ng/g

Tributyl phosphate was used as an organic solvent in several separations processes at the Hanford Site.

Other previous sampling and analysis events for the C-200 series tanks are not known; however,
Conner (1996) estimated the contents of C-204 based on historical transfer data. These data were from
the Waste Satus and Transaction Record Summary for the Northeast Quadrant (Agnew et al. 1995b), the
Hanford Tank Chemical and Radionuclide Compositions: HDW Model Rev. 3 (Agnew et al. 1996), the
Tank Layer Model (TLM) (Agnew et al. 1995a), and the Historical Tank Content Estimate for the
Northeast Quadrant of the Hanford 200 East Area (Brevick et al. 1994). Conner (1996) cautions that
several errors are introduced as the models create the estimate, and model predictions require further
evaluation using analytical measurements. Table 1.1 shows the estimate of the expected waste
constituents and their concentrations.

The histories of the C-200 series tanks suggest that the wastes in the tanks should be of similar
composition; however, as seen in the following sections, the materials in Tanks C-203 and C-204 have
very different chemical compositions.
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Table 1.1.

Tank C-204 Estimated Contents Based on Historical Transfer Data®® (from Conner 1996)

Physical Properties Concentration/Amounts
Total Solid Waste 18,700 kg (3.0 kgal)
Bulk Density 1.65 g/em’
Water Content 44.1 wt%
Chemical Constituents ppm
Na' 55,400
Fe’*(total Fe) 66,700
cr’ 95.5
Pb*" 6,350
Ni** 2,210
Ca™ 1,400
K" 583
OH" 146,000
NO5y 1,570
NO, 8,520
CO5™ 45,900
PO, 15,400
SO~ 4,270
Si (as Si05%) 17.6
Cl- 309
CeH;0, 1,260
EDTA* 3,840
acetate 5,020
NH; 1,530
Radiological Constituents
U (ppm) 192,000
Pu (uCi/g) 0.00263
Cs (uCi/g) 0.34
Sr (UCi/g) 3,650

(a) Agnew et al. 1996.

with caution.

(b) The HTCE predictions have not been validated and should be used
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2.0 Materials and Laboratory Test Methods

Sludge samples from Tanks C-203 and C-204 were collected by CH2M HILL during preretrieval
activities in September 2003. Samples were collected for testing prior to final sludge retrieval because of
the greater likelihood of successful sampling before than after final retrieval, when less sludge would be
available to sample. Also, because a dry retrieval method would be used on these tanks, it was not
expected that retrieval would change the composition of the waste appreciably. Because of the avail-
ability of sludge from Tanks C-203 and C-204, wastes from these tanks were used for laboratory testing
to develop representative contaminant release models for the C-200 series tanks. Sludge samples from
these two tanks were supplied to Pacific Northwest National Laboratory (PNNL) by CH2M HILL on
December 11, 2003. Preretrieval sludge samples were subsequently collected from Tanks C-201 and
C-202; however, at this time, testing and release model development is not scheduled for these tanks.

This section provides a description of the sludge samples and the various tests used to characterize the
material, measure contaminant release, and identify controlling solids.

2.1 C-203 and C-204 Sludge Samples

Four grab samples of sludge were collected by CH2M HILL from Riser 6 (Figure 1.2) of Tank C-203
on September 16, 2003; five grab samples of sludge were collected from Riser 7 of this tank on Septem-
ber 29, 2003. Four grab samples were collected by CH2M HILL from Riser 6 of Tank C-204 on
September 9, 2003, and an additional five grab samples were collected from Riser 7 on September 10,
2003. All samples were sent to the Hanford 222-S laboratory, where they were composited for each riser.
Before the samples were shipped to PNNL, the composited samples from each riser were combined to
produce a single sludge sample to represent each tank. The tank samples listed in Table 2.1 were received
by PNNL on December 11, 2003.

During preparation of residual tank waste samples for Tier 2 testing, large yellow particles (or
nuggets) (Figure 2.3) were discovered embedded in the bulk unleached C-203 sludge sample from
jar 19649. These particles are referred to as “yellow nuggets” throughout this report. The discovery
occurred when sludge was being removed from jar #19649 for Tier 2 testing, and some clumps of brown
bulk sludge were found to be resistant to fragmentation when poked with a spatula. Further inspection
showed that the interiors of these clumps of sludge contained nuggets of yellow mineralization. These
nuggets range in size from several millimeters to over a centimeter in diameter (Figure 2.3). Material
from one of these yellow nuggets was submitted for characterization by XRD and SEM/EDS analysis.

Table 2.1.  Samples Provided to PNNL by 222-S Laboratory

Tank Jar # Jar Size (mL) Labcore Number Net Weight of Material (g)
241-C-203 19649 250 S03T001858 139.7
241-C-204 19650 250 S03T001815 141.1
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Figure 2.1. C-203 Tank Sludge (Jar 19649)

Figure 2.2. C-204 Tank Sludge (Jar 19650)

Figure 2.3.  Yellow Nuggets Discovered in the Matrix of C-203 Tank Sludge
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2.2 Sludge Composition by Fusion Analysis and Acid Digestion

The bulk compositions of the sludge solids were determined using accepted PNNL internal procedure
AGG-ESL-001, Solubilization of Metals from Solids Using a KOH-KNO; Fusion® and a modified
version of U.S. Environmental Protection Agency (EPA) SW-846 Method 3050B (EPA 2000). These
methods were used to measure the elemental composition of the sludge, but are not appropriate for the
anion concentrations due to the acids used in the analyses. The anion compositions were measured
separately in solutions obtained by water leaching of the solids (see Section 2.5.5).

The potassium hydroxide (KOH)-potassium nitrate (KNO;) fusion-dissolution procedure is the most
commonly used method for solubilization of Hanford tank sludge samples for chemical analysis by
inductively coupled plasma-mass spectroscopy (ICP-MS) and other methods (De Lorenzo et al. 1994;
Simpson 1994; Fiskum et al. 2000; Smith et al. 2001). Benefits of this procedure include: effective
metathesizing of insoluble salts such as SrSO,, PuPO,, PuF;, and ThF; into acid soluble hydroxides;
completed fusion at relatively low temperature (550°C) compared to other fluxing agents, such as 1100°C
for the LiBO, (lithium metaborate) fluxing agent; and use of nickel or zirconium crucibles, as opposed to
the more costly platinum crucibles, for the fusion.®

The KOH-KNO; fusion-dissolution procedure consists of chemical analyses of a solution resulting
from water and acid dissolutions of a solid that has been fused at a high temperature with a caustic fluxing
agent. In this procedure, 300 mg of the tank waste sludge material was mixed with 10 mL of a 20% KOH
and 2% KNO; solution as a fluxing agent in a zirconium crucible. The crucible was then placed on a hot
plate and allowed to evaporate to dryness, after which it was covered and transferred to a muffle furnace
preheated to 550°C. Fusion was accomplished by heating the sample-flux mixture for 60 minutes at
550°C. After 60 minutes, the crucible was removed from the furnace and allowed to cool to ambient
room temperature. The fused solid was then dissolved in distilled deionized (DDI) water. The resulting
solution was transferred to a 100-mL volumetric flask to which 1 mL of 1.0 M hydroxylamine HC] was
added. Ten mL of an 8 M nitric acid (HNOs) solution was added to the crucible to try to dissolve any
remaining residual solid. The acid wash solution was also added to the volumetric flask. The crucible
was then triple-rinsed with DDI water, and these solutions were also added to the volumetric flask. The
resulting solution was diluted up to a total volume of 100 mL with DDI water. Prior to chemical analysis,
the final 100-mL solution was passed through a Whatman 41 filter with final filtration through a 0.45-um
pore-size syringe filter to remove any insoluble particles that did not dissolve in the nitric acid solution.
The insoluble fractions are difficult to characterize because of the difficulty in removing them from the
filter media.

Chemical analyses of an acid digestion of the sludge solids were also completed for comparison with
the KOH-KNO; fusion procedure. For the acid digestion, 300 mg of the tank waste sludge was digested
following the basic procedure described in U.S. Environmental Protection Agency (EPA) SW-846
Method 3050B (EPA 2000) with the following exceptions: 1) all reagent volumes were reduced by 50%
because safety considerations necessitated smaller sample masses due to the high radioactivity levels

(a) Lindberg MJ. 2003. “Solubilization of Metals from Solids Using a KOH-KNO; Fusion.” AGG-ESL-001
(Rev. 0), unpublished PNNL Technical Procedure, Pacific Northwest National Laboratory, Richland, WA.
(b) Personal communication with WI Winters (CH2M HILL), December 22, 2003.
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associated with these sludge solids, and 2) HCI was not added during the digestion to allow analysis of
the resulting solutions by ICP-MS. If HCl is used, an ArCl" species is formed during ICP-MS analysis,
which creates a spectral interference that impedes analysis of certain analytes. Throughout the remainder
of this report, this treatment of sludge solids will be referred to as “EPA acid digestion.”

For the EPA acid digestion procedure, 300 mg of the sample is placed in a 50 mL Griffin beaker; 8 M
HNO; is added to the sample, the beaker is covered with a watch glass, and the unit is heated to 95°C.
Successive additions of concentrated HNO; and heating are performed until no reaction with the sample
is noted. The sample is then allowed to digest for two hours at 95°C. The sample is removed and
allowed to cool; 30% H,0, is added to the sample, and the temperature is increased to 95°C. Successive
addition of H,O, and heating are performed until no reaction is noticed. The sample is allowed to digest
for 2 hours at 95°C. After cooling, the solution is filtered through a Whatman 41 filter to remove any
insoluble particles and brought to a final volume of 50 mL with DDI water. Samples are filtered through
a 0.45-um pore-size syringe filter prior to analysis. The limited quantity of the insoluble fractions and the
inability to remove this material from the filter media precluded their characterization.

Table 2.2 lists the digestion factors (wet solid-to-solution ratios) for the samples of C-203 (jar 19649)
and C-204 (jar 19650) sludge solids used for the KOH-KNO; fusion treatments and EPA acid digestion.
These factors were calculated from the wet weight of sludge material divided by the volume of extracting
solution. The digestion factors were then multiplied by the percent solids, as determined from moisture
content analysis, to convert to a dry weight basis. All EPA acid-digestion and fused-sample solutions
were filtered using 0.45-pum pore-size syringe filters prior to analysis. The dissolved metal concentrations
and the total beta and total alpha activities for the filtered solutions were then analyzed by a combination
of methods, including ICP-MS, inductively coupled plasma-optical emission spectroscopy (ICP-OES),
and several radiochemical analytical techniques. These analytical methods are described in Lindberg and
Deutsch (2003).

Table 2.2.  Digestion Factors for Samples of C-203 (Jar 19649) and C-204 (Jar 19650) Sludge Solids
Used for the EPA Acid Digestion and KOH-KNO; Fusion Treatments

Dry Weight Corrected
Treatment Sample Number Digestion Factor (g/L)
Jar 19649 (203) 5.7882
KOH-KNO; fusion Jar 19650 (204) 5.2551
Jar 19650 (204) Dup 6.4648
Jar 19649 (203) 11.0940
EPA acid digestion Jar 19649 (203) Dup® 10.2869
Jar 19650 (204) 12.2803
Jar 19650 (204) Dup 12.5732
(a) Dup = Duplicate sample.
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2.3 XRD Analysis

Crystalline phases present in the as-received and the water-leached sludge samples were characterized
by standard powder XRD techniques. Samples of solid materials remaining at the end of certain selective
extraction tests and solubility experiments were also characterized by XRD and SEM/EDS methods.
Table 2.3 contains a summary of the sludge samples analyzed by XRD and SEM/EDS. To help validate
the uranium mineralization identified in the unleached C-203 and C-204 sludge samples, a natural speci-
men of Cejkaite [Nay(UO,)(COs);] from the Svornost Mine at Jachymov in the Czech Republic was
purchased from a commercial mineral-specimen company, and characterized by XRD and SEM/EDS.®

Because the sludge materials were highly radioactive, dispersible powders, it was necessary to
prepare the XRD and SEM/EDS mounts of these samples inside a fume hood regulated for handling
radioactive materials. Sludge samples were prepared for XRD analysis by placing milligram quantities of
each sample into a mixture of water and collodion solution. The collodion solution consists of 2%
nitrocellulose dissolved in amyl acetate. It was an X-ray amorphous, viscous binder commonly used to
make random powder mounts for XRD when only a limited amount of sample is available. The slurry
was pipetted onto a circular-shaped platform (1-cm diameter) and placed on top of the post located on the
base inside a disposable XRD specimen holder (Figure 2.4). This specimen holder was designed
specifically for safe handling of dispersible powders containing highly radioactive or hazardous materials
(Strachan et al. 2003). After allowing samples to air dry overnight, the holder was assembled and a piece
of Kapton® film placed between the cap and the retainer. The holder was sealed with wicking glue and
removed from the fume hood.

Table 2.3. Summary of the Sludge Samples Analyzed by XRD or SEM/EDS

Analysis by | Analysis by
Type of Solid Sample XRD SEM/EDS
Unleached bulk solid X X
Unleached yellow nuggets X
C-203 (Jar 19649) sludge Water leached for 2 week X X
Water leached for 2 months X
Water leached for 3 months X X
1:1 solubility experiment X
Unleached bulk solid X X
Water leached for 2 week X X
Water leached for 2 months X
C-204 (Jar 19650) sludge | Selective extraction — water contact X
Selective extraction — acetate contact X
Selective extraction — ethanol contact X
Selective extraction — HF acid/NaF buffer X
Natural specimen of Unleached X X
Cejkaite mineralization

(a) Excalibur Mineral Corp., Peekskill, NY.
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Figure 2.4. Exploded Schematic View of the XRD Sample Holder [Kapton® film not shown]

Each sample was analyzed using a Scintag XRD unit equipped with a Pelter thermoelectrically cooled
detector and a copper X-ray tube. The diffractometer was operated at 45 kV and 40 mA. Individual
scans were obtained from 2 to 65° 20 with a dwell time of 4 and 14 seconds. Scans were collected
electronically and processed using the JADE® XRD pattern-processing software.

A sample consisting of only a dry film of the collodion solution was also prepared and analyzed by
XRD so that its contribution relative to the background signals of the XRD patterns for the sludge
samples could be quantified. The resulting XRD pattern for the collodion solution film is shown in
Figure 2.5. The most obvious feature of this diffraction pattern is the broad peak positioned between 10°
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Figure 2.5. XRD Pattern for Collodion Film Measured in the Absence of Sludge Material
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and 30°20. The symmetry of this peak is characteristic of those resulting from the XRD of amorphous
(noncrystalline) material. Although subtracting the collodion background from sludge XRD patterns
allows for better phase matching, this process may eliminate minor reflections and inconspicuous features
of a pattern. Therefore, each as-measured XRD pattern was examined before and after background
subtraction to ensure that the integrity of the pattern was maintained. For background subtraction, the
JADE" software provides the user with control over the selection of background-subtraction points. This
process allows a better fit to 20 regions under broad reflections, such as those resulting from amorphous
materials. On average, 30 to 40 background points were selected from each XRD pattern, and a cubic-
spline curve was then fit through each set of points. Adjustments to this curve were made by selecting
additional background points in regions of a pattern that were difficult to fit. Once a well-matched curve
was fitted to a pattern, the background was subtracted from each as-measured XRD pattern, resulting in a
smooth tracing.

Identification of the mineral phases in the background-subtracted patterns was based on a comparison
of the XRD patterns measured for the sludge samples with the mineral powder diffraction files (PDF™)
published by the Joint Committee on Powder Diffraction Standards (JCPDS) International Center for
Diffraction Data (ICDD). As a rule of thumb, a crystalline phase must be present at greater than 5 wt% of
the total sample mass (greater than 1 wt% under optimum conditions) to be readily detected by XRD. In
general, the measured peak intensities depend on several factors, including the combined mass of each
crystalline phase in the sample. Due to the physical characteristics of these tank sludge samples such as
high radioactivity, high dispersibility, and variable moisture content, the mass of tank sludge combined
with the collodion solution for each XRD mount could not be controlled or easily determined. Dis-
similarities in mineral segregation (settling) resulting from the different densities of minerals mixed with
the collodion solution and associated effects on relative peak intensities also influence the overall pattern
intensity. The combined effect of these factors could have some effect on the characteristic mineral peak
intensities, which precluded quantitative comparisons of peak intensities for equivalent reflections in
background-subtracted XRD patterns for different sludge samples.

2.4 SEM/EDS Analysis

Samples of unleached and water-leached sludges and of solid materials remaining at the end of
certain extraction tests and solubility experiments were characterized by SEM/EDS (Table 2.3). A natural
specimen of Cejkaite [Nay(UO,)(COs);] from the Svornost Mine at Jachymov in the Czech Republic was
also analyzed by SEM/EDS for comparison with the uranium mineralization identified in the C-203 and
C-204 sludge samples. Two or three mounts were prepared of each sample to compensate for the
possibility that one or more less-than-optimum mounts of a sample might occur, thus improving the
likelihood of obtaining representative SEM images of each sample. The mounts used for SEM/EDS
consisted of double-sided carbon tape attached to standard aluminum mounting stubs. For each mount,
small aliquots of each sludge sample were placed on the exposed upper surface of the carbon tape using a
micro spatula. Each mount was then coated with carbon using a vacuum sputter-coater to improve the
conductivity of the samples and thus the quality of the SEM images and EDS signals.

A JEOL JSM-840 SEM was used for high-resolution imaging of micrometer/submicrometer-sized
particles from the sludge samples. The SEM system is equipped with an Oxford Links ISIS 300 EDS that
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was used for qualitative elemental analysis. Operating conditions consisted of 10 to 20 keV for SEM
imaging and 20 keV, 100 live seconds® for the EDS analyses. The EDS analyses of particles are limited
to elements with atomic weights heavier than boron. Photomicrographs of high-resolution secondary
electron (se) images and backscattered electron (bse) images were obtained as digital images and stored in
electronic format. To help identify particles that contain elements with large atomic number, such as
uranium, the SEM was typically operated in the bse mode. Secondary electrons are low-energy electrons
ejected from the probed specimen as a result of inelastic collisions with beam electrons, whereas back-
scattered electrons are primary electrons emitted as a result of elastic collisions. Backscattered electron
emission intensity is a function of the specimen’s atomic number, the larger the atomic number, the
brighter the signal. Backscattered electron images are obtained in exactly the same way as secondary
electron images.

The SEM micrographs included in this report were selected because they show typical morphologies,
sizes, and surface textures of particles in the sludge subsample mounts. The name of each digital image
file, sample identification number, and a size scale bar are given, respectively, at the bottom left, center,
and right of each SEM micrograph in this report. Micrographs labeled bse to the immediate right of the
digital image file name indicate that the micrograph was collected with bse. Areas outlined by a white or
black dotted-line square in a micrograph designate sample material that is imaged at higher magnification,
which is typically shown in the next figure of the series for that subsample.

Areas labeled “eds” in SEM micrographs in this report indicate areas of particles for which EDS
spectra were recorded and qualitative compositions were calculated and tabulated. Compositions
determined by EDS are qualitative and have large uncertainties resulting from alignment artifacts caused
by the variable sample and detector configurations that exist when different particles are imaged by SEM.

2.5 Tier 1 Tests

Tank waste samples were analyzed in a tiered approach similar to the one developed for investigating
contaminant fate and transport issues associated with past single-shell tank leaks in the vadose zone.
Such an approach allows for initial (Tier 1) screening of samples using relatively inexpensive analytical
techniques. This is followed by an analysis of the data to determine the need for further testing (Tier 2).
The Tier 1 tests are described in this section and the Tier 2 tests are described Sections 2.6-2.8.

All laboratory activities were conducted in accordance with the requirements of Title 10, Code of
Federal Regulations, Part 830.120 “Quality Assurance” and the Hanford Analytical Services Quality
Assurance Requirements Document (HASQARD). These requirements were implemented using PNNL’s
on-line QA Plan, “Conducting Analytical Work in Support of Regulatory Programs.” PNNL’s QA Plan
is based on the requirements of U.S. DOE Order 414.1A as described in PNNL’s Standards-Based
Management System (SBMS), the HASQARD, relevant elements of NQA-1, as well as recognized
industry standards (e.g., EPA, ASTM, American National Standards Institute).

(a) Live time is when (real time less dead time) the EDS system is available to detect incoming X-ray photons.
Dead time is the portion of the total analyzing time that is actually spent processing or measuring X-rays.
While each X-ray pulse is being measured, the system cannot measure another X-ray that may enter the detector
and is therefore said to be “dead.”
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2.5.1 Moisture Content

The moisture contents of the tank waste samples were measured to calculate dry weight concentra-
tions for constituents in the waste. Dry weight concentrations provide a consistent measurement unit for
comparison purposes that eliminates the effect of variable water content on sample concentrations.

Gravimetric water content of the waste material was determined using the ASTM procedure
D2216-98, Standard Test Method for Laboratory Deter mination of Water (Moisture) Content of Soil and
Rock by Mass (ASTM 1998) with the following minor exceptions: 1) the volume of sample recom-
mended was decreased due to radiological concerns and 2) the sample was dried at a lower oven
temperature, 105°C, for a longer period of time to prevent dehydration of the solids.

Sludge samples were placed in tared containers, weighed, and dried in an oven until a constant weight
was achieved, usually 24 to 48 hours. The container was then removed from the oven, sealed, cooled, and
weighed. All weighings were performed using a calibrated balance. The gravimetric water content is
computed as the percentage change in soil weight before and after oven drying (i.e., [{wet weight - dry
weight}/dry weight]).

2.5.2 Water Extracts

Water-soluble inorganic constituents were determined using a DDI water extraction method. The
extract was prepared by adding 30 mL of DDI water to 0.200 to 0.600 g of the sample contained in a
50 mL polypropylene centrifuge tube. The centrifuge tube was sealed and briefly shaken by hand, and
then placed on a mechanical orbital shaker from one day up to one month. After shaking for the pre-
determined time, the tube was placed in a centrifuge and spun at 4000 rpm for 20 minutes. The super-
natant was carefully decanted and filtered through 0.45-um pore size membrane. More details can be found
in ASTM Procedure D3987-85, Sandard Test Method for Shake Extraction of Solid Waste with Water
(ASTM 1999).

2.5.3 Periodic Replenishment Tests

Periodic replenishment tests were conducted on samples of sludge from Tanks C-203 and C-204. In
this test, the water-leachate solution was periodically removed and replaced with an equal volume of fresh
solution. This test was conducted to evaluate whether solution concentration might be limited by the
solubility of one or more solid phases. For these tests, the samples were contacted with DDI water for a
total of five times. The contact periods ranged from two to three days, the length of time between
replenishment of water-leachate solutions. The sludge samples were prepared and handled in the same
manner as the single-contact water extracts for each repetitive step. After the fifth stage, samples were
replenished with fresh solutions and placed back on the shaker for evaluation of long-term solubilities.
The contact time for one of these long-term samples was 65 days. This has been designated as Stage 6a
of the periodic replenishment test. For the other long-term test the contact time was 86 days (Stage 6b).

After these long-term tests, the samples were centrifuged and the supernatant carefully decanted and
filtered through 0.45-um pore size membranes prior to analysis for the same constituents as the shorter-
term tests.
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254 pH

The pH of the solutions was measured using a solid-state pH electrode and a pH meter calibrated with
buffers bracketing the expected range. This measurement is similar to Test Methods for Evaluating Solid
Wastes: Physical/Chemical Methods SW-846 9040B (EPA 2000).

2.5.5 Anion Analysis

Anion analysis was performed using an ion chromatograph. Fluoride, acetate, formate, chloride,
nitrite, bromide, nitrate, carbonate, sulfate, oxalate, and phosphate were separated on a Dionex AS17
column with a gradient elution technique from 1 mM to 35 mM NaOH and measured using a conductivity
detector. This methodology is similar to Test Methods for Evaluating Solid Wastes: Physical/Chemical
Methods EPA SW-846 Method 9056 A (EPA 2000) with the exception of using gradient elution with
NaOH.

2.5.6 Cations and Trace Metals

Major cation analysis (including aluminum, silicon, calcium, magnesium, sodium, potassium, iron,
and manganese) was performed by ICP-OES EPA Method 6010B (EPA 2000). Trace metals analysis
(including chromium, molybdenum, arsenic, selenium, cadmium, silver, lead, 9T¢, and uranium isotopes)
was performed by inductively coupled plasma mass spectrophotometry (ICP-MS). This method is similar
to EPA Method 6020 (EPA 2000).

For both ICP-OES and ICP-MS, high-purity calibration standards were used to generate calibration
curves and to verify continuing calibration during the analysis. Dilutions of 10x and 5x were made for
each sample and analyzed to investigate and correct for matrix interferences.

2.5.7 Alkalinity

The sample alkalinity was measured by standard titration. A volume of standardized sulfuric acid
(H,SO4) was added to the sample to an endpoint of pH 8.3 and then an endpoint of pH 4.5. The volume
of H,SO4needed to achieve each endpoint is used to calculate the phenolphthalein (OH™ + CO5>) and total
(OH + HCO5™ + CO5™) alkalinity as calcium carbonate (CaCOs) The alkalinity procedure is similar to
Standard Method 2320 B (Clesceri et al. 1998).

2.5.8 21 Extraction and Analysis

From a long-term risk standpoint, '*I is a key potential contaminant in residual Hanford tank waste.
For this reason, its presence in the waste material and mobility in infiltrating water is of interest.
Although iodine is generally considered mobile as a dissolved constituent in water, small partition
coefficients (0.2 to 1 mL/g) are typically calculated when its uptake is measured on Hanford sediments
(Cantrell et al. 2003; Um et al. 2004). Therefore, it is imperative to identify an extraction method that
will enable quantitative measurement of total iodine in solid samples such as tank waste. Previous
research (Brown et al. 2004) has shown the potential applicability of water leaches and KOH:KNO; water
fusions for the removal of iodide from solid samples spiked with '*I. The results from Brown et al.
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(2004) have led to the modification of the accepted PNNL internal procedure AGG-ESL-001,” to
determine the ' concentration in sludge solids. In the case of 1 the KOH-KNO; fusion-dissolution
procedure (Section 2.2) was modified (steps 10 through 14 were omitted) to prevent volatilization of I. In
this procedure, 300 mg of the tank waste sludge material was mixed with 10 mL of a 20% KOH and 2%
KNOs solution as a fluxing agent in a zirconium crucible. The crucible was then placed on a hot plate
and allowed to evaporate to dryness, after which it was covered and transferred to a muffle furnace
preheated to 550°C. Fusion was accomplished by heating the sample-flux mixture for 60 minutes at
550°C. After 60 minutes, the crucible was removed from the furnace and allowed to cool to ambient
room temperature. The fused solid was then dissolved in DDI water. The resulting solution was
transferred to a 50-mL volumetric flask. The crucible was then triple-rinsed with DDI water, and these
solutions were also added to the volumetric flask. The resulting solution was diluted up to a total volume
of 50 mL with DDI water. Prior to chemical analysis, the final 50-mL solution was passed through a
Whatman 41 filter with final filtration through a 0.45-um pore-size syringe filter to remove insoluble
particles, if any, that did not dissolve in the DDI water.

Table 2.4 lists the digestion factors (wet solid-to-solution ratios) for the samples of C-203 sludge
solids used for the modified KOH-KNO; water fusion treatments to measure '’I. These factors were
calculated from the wet weight of sludge material divided by the volume of extracting solution. The
digestion factors were then multiplied by the percent solids, as determined from moisture content
analysis, to convert to a dry weight basis. The fused samples, as well as all of the samples from the
periodic replacement tests (Section 2.5.3), were analyzed for dissolved '*’I concentrations using a VG
Elemental PQS ICP-MS. Spectrasol CFA-C from Spectrasol, Inc. (Warwick, NY) was diluted in DDI
water (18 MQ-cm) to create a 5% working solution. Calibration standards were prepared by diluting a
1 mg/L '"*’I certified stock standard (NIST, Gaithersburg, MD) into appropriate volumes of the 5%
Spectrasol CFA-C solution containing 5 ng/mL '*'Sb as the internal standard to calibrate the ICP-MS for
masses neighboring iodine. An independent calibration check standard was prepared from a 1 mg/L '*I
certified stock standard (Amersham, Piscataway, NJ) in 5% Spectrasol CFA-C. Five percent Spectrasol
CFA-C was used to prepare instrument blanks and was used as the rinse solution throughout the run.

Table 2.4.  Digestion Factors for Samples of C-203 (Jar 19649) Sludge Solids Used for the Modified
KOH-KNO; Water Fusion Treatment to Measure >

Dry Weight Corrected

Sample Number Digestion Factor (g/L)
KOH-KNO; water fusion Jar 19649 (293) 6.2149
Jar 19649 Spike 6.1304

259 Radioanalysis

In addition to the radionuclides listed above that were analyzed in solution by ICP-MS, short-lived
radionuclides were analyzed by conventional counting methods as described below.

(a) Lindberg MJ. 2003. “Solubilization of Metals from Solids Using a KOH-KNO3 Fusion”. AGG-ESL-001
Rev. 0, unpublished PNNL Technical Procedure, Pacific Northwest National Laboratory, Richland, WA.
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2.5.9.1 Gamma Energy Analysis

All samples for GEA were analyzed using 60% efficient intrinsic-germanium gamma detectors. All
germanium counters were efficiency calibrated for distinct geometries using mixed gamma standards
traceable to the NIST. Direct solids, acid extracts, and water extracts were analyzed for gamma energy.
Spectral analysis was conducted using libraries containing most mixed-fission products, activation
products, and natural decay products. Control samples were run throughout the analysis to ensure correct
operation of the detectors. The controls contained isotopes with photo peaks spanning the full detector
range and were monitored for peak position, counting rate, and full-width half-maximum. Details are
found in procedure RRL-001.®

2.5.9.2 Strontium-90 and Actinides Analyses

Aliquots of filtered acid extracts, fusions, and water extracts were diluted in 8 M HNOj; and submitted
for strontium separation and analysis by PNNL procedure PNL-RRL-003.2.") A 0.1-5 mL aliquot of
sample was spiked with **Sr tracer and passed through a SrSpec” column (Eichrom Technologies,
Chicago) to capture strontium. The columns were washed with 10 column volumes (20 mL) of 8 M nitric
acid. The strontium was eluted from the SrSpec column into glass liquid scintillation vials using 15 mL
of deionized water. The vials were placed under a heat lamp overnight to evaporate the water to dryness.
A 15 mL Optifluor® scintillation cocktail was added to each vial. Gamma spectroscopy was used to
determine the chemical yield from the added *’Sr tracer. The samples were then analyzed by liquid
scintillation counting (LSC) to determine the amount of *Sr originally present in the sludge sample. A
matrix spike, a blank spike, a duplicate, and blanks were run with each sample set to determine the
efficiency of the separation procedure as well as the purity of reagents.

Aliquots of filtered acid extracts, fusions, and water extracts were diluted in 8 M HNO; and submitted
for actinide analysis by procedure PNL-ALO-496.> Sample aliquots of 0.1-1 mL were spiked with *>Cf
tracer and 50 pg of Nd carrier. The samples were taken through an iron hydroxide precipitation by
adding concentrated ammonium hydroxide until the solution pH was >10 and a red-brown precipitate
formed. The samples were centrifuged, the supernatant discarded, and the precipitate resuspended in
5 mL of 4 M hydrochloric acid. Approximately 1 mL of concentrated hydrofluoric acid was added to the
samples (this step precipitates the actinides as fluorides). The samples were allowed to equilibrate for
approximately 30 minutes and were then filtered through 0.45 um Supor” filters. The filters were dried
under a heat lamp, affixed to metal planchettes using double-stick tape, and counted using alpha energy
analysis (AEA). A matrix spike, a blank spike, a duplicate, and blanks were run with each sample set to
determine the efficiency of the separation procedure as well as the purity of reagents.

(a) RRK-001, “Gamma Energy Analysis, Operation, and Instrument Verification using Genie2000 Support
Software,” unpublished PNNL Technical Procedure, Pacific Northwest National Laboratory, Richland, WA.

(b) PNL-RRL-003.2. 2000. “Tc99 and Sr90 analysis using Eichrom TEV A-spec and Sr-spec resin.” Technical
Procedure, Pacific Northwest National Laboratory, Richland, WA.

(c) PNL-ALO-496. 1995. “Precipitation plating of actinides for high-resolution alpha spectrometry.” Technical
Procedure, Pacific Northwest National Laboratory, Richland, WA.
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2.5.9.3 Gross Alpha and Beta Analysis

Gross alpha and beta measurement were made on both the water and acid extracts. For each extract,
0.100 mL sample volume was placed in a 20-mL liquid scintillation vial containing 15 mL of scintillation
cocktail.”) The samples were then mixed and counted on a Wallace model 1415 liquid scintillation
counter as prescribed in procedure AGG-RRL-002."

2.6 Selective Extraction Tests

Selective extractions were conducted to facilitate the identification of phases containing **Tc and
uranium and to evaluate how these contaminants would be released from C-203 and C-204 sludge. For
each extraction step, 0.3 g sludge and 30 mL of extractant were combined and placed on a shaker table for
a contact time of typically 24 hours. For the unleached C-203 and C-204 samples, the following
sequential extraction process was used.

e Step 1: DDI water for soluble salt removal

e Step 2: DDI water for soluble salt removal

e Step 3: 0.1 M acetic acid/0.1 M acetate buffer (pH ~ 4.6) for residual carbonate removal
e Step 4: Ethanol extraction for tributyl phosphate (TBP) removal

e Step 5: Ethanol extraction for TBP removal

e Step 6: 8M HNO; extraction for dissolution of residuals [Fe and Al oxyhydroxides]

e Step 7: Hot concentrated HNO; extraction for dissolution of recalcitrant residuals

Figure 2.6 shows this sequence of extractions schematically. Steps 1 and 2 are deionized water
extracts. Deionized water is expected to remove readily soluble salts along with readily soluble *’Tc and
uranium. In step 3, a buffer solution of 0.1 M acetic acid/0.1 M potassium acetate (pH ~ 4.6) was used
for removal of any carbonate phases that were not removed in the DDI extractions. Steps 4 and 5
consisted of two ethanol extractions conducted to remove tributyl phosphate. The extracts were saved for
future analysis if all the uranium was not accounted for in the other extracts. Because all the uranium was
found in the other extracts, it was concluded that little or no uranium is associated with the TBP, and the
ethanol extractions were not analyzed. Step 6 of the sequential extraction process consisted of an 8M
HNO; extraction that was expected to remove a majority of the residual material contained within the Fe
and Al oxyhydroxides. The last step of the sequence was a hot concentrated HNO; extraction intended to
dissolve recalcitrant residuals not dissolved in step 6.

(a) The scintillation cocktail used is Packard Optifluor, which is based on the high flash-point solvent LAB (Linear
Alkylbenzene) (http://las.perkinelmer.com/catalog/Product.aspx?Productld=6013199).

(b) AGG-RRL-002, “Liquid Scintillation Counting and Instrument Verification using the 1400 DSA™ Support
Software,” unpublished PNNL Technical Procedure, Pacific Northwest National Laboratory, Richland, WA.
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Figure 2.6.  Extraction Sequence to Determine Phase Associations of **Tc and U

A second set of sequential extractions was conducted to differentiate the amount of *Tc contained
within recalcitrant aluminum oxyhydroxides from that associated with iron oxyhydroxides. Hydrofluoric
acid was used in these extractions to preferentially dissolve the aluminum solids. The following sequence
of extractions was used for this test:

e Step 1: DDI water for soluble salt removal
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e Step 2: DDI water for soluble salt removal

e Step 3: 0.02 M hydrofluoric acid/0.01 M sodium fluoride buffer (pH approximately 2.9) for Al
oxide(hydroxide) removal. Extract for two hours.

e Step 4: 0.02 M hydrofluoric acid/0.01 M sodium fluoride buffer (pH approximately 2.9) for Al
oxide(hydroxide) removal. Extract for two hours.

Each extract was analyzed for 99Tc, Al, and Fe.

2.7 Uranium Mineral Solubility Measurements

Results of work conducted as part of the Tier 1 testing of C-203 and C-204 tank sludges indicated that
the majority of the uranium in these sludges was in the form of the mineral ¢ejkaite [Na,UO,(COs);]
(Sections 3.4.1 and 3.4.2). The results of Tier 1 water-leaching experiments (subsection 3.3.1.3) indicated
that nearly all the uranium in the C-203 and C-204 sludges was soluble at a solid-to-solution ratio of
1:100 and dissolved in less than 24 hours at room temperature (final solution pH values near 9.5). Asa
result of these findings, an empirical determination of the solubility of ¢ejkaite in C-203 and C-204
sludges was conducted. The solubility of cejkaite is needed to develop a release model for tank closure
performance assessments. A more detailed study to determine the thermodynamic solubility constant for
Cejkaite was beyond the scope of this study.

To estimate the solubility limit of ¢ejkaite in C-203 and C-204 sludge in contact with infiltrating
water, a series of water extraction experiments was conducted at lower solution-to-solid ratios than used
in the initial water-leach experiments. In addition to the sludge samples, solubility determinations were
also conducted on some of the large yellow nuggets removed from C-203 sludge (Figure 2.3), which are
composed primarily of a random intergrowth of needles and rods of crystalline ¢ejkaite (Section 3.4.1).
Lower solution-to-solid ratios were used to prevent the complete dissolution of the ¢ejkaite during the
extractions and assure that equilibrium with the solid is achieved. For the sludge samples, two solid-to-
solution ratios (1:1 and 2:1) were used. Two solubility experiments were conducted with the nuggets, one
with a whole nugget and other with crushed nugget material. In the case of the nugget solubility ex-
periments, a solid-to-solution ratio of approximately 1:2 was used. All solubility experiments used DDI
water as the solvent for comparison purposes with the other batch experiments.

To remove potential common ion effects that could result from dissolution of salts in the sludge, other
than Cejkaite, the solubility determinations were conducted using a series of multiple contacts. After the
equilibration period, most of the supernatant was removed for analysis and replaced with fresh deionized
water. All solubility experiments were contacted for 24 hours at ambient temperature, except the first
C-203 sample, which was contacted for four days. As indicated earlier, 24 hours was determined to be
adequate to achieve equilibrium. For the C-203 sludge samples, the water was removed and replaced
with fresh DDI water and re-equilibrated for a total of four times. For the nugget samples, two sequential
contacts were performed. All experiments were conducted in 50 mL centrifuge tubes and equilibrated on
a shaker table for the indicated time period. After the prescribed equilibration period, the tubes were
centrifuged at 4000 rpm for 30 minutes. Upon removal, the supernatants were analyzed for uranium,
%Tc, major cations and anions, and pH.
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3.0 Laboratory Results

This section provides the results of the tests conducted on sludge samples from Tanks C-203 and
C-204. The discussion begins with sludge composition by fusion analysis and acid digestion in Sec-
tion 3.1. Section 3.2 presents I extraction and measurement results, and Section 3.3 contains the results
of batch water-leaching tests, including single-contact, periodic replenishment, and uranium mineral
solubility measurements. X-ray diffraction (XRD) and SEM/EDS analyses are described in Section 3.4,
while Section 3.5 discusses selective extractions.

3.1 Sludge Composition (from Fusion and Acid Digestion Results)

An important component of contaminant release rate cal