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Summary

This report describes the results of testing sludge samples from Hanford tanks 241-AY-102 (AY-102)
and 241-BX-101 (BX-101). These tests were conducted to characterize the sludge and assess the water
leachability of contaminants from the solids. A key finding of these tests is that technetium-99 is not
completely water leachable and mobile from some of the tank sludges. In the case of tank AY-102, only
25% of the technetium-99 is water leachable, whereas for tank BX-101 all of it is water leachable. This
work is being conducted to support the tank closure risk assessments being performed by CH2M HILL
Hanford Group, Inc. for the U.S. Department of Energy. This is the first report of testing of BX-101
sludge and the second report of testing of AY-102. Lindberg and Deutsch (2003) described the first phase
of testing on AY-102 material.

Initial (Tier 1) testing of BX-101 sludge consisted of acid digestion to determine the composition of
the sludge and water leaching to estimate the soluble portion of the sludge. Subsequent analyses of sam-
ples from both BX-101 and AY-102 consisted of X-ray diffraction (XRD) to identify crystalline solids,
scanning electron microscopy/energy-dispersive X-ray spectrometry (SEM/EDS) to view and measure
the composition of the solids, and oxidation and reduction capacity measurements to evaluate the redox
condition of the sludge. In addition to these tests, the composition of the sludge from AY-102 was
measured by fusion analysis and the water leachability of the sludge was evaluated using periodic
replenishment and selective extraction tests. The drainable liquid from tank AY-102 was tested using
the X-ray absorption near edge structure (XANES) technique to determine redox state of the dissolved
technetium.

The acid digestion and analysis of BX-101 showed that the predominant metals are aluminum,
sodium, uranium-238, iron, manganese, and chromium. The predominant anions are carbonate/
bicarbonate, nitrate, nitrite, sulfate, phosphate, and oxalate. In comparison with sludge from tank
BX-101, AY-102 (previously analyzed) has higher concentrations of iron(8x), manganese(4x),
nickel(20x), and sodium(2x), and lower concentrations of aluminum(1.7x) and uranium-238(31x).

Uranium-238 and technetium-99 are two of the primary tank waste contaminants of concern because
of their long-half lives and relatively high mobility in the environment. The water leachabilities of these
two radionuclides from the tank sludges were very different. Leach tests on BX-101 sludge showed that
all of the technetium-99 but less than 10% of the uranium-238 was water leachable compared to
leachabilities of only 20% of the technetium-99 and greater than 60% of the uranium-238 in sludge from
AY-102. These results show the heterogeneities in tank compositions and the variabilities that exist in
contaminant leaching.

The results of the XRD and SEM/EDS analyses of the AY-102 and BX-101 sludge samples are listed
in Table 3-23. The crystalline phases (minerals) identified in AY-102 sludge were hematite, gibbsite,
dawsonite and cancrinite (tentative). In BX-101, the primary mineral was gibbsite with a trace amount of
cancrinite. There is good agreement between the phases identified by XRD and the compositions of the
different types of particles identified by SEM/EDS. Generally, the SEM/EDS studies identified several
additional phases that were not detected in the XRD patterns. This was expected because, as a rule of
thumb, crystalline phases need to be present at greater than 5 wt% of the total sample mass (greater than
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1 wt% under optimum conditions) to be detected by XRD. In addition to the crystalline phases, the
SEM/EDS analyses identified a significant amount of solids in the sludge that may be amorphous because
they lack external crystal faces. SEM/EDS analyses of the sludge samples did not identify any phases
containing detectible concentrations of technetium, iodine, or nitrogen.

Periodic water replenishment (sequential leach) tests were conducted to evaluate whether or not the
limited leachability of technetium-99 in AY-102 sludge was due to solubility control by a moderately-
soluble salt. It was found that after the first water contact, in which 20% of the technetium-99 dissolved
into the water, very little additional technetium-99 could be dissolved by contacting the solid with fresh,
deionized water. These water leach tests were followed by selective extractions with stronger solvents to
dissolve the carbonate and iron/aluminum oxyhydroxide minerals identified as components of the sludge.
Very little additional technetium-99 was found in solution after dissolving the carbonate minerals. An
additional 33% of the technetium-99 was found in solution when similar amounts of the iron and
aluminum oxyhydroxide solids were dissolved by strong acid selective extraction. This shows the very
recalcitrant nature of technetium-99 in the AY-102 sludge.

Sludges from tanks AY-102 and BX-101 were oxidized with hydrogen peroxide to test whether or
not strong oxidation of the sludges would increase the release of technetium-99. Oxidation did not
increase the amount of technetium-99 that was water leached from the sludges compared to amounts
released by the sludges without oxidation treatment.

XANES analysis of the drainable liquid from tank AY-102 showed that the dissolved technetium was
present as either the oxidized pertechnetate [Tc(VII)] or Tc(V) valence states, but not as reduced Tc(IV).
This is consistent with the measurement of a low reduction capacity (28 peq/g) for the AY-102 sludge.
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Acronyms and Abbreviations

AE sample that has undergone the EPA acid digestion (or extraction) procedure
ASTM American Society for Testing and Materials

am amorphous

bse backscattered electron

CCV continuing calibration verification

DDI distilled deionized (water)

DOE U.S. Department of Energy

DUP duplicate sample

EDS energy-dispersive X-ray spectrometry

EMSP DOE’s Environmental Management Science Program

EPA U.S. Environmental Protection Agency

ESL Environmental Science Laboratory

EXAFS extended X-ray absorption fine structure

FUS sample that has undergone the KOH-KNO; fusion treatment

GEA gamma energy analysis

HLW high-level radioactive waste

ICP-AES inductively coupled plasma-atomic emission spectroscopy (same as ICP-OES)
ICP-MS inductively coupled plasma-mass spectroscopy (spectrometer)

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

LOQ limit of quantification

ND not determined

PDF™ powder diffraction file

PNC-CAT Pacific Northwest Consortium — collaborative access team

PNNL Pacific Northwest National Laboratory

QA quality assurance

QC quality control

RPL Radiochemical Processing Laboratory

se secondary electron

SEM scanning electron microscopy (or microscope)

TEM transmission electron microscopy (or microscope)

TIC total inorganic carbon

TOC total organic carbon

WE sample that has undergone a water extraction procedure

XAS X-ray absorption spectroscopy

XANES X-ray absorption near edge structure

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

Koog°
kcal
keV
kJ

peq
He
pm

mg
mL
mM
mol

umol
/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

revolution per minute

micromol

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

weight percent

X



Contents

01 10000F: 1 oy USSR PSRNt 1ii
ACKNOWIEAZIMENLS. ... ittt ettt ettt e sb e b e s at e s ateen e enbe e bt e beesseesneesnseenseenseenneennes v
Acronyms and ADDIE@VIALIONS ........ccuieiuieiiieriieiieitie ettt ettt et eete ettt et esbeesstessteeneeenteesseesseenseennes vii
UNIES OF MEASUIE .....cccuviiiiiieeiie ettt ettt ettt et e et eeetb e e e beeeteeesebeeebseesabeeenseeessseesasaeensaeesseeenseeennes X
1.0 INEOAUCTION. ..ottt ettt ettt e s bt e s at e et e e bt e bt e bt e s beesbeesaeesbeesaeesateens 1.1
2.0 Methods and MAtErIalS..........ccuiiiiiiieiiieciie ettt ettt e e e e aee e s besetreestbeeeasesennseeeareeas 2.1
2.1 AY-102 and BX-101 SIudge Samples..........covvervierieriiiiiiiieieenieesieeseesneseneseneeneeseesseesns 2.1

2.2 Fusion Analysis and Supporting EPA Acid Digestion — AY-102.......cccceceeviinirrieninennne, 2.3

2.3 XRD Analysis — AY-102 and BX-101 ......ccoooiiiiiiiiieieieieee et 24

2.4 SEM/EDS Analysis — AY-102 and BX-101......ccccoiiiiiiiieeeeieeeee e 2.6

2.5 XAS Analysis — AY-102 Drainable Liquid.........cccccerirriiriiiiiiiiieieeeee e 2.7

2.6 Tier 1 Tests — BXTOT .ottt s 2.10
2.6.1 MOISTUIE COMLEIE ...cuveeieniiiieitetiet ettt sttt ettt ettt e e st et e b sbe et e nbe e enee 2.10

2.6.2 WaaLeT BXITACES .ieoiiiiiiiciiiie ettt ettt e e e etae e e e setae e e esntbee e enraeeeennesaeeennnes 2.11

2.6.3  ACIA EXITACTS ..e.eeeuiiiieiieie ettt et ettt st e b e e e 2.11

2004 PH oottt et e 2.11

2.6.5 ANION ANALYSIS .eoiuiiiiieiietiectteee ettt ettt ettt et ettt ettt et beenaeas 2.11

2.6.6 Cations and Trace MEtals .........ccceerieiieiiiiiiiieeeee e e 2.11

2.6.7  ALKAINILY c.veeiieiiiecie ettt re et e taestbeeabeesbeesbeesbaessaessbeesseesseensaessaeseas 2.12

2.6.8 RadioanalytiCal .........cceevieriieriiiiieiieiteie ettt et ettt seb e enr e e eneeas 2.12

2.7  Periodic Replenishment Tests — AY =102 ......cccoeviiviiinieiieiiesiicie et 2.12

2.8 Selective Extraction Tests — AY =102 .....cccoiiiiiiiiiiiiieeeieeeeeeree et 2.13

2.9  Oxidation Test — AY-102 and BX-10T......cccoiiviiiieiiiiiieiieieeeeeeeee e 2.16

2.10 Reduction Capacity Test — AY-102 and BX-101 ........cccviiiiiiniiiiiiieiieeeeeee e 2.17

X1



B0 RESUILS. .. eteeeeeeeeee ettt e e e e e e et e e e e e e e e e et eeee e ea e e ———eeeee e e e e e ————eeeeaaaaa——raaaeeaaaas 3.1

3.1  Fusion and Acid Digestion Results — AY-102 .......cccooiiriiiiiiiiieieceeee e 3.1

3.2  XRD Results — AY-102 and BX-101 ..cc.oooiiiiiiiiiiieieee e 3.11

3.3  SEM/EDS Results — AY-102 and BX-101 ......cooirieiiieieeee e 3.17
3.3.1 Unleached AY-102 STUAZE ......ccceevieriirrieiieiieiesee sttt r e ser e esraesneas 3.17

3.3.2 Water-Leached AY-102 STUAZE .....covveriieiieiieieeeecee ettt 3.40

3.3.3 Unleached BX-101 STUAZE ......veeeiiiiiieeiiieieeeee ettt 3.51

3.3.4 General ODSETVALIONS ........cevuiruieiiiriieiieie et ettt ettt et ettt e e et seesae st eeesseeneeneeens 3.65

3.3.5 Comparison of XRD and SEM/EDS Results to Published Results of Others.......... 3.66

34 XAS Results — AY-102 Drainable Liquid..........cccccuveioiiiiiiieiiieciie et 3.70

3.5 Tier 1 Results — BX-10T oottt et e et e e e eaae e 3.71
3.5.1 Digestion Factors and Moisture COntents...........c.ccccveeeereeerieeecieeenieesiieeesreesveeennns 3.71

3.5.2 Water Extract pH and ALKalINIY .......c.ccovieerieriieriieriecie et re e sev e 3.72

3.5.3 Technetium-99 and Uranium-238 — Water and Acid Extracts ........c.ccccoevveruverenenen. 3.73

3.5.4 Selected Metal Concentrations — Water and Acid EXtracts......cc.cccecevcieeiieencencennen. 3.74

3.5.5 Anion Concentrations — Water EXtracts ..........cccoceeiereniriienieieesee e 3.74

3.5.6 BX-101 Tier 1 Radioanalytical Results..........c.cccceevuienieriiniiniiiieeeeeeeee e 3.75

3.6  Periodic Replenishment Test Results — AY-102 .....c.ccociiiiiiiiiiiiiiieciie e 3.76

3.7  Selective Extraction Results — AY-102 .......cciiiiiiiiiiiiiie et 3.77

3.8  Oxidation Test Results — AY-102 and BX-101 .......cccoiiiiiiiiieieieeeeeeee e 3.79

3.9 Reduction Capacity Test Results — AY-102 and BX-101 .....cccoooiiiiiiiiieiienienieceeeiee 3.80

4.0 CONCIUSIONS. ¢ttt ettt ettt h e a et e a et s bt e st e bt s bt em e ebeeat e bt ebeemseneeembesaeeneenbeeseenee 4.1
5.0 RETEIEICES. ...ttt ettt h e ht e et et e bt e bt e bt e bt e sbeesatesateeate e beenbeesateeateeas 5.1
Appendix A — As-Measured XRD Patterns for Sludge Samples..........cceevevierieniincieiieieeeeeeee Al
Appendix B — EDS Results and Spectra for Unleached AY-102 Sludge ........cccvvovirieeneenienienieee, B.1
Appendix C — EDS Results and Spectra for Water-Leached AY-102 Sludge.........ccccoevveveeninniennnne. C.1
Appendix D — EDS Results and Spectra for Unleached BX-101 Sludge ........ccceeovieieeieeninninnieeee, D.1

xii



2-1

2-2

2-3

2-4

2-5

2-6

2-7

2-8

3-1

3-2

3-3

3-5

3-6

3-8

3-9

Unleached AY-102 tank SIUAEE ......ccvevvieiieiieiieie ettt ae e enneens
Unleached BX-101 tank STUAZE........ccvvevviiriiiiieiieiiieie ettt eve e sva s e seaesevessveesseens
Exploded schematic view of the XRD sample holder.............ccoceeiiiiiiniiiiiiiieceeee
XRD pattern for collodion film measured in the absence of any sludge material......................
Components of primary container for solution SaAmMPIes ..........cccceeveerviieeriiercieiiie e
Components of secondary containment for solution and solid samples...........ccccceeceerenereenene.

Extraction sequence to determine association of technetium in readily soluble salts
ANA AAWSONILE ...ttt sttt et ettt besa e e et

Extraction sequence to determine association of technetium-99 in iron and aluminum
1034 1176 1001 [ (<SSR

Background-subtracted XRD pattern measured for unleached AY-102 sludge sample
USING @ COPPET TAAIALION SOUICE ...ecvvveuvreereiereeereetieseesseesseesaessressseesseesseesseesseesssesssessseessesssesssenns

Background-subtracted XRD pattern measured for water-leached AY-102 sludge
sample using a COPPEr TAdIAtION SOUICE.......ccueerveerreerreerriertierrerresreareaseesseesseesseesseesssesssessensnes

Background-subtracted XRD pattern measured for unleached AY-102 sludge
sample using a copper radiation SOUICTE.........eeeeuieiriierrieerieesteeereeereeesreeeseeessaeessseeeseeessseennns

Background-subtracted XRD pattern measured for unleached BX-101 sludge sample
USING @ COPPET TAAIALION SOUICTE ....eevviieiirererieeiieesteeeteeesreeeteeestreesseeassseessseeessseessseesssseessseensses

XRD patterns for the unleached and water-leached AY-102 sludge samples compared
to the database patterns for dawsonite, hematite, and gibbsite..........cccceeveiiriiieiieiierierieieeee

XRD pattern for the unleached AY-102 sludge sample compared to the database
patterns for dawsonite, gibbsite, hematite, and CanCrinite ............ecceeveerierienienienieeie e

XRD pattern for the unleached BX-101 sludge sample compared to the database
pattern for gibbsite and CANCIIMILE ... ...cc.eiuirieriiriieierieee ettt s

Low magnification scanning electron micrograph showing general morphology of
particles in subsample “unleached 15935-17 .....ooiiiiiiiiiie e

Micrograph showing at higher magnification the area indicated by the yellow-dotted
square in Figure 3-8 of subsample “unleached 15935-17 ......cccocvviiiiciiicrieiieiee e

xiii



3-12

3-13

3-14

3-15

3-16

3-17

3-18

3-19

3-20

3-21

3-22

3-23

3-24

3-25

3-26

Micrograph showing at higher magnification the large lath-shaped crystal at the center
of the previous figure of subsample “unleached 15935-1" .......ccccieiiiiiniininiieeecee 3.21

Micrograph showing various particle types that comprise subsample
“UNICACKEA 1593517 . ettt ettt et sttt st sbe e 3.21

Micrograph showing various particle types that comprise subsample
“UNTEACHEA 1593517 ettt ettt ettt et et e e et e ae et e s et e e entesaeeneens 3.22

Micrograph showing various particle types that comprise subsample
“UNTEACHEA 1593517 ettt ettt ettt ee et eeae et e s et et e ntesaeeneens 3.22

Micrograph showing at higher magnification botryoidal aggregate of iron-rich,
sodium-containing oxide particles in subsample “unleached 15935-1"........cccccevieviienciieeninens 3.23

Backscatter electron micrograph in showing various particle types that comprise

subsample “Unleached 15935-17 .. ...ttt e e e e e beeeaae e 3.23
Backscatter electron micrograph in showing various particle types that comprise

subsample “Unleached 15935-17 .. ...t s re e e ta e e s aeeeaae e 3.24
Backscatter electron micrograph in showing various particle types that comprise

subsample “unleached 15935-17 .. .ot et 3.24
Backscatter electron micrograph in showing at higher magnification the particles

labeled by “eds23” in Figure 3-17 of subsample “unleached 15935-1" ......cccoovviviiriininnnnnn 3.25
Low magnification scanning electron micrograph showing general morphology of

large aggregate particles in subsample “unleached 15935-27........ccccvevierienienienie e, 3.27
Micrograph showing at higher magnification the area indicated by the yellow-dotted

square #1 in Figure 3-19 of subsample “unleached 15935-27 ......cccocovvviiiciienieierie e 3.27
Micrograph showing at higher magnification the area indicated by the yellow-dotted

square #2 in Figure 3-19 of subsample “unleached 15935-27 ......ccccoiivcriiiiierieniesie e 3.28
Micrograph showing typical large aggregate particle in subsample

“UNTEACHEA 1593527 .. ettt ettt ettt e et e ee et e e st et e s ee et e ntesaeeneens 3.28
Micrograph showing at higher magnification the area indicated by the yellow-dotted

square in Figure 3-22 of subsample “unleached 15935-27 ......ccccooiiiviiiiiiiiiieeecee e, 3.29
Micrograph showing range of particle types in subsample “unleached 15935-2"..................... 3.29
Micrograph showing typical silver-oxide and iron, sodium-oxide particles and range

of particle types in subsample “unleached 15935-27 ........ccooviiiiiiiiiiiiet e 3.30
Micrograph showing large carbon-rich particle in subsample “unleached 15935-2” ................ 3.30

Xiv



3-27

3-28

3-29

3-30

3-31

3-32

3-33

3-34

3-35

3-36

3-37

3-38

3-39

3-40

3-41

3-42

3-43

Micrograph showing at higher magnification the area indicated by the yellow-dotted
square of the large carbon-rich particle in Figure 3-26 of subsample
“UNLEACHEA 1593527 .ottt ettt ettt ettt sie e 3.31

Low magnification scanning electron micrograph showing general morphology of
large aggregate particles, including large carbon-rich particles, in subsample
“UNLEACHEA 1593537 ittt sttt sttt st ettt nae s 3.33

Micrograph showing at higher magnification the area indicated by the yellow-dotted
square of the large carbon-rich particle in Figure 3-28 of subsample
“UNTEACHEA 1593537 . ettt ettt ettt ettt e et e e e st et e s bt et entesaeeneens 3.33

Secondary electron micrograph showing crust-like fragments of sludge solid in
subsample “Unleached 15935-3" ... ..ottt e sre e etbe e beeerae e 3.34

Backscatter electron micrograph showing area enriched in uranium in crust-like
fragments of sludge solid in subsample “unleached 15935-37 .....c.ccooviiiiiiiiiiiiiiieeeeee e, 3.34

Electron micrograph showing at higher magnification area enriched in uranium in
sludge solid in subsample “unleached 15935-37.......ccoiiiiiiiiiiiieiece e 3.35

Electron micrograph showing at higher magnification section of crust-like fragment in
bottom right corner of Figure 3-32 in subsample “unleached 15935-3".......cccccovviriiiiiniiencne 3.35

Micrograph showing range of typical particle aggregate and types of individual
particles in subsample “unleached 15935-3" .....c.ooiiiiiiiiiiee e 3.36

Micrograph showing at higher magnification lath- and prismatic-shaped particles on
upper left edge of large particle aggregate in Figure 3-34 of subsample

“UNLEACKEA 15935-37 .. ittt ettt ettt sttt e bt et e s bt e saeesaeesneeens 3.36
Micrograph showing range of particle types in subsample “unleached 15935-3”..................... 3.37
Micrograph showing range of particle types in subsample “unleached 15935-3"..................... 3.37
Micrograph showing range of particle types in subsample “unleached 15935-3”..................... 3.38
Low magnification scanning electron micrograph showing general morphology of

particles in subsample “leached 15935-17 ....cciiiriiiiiiee e 342
Micrograph showing at higher magnification the area indicated by the yellow-dotted

square in Figure 3-39 of subsample “leached 15935-17 ......cccooviiiiiiiiniieeeeeee e 3.42
Micrograph showing range of typical particle types in subsample “leached 15935-1"............. 343
Micrograph showing range of typical particle types in subsample “leached 15935-1"............. 3.43
Micrograph showing range of typical particle types in subsample “leached 15935-1"............. 3.44

XV



3-44

3-45

3-46

3-47

3-48

3-49

3-50

3-51

3-52

3-53

3-54

3-55

3-56

3-57

3-58

3-59

3-60

Micrograph showing range of typical particle types in subsample “leached 15935-1"............. 3.44

Micrograph showing range of typical particle types and crust-like aggregate in
subsample “leached 15935-17 .. ittt st s e e sbe b e esbeesseenees 345

Micrograph showing at higher magnification crust-like particle aggregate in center
of Figure 3-45 of subsample “leached 15935-17.......ccooiiiiiiiiiieeieeceecee et 3.45

Low magnification scanning electron micrograph showing general morphology of
particles in subsample “leached 15935-2" ......ccoiooiiiiiiiiiieee et e 3.47

Micrograph showing at higher magnification the crust-like particle aggregate in
Figure 3-47 of subsample “leached 15935-2"......cccuiiiiiiiiiiieee e 3.47

Micrograph showing at higher magnification particles in area indicated by the
yellow-dotted square #2 in Figure 3-47 of subsample “leached 15935-2" ........cccoovieiinnianenne 3.48

Low magnification scanning electron micrograph showing general morphology of
particle aggregates in subsample “leached 15935-27 . ....cccociiiiiiiiiiinieeeeeee e 3.48

Micrograph showing at higher magnification particles in area indicated by the
yellow-dotted square in Figure 3-50 of subsample “leached 15935-2" .......cccoviniiiinininnennn. 3.49

Low magnification scanning electron micrograph showing general morphology of
particles in subsample “unleached 16503-17 ........cccoiiiiiiiiiiiieiieeeeeree e 3.53

Micrograph showing prismatic-like particles with hexagonal-like symmetry features
in subsample “Unleached 16503-17......c.ccciiiiieriieieerieteeee ettt s eebeesbeesbeesbeesaeens 3.53

Micrograph showing range of typical particle types, including large needle-like grains,
in subsample “Unleached 1605317 .....c.ccciiiiiiiieiieieieeee ettt aesreesbeesbeesreesaeens 3.54

Micrograph showing at higher magnification particles, including “ball-of-twine”-like
crystals, in area indicated by the yellow-dotted square in Figure 3-54 of subsample

“UNLCACKHEA 16503-17 ...ttt ettt et ettt sae s 3.54
Micrograph showing typical botryoidal-shaped, uranium-rich particle aggregates in

subsample “Unleached 16503-17........ccciiiiiiiiiiiieiereeere ettt esbeebeebe e be e saeeens 3.55
Micrograph showing at higher magnification botryoidal-shaped, uranium-rich particles

at center of Figure 3-56 of subsample “unleached 16503-17........ccccccvvieviiiiiiieiiieiee e, 3.55
Micrograph showing botryoidal-shaped, uranium-rich particles in subsample

“UNLEACHEA 10503-17 . . ittt sttt sttt ettt nae s eaeens 3.56
Micrograph showing typical particle types in subsample “unleached 16503-1".............c.c.. 3.56
Micrograph showing typical particle types in subsample “unleached 16503-1"....................... 3.57

xvi



3-61

3-62

3-63

3-64

3-65

3-66

3-67

3-68

3-69

3-70

3-71

3-72

3-73

Micrograph showing typical large particle aggregate in subsample “unleached 16503-1".......

Micrograph showing range of typical particle types, including large needle-like grains,
in subsample “unleached 16053-27........ccciiviiiiiieriieiierieeee ettt s sreebeerbeesbeesaeens

Micrograph showing at higher magnification particles, including botryoidal-shaped,
uranium-rich particle aggregate, in area indicated by the yellow-dotted square in
Figure 3-62 of subsample “unleached 16503-2"........c..ccceviirierieriieiiiere et sve e

Micrograph showing typical particle types and aggregates in subsample
“UNTEACHEA 16053-27 ...ttt ettt ettt et e et eet et e e st et e s et et e nteeneeneens

Micrograph showing at higher magnification particles, including “ball-of-twine”-like
crystals, in area indicated by the yellow-dotted square #1 in Figure 3-64 of subsample
“UNICACKEA 1650327 ... ittt b ettt et st et et e e b e enes

Micrograph showing at higher magnification “ball-of-twine”-like crystals in left-center
area of Figure 3-65 in subsample “unleached 16503-2"..........ccceoiiviirriniiieiieiesee e

Micrograph showing at higher magnification botryoidal-shaped, uranium-rich particle
aggregate in area indicated by the yellow-dotted square #2 in Figure 3-64 of subsample
“UNICACKEA 1650327 ...ttt b ettt et bt et e st s ae e e b enes

Micrograph showing botryoidal-shaped, uranium-rich particles in subsample
“UNTEACHEA 16503-27 ... ettt ettt ettt e et e se et e st et e et e e ntesaeeneens

Micrograph showing typical particle types in subsample “unleached 16503-2" .......................
Micrograph showing at higher magnification “ball-of-twine”-like crystals in area

indicated by the yellow-dotted square #1 in Figure 3-69 of subsample

“UNLCACKEA 16503-27 ...ttt ettt sae s
Micrograph showing at higher magnification prismatic-shaped crystals in the area

indicated by the yellow-dotted square #2 in Figure 3-69 of subsample

“UNLCACKHEA 16503-27 ...ttt ettt eae e

Estimated sizes of interaction volumes resulting from electron-beam penetration in
four types of solids identified in the SEM/EDS analyses ..........cccccvervierieirieniienieeneeseeseneeeneeens

Technetium K-edge XANES SPECIIA ......cccuieiiiiieiieiiesiie ettt

Xvii



2-1

2-2

2-3

3-1

3-2

3-3

3-5

3-6

3-7

3-8

3-9

3-10

3-12

3-13

3-14

3-15

Tables

Summary of the sludge samples analyzed by XRD and SEM/EDS........ccccocoviiiiinininnenincnne. 2.2
Digestion factors for samples of AY-102 sludge solid used for the EPA acid digestion

and KOH-KNO; fUSION trEAIMENTS. .. ..uuvviiiiiiiiiiieiieeeee ettt e e e eeee et e e e e e e eeeneaeeeeesesesenesaeees 2.4
Contact times and pH values for periodic replenishment test on tank AY-102 sludge.............. 2.13
Concentrations of elements measured by ICP-OES per gram of dry sludge ...........ccccceeueenennne 33
Concentrations of elements measured by ICP-OES per gram of dry sludge (continued)........... 34
Concentrations of elements measured by ICP-OES per gram of dry sludge (continued).......... 3.5
Concentrations of elements determined from ICP-MS analysis per gram of dry sludge........... 3.6

Concentrations of elements determined from ICP-MS analysis per gram of dry sludge

(COMEMUEA) ..vivvieirieiieiies ettt ettt et e s e e s tbeesbeesbeesbeesaassbessseasseessaesssesssesssessseasseesseesseasseesseensns 3.7
Concentrations of technetium-99, uranium-238, and actinides measured by ICP-MS per

ram OF AIY SIUAZE ...veovieiiecie ettt ettt b e b e esb e e b e e taessbessbeeseessseens 3.8
Gamma energy analysis in microcuries per gram of dry sludge ..........cocceevieriininiiiiiiie, 3.8
Gamma energy analysis in micrograms per gram of dry sludge........c.cocovevvvevienienieiieiieein, 3.9

Total beta and total alpha activities and strontium-90 concentrations per gram of dry
] (T £ USRS 3.9

Summary of the average concentrations from the EPA acid digestion and KOH-KNO;
fusion analyses for the composition of unleached AY-102 sludge........ccceevvevvievieenienienrenenenn 3.10

Comparison of cadmium, chromium, and lead concentrations determined by ICP-MS
and ICP-OES per gram of dry STUA@E........oeoviiiiiiiiiiiie ettt 3.11

Mineral phases identified by XRD in AY-102 and BX-101 sludge samples.............ccceerurennen. 3.14

Summary of SEM/EDS data recorded in this study and listed in this report for the three
subsamples of unleached AY-102 SIUAZE ......eovvverieiiieiieit e 3.17

Qualitative compositions determined by SEM/EDS that include the emission peak for
carbon for particles observed in unleached subsample 15935-1 of AY-102 tank sludge .......... 3.26

Qualitative compositions determined by SEM/EDS that include the emission peak for
carbon for particles observed in unleached subsample 15935-2 of AY-102 tank sludge .......... 3.32

Xviil



3-16

3-17

3-18

3-19

3-20

3-21

3-22

3-23

3-24

3-25

3-26

3-27

3-28

3-29

3-30

3-31

3-32

3-33

3-34

Qualitative compositions determined by SEM/EDS that include the emission peak for
carbon for particles observed in unleached subsample 15935-3 of AY-102 tank sludge ..........

Summary of SEM/EDS data recorded in this study and listed in this report for the two
subsamples of water-leached AY-102 SIUAZE .......cceevveeiieriiiiieiecece e

Qualitative compositions determined by SEM/EDS that include the emission peak for
carbon for particles observed in leached subsample 15935-1 of AY-102 tank sludge ..............

Qualitative compositions determined by SEM/EDS that include the emission peak for
carbon for particles observed in leached subsample 15935-2 of AY-102 tank sludge ..............

Summary of SEM/EDS data recorded in this study and listed in this report for the two
subsamples of unleached BX-101 STUAZE.........ccovieiiiiiiiiiiiie et

Qualitative compositions determined by SEM/EDS that include the emission peak for
carbon for particles observed in unleached subsample 16503-1 of BX-101 tank sludge...........

Qualitative compositions determined by SEM/EDS that include the emission peak for
carbon for particles observed in unleached subsample 16503-2 of BX-101 tank sludge...........

Comparison of XRD and SEM/EDS results for this study and for Bechtold et al. (2003) ........
Preparation data and mMOIStUIE CONTENT .......eeecuiieeciireiiiieiiie ettt e eieeeieeesreeeeeeesebeeeraeesereeereeeeseas
Water eXtract PH VAIUES .....cccueiiiiiiieiiieie ettt ettt et et esaeeeee e
Alkalinities from Watel EXITACES ......cc.ieieriirtieierieeteeie st e ettt e e et e e steeseeeesse et e seeeneeneeseeeneens

Technetium-99 and uranium-238 concentrations in BX-101 sludge from water and acid
CXITACTS ..o

Water leachable percentages of technetium-99 and uranium-238 in BX-101 and AY-102
SIUAZE SAMPLES ...oeoneiieeiie ittt e e tbe e et e e e tae e st eeestbeessbeeessaeessaeesseesnsneenes

Metal concentrations in BX-101 sludge — [CP-OES analysis.........ccccccvevievienienciinciieiieieeieens
Anion concentrations in BX-101 sludge from water eXtracts .........cccccvevveerieervereeneesnesneeneens
BX-101 Gamma ENnergy ANaLYSiS........cccierierieiieiiieieeie ettt ettt ettt sieesaee e ens
BX-101 Gross Alpha and Beta Analysis from water and acid eXtracts ..........ccccceceeverereeceenene

Percentages of radionuclides in Tank AY-102 sludge that are soluble in sequential water
T Te] U SSR RS

Percentages of metals in Tank AY-102 sludge that are soluble in sequential water
LEACKES ...ttt ettt

XiX



3-35

3-36

3-37

Selective extraction results for a NaHCO3/Al extractant solution followed by an acetate
DUTTRT SOIUTION ...ttt ettt b e ettt ettt e i eneens 3.78

Selective extraction results for a sequence of extractions starting with an acetate buffer,
followed by a formate buffer, and then 8 M HNO;.......cccccvvviiiciiiiiieiieiecie e 3.78

Batch oxidation 1€ach reSUltS.......coooiiiiiiiiiii 3.80

XX



1.0 Introduction

This report describes the characterization and testing of sludge samples from Hanford tanks
241-AY-102 (AY-102) and 241-BX-101 (BX-101). This work was conducted to aid in the development
of realistic contaminant source terms for residual waste in Hanford tanks at closure. These source terms
are necessary for accurate risk assessment models.

Sludge samples from the tanks (and a drainable liquid sample from AY-102) were supplied to Pacific
Northwest National Laboratory (PNNL) by CH2M HILL Hanford Group, Inc. Initial (Tier 1) tests to
characterize the BX-101 sludge and identify water leachable constituents were conducted. The Tier 1
tests on AY-102 sludge were conducted previously and reported in Lindberg and Deutsch (2003);
however, a comparison of some of the results of Tier 1 testing of the sludges from the two tanks is
provided in this report. The Tier 1 tests consist primarily of acid digestion of the sludge to measure
elemental concentrations in the solid and water leaching of the sludge to evaluate contaminant mobility in
infiltrating water.

Based on the results of the Tier 1 tests, additional testing and analysis was performed to augment
the characterization of the material and elucidate the controlling mechanism(s) for the release of
technetium-99, which is one of the most important sludge constituents from a long-term risk perspective.
These Tier 2 tests consisted of:

e AY-102 sludge fusion analysis
e AY-102 and BX-101 sludge X-ray powder diffractometry (XRD) analysis

e AY-102 and BX-101 sludge scanning electron microscopy/energy-dispersive X-ray spectrometry
(SEM/EDS) analysis

e AY-102 drainable liquid X-ray absorption spectroscopy (XAS) analysis
e AY-102 sludge periodic (water) replenishment tests
o AY-102 sludge selective extraction tests

e AY-102 and BX-101 sludge oxidation tests

AY-102 and BX-101 sludge reduction capacity measurements

The testing procedures are described in Section 2 of this report and the results are provided in
Section 3. The conclusions are listed in Section 4.
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2.0 Methods and Materials

2.1 AY-102 and BX-101 Sludge Samples

Archived samples of waste from tank AY-102 were shipped from the 222-S Laboratory to the PNNL
Radiochemical Processing Laboratory (RPL) on December 16, 2002. These samples consisted of four
jars of sludge (jars 15935, 17785, 18686, and 18761) and two jars of drainable liquid (jars 19332 and
18544). The samples used for the Tier 2 tests described in this report came from jars 15935 and 18686
(sludges) and jar 19332 (drainable liquid). These samples of sludge were used because they represent
discrete intervals in the cores collected from tank AY-102 and are not composites of core segments.

Jar 15935 material came from core number 270, segment 10 (LABCORE Number SO0T000035) and jar
18686 material came from core number 281, segment 11 (LABCORE Number S01T000153). The
remaining unused material from tank AY-102 is stored in the RPL.

Tier 1 tests (described in Section 2.6) were conducted on three Auger samples from tank BX-101.
The sampling points and the laboratory identifiers are as follows:

o 94-AUG-004 Auger Subsample A — S02T001253
o 94-AUG-004 Auger Subsample B — S02T001254
e 94-AUG-005 Auger Subsample B — S02T001255

Auger samples numbered 94-AUG-004 were sampled from BX-101 Riser 1 and 94-AUG-005
samples were collected from BX-101 Riser 7. The samples were initially broken down in the 222 S hot
cells on June 20, 1994 (94-AUG-004) and June 21, 1994 (94-AUG-005). Subsamples were then shipped
to the RPL. The samples were later delivered to the Environmental Science Laboratory (ESL 3720
building, 300 Area). At the end of fiscal year 2003, the instrumentation, staff supporting these studies,
and Auger samples 94-AUG-044 and 94-AUG-005 were moved to the RPL in preparation for the closure
and decommissioning of the 3720 building.

Lindberg and Deutsch (2003) provide further description of the unleached (raw) AY-102 (jar 15935)
sludge sample and of the results of Tier 1 testing of AY-102 material. Photographs of the unleached
(raw) AY-102 (jar 15935) and BX-101 (jar 16503) sludge samples are shown in Figure 2-1 and
Figure 2-2, respectively. Materials characterized by XRD and SEM/EDS are listed in Table 2-1. The
water-leached sample of AY-102 (jar 15935) sludge used for XRD and SEM/EDS analyses was taken
from the periodic replenishment tests (see Section 2.7). The water-leached sample had undergone all
sequential contacts listed in Table 2-3. The resulting solid was then placed in a tube, contacted with
30 mL distilled deionized (DDI) water, and allowed to react for 36 additional days at which time the
liquid was removed and the solid material was prepared for XRD and SEM/EDS analyses.
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Table 2-1.  Summary of the sludge samples analyzed by XRD and SEM/EDS

Sludge Sample Analysis by XRD Analysis by SEM/EDS
Unleached (raw) AY-102 (jar 15935) sludge X X
Water-leached AY-102 (jar 15935) sludge X X
Unleached (raw) AY-102 (jar 18686) sludge X
Unleached (raw) BX-101 (jar 16503) sludge X X
SEM/EDS = Scanning electron microscopy/energy-dispersive X-ray spectrometry.
XRD = X-ray powder diffractometry analysis.

Figure 2-1. Unleached (raw) AY-102 tank sludge (from jar 15935)

Figure 2-2. Unleached (raw) BX-101 tank sludge (from jar 16503)
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2.2 Fusion Analysis and Supporting EPA Acid Digestion — AY-102

The bulk composition of the untreated (raw) AY-102 (jar 15935) sludge solid was determined using
accepted PNNL internal procedure AGG-ESL-001, Solubilization of Metals from Solids Using a KOH-
KNO; Fusion." The KOH-KNO; fusion-dissolution procedure is the most commonly used method for
solubilization of Hanford tank sludge samples for their chemical analysis by inductively coupled plasma-
mass spectroscopy (ICP-MS) and other instrument methods (De Lorenzo et al. 1994; Simpson 1994;
Fiskum et al. 2000; Smith et al. 2001). Benefits of using this procedure include the following: effective
metathesizing of insoluble salts, such as SrSO,, PuPO,, PuF;, and ThF;, into acid soluble hydroxides;
fusion is completed at relatively low temperature (550°C) compared to other fluxing agents, such as
1100°C for the LiBO, (lithium metaborate) fluxing agent; and nickel or zirconium crucibles, as opposed
to the more costly platinum crucibles, can be used 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 a fluxing agent of
2.0 g KOH - 0.2 g KNO;s in a nickel crucible. The crucible was then covered and transferred to a muffle
furnace preheated to 550°C. Fusion was accomplished by heating the sample-flux mixture for 60 minutes
at the required temperature. After this period of time, 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 100-mL volumetric flask to which 1 mL of 1.0 M hydroxylamine
HCIl was added. Ten milliliters of an 8 M nitric acid solution was added to the crucible to dissolve any
remaining residual solid. The resulting 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. There
were no residual solids present in the crucible after the various dissolution and rinse steps had been
completed. The resulting solution was then 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 0.45-um pore-size syringe filter to
remove a light-brown flocculent observed when the nitric acid solution was added to the volumetric flask.
The insoluble fraction was not characterized by XRD or SEM/EDS due to its limited quantity and the
inability to remove it from the filter media.

Chemical analyses of an acid digestion of untreated (raw) AY-102 (jar 15935) sludge solid were also
completed for the purpose of comparison to the KOH-KNOj; fusion procedure for digesting and deter-
mining the bulk composition of sludge material. Duplicate samples of the untreated AY-102 (jar 15935)
sludge were digested following the basic procedure described in U.S. Environmental Protection Agency
(EPA) SW-846 Method 3050B (EPA 1996) for the acid digestion of sediments, sludges, and soils. This
digestion is accomplished by the addition of 8 M nitric acid and H,O, to samples of each sludge solid.
Method 3050B was used with the following exceptions. All reagent volumes were reduced by 50%
because safety considerations necessitated the use of smaller sample masses due to the high radioactivity
levels associated with these sludge solids. HCl was not added during the digestion to allow analysis of

! Lindberg, MJ. 2003. Solubilization of Metals from Solids Using a KOH-KNOj; Fusion. AGG-ESL-001 (Rev. 0),
unpublished PNNL Technical Procedure, Pacific Northwest National Laboratory, Richland, Washington.

? William (Bill) I. Winters, CH2M HILL Hanford Group, Inc., Richland, Washington. Personal communication on
December 22, 2003.
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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 AY-102 (jar 15935) sludge solid will be referred to as the “EPA acid
digestion.” An insoluble fraction was observed at completion of the acid digestion. This solid consisted
of very fine particles and had the same rusty-brown color as the starting material. The particles in the
insoluble fraction were not analyzed due to the limited quantity and the inability to remove them from the
filter material.

Table 2-2 lists the digestion factors (wet solid-to-solution ratios) for the samples of AY-102 (jar
15935) sludge solid used for the EPA acid digestion and KOH-KNO; fusion treatments. 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-um 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 AY-102 (jar 15935) sludge solid used for the EPA acid
digestion and KOH-KNO; fusion treatments

Dry Weight Corrected
Treatment Sample Number Digestion Factor (g/L)
S 15935-1 AE 6.1504
EPA acid digestion
15935-1 AE DUP 7.6880
. 15935-1 FUS 2.5302
KOH-KNO; fusion
15935-1 FUS DUP 2.6243
AE = A sample that has undergone the EPA acid digestion (or extraction) procedure.
DUP = “Duplicate” sample.
FUS = A sample that has undergone the KOH-KNO; fusion treatment.

2.3 XRD Analysis - AY-102 and BX-101

Crystalline phases present in the unleached (raw) AY-102 (jars 15935 and 18686) and BX-101 (jar
16503) sludge samples, and the water-leached AY-102 (jar 15935) sludge sample were characterized by
standard powder XRD techniques. Because the sludge samples were highly radioactive dispersible
powders, the XRD mounts of the sludge samples were prepared inside a fumehood regulated for the
handling of 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 is an X-ray amorphous, viscous binder that is
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 the disposable XRD specimen holder shown schematically in
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Figure 2-3. 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 was placed between the cap and the
retainer. The holder was sealed with wicking glue and removed from the fumehood.

Rteztaliner"'ﬁlr

Base e 3

Figure 2-3.  Exploded schematic view of the XRD sample holder [Kapton® film not shown]

Each specimen of sludge 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 26 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 2-4. The most obvious feature of this diffraction pattern is the broad peak positioned between 10
and 30° 20. The symmetry of this peak is characteristic of those resulting from the XRD of amorphous
(non-crystalline) 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 (Appendix A) 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.
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Figure 2-4. XRD pattern for collodion film measured in the absence of any sludge material

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. Addi-
tionally, dissimilarities 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. Therefore, the combined effect of these factors had some impact on the charac-
teristic 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 — AY-102 and BX-101

Samples of unleached (raw) and water-leached AY-102 (jar 15935) sludge, and of the unleached
(raw) BX-101 (jar 16503) sludge were characterized by SEM/EDS. 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 imaging 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.
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A JEOL JSM-840 SEM was used for high-resolution imaging of micrometer/submicrometer-sized
particles from AY-102 and BX-101 sludge samples. The SEM system is equipped with an Oxford Links
ISIS 300 EDS that 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 backscattered electrons are primary electrons emitted as a result of elastic collisions.
Backscattered electron emission intensity is a function of the specimen’s atomic number, i.e., 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 by “bse” to the immediate right of
the digital image file name indicate that the micrograph was collected with backscattered electrons. Areas
outlined by a yellow 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 by “eds” in SEM micrographs in this report indicate areas of particles for which EDS
spectra were recorded and qualitative compositions were calculated and tabulated in this report.
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. The calculated weight percentages listed in the EDS composition tables in this report
have been normalized to 100 wt%. The combined process of calculation of the qualitative compositions
from the EDS peak areas and normalization to 100 wt% may result in negative weight percentages being
listed for a few elements present at trace concentrations (e.g., less than 1 wt%).

2.5 XAS Analysis — AY-102 Drainable Liquid

X-ray absorption spectroscopy (XAS) is an element-specific probe that can be used to determine the
local structure around the selected absorbing element. The X-ray absorption spectrum can be divided into
two main parts: the lower energy X-ray absorption near edge structure (XANES) region, which contains
oxidation state and symmetry information, and the higher energy extended X-ray absorption fine structure
(EXAFS) region, which can be modeled to give information on the identity, coordination number, and
distance to nearest and next nearest neighbor atoms. XAS investigations of solution, solid, sorbates, and

! Live time is the time (real time less dead time) that 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. During
the time that 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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gas phase samples are possible without need for prior chemical separations or sample dissolution. Brown
et al. (1988) provides an excellent review of XAS and its applications in geochemistry and environmental
science.

The XANES region is further divided into a pre-edge region, which extends from about 10 eV below
the main absorption edge energy to a few eV above it, and an intermediate energy region, which extends a
few eV above the pre-edge region to 50 eV above the absorption edge. Features in the pre-edge region
originate from the energy-matched electronic transitions of the ejected photoelectron to empty bound
states, which can be localized atomic orbitals or de-localized molecular orbitals. The transition
probability to empty bound states is governed by the selection rules for dipolar electronic transitions just
as in visible and vibrational spectroscopy. Thus the pre-edge region can give information about the site
symmetry of the absorbing atom. Features in the intermediate energy region originate from multiple
scattering events of the ejected photoelectron with low kinetic energy to continuum states involving
nearest and next nearest neighbors. The interpretation of features in this region is more complex due to
the multiple-scattering phenomenon, but empirical and recent theoretical efforts have demonstrated that
information on the geometry of the coordination environment of the absorbing atom can be obtained. The
oscillations in the EXAFS region originate from the interference of the outgoing ejected photoelectron
with high kinetic energy and backscattered photoelectrons from nearest and next nearest neighbor atoms.
Analysis of the EXAFS region requires higher signal-to-noise than for analysis of the XANES and was
not conducted.

Because the technetium K-edge occurs at high energy, 21,044 eV, the incident X-rays are capable of
penetrating sample containment necessary for radioactive samples. For samples containing technetium,
the estimated detection limits for XANES and EXAFS analysis of technetium are approximately 5-10 and
100 pmol, respectively, based on these results and those published in the literature for similar samples
(Blanchard et al. 1997). The low detection limit, elemental specificity, and wide variety of possible
sample types make XAS analysis a versatile probe for the determination of radionuclide oxidation states
in chemically complex high-level waste.

Approximately 0.3 mL each of drainable liquid, 1 mmol pertechnetate solution, and 0.04 mmol
technetium in 0.3 M HCO; solution was injected into the XAS sample cells shown in Figure 2-5. The
technetium-bicarbonate sample is from an ongoing study funded by the U.S. Department of Energy
Environmental Management Science Program (EMSP) on technetium chemistry in high-level radioactive
waste (HLW), and was used as a Tc(V) standard for this report. The technetium-bicarbonate sample was
prepared by equilibrating 20 mL of distilled, de-ionized, degassed, iron-equilibrated water containing
0.3 M NaHCOj; and 0.02 M hydrazine at pH 9.4 in the presence of 5 mg of TcO,'1.6H,O (am) for
approximately 500 days in an argon atmosphere. Approximately 2.5 mL of the equilibrated solution was
removed, centrifuged and filtered for use as the XAS sample. The total concentration and oxidation state
of technetium in the equilibrated technetium-bicarbonate solution were determined using a combination
of solvent extraction based on tetraphenylphosphonium chloride in chloroform (Kopunec et al. 1998) and
scintillation counting. The measured solution concentrations of total technetium and Tc(VII) were
determined to be 4.4 x 10 and 9.1 x 10”7 mol/L, respectively, which indicates that reduced technetium
species constituted 98% of the XAS sample.
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Figure 2-5. Components of primary container for solution samples. Part A is a steel frame drilled to
accommodate bolts. The mating surface with Kapton® window (Part B) has a machined
groove to form a seal (not shown). Part B is a 0.3-mm thick Kapton” window. Part C is a
machined Teflon block with recessed sample cavity. There is an additional hole on the top
surface for injection of liquid samples. Kapton® window seals the sample in the cavity.
Part D is a steel frame drilled to accommodate bolts. Part E is a Telfon film. Part Fisa
steel cap. After assembly of parts A through D, the liquid sample is injected into the top
hole in C. Parts E and F are then secured.

The cells were loaded into a secondary container which can accommodate up to eight samples
Figure 2-6). The secondary container was installed on the Pacific Northwest Consortium — collaborative
access team (PNC-CAT) bending-magnet line at the Advanced Photon Source (Argonne National
Laboratory, Argonne, Illinois) at 45° to the incident X-ray beam. The XANES spectrum was collected in
fluorescence mode using a 13-channel germanium detector at the technetium K-edge. Due to the low
concentration of technetium in the drainable liquid and bicarbonate samples, data were collected over a
10-hour period to obtain an acceptable signal-to-noise ratio. The energy position of the incident beam
monochrometer was calibrated using the transmission data for a zirconium foil and assigning the first
inflection point of the absorption edge to 17,995 eV. Normalization of the absorption spectrum was
accomplished by fitting polynomials through the pre- and post-edge regions, setting the value of the
extrapolated pre-edge to zero at E, defined as 21,044 eV for the technetium K-edge. The difference
between the extrapolations of the pre- and post-edge polynomials was set to unity at E,.
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Figure 2-6. Components of secondary containment for solution and solid samples. Part A is a steel
frame drilled to accommodate bolts. Part B is a 0.3-mm thick Kapton® window. Part C is
a machined aluminum block that accommodates 8 primary cells. Not shown on Part C are
drilled holes that match the bolt hole pattern of the primary cells. This secures the
primaries in the secondary. The mating surfaces with Kapton® windows (Part B) have a
machined groove to accommodate O-rings, not shown. The back of Part C is sealed with a
second steel frame and Kapton® window (duplicate parts A and B).

2.6 Tier 1 Tests — BX-101

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 screening (the Tier 1 test described in this report) of samples using
relatively inexpensive analytical techniques. This is followed by an analysis of the data to determine the
need for further analysis (Tier 2). At this time, the need for further testing of material from BX-101 has
not been established and additional tests are not scheduled.

The tests described below were conducted on the three sludge samples from BX-101 designated
S02T001253, S02T001254, S02T001255. In several cases, a duplicate analysis was conducted using
sample number S02T001253.

2.6.1 Moisture Content

The moisture contents of the tank waste samples were measured in order to calculate dry weight
concentrations 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 contents of the waste material were determined using PNNL laboratory proce-
dures. This procedure is based on the American Society for Testing and Materials procedure D2216-98
Standard Test Method for Laboratory Determination of Water (Moisture) Content of Soil and Rock by
Mass (ASTM 1998). Samples for measurement were placed in tared containers, weighed, and dried in an
oven at 105°C until constant weight had been achieved, usually within 24 to 48 hours. The containers
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were then removed from the oven, sealed, cooled, and weighed. After an additional 24 hours of heating,
at least two weighings were performed to ensure that all moisture had been removed. 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]).

2.6.2 Water Extracts

Water-soluble inorganic constituents were determined using a DDI water extract method. The
extracts were prepared by adding an exact 30-mL volume of DDI water to 0.200 to 0.600 g of each
sample contained in a polypropylene bottle. The polypropylene bottles were sealed and briefly shaken by
hand, and then placed on a mechanical orbital shaker for one hour. After shaking for one hour, the
slurries were allowed to settle until the supernatant liquid was fairly clear. The supernatant was carefully
decanted and filtered through 0.45-um pore size membranes for anion, cation, carbon, pH determinations,
and radionuclide analyses. More details can be found in ASTM Procedure D3987-85 Standard Test
Method for Shake Extraction of Solid Waste with Water (ASTM 1999).

2.6.3 Acid Extracts

Acid digestions were performed on the samples according to EPA SW-846 Method 3050B (EPA
2000) with exceptions. The exceptions include reduced sample size (0.200 to 0.600 g) and adjusted
reagent volumes for the smaller samples. Also, HCI acid was not added in the final steps of digestion to
allow the use of one extract for ICP-OES and ICP-MS analysis. Gross alpha/beta and gamma energy
analysis (GEA) were also performed on the acid extracts.

2.64 pH

Approximately 3-mL aliquots of the unfiltered supernatant from the water-leach tests were used for
pH measurements. Solution pH values were measured with a solid-state pH electrode and a pH meter
calibrated with buffers 4, 7, and 10.

2.6.5 Anion Analysis

The filtered water leachates were analyzed for anions using an ion chromatograph. Fluoride, acetate,
formate, chloride, nitrite, bromide, nitrate, nitrite, carbonate, phosphate, sulfate, and oxalate 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 based on Test Methods for Evaluating Solid
Wastes.: Physical/Chemical Methods (EPA SW-846 Method 9056) (EPA 2000) with the exception of
using gradient elution with NaOH.

2.6.6 Cations and Trace Metals

Major cation analysis (including aluminum, silicon, calcium, magnesium, sodium, potassium, iron,
and manganese) of the water leachates and drainable liquid were performed by ICP-OES. High-purity
calibration standards were used to generate calibration curves and verify continuing calibration during the
analysis run. Dilutions of 10x and 5x were made for each sample and analyzed to investigate and correct
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for matrix interferences. Details are found in EPA Method 6010B (EPA 2000). An ICP-MS was used to
analyze trace metals including chromium, molybdenum, arsenic, selenium, cadmium, silver, lead,
technetium-99, uranium isotopes, and several transuranics in the acid and water leachates. This method is
similar to EPA Method 6020 (EPA 2000).

2.6.7 Alkalinity

The alkalinities of the water leaches were measured by standard titration with acid. The alkalinity
procedure is equivalent to Standard Method 2320 B (Clesceri et al. 1998).

2.6.8 Radioanalytical

In addition to the radionuclides listed above that were analyzed in solution by ICP-MS, short-lived
radionuclides were analyzed by conventional counting methods. Cesium-137, cobalt-60, and the
europium isotopes were measured by GEA (using methods discussed below under Section 2.6.8.1).

2.6.8.1 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 National Institute of Standards and Technology. 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.'

2.6.8.2 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.?

2.7 Periodic Replenishment Tests — AY-102

Duplicate periodic replenishment tests were conducted on samples of sludges from tank AY-102 (jar
15935). In these tests, the water leachate solutions were periodically removed and replaced with an equal
volume of fresh solution. These tests were conducted to evaluate whether or not the technetium-99

"RRK-001. Gamma Energy Analysis, Operation, and Instrument Verification using Genie2000 Support Software,
unpublished PNNL Technical Procedure, Pacific Northwest National Laboratory, Richland, Washington.

? 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)

> AGG-RRL-002. Liquid Scintillation Counting and Instrument Verification using the 1400 DSA™ Support
Software, unpublished PNNL Technical Procedure, Pacific Northwest National Laboratory, Richland, Washington.
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solution concentrations might be limited by the solubility of one or more of the solid phases. In particu-
lar, these tests were conducted to determine if the low release of technetium-99 (25%) from the AY-102
sludge was due to solubility constraints.

Approximately 0.3 g of sludge was contacted with 30 mL of DDI water a total of five times. The
contact periods ranged from one to four days, and are the length of time between each replenishment of
water leachate solution. Table 2-3 lists the contact duration and the average pH values for the duplicate
samples.

The solutions from each extraction were analyzed for metals and radionuclides by ICP-MS and
ICP-OES.

Table 2-3.  Contact times and pH values for periodic replenishment test on tank AY-102 sludge

(jar 15935)
Sequential Contacts Contact Duration (days) pH (average)
1 1 10.11
2 2 9.18
3 3 8.73
4 3 8.36
5 4 8.22

2.8 Selective Extraction Tests — AY-102

Tier 1 testing of AY-102 sludge showed that only 25% of the technetium-99 was water leachable
(Lindberg and Deutsch 2003). This is contrary to previous assumptions that technetium-99 is completely
water soluble. The objectives of the Tier 2 sequential extractions were to determine 1) if the 25%
technetium that is readily mobilized is associated with dawsonite or is simply precipitated during
evaporation of entrained salt solution associated with the sludge, or 2) if the immobile technetium (but
acid extractable by Method 3050B) is associated with the aluminum or iron oxyhydroxides.

Using results from the acid digestion (Method 3050B) and the total inorganic carbon (TIC) content of
the sludge, mass balance calculations indicate that AY-102 sludge contains 2.1% by weight TIC, 11%
aluminum, and 13% iron (average of sludge samples 15935 and 18686, Lindberg and Deutsch 2003). If it
is assumed that all the TIC occurs as carbonate, 2.1% TIC would equate to 10.5% by weight carbonate. If
it is assumed that all the carbonate occurs in the sludge as dawsonite [NaAl(CO3)(OH,)](identified as one
of the most abundant crystalline minerals in the sludge by XRD), then the sludge would be 26% dawsonite.
This amount of dawsonite would contain 5% of the available aluminum (percent weight sludge basis),
leaving 6% of the aluminum in another phase. If the majority of remaining aluminum occurs as
Al(OH);3(am), then the sludge would contain 17% Al(OH);(am). (Note that a small amount of gibbsite
[crystalline AI(OH);] was identified by XRD in the AY-102 sample.)

If all the iron in the sludge occurs as hematite (identified in the sludge by XRD), the sludge would
contain 19% by weight hematite. If the iron occurs as Fe(OH);(am), the sludge would contain 25% by
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weight Fe(OH)s;(am). Clearly, dawsonite and these aluminum and iron oxyhydroxide phases make up
major portions of the tank sludge. During Tier 1 testing, it was established that approximately 25% of
technetium in the sludge was readily solubilized by leaching with water. This indicates that technetium
may be associated with dawsonite (which dissolves during this water-leaching step) or is simply
precipitated from the entrained salt solution during drying of the sludge. The remaining technetium
did not solubilize during subsequent sequential water extractions.

The first reagent used to leach the sludge in the sequential extraction was a NaHCO3/Al solution that
is saturated with respect to dawsonite. If this extractant does not remove technetium, this would indicate
that the readily soluble technetium is associated with dawsonite or the aluminum or iron oxide/hydroxide
solids. If approximately 25% of the technetium is removed with this solution, this would indicate that the
readily mobilized technetium was simply precipitated from the entrained salt solution in the sludge during

drying.

The NaHCO5/Al solution designed to be in equilibrium with dawsonite was made up as follows:
6.8 x 10° M in NaHCO; and 1.2 x 10 M in aluminum. The aluminum was added as AI(NO;);-9H,O.
These concentrations were determined by calculating the solubility of dawsonite [NaAICO5;(OH),] using
the MINEQL+ geochemical code. The dawsonite solubility constant (log K,95°) at 298.15 K (25.0°C)
chosen for inclusion in MINEQL+ was 5.984 for the reaction

AP + CO5* + Na" + 2H,0 = NaAICO;(OH), + 2H"

This log Kys° value was calculated from a Gibbs free energy of formation (AfGyes”) of -426.9 kcal/mol
(-1786.0 kJ/mol) reported for dawsonite by Ferrante et al. (1976), and accepted in the compilation of
thermodynamic values published by Robie and Hemingway (1995).

For each extraction step, 0.3 g sludge and 30 mL of extractant (pH ~ 8.6) was used and the contact
time was approximately 24 hours. The second extraction step in this sequential extraction process used a
buffer solution of 0.1 M acetic acid/0.1 M acetate (pH ~ 4.6) for removal of dawsonite. After extraction,
the pH values of the solutions were measured and each solution was analyzed for technetium-99,
aluminum, and iron. The first sequence of extractions is as follows:

e Day 1: NaHCOs/Al solution for soluble salt removal
e Day 2: NaHCOs/Al solution for soluble salt removal
e Day 3: 0.1 M acetic acid/0.1 M acetate buffer (pH ~ 4.6) for dawsonite removal
e Day 4: 0.1 M acetic acid/0.1 M acetate buffer (pH ~ 4.6) for dawsonite removal

Figure 2-7 shows this sequence of extractions schematically.
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Figure 2-7.  Extraction sequence to determine association of technetium in readily soluble salts and
dawsonite

The second sequence of extractions was designed to remove the dawsonite with minimal dissolution
of the aluminum and iron oxyhydroxides followed by aluminum oxyhydroxides removal with minimal
iron hydroxides/oxides removal, and then finally complete dissolution of the sludge (Figure 2-8). The
dawsonite was removed prior to the formate buffer treatment so that the formate buffer capacity was not
significantly diminished by the release of carbonate from dawsonite. Each of the extract solutions was
analyzed for pH, technetium-99, iron, and aluminum. For these extractions, 0.3 g sludge and 30 mL of
each extractant was used.

A contact time of approximately 24 hours was used for each step. The sequence of extractions was
conducted according to the following schedule:

e Day 1: 0.1 M acetic acid/0.1 M acetate buffer (pH 4.6) for dawsonite removal
e Day2: 0.1 M acetic acid/0.1 M acetate buffer (pH 4.6) for dawsonite removal
e Day 3: 0.1 M formic acid/0.1 M formate buffer (pH 3.6) for aluminum oxyhydroxide removal

e Day 4: 0.1 M formic acid/0.1 M formate buffer (pH 3.6) for aluminum oxyhydroxide removal
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Figure 2-8.  Extraction sequence to determine association of technetium-99 in iron and aluminum
oxyhydroxides

e Day 5: 0.1 M formic acid/0.1 M formate buffer (pH 3.6) for aluminum oxyhydroxide removal
e Day 6: 8 M HNO; for iron oxyhydroxide removal

2.9 Oxidation Test — AY-102 and BX-101

Previous work conducted as part of the Tier 1 characterization of sludge from tank AY-102 indicated
that only 25% of the technetium-99 in the sludge is water leachable. A set of batch oxidation experiments
was designed to determine if the unleachable technetium-99 could have been incorporated into an organic
phase in the sludge. The AY-102 sludge was found to contain between 0.2% and 0.4% organic carbon. If
technetium-99 is contained within an organic phase, then oxidation of that phase would likely release the
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technetium-99. To selectively remove any solid organic phases and to oxidize any reduced technetium-99
within the organic phases, sludge samples were treated with a 3% H,O, solution in a batch process. Other
chemical oxidation methods were not considered because acidic conditions are required with these
methods and the acid would dissolve other solid phases potentially containing technetium-99.

The batch oxidation experiments were conducted through sequential leaching with three separate
leachate solutions. Two different sludge samples were used, one from AY-102 (15935) and one from
BX-101 (16503). In the first two leaching steps, the sludge was contacted with the 3% H,O, solution for
one day each. In the last leaching step, the contact time was five days. The leaching process was
conducted by adding approximately 0.3 g of sludge to a 50 mL centrifuge tube and then adding a
measured volume of 3% H,0,. It was originally intended to add 40 mL of the 3% H,O, solution for each
leach. However, due to excessive outgassing that resulted from decomposition of H,O, during initial
contact with the sludge, a reduced volume of solution was added during the first leach step. After
addition of the 3% H,0O, solution to the centrifuge tube, the solution and sludge were mixed by rotating
the tubes for approximately 24 hours. The tubes were then centrifuged at the end of this contact period.
The solution was removed after centrifugation, and analyzed for technetium by ICP-MS. For the second
and third leaches, 40 mL of 3% H,O; solution was added to the tube containing the sludge and the tubes
rotated again for the appropriate time.

2.10 Reduction Capacity Test — AY-102 and BX-101

The reductive capacities of sludge samples from tanks AY-102 and BX-101 were measured to
evaluate the ability of the solids to reduce (and potentially immobilize) some of the contaminants such as
technetium, uranium, and chromium. A slight modification of the method described by Lee et al. (2000,
2003) was used for the test. To two plastic centrifuge cones, were added approximately 0.3 g of sludge
and 3 mL of chromate solution (other quantities can be used as long as the solution volume/solid weight
ratio is maintained at 10). The chromate solution consisted of 5.75 mM chromate solution containing
10 mM NaHCO; (0.846 g K,Cr,0O7 and 0.84 g NaHCOs; per liter). The pH of the slurry was adjusted to 7
after addition of chromate solution with additions of 1 M H,SO,4 or 1 M NaOH as necessary. The vials
were then capped and agitated for four days. After four days, 0.0142 g Na,SO, was added to each vial for
each mL of chromate solution and rotated for another day to remove any surface adsorbed chromate. The
vials were then centrifuged at 2800 rpm for 100 minutes. The solution was next filtered through a 0.2-um
membrane filter, and analyzed for chromate by ICP-OES and technetium by ICP-MS. The reduction
capacity was calculated by dividing the difference between the initial mass of added chromate and
remaining mass of chromate by the mass of solids that were reacted.
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3.0 Results

This section provides the results of the following tests conducted on sludge samples from tanks
AY-102 and BX-101, and drainable liquid from tank AY-102:

o Fusion and acid digestion of AY-102 sludge to measure composition

e XRD analysis of sludge from both tanks to identify crystalline solids

e SEM/EDS analysis of sludge from both tanks to view solids and estimate composition

e XAS study of drainable liquid from AY-102 to determine oxidation state of technetium-99

e Tier 1 testing of BX-101 sludge to measure total concentrations and water leachable fractions

e Periodic water replenishment testing of AY-102 sludge to evaluate longer-term contaminant

release

e Selective extraction of AY-102 solids to identify phases limiting the release of technetium-99

e Oxidation testing of AY-102 and BX-101 sludges to test the effect of oxidation on the release of

technetium-99

e Measurement of the reduction capacities of AY-102 and BX-101 sludges

3.1 Fusion and Acid Digestion Results — AY-102

The dissolved element concentrations and total beta and total alpha activities measured for the filtered
solutions from the EPA acid digestion and KOH-KNO; fusion treatments of AY-102 (jar 15935) sludge
are given in the following tables:

Table 3-1 to Table 3-3
Table 3-4 to Table 3-5
Table 3-6

Table 3-7 to Table 3-8
Table 3-9

Table 3-10

Concentrations of elements measured by ICP-OES per gram of dry sludge
Concentrations of elements measured by ICP-MS per gram of dry sludge

Concentrations of technetium-99, uranium-238, and actinides measured by
ICP-MS per gram of dry sludge

GEA of dry sludge in units of nCi/g and pg/g, respectively

Total beta and total alpha activities, and strontium-90 concentrations per
gram of dry sludge

Summary of average concentrations from the EPA acid digestion and
KOH-KNO;s; fusion analyses for unleached AY-102 sludge
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Table 3-11 Comparison of cadmium, chromium, lead, arsenic, and molybdenum
concentrations determined by ICP-MS and ICP-OES per gram of dry
sludge.

Concentrations listed in parentheses in Table 3-1 to Table 3-11 are defined as values that are less
than the lowest limit of quantification (LOQ) and greater than a zero instrument signal. Values listed in
parentheses are reported for informational purposes only. These values may reflect concentrations that
are real and have larger associated uncertainties, or concentrations that were calculated from the
instrument’s background signal. The LOQ is the lowest calibration check standard used as a control for
that particular analytical run. The LOQ of a particular analysis is determined by analyzing a suite of
continuing calibration verification (CCV) standards at the beginning and end of each analytical run. The
LOQ is calculated by multiplying the lowest CCV standard that was measured to be within £10% of its
certified value throughout the run by the dilution factor performed on the sample set being analyzed.
Multiple LOQ values are possible for a particular run if the samples require different levels of dilution to
measure the analyte of interest in the appropriate analytical range. The LOQ can vary with every analysis
depending on sample matrix, instrument calibration, and quality assurance/quality control (QA/QC)
requirements and recoveries.

Concentrations listed as less than (<) values in Table 3-1 to Table 3-9 refer to instrument values that
are less than zero. In these instances, the reported analyte concentration is assigned a value of “<LOQ”
using the LOQ value appropriate for that particulate analyte and set of analysis conditions.

The element concentrations in Table 3-4 and Table 3-5 were derived from the ICP-MS analyses of the
indicated isotopes and the known relative natural abundance of each of these isotopes. The accuracy of
the ruthenium concentrations determined by ICP-MS (Table 3-5) is suspect due to fission product yields
of the listed ruthenium isotopes being different than their natural abundances.

Average concentrations calculated from analyses by Lindberg and Deutsch (2003) for the filtered
solutions from a similar EPA acid digestion (i.e., nitric acid) treatment of duplicate samples of AY-102
(jar 15935) sludge are given near the top of Table 3-1 to Table 3-9. These average concentrations are in
good agreement with the average concentrations determined in this study for the EPA acid digestion
solutions.

Comparison of the average concentrations in Table 3-10 for the solutions from the EPA acid digestion
and KOH-KNOs fusion treatments indicates relatively good correspondence (within 20%) for the two
methods. Elements that are not measured at similar concentrations for these two methods are silicon,
boron, selenium, phosphorus, copper, nickel, arsenic, bismuth, lithium, and strontium. In the cases of
silicon, boron, selenium, copper, arsenic, and bismuth, the fusion values are greater than the acid
digestion values, and likely represent the greater effective dissolution of the sludge sample by the fusion
method. It is not clear why the values for phosphorus, nickel, lithium, and strontium are significantly
higher in the acid digestion measurement compared to the fusion analysis.
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Table 3-6.  Concentrations of technetium-99, uranium-238, and actinides measured by ICP-MS per

gram of dry sludge
Sample Number Te-99 | U238 | Am241 | Pu-239 | Np237
ng/g
EPA Acid Digestion (Lindberg and Deutsch 2003)
Average for duplicate| 4.82E+00 1.61E+03 3.51E+00 5.74E+01 1.86E+01
“15935 AE” samples|
EPA Acid Digestion (This Study)
15935-1 AE 3.24E+00 1.25E+03 2.48E+00 4.10E+01 1.06E+01
15935-1 AE Dup 3.21E+00 1.33E+03 2.68E+00 4.31E+01 1.14E+01
Averagel 3.23E+00 1.29E+03 2.58E+00 4.20E+01 1.10E+01
Fusions (This Study)
15935-1 FUS 3.12E+00 9.54E+02 2.06E+00 3.66E+01 5.41E+00
15935-1 FUS Dup 2.59E+00 9.80E+02 2.11E+00 2.75E+01 8.52E+00
Average| 2.86E+00 9.67E+02 2.08E+00 3.21E+01 6.97E+00
Percentage Leached by EPA Acid Digestion (Average This Study)
Relative to Average Fusion Results
113% | 133% | 124% | 131w | 158%
Table 3-7. Gamma energy analysis (GEA) in microcuries per gram of dry sludge
Sample Number K4 | Co60 | Cs137 | Euwisa | Eu-15s
nCi/g
Untreated (Raw) Solid (Lindberg and Deutsch 2003)
15935_solid” | 1231E+00 | 9.973E-01 | 9.304E+02 | 1.705E+01 | 2207E+02
EPA Acid Digestion (Lindberg and Deutsch 2003)
Average for duplicate ND ND 7.810E+02 1.214E+01 2.777E+02
“15935 AE” samples|
EPA Acid Digestion (This Study)
15935-1 AE ND 5.322E-01 4.570E+02 6.707E+00 7.840E+01
15935-1 AE Dup ND 5.049E-01 4.636E+02 7.650E+00 6.292E+01
Average 5.186E-01 4.603E+02 7.178E+00 7.066E+01
Fusions (This Study)
15935-1 FUS ND 4.699E-01 4.031E+02 4.416E+00 7.103E+01
15935-1 FUS Dup ND 3.446E-01 3.457E+02 5.157E+00 6.779E+01
Average 4.073E-01 3.744E+02 4.786E+00 6.941E+01
Percentage Leached by EPA Acid Digestion (Average This Study)
Relative to Average Fusion Results
127% | 123% | 150% | 102%
“ND” refers to “not determined.”
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Table 3-8. Gamma energy analysis (GEA) in micrograms per gram of dry sludge

Sample Number K40 | Co60 | Cs137 | Eu-154 | Eu-155
ng/g
Untreated (Raw) Solid (Lindberg and Deutsch 2003)
“15935_solid” 1.75E+05 | 8.82E-04 | 1.07E+01 | 631E-02 | 4.54E-01
EPA Acid Digestion (Lindberg and Deutsch 2003)
Average for duplicate ND ND 9.02E+00 4.49E-02 5.72E-01
“15935 AE” samples|
EPA Acid Digestion (This Study)
15935-1 AE ND 4.70E-04 5.28E+00 2.48E-02 1.61E-01
15935-1 AE Dup ND 4.46E-04 5.36E+00 2.83E-02 1.30E-01
Average 4.58E-04 5.32E+00 2.66E-02 1.46E-01
Fusions (This Study)
15935-1 FUS ND 4.15E-04 4.66E+00 1.63E-02 1.46E-01
15935-1 FUS Dup ND 3.05E-04 3.99E+00 1.91E-02 1.40E-01
Average 3.60E-04 4.33E+00 1.77E-02 1.43E-01
Percentage Leached by EPA Acid Digestion (Average This Study)
Relative to Average Fusion Results
| 127% | 123% | 150% | 102%
“ND” refers to “not determined.”

Table 3-9.  Total beta and total alpha activities and strontium-90 concentrations per gram of dry sludge
Sample Number Gross Beta [ Gross Alpha Sr-90°
nCifg nCifg— | ugls
EPA Acid Digestion (Lindberg and Deutsch 2003)
Average for| 2.842E+04 7.919E+03 1.992E+04 1.43E+02
“15935 AE” samples
EPA Acid Digestion (This Study)
15935-1 AE 1.004E+04 6.473E+03 1.233E+02 8.87E-01
15935-1 AE Dup 8.642E+03 6.682E+03 7.035E+01 5.06E-01
Average] 9.340E+03 6.577E+03 9.682E+01 6.97E-01
Fusions (This Study)
15935-1 FUS 9.692E+03 2.269E+03 9.922E+02 7.14E+00
15935-1 FUS Dup 1.204E+04 2.150E+03 1.214E+03 8.73E+00
Average 1.086E+04 2.209E+03 1.103E+03 7.93E+00
Percentage Leached by EPA Acid Digestion (Average This Study)
Relative to Average Fusion Results
86.0% 298% | 8.8% | 8.8%

*The concentrations of Sr-90 are derived from the measurement of gross beta. The calculated concentration of
Sr-90 represents at best a qualitative estimate of the maximum concentration limit for Sr-90, because the gross
beta measurements likely include activity contributed from other beta emitters.
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Table 3-10. Summary of the average concentrations from the EPA acid digestion and KOH-KNO;

fusion analyses for the composition of unleached AY-102 (jar 15935) sludge

Average Concentration Average Concentration
Analyte (ne/g) Analyte (ne/g)

EPA Acid KOH-KNO; EPA Acid KOH-KNO;

Digestion Fusion Digestion Fusion
Fe 129,000 144,000 Mg (1,330) (1,300)
Na 138,000 116,000 U-238 1,290 967
Al 90,700 85,500 Ba 1,070 828
Mn 49,100 44,300 Zr (824) (707)
Si (925) (28,100) Li (328) (617)
B (3,820) (8,830) Mo (485) (562)
Se (1,280) (7,730) Co (250) (382)
Pb 8,610 7,230 \Y% (243) (370)
P 9,150 6,040 Sr 421 261
Ca 5,540 (5,100) Ti (162) (189)
Cu (1,980) (3,580) Cd (158) (152)
S (2,840) (3,240) Be (17.9) (32.2)
Cr 3,420 2,940 Pu-239 42.0 32.1
Ni (7,200) (2,780) Np-237 11.0 6.97
As (382) (2,000) Tc-99 3.23 2.86
Zn 915 1,510 Am-241 2.58 2.08
Bi (260) (1,400)

The measured concentrations of dissolved silver in the EPA acid digestion and KOH-KNO; fusion
solutions were especially inconsistent. The silver concentrations determined from ICP-MS measurements
of dissolved silver-107 and silver-109 in the KOH-KNO; fusion solutions were only slightly greater than
the silver concentrations for the blank, and were two orders of magnitude lower than those for the EPA
acid digestion solutions. This discrepancy in the silver concentrations resulted in relative recovery
percentages of 11,100% and 12,900% based on silver-107 and silver-109 analyses, respectively. These
results suggest that a sparingly soluble silver compound, such as silver chloride, may have precipitated
during the KOH-KNO; fusion treatment possibly with the addition of 1.0 M hydroxylamine HCI solution.
The potential of low silver recovery resulting from silver chloride precipitation in the analysis of Hanford
tank wastes has been discussed previously by Fiskum et al. (2000) and Patello et al. (2001).

Table 3-11 shows a comparison of the concentrations of cadmium, chromium, and lead in the EPA
acid digestion and KOH-KNO; fusion solutions as determined by ICP-MS and ICP-OES. Although some
of these comparisons are based on values that were less than the lowest LOQ (concentrations listed in
parentheses), these results suggest that the ICP-MS and ICP-OES analyses for cadmium, chromium, and
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Table 3-11. Comparison of cadmium, chromium, and lead concentrations determined by ICP-MS and

ICP-OES per gram of dry sludge

Cd - total Cr - total Pb - total
Sample Number based on based on based on
Cd-111 | Cd-114* | Cr-52 | Cr53 | Pb-206 | Pb-208*
EPA Acid Digestion (ICP-MS)
15935-1 AE 1.65E+02 | 1.47E+02 | 3.08E+03 | 3.07E+03 | 7.55E+03 | 8.49E+03
15935-1 AE Dup 1.70E+02 | 1.55E+02 | 3.08E+03 | 3.08E+03 | 7.60E+03 | 8.55E+03
Average| 1.67E+02 | 1.51E+02 | 3.08E+03 | 3.08E+03 | 7.57E+03 | 8.52E+03
EPA Acid Digestion (ICP-OES)
15935-1 AE (1.55E+02) 3.38E+03 8.61E+03
15935-1 AE Dup (1.62E+02) 3.46E+03 8.60E+03
Average (1.58E+02) 3.42E+03 8.61E+03
Percent Difference between Average EPA Acid Digestion ICP-MS and ICP-OES Values
| 0.63% | 11.0% | 7.0%
Fusions (ICP-MS)
15935-1 FUS 1.37E+02 | 1.25E+02 | 2.74E+03 | 2.78E+03 | 6.39E+03 | 7.13E+03
15935-1 FUS Dup 1.33E+02 | 1.20E+02 | 2.59E+03 | 2.61E+03 | 5.93E+03 | 6.62E+03
Average| 1.35E+02 | 1.22E+02 | 2.66E+03 | 2.70E+03 | 6.16E+03 | 6.88E+03
Fusions (ICP-OES)
15935-1 FUS (1.44E+02) 3.05E+03 7.56E+03
15935-1 FUS Dup (1.59E+02) 2.82E+03 6.89E+03
Average (1.52E+02) 2.94E+03 7.23E+03
Percent Difference between Average Fusion ICP-MS and ICP-OES Values
| 18.3% | 9.7% 10.9%
*The indicated isotope is the suggested isotope for use to quantify the total concentration of that
element.

lead in the EPA acid digestion solutions and in KOH-KNO; fusion solutions are, respectively, in close
agreement. Similar favorable comparisons of the concentrations for arsenic and molybdenum determined
by ICP-MS and ICP-OES in the EPA acid digestion solutions and in KOH-KNOj; fusion solutions were
not justified because the determined values were near background concentrations (i.e., similar to the
concentrations in the blanks) and almost all were less than the lowest LOQ values.

3.2 XRD Results — AY-102 and BX-101

The background-subtracted XRD patterns measured for the samples of unleached and water-leached
AY-102 (jar 15935) sludge, unleached AY-102 (jar 18686) sludge, and unleached BX-101 (jar 16503)
sludge are shown in Figure 3-1, Figure 3-2, Figure 3-3, and Figure 3-4, respectively. The as-measured
XRD patterns prior to background subtraction are shown in Appendix A. Each pattern is shown as a
function of 20 based on Cug, radiation (A\=1.5406 A). The vertical axis in each pattern represents the
intensity of the XRD peaks. The crystalline solid phases identified by XRD as being present in the
AY-102 and BX-101 sludge samples are summarized in Table 3-12.
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Unleached AY-102 (jar 15935)

Figure 3-1. Background-subtracted XRD pattern measured for unleached AY-102 (jar 15935) sludge
sample using a copper radiation source

Leached AY-102 (jar 15935)

Figure 3-2. Background-subtracted XRD pattern measured for water-leached AY-102 (jar 15935)
sludge sample using a copper radiation source
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Unleached AY-102 (jar 18686)

il ik “.”“l.ﬂ‘m I“ulm u m.xt.hmh “1 .‘&Mmmu

10 20 30 0 50
°26

Figure 3-3. Background-subtracted XRD pattern measured for unleached AY-102 (jar 18686) sludge
sample using a copper radiation source

BX-101 Unleached (jar 16503)

Figure 3-4. Background-subtracted XRD pattern measured for unleached BX-101 (jar 165503) sludge
sample using a copper radiation source
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Table 3-12. Mineral phases identified by XRD in AY-102 and BX-101 sludge samples

Sample Identification Mineral Phases Identified by XRD
Unleached AY-102 (jar 15935) sludge Dawsonite, hematite, gibbsite
Water-leached AY-102 (jar 15935) sludge Dawsonite, hematite, gibbsite
Unleached AY-102 (jar 18686) sludge Dawsonite, hematite, gibbsite, cancrinite
Unleached BX-101 (jar 16503) sludge Gibbsite, cancrinite

Dawsonite [NaAlCOs(OH),], hematite (Fe,O5;), and gibbsite [AI(OH);] were identified as crystalline
phases present in the unleached and water-leached AY-102 (jar 15935) sludge samples. For comparison,
the XRD patterns for the unleached and water-leached AY-102 (jar 15935) samples are shown
schematically in Figure 3-5 along with database patterns for dawsonite (PDF #45-1359), hematite (PDF
#33-0664), and gibbsite (PDF #74-1775). In each schematic database (PDF) pattern shown in Figure 3-5,
Figure 3-6, and Figure 3-7, the height of each line represents the relative intensity of an XRD peak [i.e.,
the most intense (the highest) peak has a relative intensity of 100%]. Quantitative analyses of the relative
masses of individual phases present in each sludge sample were not calculated using these XRD patterns
due to the factors discussed at the end of Section 2.3. However, the decrease in height of the major
diffraction peak at 15.60° 20 peak (Figure 3-5) suggests that less dawsonite is present in the water-
leached sample compared to that in the unleached sample of AY-102 (jar 15935) sludge. There were no
unassigned reflections in the background-subtracted XRD patterns for the samples of unleached and
water-leached AY-102 (jar 15935) sludge. That is, all crystalline phases present at greater than 5-10 wt%
in this sludge sample were identified by XRD.

o Leach?g A)(-192 gar 159352
=
‘© Unleached AY-102 (jar 15935)
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Figure 3-5. XRD patterns for the unleached and water-leached AY-102 (jar 15935) sludge samples
compared to the database patterns for dawsonite (PDF #45-1359), hematite (PDF #33-
0664), and gibbsite (PDF #74-1775)
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Figure 3-6. XRD pattern for the unleached AY-102 (jar 18686) sludge sample compared to the
database patterns for dawsonite (PDF #45-1359), gibbsite (PDF #74-1775), hematite (PDF
#33-0664), and cancrinite (PDF #71-0776)
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Figure 3-7.  XRD pattern for the unleached BX-101 (jar 16503) sludge sample compared to the
database pattern for gibbsite (PDF #74-1775) and cancrinite (PDF #71-0776)
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Like the results for the AY-102 (jar 15935) sludge sample, dawsonite, hematite, and gibbsite were
also identified in the unleached AY-102 (jar 18686) sludge sample (Figure 3-6). The silicate-carbonate
phase cancrinite was also tentatively identified in the unleached AY-102 (jar 18686) sludge sample. This
determination was based on matches of measured reflections to pattern PDF #71-0776 for the cancrinite
composition Nag(AlSisO24)(CaCO3)(H,0),. This composition agrees well with the SEM/EDS analyses
(Section 3.3), which show that these particles do not contain any detectable calcium or nitrogen (such as
nitrate). Because the AY-102 (jar 18686) sludge sample was not analyzed by SEM/EDS, there are no
additional data to corroborate the identification of cancrinite in this sludge sample. There were no
unassigned reflections in the background-subtracted XRD pattern for the unleached AY-102 (jar 18686)
sludge sample. This suggests that all the crystalline phases present at greater than 5-10 wt% in this sludge
sample were identified by XRD.

In contrast to the XRD patterns for the AY-102 sludge samples, gibbsite was determined by XRD
analysis based on pattern PDF #74-1775 to be the primary crystalline phase present in the unleached
BX-101 (jar 16503) sludge sample (Figure 3-7). Minor reflections observed on the XRD pattern at 19.03,
24.14, and 27.5 °20 correlated well with crystalline cancrinite [Nag(AlsSicO,4)(CaCO3)(H,0),] (PDF
#71-0776), which suggested that a trace amount of this mineral was present in this sludge sample. The
identification of cancrinite was based on a re-inspection of the measured XRD pattern for the unleached
BX-101 (jar 16503) sludge after SEM/EDS analyses had shown the occurrence of silicon-containing
particles with external morphologies and compositions consistent with what others in the literature had
identified as cancrinite (see Section 3.3.3). After allowing for all possible XRD reflections for both
gibbsite and cancrinite, there were several reflections (e.g., 17.45, 18.00, and 4.44 °20) unassigned.
These reflections indicate one or more unidentified crystalline phase(s) are likely present in the BX-101
(jar 16503) sludge. Identification of these unknown phases was not possible without more extensive,
detailed chemical characterization (e.g., transmission electron microscopy [TEM]) of this sludge sample.

The SEM/EDS analysis of the unleached BX-101 (jar 16503) sludge also indicates the presence of
particles containing significant concentrations of uranium with lesser amounts of sodium and aluminum
(see Section 3.3.3). Based on this information, the XRD pattern for the unleached BX-101 (jar 16503)
sludge sample was re-evaluated for the presence of reflections that may have matched PDF patterns for
any crystalline oxide or carbonate solids containing uranium, sodium, and possibly aluminum, such as
Na,U,0; (PDF #43-0347) and clarkeite [PDF #08-0315, (Na,Ca,Pb),U,(O,0H);]. The pattern search did
not detect any reflections that could be unambiguously assigned to Na,U,O5, clarkeite,' or any other
uranium solid. The PDF file #43-0347 for Na,U,05 has a major reflection at 14.838 °20, which might
correspond to a very broad reflection between 14 and 16 °20 (see Figure 3-4). Unfortunately, the
collodion solution used as a binder for our XRD samples has a large, broad reflection between approxi-
mately 12 and 32 °20 (see Figure 2-4), which makes resolution of peaks in this 26 region problematic for
phases present in trace quantities. The other reflections listed in PDF file #43-0347 for Na,U,0; are all
less than 50% of the intensity of the main peak at 14.838 °26, which makes them difficult to detect. Some
of these reflections, moreover, overlap with reflections for gibbsite, which also prevents their identifi-
cation. The same difficulties also affect the detection of most of the major reflections listed in pattern

! Clarkeite is isostructural with Na,U,07 and NagU,0,4, and is therefore difficult to distinguish using XRD (Finch
and Ewing 1997). Based on new chemical and structural data, Finch and Ewing (1997) suggest that the “ideal
formula for the ideal end-member” clarkeite is Na[(UO,)O(OH)](H,0).;.
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PDF #08-0315 for clarkeite. In addition, major reflections at 21.711 °26 (40% I/1,,), 46.084 °20 (70% I/1,),
and 48.845 °26 (60% I/1,) were missing from the measured XRD pattern for unleached BX-101 (jar
16503) sludge.

3.3 SEM/EDS Results — AY-102 and BX-101

This section summarizes the results of the SEM/EDS analyses on 1) unleached (raw) AY-102 (jar
15935) sludge, 2) water-leached AY-102 (jar 15935) sludge, and 3) unleached (raw) BX-101 (jar 16503)
sludge samples. SEM micrographs are presented that show the typical morphologies, sizes, and surface
textures of particles in each sludge sample. Tables are also given of qualitative compositions (in wt%)
calculated for particles probed by EDS from each sludge sample.

All of the particle compositions determined by SEM/EDS and discussed in this report contain
oxygen, and possibly carbonate and/or hydrogen (unless otherwise noted). The concentrations of oxygen
are listed in the EDS composition summary tables, and issues regarding the detection of hydrogen and the
uncertainties associated with the calculated concentrations of carbon in the EDS analyses are discussed in

later sections.

3.3.1

Unleached AY-102 Sludge

Three subsamples (i.e., three SEM mounts) of unleached AY-102 (jar 15935) sludge were inspected
by SEM/EDS. The three subsamples were designated “unleached 15935-1,” “unleached 15935-2,” and
“unleached 15935-3.” Table 3-13 summarizes the number of micrographs and EDS spectra recorded in
this study for the three subsamples of unleached AY-102 (jar 15935) sludge, and identifies the specific
figures, tables, and appendix containing the relevant results for these subsamples.

Unlike the other sludge samples examined in this study, there were differences in the particle types
observed from the three mounts of unleached AY-102 (jar 15935) sludge. Subsample “unleached

Table 3-13. Summary of SEM/EDS data recorded in this study and listed in this report for the three
subsamples of unleached AY-102 (jar 15935) sludge

Subsample Identification

Unleached 15935-1

Unleached 15935-2

Unleached 15935-3

showing typical particle
morphologies and types

to Figure 3-18

to Figure 3-27

Number of recorded micrographs 17 11 19
Number of recorded EDS spectra 24 15 22
Figures of SEM micrographs Figure 3-8 Figure 3-19 Figure 3-28

to Figure 3-38

Tables of calculated EDS

(without carbon) and figures of EDS
spectra

o . Table 3-14 Table 3-15 Table 3-16
compositions (with carbon)
Appendix containing tables of
calculated EDS compositions Appendix B
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15935-1” contains a range of particles that are from a few tens of micrometers to submicrometers in size.
Certain particles exhibit specific crystal habits, and may exist as aggregates of intergrown crystals (e.g.,
Figure 3-9). The large lath-shaped' crystals, for example as observed in Figure 3-10 (eds01), Figure 3-11
(eds06), and Figure 3-12 (eds11, eds12, and eds13), are one of the dominant types of particles observed in
“unleached 15935-1.” In some areas of the SEM mount of “unleached 15935-1,” the lath-shaped crystals
represent the majority of the sample mass (Figure 3-17). The lath-shaped crystals contain primarily
sodium, and sometimes lesser concentrations of aluminum and/or iron (Table 3-14). The presence of
crystal faces indicates that these lath-shaped particles are crystalline. Based on their abundance and
compositions, the lath-shaped crystals are likely dawsonite.

Subsample “unleached 15935-1" also contained at least three other distinguishable types of particles.
The globular or botryoidal® aggregates of particles observed in Figure 3-11 (eds08), Figure 3-12 (eds10),
Figure 3-13 (eds15), and Figure 3-14 were composed of iron-rich particles that sometimes contained
lesser amounts of sodium and manganese. The morphologies of these iron-rich aggregates and those in
other subsamples of this sludge are similar to those shown in electron micrographs for hematite in
Schwertmann and Cornell (1991). Aggregates of intergrown submicrometer crystals composed of
sodium-iron-aluminum silicate [Figure 3-11, (eds09) and Figure 3-16 (eds20)] were also observed, but
were rare in this sludge sample. Micrographs taken with backscattered electrons revealed the presence of
silver-rich particles containing lesser concentrations of aluminum [see bright grains in Figure 3-15
(eds04) and Figure 3-16 (eds16)]. These silver-containing particles were not common, and did not have
any distinguishing morphological features. None of the particles of “unleached 15935-1” examined by
SEM/EDS contained any significant concentrations (i.e., >5 wt%) of uranium (see Table 3-14).

Subsample “unleached 15935-2” consisted primarily of large aggregates of submicron particles
(Figure 3-19, Figure 3-22, and Figure 3-24). The aggregates were typically tens of micrometers or less in
size, and appeared in some cases to be crusty or cemented together (Figure 3-21). Subsample “unleached
15935-2" also contained (in order of relative abundance) the lath-shaped (more rod-shaped in this
subsample) sodium-rich crystals [Figure 3-23 (eds04)], botryoidal aggregates of iron-rich particles
[Figure 3-23 (eds05), and Figure 3-24 (eds08)], and silver-containing particles [Figure 3-21 (eds01)].
These particles were not as well formed as those observed in “unleached 15935-1.” A large particle
composed essentially of carbon was also observed in “unleached 15935-2.” The particle is shown at low
and high magnification in Figure 3-26 and Figure 3-27, respectively. The particle is several hundred
micrometers in length and coated with submicrometer-sized particles of the other phases present in this
sludge sample. None of the particles of “unleached 15935-2 examined by SEM/EDS contained any
significant concentrations (i.e., >5 wt%) of uranium (see Table 3-15).

Subsample “unleached 15935-3” was similar to “unleached 15935-2" in that it consisted primarily of
aggregates of micrometer-to-submicrometer sized particles that were less well formed than those in
“unleached 15935-1.” Like “unleached 15935-2,” subsample “unleached 15935-3” contained some large
(hundreds of micrometers in size) particle fragments composed essentially of carbon [Figure 3-28 and
Figure 3-29 (eds12)]. Subsample “unleached 15935-3” also contained (in order of relative abundance)

! Lath-shaped refers to crystals that are long and thin in shape with moderate to narrow widths.
2 Botryoidal refers to a spherical or globular growth of an aggregate of particles.
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rod-shaped sodium-rich crystals [Figure 3-38 (eds10)], botryoidal aggregates of iron-rich particles
[Figure 3-35 (eds04)], and silver-containing particles [Figure 3-37 (eds17)]. Subsample “unleached
15935-3” also contained some thin, crust-like material (Figure 3-30 to Figure 3-33) not observed
previously in “unleached 15935-1” or “unleached 15935-2.” Except for the fine particles attached to its
surface, the crust-like phase appears to be relatively homogeneous. However, when imaged by secondary
electrons (Figure 3-30) versus backscatter electrons (Figure 3-31), it is apparent that the compositions of
the crusty material are not uniform. The bright area outlined by a yellow-dotted square in Figure 3-31
contains primarily uranium and sodium [see Figure 3-33 (eds05)], whereas the darker areas of the crusty
material are composed primarily of sodium and silicon [see Figure 3-33 (eds06)]. Another particle
containing uranium and a lesser concentration of sodium is shown in Figure 3-35 (edsO1). This was the
only subsample of unleached AY-102 (jar 15935) sludge in which uranium-containing particles were
identified.

The major elements detected by EDS (Table 3-14, Table 3-15, and Table 3-16) for the three
subsamples of unleached AY-102 (jar 15935) sludge are generally consistent with the major elements
detected by bulk EPA acid digestion and KOH-KNOj; fusion elemental analyses of this unleached sludge
sample. The results of these analyses are reported in Section 3.1 and summarized in Table 3-10, which
indicates the sludge contains primarily iron, sodium, aluminum, manganese, and silicon. All of the other
metals detected in these analyses were present below 9,000 pg/g sludge. The EDS results also indicated
that iron, sodium, aluminum, manganese, and silicon were major constituents of particles in the three
subsamples of unleached AY-102 (jar 15935).

3.19



«1-$€6ST payoeoyun,, ojduwresqns
Jo 8-¢ 231 ur arenbs popop-mo[[aLk oy Aq pajesIpur
eaIe o) uoneoyudew 10Y31y je Suimoys ydeiZomiN ‘¢-€ 9In3ig

(‘sydex3ororw

NAS 1uonbosqns [[e pue sIy) JO JUI09 JYJLI WoN0q

9} 1B UDAIS ST Ieq J[eIS V) .. T-SE6ST payoeaqun,,

ordwresqns ur saponted Jo A3ojoydiow [e1ousg Surmoys
yder3oromu uonod[d Suruueds uoneoudew Mo g

v payoeaqu) —.-w.,.mow.
N P

-¢ 9In31

3.20



«1-S€6S1 peyoeaun,, ojdwesqns asudwod
jey) sod4) oponaed snotiea Surmoys ydei3oIory TI-€ 9In3L

(‘suonisodwoos SOy

Pare[no[Eed JO s9[qe) ul sodwesqns 93pn[s aures J} I0j

PaIsI] s[oqe] winnoads swres a3 03 puodsariod sons3y

39S} Ul S[9qe] . SP9,, QYL "POPIOOal PUB PAINSBIUI dIOM

enoads S a1oym soponted o3pnys Jo seare jesIpul

syder3oromu NHS Juonbasqns [[e pue siy} ur . sp9,,

Aq pajeqe] sea1y) .. '1-S€6ST payoearun,, ojdwesqns jo

2131 snotaaxd ay) Jo 191U oY} Je [BISAI0 padeys-yie|
o31e[ oy uoneoyyuSeW I9YS1Y J8 Surmoys ydei3oIor "QI-¢ 9In3i

"

il ] g | Py
% wrl o0 ¢ [ vouovo ) [l 1S eos1 <Z0L108 8
_muw.rﬁ_ ' _

3.2



ey

«[-S€6S1 payoesqun,, sjdwesqns asudwoo
sadAy o1onaed snotrea Suimoys YdeiSoIory “¢€-¢€ 9InSIg

[wi? 0 7] payoeoru ) W 1-5€65 | 1120108

ey

«[-S€6S1 payoesqun,, sjdwesqns asudwoo
sadAy o1onaed snotrea Suimoys YdeiSoIory Z-¢€ 9InSIg

3.22



("suomo9[e paIdNLOSYORq PAIIS[[0d sem Yder3ororu

o 18y} soyyugrs syderfororun Juonbasqns [[e pue

ST JO 1J9] WON0Q Y} UO [9qE] 95q,, 9YL) . 'T-SE6ST

payoeorun,, spdwesqns astidwoo jeyy sod4y oronted
snorreA Surmoys ur yder3oIonu uonod[d 1019eosyoeyq ‘SI-¢ dIngig

0B 3 COLIOS

«I-S€6ST poyoearun,, sydwresqns ur soponred
OPIXO SUIUTBIUOO-WNIPOS “YOLI-UOII JO Je3o133e
[eproAnoq uonesrjrudewt 10y3y je urmoys ydei3oIornN HI-¢ 9Ingig

3.23



«l-S€6S1
payoeaqun,, ojdwesqns asudwod jey) sadAy ojonted
snorrea Jurmoys ur ydei3o1oru uonod[e 1eneosyoeyq “LI-€ dIn3ig

wr 0001 | payorarun b -ce6s | ICUMC 1 Z0L10S
v ¥ - - . " , y.¢

L

L

- ’. S

e
*

Al
>8

«l-G€6S1
payoeaqun,, ojdwesqns asudwood jey) sadAy oponted
snorrea Jurmoys ur ydei3o1omu uonod[e 1onedsyoeyq ‘9[-¢ dIn3ig

SO €1 TOLIOS

3.24



«I-S€6S1 payoeaun,, ojduwresqns jo /[-¢ I3
ur  €zspa,, Aq pajoqey sojoned ay) uonesjiugewt
10y31y je Surmoys ur yderSororw uonod[o 10pedsyoeyg ‘§I-¢ dIn3L

- - - ] 9
wr 00 ¢! i PuoeduN) W -5 €65 T oMl [ Z0L10S

3.25



o 0 Sl Lee vy 70 o 0 90 g0 ¢l 9°¢ 80¢ ¢0cT BN-oA yTSpa 81-¢ 2mns1g
0 1'0- L0 0'9L 6% 'l o o 90 70 L0 I'c 9'¢ 8 oq €TSpe 81-¢ Angig
0 00 90 9°¢C 0 70 o 1o L0 70 S'¢ 08 9ty €91 BN-A TTsPa L1-¢ om31g
1'0 10 60 8°0¢C 8T S0 1o 0 L0 L1 (44 9'L (4474 191 EN-°4 1ZSPd 91-¢ 231
00 0 o 9 8’1 1'0 o o L0 Y 9L eIl 8'6¥% 191 IS-94-[V-eN 0TSP2 91-¢ 2mns1g
o L0 0 L'e 90 9°0- 1l o o 0] ¥'C S8 0vS ¢'8¢C BN 61Sp2 91-¢ 2ngig
10 | zo 70 I3 'l 10 10 10 | o €1 67 | 6L1 | v'Is | 60z eN 81SPa 9[-¢ a3y
00 00 0 6t L'l 10 1o 10 €0 L0 6C L6 88V X113 BN LTSPd 91-¢ 23]
€0 1'6C o 9°C 80 00 00 o 0 ¥'0 s 8¢ L9¢ 80T V-8V 91Spa 91-¢ dmn31g
1'0- 1'0- 90 9°¢l1 ¥'C 0 o o 90 vy LS (SN oy Gel [V-BN-24 GIspe ¢]-¢ 2ngig
0 1o 0 I'v Sl 00 o 00 €0 €'l 8C 8°¢C '8y 81 BN Y1Spa ¢1-¢ om31g
00 1'0 S0 SL |3 20 0 1'0 L0 70 [ 0'81 v'ov L9l 91BN €ISPd 71-¢ 231
00 o £0 [ |4 1'0 o o 90 01 e 0T £0¢S [ Sd-eN TISpa ¢1-¢ dmsig
00 o €0 'S 61 0 70 o 90 8C LS I'LT L6y 6°SI Ad-[V-eN [18Pa Z[-¢ 231
00 00 'l 9Tt 94 70 o 1o 90 9°0 €T 99 3% 9Ll BN-A 01SPa 71-¢ om31g
0 10 L0 1'C1 9t €0 0 0 60 L9 L 6 L0y 9°LT IS-[V-8N-°] 60SPd 1[-€ 231
o o 0 ovl [ 1'0 o o 0 ¥'0 8T 6'G 1Y 4 I'6c BN-od 80SPa [ [-¢ 2ng1g
1'0- o 0 6'¢ 'l o o o 70 70 LT 'S ¥'6¢ ¥'ov BN LOSP® [[-¢ 2ngig
00 1o 0 6% 61 o o 1o €0 70 (4 0'1¢ 0°¢s 891 BN 90spa [1-¢ om3rg
£¢ (] 10 1474 [ 00 1o €0 80 €6 ¥'6 0CI 9% 9Tl IS-TV-BN SOSPd G1-¢ 31
1'0- 0'6¢ o L'y 91 10 o o €0 90 9 Sy gee €6 Iv-8v #0SPo G[-¢ dm3ry
70 | 80 T | 9szt | ¢8 | ¥0 | Lo | 0 | ¥l 8T | LL | s6 | s€€ | 9L | Iv-u-en-od | £0SPa umoys jou Sig
o 00 0 98 6'C 0 0 0 80 70 Y 00l [ 981 [V-od-eN 70SPa O1-¢ om31g
c0- 10 0 €1l (a7 0 0 €0 01 8¢ 6’8 0¢l L'ty Tl IS-TV-94-8N 10SP2 01-¢ 231
sou (%I §<) PqeT wnndadg
n sv IN o N 1 0] S d 1S v eN o ) S[ERIAl 10lely pue 2an31y

(Sg6ST Tel) o3pnys yuey ZO[-AV JO [-6£6S T d[duesqns paydeafun
Ul poAIdSqo sa[onIed 103 uoqied 103 Jyead uoISSIuDS Ay} pn[oul Jey) SAH/INAS Aq pauruojop suonisodwos aaneend) “HI-¢ dqeL

3.26



«C-S€6ST payoea[un,, ojduwresqns jo
61-¢ 231 ul [# o1enbs panop-mo[[eA ayy Aq pajedrpul
BaIe o) uoneolrusew 19y31y e Surmoys ydeiSoror

w001} payoraun Bz-ceeo | G

g )

"
-39

"07-€ 2an31yg

«Z-S€6ST payoearun,, oyduresqns ur soponted
01830133 o31e[ Jo A3010ydIow [RIOUST FUIMOYS
yder3oronu uono9[d Suruueds uoredjiudewt Mo “¢I-¢ 3In31q

w 000z I P>uoro1un iz coc 1 RGN T 90L10S
y ‘

SEEEEEEEEEEEEEEY

‘U 4

[EEYF "-

3.27



«C-S€6ST payoea[un,, ojduwresqns jo
«Z-S€6ST payoeorun,, ojduresqns 61-¢ 231 ul g# o1enbs panop-mo[[eA ayy Aq pajedrpul
ur oponaed 91e30133e o31e] [eo1dA) Suimoys ydeioronn g7-€ 3an3diy BaIe o) uoneoyrugew 1oy3iy e Surmoys YdeiSoiorN [g-¢ oINSy

B w7 00 O R ouoeoun lT-ce6s T Co B C90L10S [ 00 c b B poyoeaqun W z-c 6 | ol V< 90/ 10S

-
:

CEENRR RN " R R ]

3.28



«C-S€6ST payded[un,, ajduwesqns
ut sadAy oponaed jo a3uer Surmoys ydeiSoIorN pg-¢ ANy

- .
wr 00'S payorajun liz-cees | MG V8 o
o s ﬂ.
\..—‘ . vu\ b

- »

)

«C-S€6ST payoea[un,, ojduwresqns jo
7T-€ 2131, ur axenbs panop-mo[eA oy £q pajedrpur
BaIe o) uoneoyrusew 1oy3iy e Surmoys YdeiSoiorN “¢€7-¢ ANy

[wif 00+ payoea(un Wz-Ce6S T V9'90LI0S

3.29



«C-S€6ST paydedfun,, ajduwesqns

ur oponaed yorr-uoqred 931e] Surmoys yder3oIonA "9g-¢ 9angig

wrl 00001 [ Pouoeorun lT-C €66 |

(35q)

6°90L10S

«C~SE651
payoeorun,, opdwesqns ur sadAy ojonaed Jo d3uel pue

(A19A1309dSa1 “GTSPI Pue HSp?) so(onted opIxo-wnipos
‘UOJI puB 9pIX0-IJAJIS [eo1dA) Surmoys ydei30Io1N "Sg-¢€ 3In3Ig

w0 ¢ E z-ce6c T el V11 90L10S
L]

.30

3



«C"SE6S 1 payoesqun,,

ordwresqns Jo 9Z-¢ 21n3r1,{ ur a1onted YoL-uoqred

o31e[ oy Jo axenbs panop-Mmo[[e4 9y} Aq pajedIpul
BaIe o) uoneorjrugew 10y3iy e Surmoys ydeiSoor -Lg-€ 9AnSIiyg

3.31



1'0- €0 €0 L0l I'e ¥'0- 91 40 90 €0 8'C 901 8'1¢ 81 BEN-o4 SISPa Gg-¢ 23
€0 8'9¢ (40 4 01 1’0 00 1’0 0 1°0- 4! 9'¢ 6'6C €¢I V-8V | $ISpd §z-¢ 231
01 'l €1 £0¢C 6'v 0 'l 60 'l €0 e S8 6°LE 6°L1 BN-94 €ISpa LT-¢ 231
€0 €0 1’0 70 1'0- 40 N0 40 60 1’0 ¥l S'L 9'6C 768 D Auewnig TISpa Lg-¢ 231
8'C 8'C (] €T 01 01- 60 €0- 70 8°0 't L'vT I'vS I'L eN [15po LZ-¢ om31]
00 10 €0 €¢ LTIl 40 1’0 S0 (] 90 (43 08 6'SY 9'¢C OJ-eN-UN | 01SP2 $¢-¢ 231y
10 o 0 99 |4 o o 0 60 6'v 8¢ 6 Svy 0°s¢ [V-2d-BN 60SP? $Z-¢ 9m31g
00 1’0 S0 08¢ L't 40 1’0 €0 90 €0 91 S¢ 9'6¢ ¢l ad 80SPa {Z-¢ AINSLg
00 10 €0 I'y 1A 1’0 1'0 10 70 70 el LTl (1848 'Sl BN-IV | LOSPO $Z-¢ o3I
1'0- 1’0 00 €T 8°0 1’0 10 00 (40 €0 S'1 €6l s v BN | 90SPe £Z-¢ om3i
10 00 Lo [23% [43 €0 o 0 0 €0 1l L8 £¢eT (4] BN-94 SOSPa ¢7-¢ 231
10~ 1’0 1’0 Sl S0 00 N0 00 1o €0 60 (414 L6y L9t BN | 0SPe £Z-¢ om3Ig
L0 9°¢l S0 8'C vl 1'0 40 1’0 (] ¥'C (47 9'Y 0ty 0°LT 3y €0Spa [g-¢ 931
1'0- €0 (40 g'e 01 1’0 70 00 I'l 9°¢ 4 89 L'ey 6'8C IS-BN | TOSP@ [g-¢ 231y
e oy €0 |4 90 00 0 1'0 0 S0 8¢ |4 1'6C 'Ll 3y 10SPa 1¢-¢ om31L]
vt (%M 5<) [PqeT wnaydadg
S[BIAl
n v IN a1 g | D €D S d 1S v eN o o) 1olepy pue 2.an31y

(Sg6ST Tel) o3pnys yuey Z0[-AV JO 7-6£6S1 d[duresqns payoeafun

ul paAIasqo safonted 10j uoqres 10y yead uorssiud ay) apnjour ey SAI/NAS Aq pauruieop suonisodwos daneyend) “SI-¢ dqeL

3.32



«£-G€651 payoes[un,,

£-S€6ST poeyoeauNn,, ojdwresqns ur (19}UQ0 J9MO[ PUB IOJUSD

ordwresqns Jo §g-¢ 2an31 ur oponted yoLI-uoqIed doy) soronaed yor-uoqred odre] Jurpnjour ‘sofonaed

931e[ oy} Jo axenbs papop-mo[[eA ayy Aq pajedrpul 01830133 o31e[ Jo AF010ydIow [RIdUST FUIMOYS
BaIe o) uoneoyrusew 1oy3iy e Surmoys YdeiSoiorN “¢z-€ ANy yder3oronu uono9[d Suruueds uoredjiudewt Mo ‘§7-¢ 3In3Ig

wr 00 0] payorajun W ¢-CE66T ol 71 COL10S Y wr 00 00z| payoeaun e 6s1 e

%

3.33



«£-S€6S 1 payoeaqun,, ojdwesqns
ur prjos 93pn[s Jo sjuowdesy oI[-1snId ur (drenbs

PONOP-MO[[OA Aq PasjIeW BAIR) WINIULIN UL PAYILIUD
eare Surmoys yder3oIornu uonodd[d (9sq) 1onedsyoeyg ‘[¢-¢ 313y

s 8
LW 00°'0T [payoeajun lle-ce6< T

un,

NS NN RN R RN

-
=
-
=
=
-
L]
=
=
=
-
-
..
-
[
-
=
=
-
.
=
=
-
=
=
.

sEsssssssssnsmnneEnn

«£75€651
payoeorun,, syduresqns ur prjos agpnys Jo syuswdely
oy1-1sn1d urmoys yderdororw (9s) uond9[ A1epu0ddS “(¢-¢ AN

3.34



(-omS1y st Jo 10uU109 91 Joddn ur vaTE

1Y3LIq Se SMOUS WNIULIN Ul PAYILIUD JSNID JO UOI}0S)

« €-S€6ST payoeaun,, odwresqns ur g¢-¢ AINS1g

J0 Jou100 Y311 WO0R0q Ul JudWS ey YI[-ISNIO JO U0NIIS
uonesyyugew Joy31y je Surmoys ydeio1omu uosndd[q “g€-¢€ 9In31y

w700t pouoroun L eceoet BRG] VS S0L105

€565 1
payoeorun,, spdwesqns ur prjos a3pn[s ut (] ¢-¢ I3

ul arenbs papop-mo[[eA) wnrueIn Ul paYoOLIUS BaIe
uonesyyugew Joy31y je Surmoys ydeioIonu uosndd[q “ge-¢€ 9In31y

L SOLIOS @

3.35



«£-G€6S1 payoes[un,,

ordwresqns Jo ¢-¢ 231 ur 9Je3a133e oponred £-S€6ST paydLauUN,,

931e[ Jo 93pa 1391 1oddn uo soponted padeys-onewstid ordwresqns ur saponted [enprarpur jo sad£) pue dje3o133e
pue -ye] uoneoyrudew Joysy je Surmoys Yyder3oIol "S¢-¢€ 9an31y 9ronued 1eo1dAy Jo a3uer Suimoys ydeiSoiorN pe-¢ ANy
sl ¥ 4 . TR W W

payoeafun Vi'S0L10S Ex. 00°¢S. cuz.:ﬁ_:: | €-CE6ST

3.36




«£-S€6S 1 payded[un,, ajduwesqns
ur sod£) oponued jo a3uer Surmoys yder3oIonN Le-€ 9In3ig

>

wr 00 '¢] paYOEaIUN || €-CE6CT

ol VL1 'SOLI0S

«£-S€6S 1 payded[un,, ajduwesqns
ur sod£) oponued jo a3uer Surmoys yder3oIornN "9¢-¢ angig

3.37



«£-S€6S 1 payoeaqun,, sjduresqns
ur sadAy sponaed jo o3uer Suimoys ydeiSoIdnN “g¢€-¢ NI

3.38



10~ 00 10 S'1 S0 00 10 00 €0 (40 9otc | L1 8¢9 €6 v TTSPd 9¢-¢ aImsig
(40 €0 70 S9 91 S0- L1 (4] S0 Sl 9v 801 £'es el 94-BN 1TSpo 9¢-¢ 31
00 00 (40 L'y €1 10 10 0 S0 8'Y 9 011 0S¢ 0°0¢ [V-8eN 0TSpo 9¢-¢ o3I
1'0- 00 1'0 8°0 70 00 00 00 (40 1’0 6¢€T | ¥ 679 €8 v 615p2 9¢-¢ aIn3rg
00 10~ L1 09T 69 €0 ¥0 40 60 A S'e 8L €LE gel UN-BN-2d 81Spd L¢-¢ aIS1g
0 0°¢l €0 9°¢ ¥'e N0 10 N0 90 €0 6t 69 6'9% I'6l 31-eN-3V LTSPd £¢-¢ 23]
1’0 00 S0 6'6 0'¢ 10 0 1’0 80 (] 09 8’8 1°0S 861 [V-BN-94 91Spa L¢-¢ 23]
L€l 00 70 L'L 0C 10 1’0 1’0 I'T 60 81 €0T1 LY vyl Sd-eN-N1 SISpd umoys jou ‘31
00 1’0 ¥°0 '8 €T (40 10 10 60 |4 LY 08 6'8% 0vC 94-BN ¥15pa umoys jou ‘Jig
1o 00 70 70l 9'¢ (40 €0 (40 I'l I'c 9°¢ 98 Ly 0T [V-eN-4 €182 67-¢ 231
1o 00 00 00 00 00 00 00 1o 00 00 (43 L0t 6°SL D Aurewitig TISPa 67-¢ AIn31g
00 00 70 181 6’1 10 10 €0 S0 4 0C ¥e (% €ve BN-o4 [18pa g¢-¢ o3|
00 00 0 8'C 1 10 10 €0 L0 v'e 6°¢ S8 L6y 0'6C eN 018pa g¢-¢ o3|
1'0- 1o- 00 (4] 1o 00 00 S0 ¥0 ¥'S 8’1 v'e 0cy 99 D Apurewtig 60Spa 8¢-¢ AINGL]
1'0- 1°0- 70 (Y vl 10 10 €0 S0 8¢ 9°C L9 9'LYy SIe 94-eN 80SPa g¢-¢ AINGL]
0 00 €0 L'T1 A 10 70 0 L0 (43 L1 6'C 08¢ L6€ oq LOSPd €¢-¢ aIS1g
10 0 10~ L0 €0 1’0 00 90 90 89 6'C [ (4747 L'8¢ BN-IS 908pa ¢¢-¢ o3|
S91 [0 10 4! S0 00 00 ¥0 70 (4 £€7C 06 Sov L91 IS-eN-N SOSpa ¢¢-¢ oIS
00 10 01 8'%C 9°¢ 70 €0 40 90 60 9°¢ s 0°¢e Ve BN-UIN-Od $0SPo §¢-¢ o3I
00 1’0 70 061 v'e 90 10 1’0 70 L0 89 79 L've VLT BN-TV-2d €0Spe g¢-¢ 23]
10~ 00 €0 S 1 1’0 10 1’0 €0 L0 9Tl '8 0Ly 6°¢C 9d-eN-TV TOSPd ¢-¢ aImsrg
L'S1 (40 (40 L1 80 1o 00 80 70 L't €1 S'C §ee 06¥ n 10Spo §¢-¢ om31g
e (%M 5<) PqeT wngdeds
n Sv IN ER | up 1 ®) S d 1S v eN Po) o) S[eIdIA JoleIA pue 2an3|

(Sg6ST Tel) o3pnys yuey ZO[-AV JO €-6£6S 1 d[duesqns paydeafun
Ul poAIdSqo sa[onIed 103 uoqied 103 Jyead uoISSIwd Ay} opn[oul Jey) SAH/INAS Aq paururoop suonisodwos aaneend) -91-¢ dqeL

3.39



3.3.2 Water-Leached AY-102 Sludge

Two subsamples (i.e., two SEM mounts) of water-leached AY-102 (jar 15935) sludge were inspected
by SEM/EDS. The two subsamples were designated “leached 15935-1"" and “leached 15935-2.”
Table 3-17 summarizes the number of micrographs and EDS spectra recorded in this study for the two
subsamples of water-leached AY-102 (jar 15935) sludge, and identifies the specific figures, tables, and
appendix containing the relevant results for these subsamples.

The two mounts of water-leached AY-102 (jar 15935) sludge contained a similar variety of fine
(micrometer to submicrometer in size) particle types. The following four differences are readily obvious
in the SEM/EDS results for water-leached AY-102 (jar 15935) sludge samples relative to those for the
unleached material (Section 3.3.1):

e The micrographs for particles in the water-leached AY-102 (jar 15935) sludge all appear “blurred”
(indistinct) (e.g., Figure 3-40 and Figure 3-45) when compared to the SEM micrographs for the
unleached AY-102 (jar 15935) sludge sample. Because all of the SEM mounts were prepared using
the same procedure and mounting materials, this “blurred” effect is assumed to be due to the
rounding of particle edges caused by dissolution during the water-leach treatment of this sludge and
not an artifact of the SEM imaging or preparation of the SEM mount.

e Based on the EDS analyses (Table 3-18 and Table 3-19), there is a significant decrease in the sodium
content of the water-leached AY-102 (jar 15935) sludge. This indicates that the sodium-containing
solids in the unleached sludge might be more soluble during the water leach relative to the other
solid phases present in this material.

e The majority of the particles in the water-leached AY-102 (jar 15935) sludge appear to contain iron
with lesser amounts of manganese and/or aluminum.

Table 3-17. Summary of SEM/EDS data recorded in this study and listed in this report for the two
subsamples of water-leached AY-102 (jar 15935) sludge

Subsample Identification

Leached 15935-1 Leached 15935-2
Number of recorded micrographs 18 5
Number of recorded EDS spectra 18 8
Figures of SEM micrographs showing typical Figure 3-39 to Figure 3-47 to
particle morphologies and types Figure 3-46 Figure 3-51
Tables of calculated EDS compositions (with Table 3-18 Table 3-19
carbon)
Appendix containing tables of calculated EDS
compositions (without carbon) and figures of EDS Appendix C
spectra
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The range of carbon content measured by EDS for particles from the water-leached AY-102 (jar 15935)
sludge sample is 5 to 20 wt% (Table 3-18 and Table 3-19), which is lower than the 5 to 40 wt%

(Table 3-14 to Table 3-16) determined for the carbon content of non-carbon rich particles in the
unleached sludge sample.

The particles observed in the two subsamples of water-leached AY-102 (jar 15935) sludge were
typically a few micrometers to submicrometer in size (See Figure 3-40, Figure 3-43, and Figure 3-49).
The particles consisted of both discrete particles and aggregates of particles. A few larger, crusty-like
sludge particles similar to those in the subsamples of unleached AY-102 sludge were also observed in the
water leached subsamples (Figure 3-39, Figure 3-45, and Figure 3-51). Almost all of the particles imaged
by SEM in the two subsamples of water-leached AY-102 sludge had indistinct surface features and
morphologies, which is likely due to the water-leach treatment The water-leached AY-102 (jar 15935)
sludge sample contained a few lath- (or rod-) shaped crystals (Figure 3-41 [eds15], Figure 3-48,
and Figure 3-49), which were similar to, but less common than, those observed by SEM in unleached
samples. The subsamples of water-leached sludge also contained botryoidal aggregates of iron-rich
particles (Figure 3-41 [eds16], Figure 3-44 [eds12], and Figure 3-48 [eds02]), and silver-containing
particles (Figure 3-49 [eds04]). Based on both the SEM micrographs and the EDS analyses, the iron-rich
particles appear to be one of the most abundant phases in the water-leached AY-102 (jar 15935) sludge.
Although rare, a few particles containing calcium, iron, and phosphorus were identified by SEM/EDS
(Figure 3-43 [eds08, eds09, and eds10]), but this type of particle was impossible to distinguish based on
morphology by SEM from the iron-rich particles that contained little or no calcium or phosphorous.

None of the particles of “leached 15935-1" and “leached 15935-2” examined by SEM/EDS contained any
significant concentrations (i.e., >1 wt%) of uranium (see Table 3-18 and Table 3-19).

3.41



«1-S€6S1 Paydea],, adwresqns
JO g¢-¢ 231 ur arenbs popop-Mo[[AA Ay} Aq pajesIpur
eoIe oy) uoneorjrugew 1oy3iy 38 Jurmoys ydeiSoIonN gp-¢ InSL{

«[-SE6S T Payde],,
ordwresqns ur soponted jo A3o1oydiow [e1oua3 SUIMOyS

yder3oronu uono9[d Suruueds uoredjiudewt Mo “¢E-¢ 3In3Ig

3.42



«1-S€6S1 Payoea,, adwresqns
ur sadAy oponred [eo1dA) Jo o3uer Juimoys ydeiSoIorN gH-¢ 9In3iyg

[wif 01| L pouorol Wl 1-e65 T =05 ¢/ [0S

«1-$€6ST payoea,, odwresqns
ur sadAy oponred [eo1dA) Jo o3uer Juimoys ydeiSoIorN [H-¢ 9In3iyg

wrl 01| payoeo] M 1-c£661 |

343



«1-S€6S1 Payoea,, adwresqns
ur sadAy oponued [eo1dA) Jo o3uer Suimoys ydeiSoIorN pp-¢ 9In3iyg

w4 pouovo R Cceoc I MO o108
L

«1-$€6ST payoea,, odwresqns
ut sadAy sjoned [eord£) jo o3uer Suimoys ydeiSomony “¢p

€ 2an31y

PIYOLI W [-SE6ST 8'¢0LI0S

3.44



«[=S€6S T Payde9l,, «[-SE6851
ordwresqns Jo G- 21n31,{ JO 103udd ur dje3o133e oponted payoeol,, srduresqns ur 0je32133e OYI[-ISNI0 pue

oNI[-1snIo uonedyrugew 1oy31y 38 urmoys [deiSoIor 9p-¢€ 9In3ig sad Ay oronaed 1eo1d4) Jo o3uer Suimoys ydeISoIorN Sp-€ 9In3Ig

e & 2 [EE EEE oo MEOGS
‘ ]

3.45



10 10 70 601 €1 e 7'l 10 I'1 9T 9'6 L0 8Ly L'0T Iv-9d | 81spe umoys jou ‘Srg
0 0 L0 76¢ 8’1 90 80 10 01 91 (44 80 6'¢ce 61l Bk | LTSPd TH-¢ am31{
0 €0 80 LT 'l €0 1l 1o 'l €1 (44 01 8'SY S¢Sl ad 9ISpa H-¢ 231
o 0 60 6'LT £¢ 80 7'l o 01 1l L8 7'l CLE 6°Gl1 IvV-o4 SISPd -¢ am3Ig
10 0 S0 L0l 9'¢ €0 el 10 80 I's 8t [ 0'Cs VLT 1S-94 ¥1SPa 9p-¢ 2m31]
0 1o g0 8¢l 61 e ¥l 00 el 9°C 7’6 L0 gLy Ll vV-od €ISpe pp-¢ 231y
0 1o 90 Gee ! I'c 60 1o 'l 8l ¢9 L0 6'cy €Ll [V-3d T1SP3 pp-¢ 2In3ig
) 0 60 ¥'9C (4 60 7’9 00 I'e 0C LYy 'l £'8¢ Sel BD-94 [18Pd ¢h-¢ om31]
S0 0 €0 €8 90 10 701 10 1Y 9T 9'¢ Sy 8'8¥% L'yl d-°d4-8D 0TSPa ¢p-¢ am31]
01 0¢C 70 6'S 0 10 L'ST 0 '8 0 1l [ 9Ly 0SI d-d-®D 60SPd ¢-¢ 231
80 SL €0 s 0 o 0vl 1o 69 0 'l 6’1 891 a4t 94-d-3v-eD 80SPa ¢f-¢ AIN31g
0 10 v1 | ove | €€ vl I'¢ 10 07 6T 6’ 'l 33 €11 Iv-od LOSP? Th-€ 21n31g
0 10 (4! 9t L'l 10 L't 10 L'e 81 (44 60 ¥'6¢ S'LT oA 90SPa 7H-¢ o3I
0 00 L0 G'8¢C LT vy ¢l 10 [ 9°C '8 1l 0ve 9v1 [V-od SOSpe Op-¢ ISy
o 00 8’1 L9 9°¢ 81 8'C 00 L0 8’1 9T Lo S'6 Y UN-94 $0SP2 Op-¢ 2In31]
70 0 Cl 0°¢e 6'S g0 80 o 80 'l 194 8’1 I'v€ 9°¢1 UN-94 €0Spo Op-¢ 231y
1'0- 0 €0 9'L 0’1 S0 70 10 70 80 €1C S0 0'1¢S 191 AV T0SPd Op-¢ 931
0 0 L0 6’1y 07¢ g0 S0 10 I'1 'l 09 60 6'8¢C 091 [V-od 10SP? 0f-¢ 2m31]
YoMt (%eIM 5<) [PqeT wnadadg
SR
n v IN e | Ul 1D e) S d 1S v eN 0 ) ofepy pue aangiy

(S€6S1 Tel) 93pn[s yuel Z01-AV JO [-S€6S1 djdwesqns
POYOBI] Ul PaAIdSqO safonIed 0] uoqred 10§ ead UOISSIUS oy opnjoul eyl SAH/INAS Aq poururdiap suonisodwoo aaneyrend) §I-€ dqeL

3.46




«C~SE651
payoedy,, srduresqns Jo /§-¢ 23 ur ([# d1enbs panop

-MO[[9A U} Aq pajedrpul eare) 91832133k oponred oy
-1sn1o ay3 uonesyrugew 1oy3iy je urmoys ydeiSoIonN ‘gp-¢ 3An3ig

E poyouoiliz-ceest WV L0108

«CSE6ST Payoedl,,
ordwresqns ur saponted jo A3o1oydiow [e1oua3 Surmoys

yder3oronu uono9[d Suruueds Uoredjiudewt MO “Lip-¢ 3In3Iq

OB [ LOLIOS

3.47



«C-SE6ST Payoea,, dwresqns
ur sojego1s3e ojonted Jo ASojoydiowr [e1oULF FuIMOYS

yder3oronu uono9[d Suruueds UoredjIugewt Mo ‘(S-€ 3In31g

«T-S€6ST Payoeal,, ajduwresqns Jo /i-¢ M3
ur Z# a1enbs panop-mo[[4£ oy} Aq pajedrpur eae ul

soronred uoneoryrugew 1oy3Hy je Surmoys ydei3oIonA “¢p-€ 9In3Lg

Jur 007 [pauovoi Mz-ceoc JC V€ L0L10S

3.48



«C"SE6S1 PAYOEI],, djduresqns jo
05-€ 2m31q ur arenbs panop-mor[aA o) £q pajesrpur eare
ur soponaed uoneoyrusew Y31y je Surmoys YdeiSoIorp “IS-¢€ 9anSIg

. ._a ~y = :

3.49



1o | ¥t | €0 | 9% 0C 10 | 0 €0 | €0 | 06 | o1 | 66 | ves | 0L 04-IS-EN-TV 80SPa 16-¢ 231
zo [ o | €1 | ove | ¥s vi [ €0 [ zo |90 |zt [y |1 | ser | o¢ UN-O LOSP3 [-€ 9131
1o- [ 1o | 1o | z1 70 00 [ 10 [ o0 [zo | zo | cec | o1 | 99 | v9 v 90SPa 16-¢ 31
1o- [ so [ se | egor | s8¢ | v1 | s0 10 | €0 |90 [ 0T | so | ¥ 0 UN-Od SOSP3 6t-¢ 2n31
€1 | o1s | ¥o | ot 0 10 | 0 so [ o0 | €0 | 11 60 | 6ST | 9sI 3v 0SPa 61-€ 2314
10 | s0 | T | ¢8 81 10 | <o 00 [zo | o | 811 | e | 9es | cu 04-EN-TV £0SP2 6p-¢ om31q
1o- [ 1o | v1 [ ez | v11 [ 90 [ so [zo |90 [oT | v |91 | g6c | so1 UN-od 20SPa 8p-€ N3
oo | 1o |91 [ 89z | it |90 | vo 10 | s0o [0z [Ty |80 | 61 | 101 UN-od 10SP 8p-€ 31
i (%M 6<) [PqeT wngaads
n 3v IN a Uzl 10 ®) S d IS v eN o ) S[eIdIA 10[eIA pue 2angiq

(S€6S1 Tel) 93pn[s yuel Z01-AV JO 7-S€6S1 djdwesqns
POYOBI] Ul PaAIdSqo safonIed 10J uoqied 10§ yead UoISSIuo oy opnjoul eyl SAH/INAS Aq pourudiap suonisodwod aaneiend) “6I-€ dqeL

3.50




333 Unleached BX-101 Sludge

Two subsamples (i.e., two SEM mounts) of unleached BX-101 (jar 16503) sludge were inspected by
SEM/EDS. The two subsamples were designated “unleached 16503-1" and “unleached 16503-2.”
Table 3-20 summarizes the number of micrographs and EDS spectra recorded in this study for the two
subsamples of unleached BX-101 (jar 16503) sludge, and identifies the specific figures, tables, and
appendix containing the relevant results for these subsamples.

Table 3-20. Summary of SEM/EDS data recorded in this study and listed in this report for the two
subsamples of unleached BX-101 (jar 16503) sludge

Subsample Identification

Unleached 16503-1 Unleached 16503-2
Number of recorded micrographs 13 14
Number of recorded EDS spectra 15 25

Figures of SEM micrographs showing typical particle

morphologies and types Figure 3-52 to Figure 3-61 | Figure 3-62 to Figure 3-71

Tables of calculated EDS compositions (with carbon) Table 3-21 Table 3-22

Appendix containing tables of calculated EDS
compositions (without carbon) and figures of EDS Appendix D
spectra

The sizes of discrete particles and particles that form aggregates in the unleached BX-101 (jar 16503)
sludge typically range from a few micrometers to several micrometers in size (Figure 3-55, Figure 3-59,
Figure 3-64, and Figure 3-71). Compared to the samples of unleached and water-leached AY-102 (jar
15935) sludge, the particles in the unleached BX-101 (jar 16503) sludge sample appear to be more
dispersed (i.e., less intergrown or cemented-like aggregates) (Figure 3-52, Figure 3-54, and Figure 3-62).

Based on the SEM micrographs and EDS analyses, the unleached BX-101 (jar 16503) sludge contains
primarily four types of particles. The most prevalent type of particle in both SEM mounts is the well
faceted, tabular-shaped® crystals that are shown plainly in Figure 3-52, Figure 3-53, and Figure 3-71.
These particles contain primarily aluminum (as well as oxygen, and possibly carbon and/or hydrogen)
(Figure 3-53 [eds15] and Figure 3-63 [eds03 and 04]), and often exhibit pseudo-hexagonal symmetry
elements (e.g., see particle indicated by arrow at top of Figure 3-53). This composition and morphology
are consistent with gibbsite [AI(OH);] (Deer et al. 1967).

Although relatively rare in the unleached BX-101 (jar 16503) sludge, one of the most obvious types
of particles is the long (tens of micrometers), rod-shaped crystals shown in Figure 3-54, Figure 3-62, and
Figure 3-63 (eds01). These rods are composed primarily of aluminum (Figure 3-55 [eds04] and

* Tabular-shaped (or prismatic-shaped) refers to particles with lengths that are approximately 1.5 to 3 times their
thickness.
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Figure 3-63 [eds01]), and are thought to be a different aluminum-containing phase than the tabular-
shaped crystals seen in Figure 3-52, Figure 3-53, and Figure 3-71.

The SEM analysis also revealed a third type of particle that consisted of clusters of ball-shaped
crystals that were typically less than 5 pm in diameter (Figure 3-60, Figure 3-64, Figure 3-65, Figure
3-69, and Figure 3-70). The particles contained primarily sodium, aluminum, and silicon, and no calcium
and nitrogen (Figure 3-65 [eds07 and eds08] and Figure 3-70 [eds20]). At higher SEM magnification,
these ball-shaped crystals look like “balls of twine” (Figure 3-65 and Figure 3-66). Particles with similar
crystal habit have been identified as the mineral cancrinite by others (Bickmore et al. 2001; Bredt et al.
2003) in studies of Hanford tank waste materials. If the particles shaped like “balls of twine” observed in
our study are a member of the cancrinite mineral group, their composition best corresponds to the
calcium-free mineral member cancrisilite [Na;AlsSi;0,4(CO3)-2H,0].

Uranium-containing particles were common in all areas of the two subsamples of unleached BX-101
(jar 16503) sludge. When imaged using backscattered electrons, the uranium-rich particles appeared as
bright white, globular or botryoidal groupings of particles (similar to a bunch of cotton balls or grapes)
(Figure 3-57, Figure 3-58, Figure 3-63, and Figure 3-67). Compared to the bright white tone of the
uranium-rich particles (Figure 3-65 [eds09 and eds11]), the particles tentatively identified as cancrisilite
(or cancrinite) all appear as gray clusters of ball-shaped crystals (Figure 3-65 [eds07 and eds08]) in
backscattered electron mode. All of the bright white particles shown in Figure 3-52 to Figure 3-71and
probed by EDS have a significant content of uranium (11 to 55 wt% uranium) with lesser amounts of
sodium and aluminum.

The sodium uranate Na,U,O; has been identified by others (Temer and Villareal 1997, 1995, 1996;
Herting et al. 2002) based on XRD and/or SEM/EDS studies of tank sludge materials from the Hanford
Site. As discussed in Section 3.3.5, the morphology of the uranium-rich particles observed in our
unleached BX-101 (jar 16503) sludge sample appears to be different than those shown in the SEM(bse)
micrographs in Herting et al. (2002). The EDS compositions determined for the uranium-containing
particles in our study moreover are not entirely consistent with these particles being Na,U,0O7. In addition
to the presence of aluminum which typically ranged from 1% to 10% (Table 3-21 and Table 3-22) in the
uranium-rich particles, the maximum uranium concentration measured by EDS was 55 wt% (subsample
16503-2, eds25) and more typically less than 50 wt%, whereas Na,U,07 ideally consists of 75 wt%
uranium and 7.3 wt% sodium. However, as noted previously, EDS-derived compositions are qualitative
and have a large uncertainty associated with them. Atomic sodium/uranium ratios were also calculated
from the weight percentages of sodium and uranium for the uranium-rich (i.e., >10 wt%) particles listed
in Table 3-21 and Table 3-22. About half of the uranium-rich particles had sodium/uranium atomic ratios
of approximately one (e.g., 0.8 to 1.2), whereas the other half of these particles had sodium/uranium
atomic ratios from 1.5 to 5.6. A sodium/uranium atomic ratio of one is consistent with the composition of
Na,U,0;. However, many of the uranium-rich particles with a sodium/uranium ratio of one also
contained several weight percent of aluminum, which is not part of the ideal composition of Na,U,0.
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3.34 General Observations

The EDS analyses obtained in this study are also important from the perspective of what elements of
interest were not detected. As noted previously, SEM/EDS analyses are limited to elements with atomic
weights heavier than boron. Therefore, it was not possible to detect the presence of hydrogen, such as in
solids containing structural hydroxide, using SEM/EDS. Relative to the sludge samples analyzed in this
study, it is important to note that iodine (based on the L,; and Lg; X-ray emissions at 3.938 and
4.221 keV, respectively), technetium (based on the L, and Lg; X-ray emissions at 2.424 and 2.538 keV,
respectively), and nitrogen (based on the K,; X-ray emission at 0.392 keV) were not detected in the EDS
spectra for any of the particles of the untreated or treated sludge samples (X-ray emission data from
Thompson et al. 2001). The principal X-ray emission line for nitrogen (0.392 keV) would occur
approximately half way between the principal X-ray emission lines for carbon (K,;) and oxygen (K,) at
0.277 and 0.525 keV, respectively.

Carbon was detected in essentially every EDS spectra. The carbon content (specific results discussed
in previous sections) typically ranged from 5 to 40 wt% for particles in the unleached sludge samples, and
5 to 20 wt% for the water-leached AY-102 (jar 15935) sludge sample. The primary source for the carbon
in the EDS spectra has not been identified. Given the uncertainties regarding the carbon content of these
sludge particles, two sets of tables of EDS-determined qualitative compositions were presented for each
sludge sample. The estimated carbon content of each probed particle is included in the composition
summary tables in Section 3.0, whereas the carbon peak was excluded from the compositions calculated
and re-normalized to 100 wt% in the EDS summary tables included in the respective appendices as an aid
to readers reviewing these results.

Possible sources of carbon include the carbon coating applied to the SEM mounts, the carbon tape
used for attaching the sludge particles to the aluminum mounting stubs, or carbon that might exist in
carbonate-containing solids. EDS probes of carbon-coated areas of the aluminum mounting stubs that did
not contain carbon tape and of the carbon-coated, carbon tape void of sludge particles indicated carbon
emission peaks that were too low and too great, respectively, compared to the carbon peaks measured for
the sludge particles. Carbon contents greater than 20 wt% are also larger than those expected for most
oxalate- and carbonate-containing solid phases. For example, the carbon contents of Na,(C,0,4)
(natroxalate), Na,COj; (natrite), and NaAl(COs)(OH), (dawsonite) are ideally 17.9, 11.3, and 8.3 wt%,
respectively. Because most metals in the periodic table have atomic weights greater than sodium, it is
safe to assume that the carbon content of other carbonate- or oxalate-containing solids will be signifi-
cantly less than 20 wt%. When the EDS results for each sludge sample are sorted as a function of carbon
content, there is no obvious relationship between an increase in carbon content with respect to a change in
the content of any of the other detected elements, such as sodium, aluminum, or iron.

Computer modeling simulations were conducted to assess the potential for X-ray emissions that
might result from penetration of the SEM electron beam through small sludge particles into the carbon
tape substrate. When an electron beam hits a solid material, the electrons penetrate some depth into the
solid and continue traveling in a straight line until they are scattered by atoms in the solid. This process
repeats itself for each electron in the beam. The electrons continue to penetrate and be scattered in the
solid until they run out of energy and stop. If the electrons being scattered have sufficient energy to
produce a given X-ray transition, the scattering process can result in the generation of X-rays with
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energies characteristic of the elements that make up the solid, which is the basis for EDS analysis. The
volume of solid material through which the electron beam is able to penetrate and scatter is often referred
to as the interaction volume. The depth and diameter of the interaction volume is dependent on the force
of the electron beam and the composition of the solid material. The force of the electron beam is deter-
mined by the accelerating voltage, with the depth of the interaction volume increasing with increasing
accelerating voltage. The extent of beam penetration however decreases with increasing atomic number
of the elements that comprise the solid material. Solids containing elements with higher atomic numbers
are more effective at stopping the electrons and reducing the extent of the interaction volume. If the
particle thicknesses or diameters of a certain solid being studied by SEM/EDS are less than the actual
interaction volume resulting from a particular accelerating voltage, then the EDS analyses may contain
unwanted X-ray signals from adjacent grains and/or the supporting substrate if the scattered electrons
have sufficient energy to produce a given X-ray transition.

The Electron Flight Simulator™ modeling software was used to estimate the depth and diameter of
the interaction volume resulting from electron-beam penetration in solid particles with four compositions
identified by our SEM/EDS analyses. The Electron Flight Simulator™ software is based on a Monte
Carlo model developed by Dr. David Joy, University of Tennessee. Interaction volumes were simulated
for dawsonite [NaAI(CO;)(OH),], gibbsite [AI(OH);], hematite (Fe,O;), and Na,U,0; using an acceler-
ating voltage of 20 keV and 32,000 electron trajectories. The densities used in the simulation calculations
were 2.43 g/cm’ for dawsonite [NaAI(CO5)(OH),] (ICDD PDF #45-1359), 2.44 g/cm’ for gibbsite
[AI(OH);] (Robie et al. 1967), 5.27 g/cm’ for hematite (Fe,O3) (Robie et al. 1967), and 6.57 g/cm’ for
Na,U,0; (ICDD PDF #43-0347). The estimated interaction volumes are shown as the blue half-
ellipsoidal areas in each frame in Figure 3-72. The red vertical line shown at the top of each frame in
Figure 3-72 represents the incoming electron beam at the surface of the solid. These Monte Carlo
simulations show that the depth and diameter of electron-beam penetration and scatter will be greater for
particles of dawsonite and gibbsite, which are less dense and composed of elements of lower atomic
number, compared to particles of hematite and Na,U,0O;. These calculations indicate that the EDS spectra
for particles of dawsonite, gibbsite, hematite, and Na,U,U; with thicknesses less than approximately 3.5,
2.0, 1.5, and 0.6 pum, respectively, could contain X-ray emissions from the carbon-tape substrate, such as
those observed in the EDS spectra obtained in this study. That is, the carbon tape can be a contributor of
carbon in the EDS analyses, especially with the examination of sludge particles that are submicron in
thickness.

3.3.5 Comparison of XRD and SEM/EDS Results to Published Results of Others

Bechtold et al. (2003) used XRD and SEM/EDS to characterize untreated samples of AY-102 (jar
19406) sludge. This is the only other published source of characterization data for solids in AY-102
sludge. No sources were identified for characterization data of solids in BX-101 sludge material.

The results of our XRD and SEM/EDS analyses are summarized in Table 3-23, and are in good
agreement with the results of Bechtold et al. (2003). Bechtold et al. (2003) identified dawsonite,
hematite, gibbsite, and the silicate-carbonate phase cancrinite [NagCa, sAlsSisO024(CO3), 6] in their AY-102
(jar 19406) sludge sample. A cancrinite phase was also tentatively identified by XRD in our unleached
AY-102 (jar 18686) sludge sample, but not in our unleached or water-leached AY-102 (jar 15935) sludge

3.66



Depth of Penetration Zone (um)
Depth of Penetration Zone (um)

33" | | | | | | | | | | 2.00 1 1 1 1 | | | | | |
5'2.95 237 178 119 059 000 059 119 1.78 237 2.9 178 1.42 107 071 036 000 036 071 107 142 1.78
Width of Penetration Zone (um) Width of Penetration Zone (um)
Dawsonite [NaAl(CO3)(OH)] Gibbsite [AI(OH)3]

Depth of Penetration Zone (um)

2.40-

Depth of Penetration Zone (um)

2,70

oo I I I I
1 1 I J 1.00

3.00 | | | | | |
178 142 107 071 036 000 036 071 107 142 178 0.59 047 036 024 012 000 012 0.24 036 047 059
Width of Penetration Zone (um) Width of Penetration Zone (um)
Hematite (Fe2O3) Na,U,07

Figure 3-72. Estimated sizes of interaction volumes resulting from electron-beam penetration in four
types of solids identified in the SEM/EDS analyses (Note differences in scale.)

sample. Identification of the presence of cancrinite in our study was based on a match to the XRD pattern
PDF #71-0776 [cancrinite, Nag(AlsSis024)(CaCOs5)(H,0),], whereas that in Bechtold et al. (2003) was
determined from a match to pattern PDF #34-0176 [cancrinite, NagCa; sAlsSisO24(CO3),6]. Because the
AY-102 (jar 18686) sludge sample was not analyzed by SEM/EDS, there are no additional data to
corroborate our identification of cancrinite in this sludge sample. The reason why cancrinite was not
detected in our samples of AY-102 (jar 15935) sludge is not known, although heterogeneity potentially
exists with respect to the solids present in the different samples of AY-102 sludge. Our SEM/EDS
analyses of unleached (raw) and water-leached AY-102 (jar 15935) sludge samples show that particles
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Table 3-23. Comparison of XRD and SEM/EDS results for this study and for Bechtold et al. (2003)

This Study

Bechtold et al. (2003)

Sample AY-102 (jar 19406)
Identification XRD Analyses SEM/EDS SEM/EDS and XRD
Analyses Analyses
Dawsonite Lath-shaped, Na £Al +Fe Dawsonite
[NaAICOs(OH),]___________| particles | ____________ | ...
Hematite (Fe,O5) Globular aggregates of Fe Hematite
________________________ Na#Mnparticles | ____ ...
Gibbsite [ANOH)] | | Qibbsite _____________
Na,AlSi-rich particles Cancrinite

Unleached AY-102
(jar 15935)

Large carbon-rich (graphite?)
particles

[NagCa, sAlSicO24(CO3) 6]

Water-leached
AY-102
(jar 15935)

Same phases as identified by
XRD for unleached AY-102

Globular aggregates of Fe

Ag-containing particles

Water-leached material was
not studied

Unleached AY-102
(jar 18686)

Same phases as identified by

XRD for unleached AY-102 (jar

15935) and
cancrinite
[Nag(AlsSig0,4)(CaCO3)(H,0),

Not analyzed by SEM/EDS

Dawsonite, hematite,
gibbsite, and cancrinite

Unleached BX-101
(jar 16503)

Gibbsite

Cancrinite
[Nag(AlsSigO,4)(CaCOs3)(H,0),

Tabular-shaped Al-rich
particles . ________
Long, rod-shaped Al-rich
particles ______________
Na,Al,Si-rich “balls of twine”
particles (Cancrinite-mineral
cancrisilite?)

U-rich +Na Al globular
particles

Sludge from BX-101 not
studied

with more than 5 wt% silicon (a necessary constituent of cancrinite) were rare. The particle labeled
“eds05” for subsample “unleached 15935-1” (Figure 3-15) contains approximately 12 wt% sodium,
9 wt% aluminum, and 9 wt% silicon based on the SEM/EDS analyses, and thus may be a silicate particle
such as cancrinite. However, this particle lacks any distinguishing morphological features that would be
indicative of cancrinite or any other specific silicate phase.

A nitrate form of cancrinite {(Na,Ca,K)s.o(Si,Al);,0,4[(CO;),(SO4),Cl,,(NO3),,(OH),],.4n} has been
identified by others in studies of Hanford tank waste materials (Bickmore et al. 2001, Bredt et al. 2003).
Their SEM images indicate that the cancrinite particles typically occur as clusters of ball-shaped crystals
that look like “balls of twine.” Bickmore et al. (2001) observed such crystals in studies of mineral
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precipitation on quartz sand in simulated Hanford tank solutions. Bredt et al. (2003) identified these
“balls of twine” in a study of the rheological and physical properties of pretreated waste stream and
melter feed materials for AP-101 low-activity waste.

The morphologies of the cancrinite particles observed in the studies by Bickmore et al. (2001) and
Bredt et al. (2003) however are similar to the particles shaped like “balls of twine” observed in the SEM
micrographs for the unleached BX-101 (jar 16503) sludge samples (see Section 3.3.3). Moreover, minor
reflections observed in our XRD pattern for this sludge sample correlated well with the pattern PDF
#71-0776 for cancrinite, which suggested that a trace amount of this mineral was present in this sludge
sample. The composition of the particles shaped like “balls of twine” consisted primarily of sodium,
aluminum, and silicon, but no detectable calcium or nitrogen (such as nitrate). This composition corresponds
best to the calcium-free member cancrisilite [Na;AlsSi;024(CO;)-2H,0] of the cancrinite mineral group.

Particles containing uranium with lesser amounts of sodium and aluminum were common in the
unleached BX-101 (jar 16503) sludge samples analyzed by SEM/EDS. However, identification of any
crystalline uranium/sodium-rich solids present in this sludge by XRD was problematic for the issues
discussed in Section 3.2. Sodium uranate solids have been identified by others in tank sludge materials
from the Hanford Site (Rapko and Lumetta 2000). For example, Temer and Villareal (1997, 1995, and
1996) used XRD to identify sodium diuranate (Na,U,05) in sludge samples from Hanford Tanks BX-103,
BX-105, and BX-109, respectively. Herting et al. (2002) observed using SEM(bse)/EDS a “sodium/
uranium-particulate” in saltcake from Hanford Tank BY-109 and in residues from water and NaOH
washing of saltcake from Hanford Tank S-112. Their XRD analysis of these samples indicated that the
uranium phase was Na,U,0;. The SEM images and EDS spectra for the “sodium/uranium-particulate”
are shown in Herting et al. (2002) (Figures 3.8.2-1 through 3.8.2-4) for the Tank BY-109 saltcake and in
Herting et al. (2002) (Figures 3.8.3-1 through 3.8.3-2) for Tank S-112 saltcake residue. Like the EDS
spectra measured for uranium-containing particles in our study of unleached BX-101 (jar 16503) sludge,
the EDS spectra reported by Herting et al. (2002) (Figures 3.8.2-2, 3.8.2-4, and 3.8.3-2) also contain
detectable concentrations of aluminum. However, the SEM images given for the “sodium/uranium-
particulate” by Herting et al. (2002) (Figures 3.8.2-1, 3.8.2-3, and 3.8.3-1) do not closely resemble those
for the uranium/sodium-rich phase detected in our study of unleached BX-101 (jar 16503) sludge. In two
SEM images in Herting et al. (2002) (Figures 3.8.2-1 and 3.8.3-1), the “sodium/uranium-particulate”
looks like a single sphere approximately 5 to 7 pm in diameter composed of intersecting platelets radiating
from the center of the sphere. In the third SEM image (Herting et al. 2002) (Figure 3.8.2-3), the
“sodium/uranium-particulate” is approximately 20 um in diameter, and has generally an anhedral,
indeterminate form. At the submicrometer scale, the particle in Figure 3.8.2-3 in Herting et al. (2002)
appears possibly to be an aggregate of rounded platelets intergrown and stacked in the plane of the SEM
image. These are the only SEM images and EDS spectra that have been reported in the published literature
for an uranium/sodium-rich phase identified as Na,U,0O- in Hanford tank-related waste materials.

The results of tank solution simulant experiments pertinent to Hanford storage tank wastes also
suggest that uranium may be immobilized as a sodium uranate phase in the tank waste. Experiments
reported by Traina et al. (2001) showed that mixing 10 M UO,*" in a NaOH solution resulted in
precipitation of yellow solid that they identified as “Na,U,0; (clarkeite)” by XRD. Their study indicated
that the Na,U,O- phase was stable at high pH conditions and high sodium concentrations, and resulted in
a decrease of >99.5% of the initial concentrations of dissolved uranium. The morphology of an “Na,U,0;
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(clarkeite)” particle shown in an SEM micrograph in Traina et al. (2001, Figure 2A) is very nondescript
and unlike the uranium/sodium particles that we observed in the unleached BX-101 (jar 16503) sludge
samples by SEM/EDS. The summary progress report by Traina et al. (2001) does not provide any
additional details regarding their XRD analysis of this uranium precipitate and the XRD database
pattern(s) used to identify the “Na,U,O; (clarkeite)” phase. Clarkeite is isostructural with Na,U,0; and
NagU;0,4, and is therefore difficult to distinguish using XRD (Finch and Ewing 1997). Based on new
chemical and structural data, Finch and Ewing (1997) suggest that the “ideal formula for the ideal end-
member” clarkeite is Na[(UO,)O(OH)](H,O)o.;.

3.4 XAS Results — AY-102 Drainable Liquid

The shape of technetium XANES spectrum of tank AY-102 drainable liquid is compared to Tc(VII)
(pertechnetate), Tc(V), and Tc(IV) standards in Figure 3-73. A pre-edge feature, identified in the AY-102
sample, is only found in Tc(V) and Te(VII) standards. This pre-edge feature results from 1s — 4d
electronic transitions which are electric dipole forbidden in compounds with centrosymmetric site
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Figure 3-73. Technetium K-edge XANES spectra. The XANES of the drainable liquid from tank
AY-102 is compared to a pertechnetate standard, Tc(V)-bicarbonate solution complex,
and Tc(I'V) amorphous solid sample.
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symmetries. This feature is observed in the Tc(VII) and Tc(V) standards, because Tc(VII)O4 and Te(V)
compounds are nonscentrosymmetric with tetrahedral and square pyramidal or pentagonal pyramidal site
symmetries, respectively. In centrosymmetric compounds 1s — 4d electronic transitions can be weakly
observed if the bound state is a de-localized molecular orbital and has p-orbital contributions from nearest
neighbor atoms. In addition, although not apparent in Figure 3-73 due to the energy scale, the energy of
the absorption edge shifts to higher value with increasing oxidation state of Tc. While the signal-to-noise
ratio of the AY-102 sample is quite low, the shape of the XANES profile and the energy of the absorption
pre-edge show a close correspondence to both the pertechnetate standard and the Tc(V) bicarbonate
solution. This suggests that the technetium oxidation state in the drainable liquid is either Tc(VII) or
Tc(V), but clearly not Tc(IV). The definitive distinction between Tc(VII) and Tc(V) oxidation states
would be possible if XANES spectra with higher signal-to-noise ratio were available for both the
drainable liquid samples and the Tc(V) standard.

3.5 Tier 1 Results — BX-101

The results of Tier 1 testing of sludge samples from tank BX-101 are discussed in this section. In
some cases, comparisons are made with Tier 1 tests conducted on samples of sludge from tank AY-102.
Tier 1 testing of AY-102 samples is documented in Lindberg and Deutsch (2003).

3.51 Digestion Factors and Moisture Contents

The digestion factors for BX-101 sludge samples used for water and acid extractions are listed in
Table 3-24. These digestion factors are the ratios of wet weight of sludge to volume of extractant used to
dissolve the soluble portion of the solid. The digestion factors were then multiplied by the percent solids,
as determined from moisture content analysis, to convert to a dry weight basis. The variability is a

Table 3-24. Preparation data and moisture content

Sample Number Preparation Type Dggﬂ?%‘;ig??;g; d
S02T001253 Water Extract 10.85
S02T001253 DUP Water Extract 9.85
S02T001254 Water Extract 20.88
S02T001255 Water Extract 6.47
S02T001253 Acid Extract 8.35
S02T001253 DUP Acid Extract 448
S02T001254 Acid Extract 12.41
S02T001255 Acid Extract 5.57

Sample Number Preparation Type % Moisture
S02T001253 Moisture Content 2.82
S02T001253 DUP Moisture Content 3.56
S02T001254 Moisture Content 4.17
S02T001255 Moisture Content 5.73
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function of the mass of sludge used, which ranged from approximately 0.3 to 0.6 g. For the water
extracts, 30 mL of DDI water was used, and for the acid extracts, 50 mL of acid was used.

The moisture contents listed in Table 3-24 show that the sludge samples were very dry. It is likely
that much of the water initially in the sludge samples collected from the tank in 1994 would have
evaporated during storage of the samples in the hot cells in the 222-S Laboratory.

3.5.2 Water Extract pH and Alkalinity

The pH values of the water extracts of the sludge samples are listed in Table 3-25. The high pH
values are associated with neutralization of tank wastes with NaOH to minimize corrosion of the carbon
steel tank liner.

Table 3-25. Water extract pH values

Sample Number pH
S02T001253 10.08
S02T001253 DUP 10.12
S02T001254 9.70
S02T001255 9.94

The alkalinities of the sludge samples are listed in Table 3-26. These alkalinities were measured for
the water extract samples of the sludge and, therefore, represent the water-soluble, acid neutralizing
ability of the solids. Alkalinity is reported in terms of equivalent CaCO; content at pH values of 8.3 and
4.5. The digestion factors and moisture contents (Table 3-24) were used to convert concentrations in
solution to a per gram of dry solid basis.

Table 3-26. Alkalinities from water extracts

Total Alkalinity Total Alkalinity
Sample Alkalinity CaCO; CaCoOs; Alkalinity CaCO; CaCoO;
Number at pH 8.3 Endpoint | at pH 4.5 Endpoint | at pH 8.3 Endpoint | at pH 4.5 Endpoint
mg/L mg/g -----------=---=--=--
S02T001253 222 713 21 68
S02T001253 DUP 166 570 18 60
S02T001254 444 1,402 22 70
S02T001255 253 618 42 101
PREP-BLK 0 5 0 5
“PREP-BLK” refers to the preparation blank sample which was used to monitor contamination resulting from
the sample preparation process. The “PREP-BLK” sample was prepared from deionized water that was
subjected to the same processing as the samples, including all reagent additions.
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3.5.3 Technetium-99 and Uranium-238 — Water and Acid Extracts

Technetium-99 and uranium-238 are two of the more important potential long-term risk constituents
of tank sludge because of their long half-lives and high mobility once dissolved in water. Table 3-27 lists
the concentrations of these two radionuclides in units of pg/g-solid and pCi/g-solid for the water and acid
extracts. A comparison of the water extract concentrations with the acid extract concentrations shows that
approximately 100% of the technetium-99 and 4.5% to 8.9% of the uranium-238 in the solid is water
soluble (Table 3-28). (This assumes that the acid extraction method removes all of the radionuclide from
the solid.) Table 3-28 also includes calculated water leachable percentages of technetium-99 and
uranium-238 for Tier 1 testing of sludge from tank AY-102 reported in Lindberg and Deutsch (2003). In
the case of tank AY-102, only about 20% of the technetium-99 was water leachable whereas most (65%
and 90%) of the uranium-238 was water leachable. This is opposite of the pattern for tank BX-101, and
shows the variability in mobile contaminant sources from these two tanks.

Table 3-27. Technetium-99 and uranium-238 concentrations in BX-101 sludge from water and acid

extracts
Sample Number Tc-99 | U-238 Te-99 | U-238

pg/g pCi/g -

Water Leach
S02T001253 WE 1.95 2.97E+03 | 3.31E+04 | 1.00E+03
S02T001253 DUP WE 222 2.69E+03 | 3.76E+04 | 9.05E+02
S02T001254 WE 3.02 2.91E+03 | 5.13E+04 | 9.78E+02
S02T001255 WE 2.89 2.90E+03 | 4.90E+04 | 9.76E+02

Acid Extract
S02T001253 AE 1.68 4.03E+04 | 2.86E+04 | 1.35E+04
S02T001253 DUP AE 1.91 4.49E+04 | 3.23E+04 | 1.51E+04
S02T001254 AE 2.57 3.26E+04 | 4.37E+04 | 1.10E+04
S02T001255 AE 3.18 6.50E+04 | 5.39E+04 | 2.19E+04

Table 3-28. Water leachable percentages of technetium-99 and uranium-238 in BX-101 and AY-102
sludge samples

Sample Number Tc-99 [ U-238
Percent Water Leachable
S02T001253 WE (BX-101) 116 7.3
S02T001253 DUP WE (BX-101 116 6.0
S02T001254 WE (BX-101) 118 8.9
S02T001255 WE (BX-101) 91 4.5
AY-102 15935 WE 21 90
AY-102 18686 WE 20 65
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3.54 Selected Metal Concentrations — Water and Acid Extracts

Metals detected at measurable concentrations in one or more samples in the water extracts or the acid
extracts are listed in Table 3-29. A discussion of the meaning of the less than values (<) and the values in
parentheses is provided in Section 3.1. The acid extracts show that aluminum, sodium, iron, manganese,
and chromium are the dominant metals present in the BX-101 sludge. The water extracts show that
sodium and chromium are the primary water soluble constituents. Phosphorus is present at low
concentrations in the solid, but it is also very water soluble.

Table 3-29. Metal concentrations in BX-101 sludge — ICP-OES analysis

Sample Number Al Ba Cd Cr Fe Mn Ni P Na
re/g
Water Leach
S02T001253-WE (149) 107 <142 6,247 (119) ®) (6) 1,181 | 132,242
S02T001253-Dup-WE (171) 150 <158 2,176 163 @) (12) 535 59,529
S02T001254-WE 91) 262 229 1,046 118 “ 3 290 26,657
S02T001255-WE (418) 242 <246 2,639 254 (15) @) 629 77,378
AY-102 15935 WE (avg) 2,165 (504) (152) (359) (728) (186) (922) | (6,980) | 97,270
AY-102 18686 WE (avg) 2,968 (141) (74) (338) (848) (90) (612) (2817) | 45,640
Acid Extract
S02T001253-AE 174,764 178 (49) 5,704 16,844 9,382 264 914 54,525
S02T001253-Dup-AE 214,690 268 1,479 6,727 19,853 10,893 348 1,055 65,176
S02T001254-AE 159,455 167 1,220 9,028 19,529 15,136 417 1,443 96,273
S02T001255-AE 155,930 301 562 9,422 10,136 12,443 326 1,394 | 127,553
AY-102 15935 AE (avg) | 121,000 (1,390) (462) (5,770) | 141,000 | 70,900 [ 9,560 5,130 | 213,000
AY-102 18686 AE 91,200 (1,280) (167) (3,300) | 116,000 | 25,700 [ 4,180 1,630 | 123,000

Table 3-29 also provides the water and acid extractable metals concentrations for sludge samples of
tank AY-102 reported in Lindberg and Deutsch (2003). Although the water leachable concentrations for
the two tank samples are similar for most of the compounds, it is apparent from the acid extractable
concentrations that AY-102 has much higher concentrations of iron (8x), manganese (4x), nickel (20x)
and sodium (2x). The aluminum concentration in tank AY-102 is less by a factor of about 1.7 than the
concentration in BX-101 sludge. It is possible that the recalcitrant technetium-99 in tank AY-102 is
associated with these metals with the most likely candidates being iron and manganese oxide/hydroxide.
Iron and manganese are present at high concentrations in AY-102, their solids have strong adsorption
properties, and they are resistant to water dissolution.

3.5.5 Anion Concentrations — Water Extracts

The anion concentrations in the BX-101 sludge samples as estimated from the concentrations in the
water extracts are listed in Table 3-30. The primary anions are carbonate, nitrate, and nitrite with all other
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anions at least a factor of ten lower in concentration. The carbonate concentrations closely track the water
extract alkalinity values (Table 3-26). The majority of the alkalinity is due to dissolved carbonate and
bicarbonate. The relatively high concentrations of nitrite in the water extracts (23,600 to 31,680 ug/g)
and presence of organic acids (acetate, formate, and oxalate) show that the sludge has the capacity to act
as a reductant for more oxidized species.

Table 3-30. Anion concentrations in BX-101 sludge from water extracts

Fluoride|Acetate |F0rmate| Chloride| Nitrite | Nitrate |Carbonate| Sulfate | Oxalate |Phosphate
Sample Number
He/g

S02T001253 141 756 107 993 23,600 | 37,990 | 51,600 1,460 839 1,230
S02T001253 84 519 119 1,080 28,750 | 41,160 | 47,750 1,520 852 1,440
DUP 1-100

S02T001254 489 1,170 62 1,750 31,680 | 46,990 | 56,200 2,310 3,540 1,200
S02T001255 <46 1,130 825 1,580 28,180 | 54,225 | 92,800 1,790 2,640 1,620
3.5.6 BX-101 Tier 1 Radioanalytical Results

The results of the GEA analysis of raw sludge and the water and acid extracts of the sludge for
cobalt-60, cesium-137, europium-154, and europium-155 are listed in Table 3-31. Comparing the results
of the sludge to acid extract values, these results show that acid extraction is a reasonably good method of
removing these radionuclides from this sludge material. Comparing the cesium-137 water extract results
with those for the sludge and acid extracts shows that 14% to 89% of the cesium is released into water.

Table 3-31. BX-101 Gamma Energy Analysis

Sample Number Co-60 Cs-137 Eu-154 Eu-155
pCi/g
Sludge
S02T001253 ND 4 .83E+07 4 98E+05 ND
S02T001254 1.81E+04 1.59E+08 1.16E+06 | 5.98E+05
S02T001255 ND 1.44E+08 5.55E+05 ND
Water Extract
S02T001253 WE ND 2.70E+07 ND ND
S02T001253Dup WE ND 2.90E+07 ND ND
S02T001254 WE ND 2.15E+07 ND ND
S02T001255 WE ND 6.11E+07 ND ND
Acid Extract
S02T001253 AE ND 3.03E+07 3.82E+05 | 6.01E+06
S02T001253 AE Dup ND 3.50E+07 3.98E+05 | 4.48E+06
S02T001254 AE 1.52E+04 8.78E+07 6.82E+05 | 5.77E+06
S02T001255 AE ND 9.78E+07 4.51E+05 ND
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Gross alpha and gross beta levels for the water leach and acid extractions are listed in Table 3-32.
These results show that approximately 10% of the gross alpha and 25% of the gross beta are water
leachable.

Table 3-32. BX-101 Gross Alpha and Beta Analysis from water and acid extracts

Sample Number Gross Alpha [ Gross Beta
pCi/g
Water Leach
S02T001253 WE 1.087E+07 1.492E+08
S02T001253DUP WE 1.220E+07 1.705E+08
S02T001254 WE 1.607E+07 2.302E+08
S02T001255 WE 2.011E+07 3.154E+08
Acid Extract
S02T001253 AE 9.558E+07 5.617E+08
S02T001253Dup AE 8.359E+07 6.845E+08
S02T001254 AE 2.821E+08 1.243E+09
S02T001255 AE 1.396E+08 8.581E+08

3.6 Periodic Replenishment Test Results — AY-102

The water leachable percentages of several radionuclides of interest measured in the replenishment
tests are listed in Table 3-33. These results show that the majority of the water leachable proportion of

Table 3-33. Percentages of radionuclides in Tank AY-102 sludge that are soluble in sequential water
leaches (relative to the amount leachable by acid digestion of the sludge)

Sample and Water Leachable (%)
Contact Duration Sludge Sample
on Tc-99 U-238 | Am-241 Pu-239

Sample 1 - 1 Day 15935-1 23.83 79.29 0.51 0.89
15935-1 dup 24.57 83.50 0.42 0.88
15935-1 0.76 0.83 0.39 0.28

Sample 2 - 2 Days
15935-1 dup 0.48 0.68 0.41 0.25
15935-1 0.25 0.22 0.23 0.23

Sample 3 - 3 Days
15935-1 dup 0.23 0.19 0.23 0.17
15935-1 0.16 0.14 0.20 0.22

Sample 4 - 3 Days
15935-1 dup 0.18 0.12 0.24 0.20
15935-1 0.18 0.12 0.15 0.16

Sample 5 - 4 Days
15935-1 dup 0.18 0.10 0.19 0.18
Total 15935-1 25.19 80.61 1.48 1.78
Total 15935-1DUP 25.65 84.59 1.51 1.68
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technetium-99 and uranium-238 are present as readily soluble materials that dissolve into the initial water
contacting the sludge. After this initial contact, very little of these residual radionuclides are water
leachable. For americium-241 and plutonium-239, the leachable amount is somewhat elevated in the
initial solution, but, in general, these radionuclides in AY-102 sludge are not water soluble.

The water leachable percentages of dissolved metals measured in the replenishment tests are listed in
Table 3-34. Approximately 50% of the sodium is water leachable in the initial contact water and over
65% is leachable after five consecutive contacts. The other four metals listed in Table 3-34 (aluminum,
chromium, iron and manganese) are not very water leachable from AY-102 sludge.

Table 3-34. Percentages of metals in Tank AY-102 sludge that are soluble in sequential water leaches
(relative to the amount leachable by acid digestion of the sludge)

Sample and Contact Water Leachable (%)
Duration Sludge Sample
Al Cr Fe Mn Na
Sample 1 - 1 Day 15935-1 1.20 1.69 0.23 0.38 51.49
15935-1 dup 0.78 1.58 0.24 0.34 51.35
15935-1 1.30 0.68 0.13 0.27 6.42
Sample 2 - 2 Days
15935-1 dup 1.07 0.62 0.16 0.29 5.36
15935-1 1.12 0.58 0.10 0.16 3.41
Sample 3 - 3 Days
15935-1 dup 0.90 0.48 0.07 0.17 3.20
15935-1 1.18 0.35 0.08 0.14 2.35
Sample 4 - 3 Days
15935-1 dup 1.00 0.35 0.08 0.18 2.19
15935-1 1.25 0.23 0.06 0.12 2.07
Sample 5 - 4 Days
15935-1 dup 1.06 0.25 0.08 0.15 1.86
Total 15935-1 6.06 3.54 0.61 1.07 65.75
Total 15935-1DUP 4.80 3.28 0.64 1.13 63.96

3.7 Selective Extraction Results — AY-102

Results for the first set of Tier 2 selective extractions are shown in Table 3-35. The pH of the initial
extraction solutions along with those of the extractions after one day of contact are shown along with the
percentage release of technetium-99, aluminum and iron. The percent release is relative to that deter-
mined by acid digestion (EPA 2000, Method 3050B) based on the average of four measurements
conducted on sludge sample 15935. Two of these results were presented in Lindberg and Deutsch (2003);
the other two are presented elsewhere in this document. These average total concentrations are 4.0 +
1.0 pg/g for technetium-99, 1.06 + 0.20 x 10° pg/g for aluminum, and 1.35 + 0.13 x 10° pg/g for iron.

As can be seen from these results, approximately 15% of the technetium-99 is removed during the
first extraction with the NaHCOs/Al solution. Only minor amounts of technetium-99 were removed
during subsequent extractions with the NaHCOs/Al solution and the acetate buffer. These results suggest
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that the readily soluble technetium-99 is not associated with dawsonite, but that it precipitated along with
other readily soluble salts such as NaNOs, that precipitated when the sludge was dried.

Table 3-35. Selective extraction results for a NaHCO3/Al extractant solution followed by an acetate

buffer solution (sludge sample 15935)

Sample Number Extractant pH Tc-99 (% AE) | Al (% AE) | Fe (% AE)
Initial Soln NaHCOs/Al 8.57

Initial Soln Acetate Buffer 4.52

SE-1 Day 1 NaHCO;/Al 10.05 13.9 0.3 0.10
SE-1 Dup Day 1 NaHCOs/Al 9.94 14.5 0.3 0.23
SE-1 Day 2 NaHCO;/Al 9.34 0.4 0.1 0.04
SE-1 Dup Day 2 NaHCO;/Al 9.27 0.2 0.2 0.07
SE-1 Day 3 Acetate Buffer 4.74 0.9 10.7 0.06
SE-1 Dup Day 3 Acetate Buffer 4.71 0.9 11.5 0.04
SE-1 Day 4 Acetate Buffer 4.63 0.3 2.0 0.04
SE-1 Dup Day 4 Acetate Buffer 4.67 0.3 1.9 0.02

Total (Ave) 15.7 13.5 0.3

Results for the second set of Tier 2 selective extractions are shown in Table 3-36. The release of
technetium-99 by the acetate buffer is similar to that released by the NaHCO5/Al solution in the previous
set of sequential extraction experiments. This is consistent with expectations because in this case the

Table 3-36. Selective extraction results for a sequence of extractions starting with an acetate buffer,
followed by a formate buffer, and then 8 M HNO; (sludge sample AY-102 [15935])

Sample Number Extractant pH | Tc-99 (% AE) | Al (% AE) | Fe (% AE)
Initial Soln Acetate Buffer 4.52
Initial Soln Formate Buffer 3.51
SE-2 Day 1 Acetate Buffer 5.03 10.5 5.5 0.0
SE-2 Dup Day 1 Acetate Buffer 5.01 13.7 5.8 0.0
SE-2 Day 2 Acetate Buffer 4.66 0.4 2.0 0.0
SE-2 Dup Day 2 Acetate Buffer 4.65 0.4 1.9 0.1
SE-2 Day 3 Formate Buffer 3.69 0.7 6.9 0.1
SE-2 Dup Day 3 Formate Buffer 3.69 0.6 7.1 0.0
SE-2 Day 4 Formate Buffer 3.63 0.7 4.0 0.0
SE-2 Dup Day 4 Formate Buffer 3.65 0.7 4.7 0.0
SE-2 Day 5 Formate Buffer 3.68 1.1 5.9 0.0
SE-2 Dup Day 5 Formate Buffer 3.67 1.2 6.1 0.0
SE-2 Day 6 8 M HNO; NA* 32.9 32.0 32.6
SE-2 Dup Day 6 8 M HNO; NA* 34.3 34.0 34.0
Total (Ave) 48.5 58.0 335
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acetate buffer would be expected to remove any readily-soluble salts along with dawsonite. A somewhat
unexpected result is that approximately 6% of the aluminum was dissolved by the first extraction with the
acetate buffer. At this pH (at equilibrium), the dawsonite was expected to dissolve incongruently to form
gibbsite as in the following equation:

NaAICO;(OH), + H,0 = AI(OH)(s) + Na' + HCO;y (1)

A better explanation of the observed results appears to be congruent dissolution of dawsonite
followed by slow precipitation of gibbsite, such that the aluminum remains in solution for more than one
day.

During the formate buffer extractions, the total amount of aluminum that dissolved was approxi-
mately 17%. At equilibrium, all the aluminum would be expected to dissolve in this buffer solution if it
occurs in the sludge as an aluminum oxyhydroxide phase. Two possible reasons could explain the low
degree of aluminum dissolution. One possibility is slow dissolution kinetics, with equilibrium requiring
significantly longer than one day. Another possible explanation is that aluminum occurs as a more
insoluble aluminosilicate phase; however, this explanation seems unlikely because the sludge contains
only 0.5 £ 0.7 % silicon (by acid digestion) or 2.8 % as determined by fusion. Along with the 17% of the
aluminum that dissolved in the formate buffer extracts, 2.5% of the technetium-99 dissolved.

During the 8 M HNO; extraction step, only approximately 34% of the iron dissolved, and an
additional 33% of the aluminum dissolved. Along with the iron, approximately 34% of the technetium-99
in the sludge was released. These results suggest that most of the refractory technetium-99 in the sludge
is associated with iron hydroxides/oxides. However, association of technetium-99 with aluminum
hydroxides/oxides cannot be discounted. These results also indicate that a one day extraction with 8 M
HNO:; is significantly less effective at dissolving the aluminum and iron phases in the sludge than the acid
digestion procedure (EPA 2000, Method 3050B). Briefly, in Method 3050B the sample is digested with 8
M HNO;s; at 95 &+ 5°C for 10 to 15 minutes, followed by addition of concentrated HNO; and refluxing until
no further oxidation of the sample is observed. After this, 30% H,0, is added to the sample and it is
heated at 95 + 5°C for an additional 2 hours. This more vigorous digestion process apparently dissolved
significantly more of the iron- and aluminum-containing phases than is achieved with 8 M HNO; alone
at room temperature.

3.8 Oxidation Test Results — AY-102 and BX-101

Results of the batch oxidation leaches (see Section 2.9) are compiled in Table 3-37. The cumulative
percentage of technetium extracted is relative to that determined by extraction with the acid digestion
procedure (EPA 2000, Method 3050B). For sample AY-102 (jar 15935), the cumulative percentage of
technetium-99 that was extracted was 20%. This is essentially the same as that determined through water
extraction. This indicates that oxidative leaching of AY-102 (jar 15935) sludge does not mobilize any
more technetium-99 than is mobilized by water extraction. Results for BX-101 (jar 16503) are also
consistent with the water extraction results. In this case, the cumulative technetium-99 extracted was
121% of that determined through 8 M nitric acid extraction. This higher value is likely the result of a
combination of sample heterogeneity and analytical error.
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Table 3-37. Batch oxidation leach results

Tank Sample Vol. H,0, Extraction Tc Extracted Final Cumulative Percent
Sludge Number (mL) Time (Days) (ng/g) pH Tc Extracted

15935 30 1 0.74 9.5 15
AY-102 15935 40 1 0.13 8.0 18

15935 40 5 0.12 7.0 20

16503 25 1 2.98 9.5 116
BX-101 16503 40 1 0.10 8.0 120

16503 40 5 0.04 8.0 121

Subsequent total organic carbon (TOC) analysis of the AY-102 sludge from the batch oxidation leach
experiments indicate that 30% of the TOC in the sludge was removed by the H,O, oxidation treatment.
This suggests that the organic carbon and any reduced technetium contained within the sludges may not
have been completely oxidized; however, it does not imply that the technetium is necessarily associated
with the organic carbon. As discussed above (Section 3.7), the technetium is likely associated with the
metal oxyhydroxide solids in the sludge.

3.9 Reduction Capacity Test Results — AY-102 and BX-101

For sample AY-102 (jar 15935), the reduction capacity was determined to be 28 peq/g sludge. This
suggests that the sludge has very little reduction capacity. For example, the sample AY-102 (jar 15935),
sludge contains an average of 14% by weight of iron. If 1% of the iron was reduced, ferrous iron, then
this would result in a reduction capacity of 25 peq/g sludge. Sample AY-102 (jar 15935) also contains
1.8 x 10° pg TOC/g sludge. If this organic carbon is assumed to occur as oxalate that acts as a reductant,
this would be equivalent to a reducing capacity of 150 peq/g sludge. The low reduction capacity
measured using the chromate method suggests that the organic carbon is recalcitrant and not readily
susceptible to oxidation.

For sample BX-101 (jar 16503), the reduction capacity was found to be negative. This indicates that
the final concentration of chromate in the solution in contact with the sludge was higher than the amount
of chromate added. The additional chromate concentrations resulted from dissolved chromate that was
initially sorbed to the sludge. Because of this negative number, the experiment was repeated in duplicate.
The average of the three sample results was -119 peq/g sludge indicating no apparent reducing capacity
for this material.
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4.0 Conclusions

This report provides the results of laboratory tests on sludge samples from Hanford tanks AY-102 and
BX-101 and supernatant from tank AY-102. The major conclusions from these tests are:

e Leaching tests of sludge from tank AY-102 that showed that only 25% of the technetium-99 and
greater than 60% of the uranium-238 was water leachable. Leach tests of sludge from BX-101 show
that all of the technetium-99 but less than 10% of the uranium-238 is water leachable.

e Comparison of the fusion method with the acid extraction method of quantifying metals and
radionuclides in tank AY-102 sludge samples showed that acid extraction was an effective method
for most of the components of the solid phase. Elements apparently not fully extracted by the acid
method were silicon, boron, selenium, copper, arsenic, and bismuth. The acid extraction method
resulted in significantly higher concentrations (>20%) of phosphorous, nickel, lithium, and strontium
compared to the fusion method.

e XRD analysis showed a significant difference in the mineralogy of the sludge solids for tanks
AY-102 and BX-101. The minerals identified in AY-102 sludge were dawsonite, hematite, gibbsite,
and cancrinite (tentative), whereas BX-101 sludge contained only gibbsite and cancrinite (trace).
The presence of hematite in AY-102 sludge may explain the occurrence of less mobile technetium-99
in this tank compared to BX-101. That is, a significant portion of the technetium-99 may be
incorporated into the hematite mineral structure and tightly sequestered when in contact with water.

e SEM/EDS analysis of AY-102 sludge indicated the presence of several solid phases not detected by
XRD. These solids included Na,Al,Si-rich particles; Na-rich particles; Ag-containing particles;
U,Na-containing particles; and large carbon-rich particles. If any of these phases were crystalline,
then they were present at levels below the detection limit (about 5%) of XRD analysis. Many of
these phases were removed by water leaching of the AY-102 sludge. These phases may represent
precipitates from supernatant or pore water that evaporated during long-term (~10 years) storage of
the sludge.

e SEM/EDS analysis of BX-101 sludge showed the presence of three aluminum-rich crystalline phases
with the predominant phase having a composition and morphology consistent with gibbsite. In
addition, uranium-containing phases were common in this sludge. This is consistent with the high
total uranium concentration (several weight percent [Table 3-27]) for this sludge. It was not possible
to determine if these uranium-containing phases were crystalline or amorphous, because the SEM
micrographs of these particles did not indicate any obvious crystal faces and the XRD results did not
identify any uranium phases.

e Although the sludge has relatively high concentrations of reduced compounds (nitrite and organic

anions), technetium in the drainable liquid from AY-102 was shown by XANES analysis to be either
in the oxidized pertechnetate [Tc(VII)] or Tc(V) valence states, but not as reduced Tc(IV).
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The predominant metals in BX-101 sludge are aluminum, sodium, uranium-238, iron, manganese,
and chromium. The predominant anions are carbonate/bicarbonate, nitrate, nitrite, sulfate,
phosphate, and oxalate.

Sludge from AY-102 has much higher concentrations of iron (8x), manganese(4x), nickel (20x), and
sodium (2x) than sludge from BX-101. On the other hand, sludge from BX-101 has higher
aluminum (1.7x) and uranium-238 (31x) concentrations.

Periodic replenishment water leach tests of AY-102 sludge showed that the majority of the leachable
technetium-99 and uranium-238 is present in very soluble sodium-salts that dissolve during the first
water contact. However, most (75%) of the technetium-99 in AY-102 sludge is not water leachable.

Selective extraction tests of AY-102 sludge suggest that most of the recalcitrant technetium-99 is
associated with iron (and possibly aluminum) oxyhydroxide phases that were not completely soluble
in strong acid (§ M HNOs) solutions.

AY-102 sludge has a very low reduction capacity (28 peq/g-sludge) and oxidation of the sludge does

not enhance the removal of technetium-99 from the solid. There was no measurable reduction
capacity for the BX-101 sludge sample.
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Appendix A

As-Measured XRD Patterns for Sludge Samples

This appendix presents the as-measured X-ray powder diffractometry analysis (XRD) patterns for the
unleached (raw) and water-leached AY-102 (jar 15935) sludge samples, and the unleached (raw) AY-102
(jar 18686) and BX-101 (jar 16503) sludge samples. The included patterns show the XRD traces for each
sample prior to background subtraction.
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Figure A-1. As-measured XRD pattern (without background subtraction) for unleached AY-102 (jar
15935) sludge
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Figure A-2. As-measured XRD pattern (without background subtraction) for water-leached AY-102 (jar
15935) sludge
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Figure A-3. As-measured XRD pattern (without background subtraction) for unleached AY-102 (jar
18686) sludge
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Appendix B

EDS Results and Spectra for Unleached AY-102 (Jar 15935) Sludge

This appendix includes an energy-dispersive X-ray spectrometry (EDS) summary table and all of the
EDS spectra recorded for the three subsamples of unleached AY-102 (jar 15935) sludge examined by
scanning electron microscopy (SEM)/EDS. The EDS summary table lists the qualitative compositions
calculated without inclusion of the emission peak for carbon for particles in the unleached 15935 sludge
sample.

Table B-1. Qualitative compositions determined by SEM/EDS for particles observed in the unleached
15935-1 sludge sample (calculated compositions do not include the emission peak for carbon
and are normalized to 100 wt%)

Spectrum o | Na | Al | Si | P | Ca | Mn | Fe | Ag | U
Label wt%

eds01 45.1 | 16.1 11.3 7.4 1.3 0.2 49 | 13.8 0.1 -0.3
eds02 56.0 | 15.0 10.2 0.6 1.3 0.3 42 | 125 0.0 0.1
eds03 34.7 | 109 9.0 3.2 1.8 0.8 94 | 29.2 0.9 0.2
eds04 395 | 48 6.7 0.7 | 03 0.1 1.7 50 | 414 -0.1
eds05 49.7 | 14.5 11.7 | 11.7 1.0 0.1 1.4 5.3 0.6 4.0
eds06 55.8 | 29.8 34 0.6 | 0.5 0.2 2.7 6.9 0.1 -0.1
eds07 562 | 17.3 9.4 1.4 1.2 0.2 3.3 11.2 0.1 -0.3
eds08 529 | 11.8 5.8 0.8 [ 0.9 0.1 22 | 251 0.1 0.2
eds09 45.1 | 12.8 10.0 94 | 13 0.3 4.7 | 16.0 0.1 0.2
edsl10 46.2 | 10.0 3.6 1.0 1.0 0.1 64 | 319 0.1 0.0
edsl1 529 ] 233 8.2 4.0 1.0 0.6 2.6 7.4 0.1 -0.1
eds12 53.1 | 28.7 5.2 1.6 1.0 0.2 2.9 7.3 0.1 0.0
eds13 52.0 | 25.9 5.0 0.6 1.0 0.2 44 | 10.7 0.1 0.0
edsl4 51.9 | 33.6 4.4 1.9 | 05 0.1 2.1 5.8 0.1 -0.3
edsl5 50.1 | 13.4 7.4 58 | 0.8 0.1 3.1 19.6 | -0.1 -0.1
edsl6 469 | 49 6.8 0.5 | 03 0.1 1.0 32 | 36.2 0.3
edsl7 57.5 | 20.2 6.6 1.7 | 0.8 0.2 34 9.6 0.0 0.0
edsl8 56.7 | 27.8 4.9 22 | 07 0.2 2.2 5.0 0.3 0.1
eds19 65.2 | 16.8 5.0 1.0 | 03 2.3 1.1 6.8 1.3 0.1
eds20 53.7 | 15.2 10.7 7.8 1.1 0.1 2.4 8.5 0.6 0.0
eds21 48.1 | 10.6 6.0 2.5 1.0 0.2 3.8 | 27.7 0.2 0.1
eds22 455 | 11.3 5.0 0.6 1.0 0.1 54 | 314 0.1 -0.3
eds23 69 | 23 0.8 04 | 07 0.1 55 | 837 | -0.1 -0.3
eds24 34.4 8.4 2.2 0.8 1.0 0.2 6.1 | 46.7 0.2 0.1
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Table B-2. Qualitative compositions determined by SEM/EDS for particles observed in the unleached
15935-2 sludge sample (calculated compositions do not include the emission peak for carbon
and are normalized to 100 wt%)

Spectrum (0] [ Na [ Al [ Si [ P [ Ca [ Mn [ Fe [ Ag [ U
Label wt%

eds01 352 2.6 4.7 0.6 0.2 0.2 0.7 2.5 49.1 4.1
eds02 59.1 13.0 5.0 11.3 2.2 0.7 1.9 6.5 0.6 -0.2
eds03 52.4 7.3 6.9 4.0 0.8 0.3 2.2 4.3 21.0 1.0
eds04 56.0 37.3 1.9 0.5 0.3 0.1 1.0 2.9 0.2 -0.2
eds05 23.2 12.5 1.7 0.5 0.6 0.2 43 57.0 0.0 0.1
eds06 56.6 34.0 3.0 0.5 0.3 0.1 1.4 4.1 0.1 -0.2
eds07 57.0 16.2 17.8 0.6 0.6 0.1 2.0 5.7 0.1 -0.1
eds08 41.2 4.5 2.1 0.4 0.9 0.2 34 | 474 0.1 0.0
eds09 49.4 15.6 10.1 8.7 1.7 0.2 3.4 10.6 0.2 0.1
eds10 49.2 14.3 6.0 1.1 1.1 0.2 19.5 8.8 0.2 -0.1
edsll 52.1 29.5 52 1.0 0.4 1.3 0.7 2.9 3.5 3.4
eds12 Calculated composition not valid because particle contains essentially all carbon

edsl3 39.0 12.8 52 0.5 23 1.5 6.9 | 28.8 1.6 1.4
eds14 36.0 4.3 12.2 -0.1 0.2 0.0 1.1 2.8 43.0 0.4
edsl5 55.7 16.2 4.4 0.5 0.9 2.3 4.4 15.4 0.4 -0.1
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Table B-3. Qualitative compositions determined by SEM/EDS for particles observed in the unleached
15935-3 sludge sample (calculated compositions do not include the emission peak for carbon
and are normalized to 100 wt%)

Spectrum (0] [ Na [ Al [ Si [ P [ Ca [ Mn [ Fe [ Ag [ U
Label wt%

eds01 39.1 6.3 34 9.3 1.3 0.0 1.9 3.8 0.4 34.7
eds02 51.6 | 13.3 21.8 1.4 0.6 0.1 2.5 8.9 0.0 -0.2
eds03 37.8 | 11.1 12.4 1.2 0.8 0.2 56 | 30.8 0.2 -0.1
eds04 35.7 8.8 6.1 1.5 1.0 0.4 8.6 | 377 0.2 -0.1
eds05 51.6 | 12.0 32 8.5 0.7 0.0 0.6 1.6 0.2 21.6
eds06 59.1 | 12.1 7.4 17.5 2.0 0.1 0.7 1.6 -0.5 0.1
eds07 48.6 7.6 4.4 8.2 1.8 0.9 3.1 | 26.0 0.0 -0.6
eds08 56.9 | 143 5.8 8.6 1.3 0.1 2.9 | 10.7 -0.2 -0.2
eds09 Calculated composition not valid because particle contains essentially all carbon

eds10 582 | 16.5 8.2 7.2 1.6 0.1 2.9 53 0.1 0.0
edsl1 48.8 9.6 3.6 4.5 1.0 0.1 3.1 | 29.2 0.0 0.0
eds12 Calculated composition not valid because particle contains essentially all carbon

edsl3 51.0 | 133 9.0 34 1.8 04 54 | 15.6 0.1 0.1
edsl4 53.8 | 14.0 8.6 3.8 1.7 0.2 4.0 | 13.6 0.2 -0.1
edsl5 502 | 13.8 2.5 1.2 1.5 0.1 2.6 | 10.0 0.0 18.0
edsl6 53.6 | 14.0 10.0 0.8 1.3 0.4 4.7 | 152 0.0 0.1
edsl7 53.7 9.7 7.1 0.5 0.8 0.1 32 7.5 17.8 -0.3
eds18 39.0 | 103 4.8 1.9 1.2 0.6 89 | 334 -0.1 0.0
eds19 67.3 1.7 293 0.2 0.2 0.0 0.4 0.9 0.0 -0.1
eds20 552 | 16.9 9.9 7.9 0.9 0.2 1.9 7.1 0.0 0.0
eds21 57.8 | 16.5 7.3 24 0.9 2.6 2.3 9.6 04 0.2
eds22 66.8 2.0 28.1 0.2 0.3 0.1 0.7 1.9 0.0 -0.1
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Figure B-1. EDS spectra for analyses edsO1 through eds06 for unleached subsample 15935-1 of AY-102
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Figure B-3. EDS spectra for analyses eds13 through eds18 for unleached subsample 15935-1 of AY-102
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Figure B-4. EDS spectra for analyses eds19 through eds24 for unleached subsample 15935-1 of AY-102
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Figure B-5. EDS spectra for analyses eds01 through eds06 for unleached subsample 15935-2 of AY-102
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Figure B-6. EDS spectra for analyses eds07 through eds12 for unleached subsample 15935-2 of AY-102
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Figure B-7. EDS spectra for analyses eds13 through eds15 for unleached subsample 15935-2 of AY-102
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Figure B-8. EDS spectra for analyses edsO1 through eds06 for unleached subsample 15935-3 of AY-102
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Figure B-9. EDS spectra for analyses eds07 through eds12 for unleached subsample 15935-3 of AY-102
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Figure B-10. EDS spectra for analyses eds13 through eds18 for unleached subsample 15935-3 of
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Figure B-11. EDS spectra for analyses eds19 through eds22 for unleached subsample 15935-3 of
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EDS Results and Spectra for Water-Leached AY-102
(Jar 15935) Sludge

Appendix C

This appendix includes an energy-dispersive X-ray spectrometry (EDS) summary table and all of the
EDS spectra recorded for the two subsamples of water-leached AY-102 (jar 15935) sludge examined by
scanning electron microscopy (SEM)/EDS. The EDS summary table lists the qualitative compositions
calculated without inclusion of the emission peak for carbon for particles in the water-leached 15935

sludge sample.

Table C-1. Qualitative compositions determined by SEM/EDS for particles observed in the leached
15935-1 sludge sample (calculated compositions do not include the emission peak for carbon
and are normalized to 100 wt%)

Spectrum | O | Na | Al | si | P | Cca [ Mn | Fe | Ag | U
Label wt%
eds01 310 | 12 ] 82 15 [ 14 [ o6 [ 26 [ 531 ] 03 | 02
eds02 561 | 06 [ 293 [ 12 o6 [ 06 | 14 [ 102 | 02 | -03
eds03 373 | 23 [ 58 [ 19 |11 1.1 [ 76 [ 422 ] 03] o5
eds04 106 | 08 ] 29 [ 20 [07 | 30 63 [737] 00 o1
eds05 390 | 16 [ 114 [ 35 [ 16 | 19 [ 41 [ 367 | 00 | 02
eds06 447 | 13 [ 59 |25 [51 | 35 [ 23 [343 [ 02| 03
eds07 366 | 13 ] 73 [ 36 [ 25 [ 36 | 42 [ 403 | 02 | 05
eds08 sa4 | 23| 13 o5 [ 83 J167 ] 05 | 62 ] 89 | 09
eds09 552 | 28 ] 15 o5 J100 [190 [ o5 | 71 ] 24 ] 11
eds10 551 | 57| 46 [ 33 [ 67 [128 [ 07 [ 101 | 03 | 06
edsl 1 $32 | 14| 59 24 [38 | 7728 [319] 03] 07
eds12 495 [ 11 ] 94 [ 27 [ 16 | 13 [ 22 [321 ] o1 | 02
eds13 543 | 11 [ 138 [ 39 [ 19 [ 20 [ 32 [ 194 | 02| 03
eds14 570 | 47 [ 7275 |13 18 [ 50 [ 151 [ 03 | ol
eds15 403 [ 20 [ 119 [ 17 |13 18 | 44 [361 [ 03 [ o1
eds16 504 | 13 ] s8] 18 [ 15 15 | 15 [ 354 ] o5 [ 03
eds17 373 | 11 [ s |21 |13 10 [ 24 [ 489 [ 02 ] 03
eds18 563 | 11 [ 152 [ 42 [ 18 [ 22 [ 25 [ 165 | o1 | o1
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Table C-2. Qualitative compositions determined by SEM/EDS for particles observed in the leached
15935-2 sludge sample (calculated compositions do not include the emission peak for carbon
and are normalized to 100 wt%)

Spectrum 0] [ Na [ Al [ Si | P [ Ca [ Mn [ Fe [ Ag [ U
Label wt%

eds01 43.1 1.0 53 25| 0.6 0.5 13.8 | 332 0.1 0.0
eds02 40.5 2.0 53 25| 0.7 0.6 14.0 | 343 0.2 -0.1
eds03 56.1 | 12.7 16.1 04 | 03 0.3 23 | 111 0.7 0.1
eds04 39.2 0.9 1.2 03 | 0.1 0.5 0.5 2.1 53.9 1.4
eds05 5.0 0.6 2.1 06 | 03 0.5 41.1 | 493 0.5 -0.1
eds06 68.8 1.1 27.7 02| 0.2 0.1 0.5 1.4 0.1 0.0
eds07 46.0 1.8 53 14 | 07 0.3 62 | 379 0.2 0.2
eds08 554 | 11.2 11.9 10.5 | 04 0.5 2.3 6.3 1.6 0.0

C2
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Figure C-1. EDS spectra for analyses eds01 through eds06 for leached subsample 15935-1 of AY-102
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Figure C-2. EDS spectra for analyses eds07 through eds12 for leached subsample 15935-1 of AY-102
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Figure C-3. EDS spectra for analyses eds13 through eds18 for leached subsample 15935-1 of AY-102
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Figure C-4. EDS spectra for analyses eds01 through eds06 for leached subsample 15935-2 of AY-102
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Appendix D

EDS Results and Spectra for Unleached BX-101

This appendix includes an energy-dispersive X-ray spectrometry (EDS) summary table and all of the

(Jar 16503) Sludge

EDS spectra recorded for the two subsamples of unleached BX-101 (jar 16503) sludge examined by

scanning electron microscopy (SEM)/EDS. The EDS summary table lists the qualitative compositions

calculated without inclusion of the emission peak for carbon for particles in the water-leached 16503

sludge sample.

Table D-1. Qualitative compositions determined by SEM/EDS for particles observed in the unleached
16503-1 sludge sample (calculated compositions do not include the emission peak for carbon

and are normalized to 100 wt%)

Spectrum (0) [ Na [ Al [ Si [ P [ Ca [ Mn [ Fe [ Ag [ U
Label wt%

eds01 63.7 1.3 30.7 0.3 0.2 0.1 1.3 0.9 0.2 1.4
eds02 51.6 3.9 18.0 0.6 0.3 0.1 18.3 33 0.3 3.5
eds03 424 3.8 9.2 0.7 0.7 0.1 5.9 1.5 0.1 35.7
eds04 62.7 7.5 23.2 0.6 0.2 0.1 1.5 1.1 0.3 2.8
eds05 33.7 6.4 0.7 0.3 0.7 0.0 0.2 0.2 -0.2 58.0
eds06 56.8 5.5 8.7 14.5 0.6 2.9 2.7 7.8 0.3 0.3
eds07 52.4 7.9 5.1 3.7 0.7 0.4 2.7 3.2 0.4 23.6
eds08 67.3 22 217 4.2 0.4 0.4 0.9 1.6 0.1 1.2
eds09 56.5 12.3 16.7 8.4 0.4 0.1 1.0 2.0 0.3 2.5
eds10 67.8 0.8 29.8 0.2 0.2 0.1 0.1 0.2 0.1 0.8
edsll 65.2 1.2 323 0.5 0.1 0.0 0.1 0.2 0.1 0.3
eds12 56.0 4.9 13.0 0.4 0.5 0.0 0.7 0.6 0.2 23.7
eds13 47.7 11.4 3.1 32 0.8 0.1 24.1 8.6 0.9 0.2
eds14 60.9 5.8 24.6 3.2 0.4 0.1 1.2 22 0.3 1.5
eds15 67.1 0.5 314 0.2 0.2 0.0 0.0 0.3 0.1 0.2
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Table D-2. Qualitative compositions determined by SEM/EDS for particles observed in the unleached
16503-2 sludge sample (calculated compositions do not include the emission peak for carbon
and are normalized to 100 wt%)

Spectrum 0] [ Na [ Al [ Si [ P [ Ca [ Mn [ Fe [ Ag [ U
Label wt%

eds01 52.5 | 44.8 2.0 0.1 0.0 0.1 0.1 0.2 0.1 0.1
eds02 31.7 6.3 23 0.1 0.8 0.2 0.6 1.5 0.4 56.1
eds03 71.0 2.0 25.5 0.1 0.1 0.0 0.1 0.3 0.1 0.7
eds04 67.3 2.1 29.6 0.2 0.1 0.0 0.1 0.1 0.1 0.4
eds05 52.4 8.0 7.9 1.0 1.6 0.1 5.5 19.3 1.6 2.5
eds06 46.5 5.8 6.4 0.4 0.9 0.0 0.3 0.5 0.0 39.2
eds07 543 | 16.2 13.8 12.6 0.3 0.0 0.3 0.8 0.2 14
eds08 53.7 | 147 16.4 13.6 0.3 0.0 0.1 0.5 0.2 0.4
eds09 39.0 5.8 22 0.8 1.5 0.5 1.6 11.9 0.4 36.3
eds10 50.3 8.6 7.1 1.5 1.0 0.2 18.5 8.4 1.5 3.0
edsll 41.9 6.3 4.1 0.5 0.9 0.1 0.9 0.9 04 | 44.1
eds12 67.3 0.7 30.5 0.2 0.2 0.1 0.3 0.5 0.0 0.3
edsl3 51.5 4.4 15.2 0.7 0.5 0.0 0.5 0.7 0.2 26.2
edsl4 36.0 4.6 1.4 0.1 0.7 0.1 0.3 0.3 0.1 56.3
edsl5 62.8 0.8 35.1 0.3 0.2 0.0 0.1 0.2 0.1 0.5
edsl6 34.6 59 2.7 0.8 0.7 0.1 0.2 0.6 0.5 53.9
eds17 49.7 1.4 16.6 0.4 0.3 0.3 0.9 1.1 04 | 29.2
edsl18 51.7 9.4 4.2 0.8 1.0 0.4 10.4 3.9 0.7 17.4
eds19 59.2 7.6 6.8 5.0 7.6 12.7 0.1 0.7 0.1 0.2
eds20 573 | 15.6 14.3 11.8 0.3 0.1 0.2 0.3 0.0 0.2
eds21 35.1 1.1 46.3 0.9 0.2 0.2 4.5 4.6 -0.2 7.4
eds22 30.6 7.0 10.8 5.0 0.5 0.1 1.7 43.5 0.1 0.8
eds23 69.7 0.8 28.9 0.2 0.1 0.0 0.1 0.1 0.0 0.2
eds24 58.0 6.1 13.0 2.1 22 29 2.3 7.5 0.9 5.1
eds25 31.0 5.0 2.6 0.4 0.6 0.2 0.3 0.1 0.1 59.7
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Figure D-3. EDS spectra for analyses eds13 through eds15 for unleached subsample 16503-1 of BX-101
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Figure D-4. EDS spectra for analyses eds01 through eds06 for unleached subsample 16503-2 of BX-101




cps cps
0 0
150
100
100
50
50
Fe Fe
Mn Mn
U _ CrCrMnFe U_ CrCrMnFe
0 T T T T T 0 T T T T T
0 6 8 10 0 6 8 10
Energy (keV) Energy (keV)
eds07 for unleached 16503-2 eds08 for unleached 16503-2
cps cps
10045 ¢
80 100
60
40 50
204
] Pb_ Pb
0 B2 0 Po o,
0 10 0 10
Energy (keV) Energy (keV)
eds09 for unleached 16503-2 eds10 for unleached 16503-2
cps cps
C Al
200 O
150
150
100
100}
o Uy U
507 sod L | Po ca
A Fe € [PPb U Fe
Mn ClNa|lPbs U Mn
o U CrCrMnFe Pb_ Pb olMn.J8iS U U _Cremnre Pb_ Pb
T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10

Energy (keV)

eds11 for unleached 16503-2

Energy (keV)

eds12 for unleached 16503-2

tank sludge (jar 16503)

D.7

Figure D-5. EDS spectra for analyses eds07 through eds12 for unleached subsample 16503-2 of BX-101
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Figure D-6. EDS spectra for analyses eds13 through eds18 for unleached subsample 16503-2 of BX-101
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Figure D-7. EDS spectra for analyses eds19 through eds24 for unleached subsample 16503-2 of BX-101
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