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1.0 SUMMARY

The Savannah River Site (SRS) is preparing Tank 6F for closure. The first step in preparing the
tank for closure is mechanical sludge removal. Following mechanical sludge removal, Savannah
River Remediation (SRR) performed chemical cleaning with oxalic acid to remove the sludge
heel. They are currently assessing the effectiveness of the chemical cleaning.

SRR collected liquid samples during chemical cleaning and submitted them to SRNL for
analysis. Following chemical cleaning, they collected a solid sample (i.e., process sample) and
submitted it to SRNL for analysis. SRNL analyzed these samples to assess the effectiveness of
the chemical cleaning process.

The conclusions from this work are as follows.

e The dissolution of sludge components in Tank 6F agreed well with the expected behavior
as projected from the 2007 actual waste demonstration for Tank 5F. The iron removal
from Tank 6F (70%) agrees better with the demonstration results (62%) than the iron
removal from Tank 5F (30%).'

e The chemical cleaning removed more than 95% of the uranium isotopes.

e The chemical cleaning removed ~ 73% of the neptunium, ~ 87% of the *Sr, and ~ 87%
of the “*'Cs.

e The chemical cleaning removed less than 15% of the technetium, plutonium, americium,
and curium isotopes.

e Most of the activity remaining in the tank is from beta emitters and “Sr.

e The chemical cleaning removed more than 90% of the aluminum, calcium, sodium, and
uranium from the tank.

e The fraction of chromium, iron, lithium, magnesium, manganese, silicon, and zirconium

removed was 50 — 90%.

The fraction of barium removed was 20%.

Only 2% of the nickel was removed.

Most of the mass remaining in the tank is iron and nickel.

The remaining sludge contains ~ 21 kg of barium, ~ 4 kg of chromium, and ~ 93 kg of

mercury.

e Chemical cleaning in Tank 6F showed better removal of iron, plutonium, americium, and
curium than in Tank 5F. The likely causes of the better removal are the lower pH
following Acid Strike 1 and different chemical compounds in Tank 6F than in Tank 5F.

SRNL makes the following recommendations to remove the remaining sludge and activity in
Tank 6F and to improve sludge heel removal in other tanks.

" Note that the values cited in this report are based on a single sample of the liquid during each oxalic cleaning and
water wash phase and solids samples from a single location following the water wash. Therefore, relatively large
variability may be associated with the specific values. However, the reported values are useful for understanding the
effect of chemical cleaning in Tank 6F and for deriving general conclusions.
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e When performing chemical cleaning on future waste tanks, ensure the pH of the acid is
less than 2 before removing the acid from the tank. The lower pH will increase iron
solubility.

e Prior to performing chemical cleaning for future tanks, collect a sludge sample and have
it analyzed for key contaminants. This provides a baseline for comparison, which allows
a better evaluation of the efficiency of future chemical cleaning activities.

e Future work should include analysis of the solid samples by a method such as X-ray
diffraction (XRD) to identify the specific compounds of the key contaminants.

e Mix the tank as soon as it contains sufficient liquid. The mixing will promote contact
between the acid and sludge, improving the dissolution rate. The mixing will also
suspend particles not dissolved by the acid.

e The sludge heel should be washed to reduce the liquid ionic strength prior to starting
chemical cleaning. Reducing the ionic strength will increase the oxalate solubility.

2.0 INTRODUCTION

SRR is preparing Tank 6F for closure. The first step in preparing the tank for closure is
mechanical sludge removal. In mechanical sludge removal, personnel add liquid (e.g., inhibited
water or supernate salt solution) to the tank to form a slurry. They mix the liquid and sludge
with pumps, and transfer the slurry to another tank for further processing.

Mechanical sludge removal effectively removes the bulk of the sludge from a tank, but is not
able to remove all of the sludge. In Tank 6F, SRR estimated a sludge heel of 5,984 gallons
remained after mechanical sludge removal.> To remove this sludge heel, SRR performed
chemical cleaning. The chemical cleaning included two oxalic acid strikes, a spray wash, and a
water wash.

SRR conducted the first oxalic acid strike as follows. Personnel added 110,830 gallons of

8 wt % oxalic acid to Tank 6F and mixed the contents of Tank 6F with two submersible mixer
pumps (SMPs) for approximately four days. Following the mixing, they transferred

115,903 gallons of Tank 6F material to Tank 7F. The SMPs were operating when the transfer
started and were shut down approximately five hours after the transfer started. SRR collected a
sample of the liquid from Tank 6F and submitted it to SRNL for analysis.? Mapping of the tank
following the transfer indicated that 2,400 gallons of solids remained in the tank.

SRR conducted the second oxalic acid strike as follows. Personnel added 28,881 gallons of

8 wt % oxalic acid to Tank 6F. Following the acid addition, they visually inspected the tank and
transferred 32,247 gallons of Tank 6F material to Tank 7F.*> SRR collected a sample of the
liquid from Tank 6F and submitted it to SRNL for analysis.?> Mapping of the tank following the
transfer indicated that 3,248 gallons of solids remained in the tank.

Following the oxalic acid strikes, SRR performed Spray Washing with oxalic acid to remove

waste collected on internal structures, cooling coils, tank top internals, and tank walls. The Acid
Spray Wash was followed by a Water Spray Wash to remove oxalic acid from the tank internals.
SRR conducted the Spray Wash as follows. Personnel added 4,802 gallons of 8 wt % oxalic acid
to Tank 6F through the spray mast installed in Riser 2, added 4,875gallons of oxalic acid through

-2-
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Riser 7, added 5,000 gallons of deionized water into the tank via Riser 2, and 5,000 gallons of
deionized water into the tank via Riser 7. Following the Spray Wash, they visually inspected the
tank and transferred 22,430 gallons of Tank 6F material to Tank 7F.* SRR collected a sample of
the liquid from Tank 6F and submitted it to SRNL for analysis.?

Following the Spray Wash and transfer, SRS added 113,935 gallons of well water to Tank 6F.
They mixed the tank contents with a single SMP and transferred 112,699 gallons from Tank 6F
to Tank 7F.* SRR collected a sample of the liquid from Tank 6F and submitted to SRNL for
analysis.> Mapping of the tank following the transfer indicated that 3,488 gallons of solids
remained in the tank.

Following the Water Wash, SRR personnel collected a solid sample and submitted it to SRNL
for analysis to assess the effectiveness of the chemical cleaning and to provide a preliminary
indication of the composition of the material remaining in the tank.

3.0 SAMPLES RECEIVED AND ANALYZED

SRNL received liquid samples following oxalic acid Strike 1, oxalic acid Strike 2, the Spray
Wash, and the Water Wash. They analyzed the samples for pH by pH paper, for density
gravimetrically, and for turbidity.? Following these analyses, they filtered subsamples, diluted
them to reduce the dose, and analyzed them for cations (ICPES), anions (IC), and radionuclides
(ICPMS, liquid scintillation counting, gamma scan, PUTTA, Sr-90, Tc-99, and Am/Cm
methods).

SRNL received three solid samples from Tank 6F. SRNL collected two subsamples from each
sample. They digested one of the subsamples by the aqua regia method and the other by the
peroxide fusion method. They analyzed them for cations (ICPES), anions (IC), mercury
(CVAA), and radionuclides (ICPMS, liquid scintillation counting, gamma scan, PUTTA, Sr-90,
Tc-99, and Am/Cm methods).

SRNL collected a small amount of free liquid from one of the solid samples (~ 1 g), filtered it,
diluted it with water, and analyzed the sample for mercury (CVAA), anions (1C), and
radionuclides (ICPMS, liquid scintillation counting, gamma scan, PUTTA, Sr-90, Tc-99, and
Am/Cm methods).

4.0 RESULTS

4.1 ANALYTICAL RESULTS

Table 1 shows the measured pH and density of the liquid samples following the oxalic acid
strikes, the Spray Wash, and the Water Wash in Tank 6F. The pH following Strike 1 is 2, which
agrees with the measured pH following acid addition in the Tank 5F demonstrations (pH =1 -
2).>® The pH following Strike 1 is lower than the pH following Strike 1 in Tank 5F, which
should lead to better sludge removal.’
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Table 1. Density and pH of Liquid Samples

Analysis Strike 1 Strike 2 Spray Wash Water Wash
pH 2 2 3 7

Density (g/mL) 1.100 £ 0.005 1.035+0.007 0.996 +0.003 1.051+0.001

Table 2, Table 3, Table 4, and Table 5 show the measured composition of liquid samples
collected during chemical cleaning. Table 2 shows the cation concentrations in the samples.
The data show a significant decrease in the concentration of the major cations (i.e., Al, Ca, Fe,
Mn, Na, Si, and U) in Strike 2 compared to Strike 1. The likely cause of this result is the
dissolution and removal of the cations during Strike 1. Comparing the composition of the liquid
following the Spray Wash with the liquid following the second acid strike shows approximately
the same concentration of all of the major cations. The concentration of the major species is
significantly lower in the Water Wash sample than in the Spray Wash sample. This result is
likely due to the removal of the metals in the acid strikes and Spray Wash and to the higher pH
during the water wash.

Table 2. Cation Analysis of Tank 6F Liquid Samples

Species Strike 1 (mg/L) Strike 2 (mg/L) Spray Wash Water Wash(mg/L)
Al 1031+ 103 185+ 18 176 £ 18 21.4+2.1
Ba 11+11 5.1+05 3.0+0.3 <3.8

Ca 270+ 27 59+5.9 33+3.3 4.49 +0.45
Cr 16+1.6 4.6 +0.46 46+05 < 3.66

Fe 11745 + 1175 2450 + 245 2864 + 286 210+ 21

K 21+21 <15 <11 <16.7

La 15+15 <29 <21 <0.813

Li 68 +6.8 16.8 +1.7 11.6+1.2 <3.20

Mg 34+34 9.1+0.9 95+1.0 1.69 +0.17
Mn 593 + 59 100 + 10 85+ 8.5 25.1+ 2.5
Na 3000 + 300 918 + 92 804 + 80 644 + 64
Ni 50+5 7.6+0.76 5.8+ 0.6 <6.16

P 60+ 6 116+1.2 <21 <147

Pb 18+1.8 6.9+0.7 76+0.8 <9.28

S 79+7.9 88+8.8 <621 <182

Si 271 + 27 41+41 27+27 36.7+3.7
Sr 34+34 6.1+0.61 41+04 <0.73

Ti 9.5+0.95 2.3+0.23 44+04 <0.816

U 4943 + 494 1231 +123 1426 + 143 887 + 89
Zn 3+0.3 <22 <11 <0.719

Zr 200 + 20 27.3+2.7 226+23 1.9+0.2

The iron measured in the samples could be from sludge dissolution or from carbon steel
corrosion. The average measured corrosion rate in the simulant demonstration conducted at

50 °C was 21 mils/y (0.021 infy).> Given a tank liquid volume of 442,000 L (46 inches), the
carbon steel surface area exposed to acid is 11,770 ft2.2 Assuming the carbon steel has a density
of 7.8 g/mL and contains 99% iron®, the amount of iron that would dissolve from corrosion in
one week is calculated with equation [1].

(0.021 infy)(1 y/52 wk)(1 wk)(11,770 ft*)(12 in/ft)? = 680 in
680 in® (2.54 cm/in)® (1L/1000 cm®) = 11 L
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11 L (7.8 kg/L) (0.99) = 85 kg of iron from corrosion
85 kg/442,000 L (10° mg/kg) = 192 mg Fe/L from corrosion [1]

The concentration of iron that could be in the sample from corrosion is significantly less than the
amount measured in the samples following Strike 1, Strike 2, and the Spray Wash. The
measured iron concentration in the Water Wash sample is approximately the same as the
concentration calculated in equation [1], but the pH of the Water Wash sample (7) would reduce
the corrosion rate.

Table 3 shows the anion concentration in the samples. All of the anions are below the detection
limit, except for oxalate. The table includes the expected oxalate concentration based on the
volume and concentration of oxalic acid added to the tank. The measured concentration is
significantly less following Strike 1, Strike 2, and the Spray Wash.

One possible explanation for this difference is the oxalate forming a precipitate with iron, as
observed in the Tank 5F chemical cleaning demonstration.” In that test, researchers observed
FeC,04*H,0 precipitate. Analysis of Tank 6F solid samples by XRD showed the dominant
compounds in the solid to be hematite, maghemite, nickel oxalate hydrate, and goethite.
Hematite and maghemite are iron oxides, and goethite is an iron oxyhydroxide. Therefore, iron
oxalate hydrate is not likely to be the cause of the “missing oxalate”. The oxalate may have
precipitated with the nickel present in Tank 6F. Work by Garcia-Clavel et al. showed the
reaction of nickel compounds with oxalic acid formed NiC,0,*2H,0.° XRD analysis of this
sample confirmed the presence of nickel oxalate hydrate.'!

Table 3. Anion Analysis of Tank 6F Liquid Samples

Species Strike 1 (mg/L) Strike 2 (mg/L) Spray Wash (mg/L) Water Wash (mg/L)
F <702 < 325 <328 <334
Formate <702 <325 <328 <334

Cr <702 <325 <328 <334

NO, <702 <325 <328 <334

NO3 <702 <325 <328 <334

PO <702 <325 <328 <334

SO, <702 <325 <328 <334
Oxalate 44,363 + 4,436 51,000 + 5100 24,600 + 2460 1884 + 188
Br <702 <325 <328 <331
Oxalate

expected 79,200 79,200 42,200 1,760

Table 4 shows the radionuclides measured by ICP-MS. The uranium concentration shows good
agreement with the concentration measured by ICP-ES.

Table 5 shows the radionuclide concentrations in the samples. The largest contributors to
radioactivity are ®Sr (and beta) and **’Cs. All other radionuclides are at least an order of
magnitude lower. The concentrations of *°Sr and **'Cs in the Strike 2 sample are 1/3 — 1/5 of the
concentrations in the Strike 1 sample. The concentrations in the Spray Wash sample are half of
their value in the Strike 2 sample. The concentrations in the Water Wash sample show an
additional decrease. The beta radioactivity in the Strike 1 sample is less than the *Sr activity.

-5-
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%3y decays to Y with a half-life of 28.78 years, and *°Y decays with a half-life of 3 days. Since
%S¢ has a much longer half-life than Y, after several *°Y half-lives, their concentrations will be
the same. Therefore, the beta activity should be at least twice the **Sr activity. Discussions with
the radiochemists who performed the analysis suggest this result could be due to solid particles
in the sample. The samples were filtered, and a simple calculation shows a single *°Sr particle
with radius of 110 p or 1000 *Sr particles with radius of 11 p would be needed to explain the
high ®Sr concentration measured. We are uncertain of the reason for this discrepancy. The beta
radioactivity is approximately twice the ®Sr activity in the samples from Strike 2, the Spray
Wash, and the Water Wash.

Table 4. ICPMS Analysis of Tank 6F Liquid Sample

Species Strike 1 Strike 2 Spray Wash Water Wash
(mg/L) (ma/L) (mg/L) (mg/L)

“Np <0.7 <0.48 <2 <0.406

29y 0.9 +0.09 <09 <16 <0.676

234 <5 <5 <5 <5

25y 21.0+2.1 5.6 6.8+0.7 3.56 +0.71

238y 4776 + 478 1132 1340 + 134 905 + 181

Total U 4797 <1142 1347 <914

Table 5. Radionuclide Analysis of Tank 6F Liquid Samples

Species
GOCO

QOSr
99-|—C
137CS_
Alpha
Nonvolatile beta
226Ra
238Pu
239/240Pu
241Am
243Am
242mAm
243Cm
245Cm
247Cm
249Cf
251Cf
242Cm
244Cm

Strike 1 (dpm/mL)

Strike 2 (dpm/mL)

Spray Wash (dpm/mL)

Water Wash (dpm/mL)

<16x10°
23x10°+2.4x 108
<25x10°
55x10"+7.3x 10°
<4.7x10°
1.7x10°+ 1.7 x 107
<8.0x10°
1.1x10°+7.6 x 10°
1.4x10°+9.9x 10°
12x10°+1.9x10°
21x10*+4.4x10°
2.1x10%+6.1x 10?
<1.6x10*
<1.6x10*
<7.0x10°
<7.2x10°
<41x10°
1.7x 10° + 4.7 x 10?
1.2x10%+1.7 x 102

Species not detected

<16x10°
5.6 x10%+3.9x 10’
2.0x10%+4.6 x 10*
1.6x 10" +2.8x10°
<4.6x10°
}2x1&¢12x1@

1.1x10*+1.6x 10°
1.8x10*+1.9x10°
<15x10°
<21x10°
<6.4x10°
<6.7x10°
<55x10°
<1.2x10°
<1.3x10°
< 6.6 x 10°
<53x10°
<1.7x10°

3.3x10%+2.6 x 10’
4.0x10%+7.6x 10
9.9x10°+5.0x 10°
<55x10°

6.9 x 10® + 6.9 x 107

1.1x10*+1.5x10°
15x10*+1.8x 10°
<2.2x10*
<9.6x10°
< 3.5x10?
<3.2x10*
<2.6x10*
<45 x10*
<4.8x10*
<29x10*
<2.9x10?
72x10%+2.1x10°

<7.78 x 10*
2.05x 10" +4.11 x 10*
< 4.23 x 10?
4.31x 10° + 2.15 x 10°
<3.28x10°
6.33x 10 + 6.33 x 10*

2.73 x 10% + 1.46 x 10?
3.53 x 10% +1.80 x 10?
5.58 x 10% + 9.44 x 10?
<847

<18.0

< 2.46 x 10?

<3.13 x 10?

<3.13x 10?

< 3.49 x 10?

< 2.34 x 10?

<149

9.51 x 10% + 2.69 x 10?

The process sample contained approximately 70 wt % solids. Table 6 shows the concentration of
cations in the process sample collected following chemical cleaning in Tank 6F. The largest
contributors to the sludge mass remaining in Tank 6F are iron and nickel.

Table 7 shows the concentration of select uranium, neptunium, and plutonium isotopes measured
by ICP-MS. The sum of the concentrations of the uranium isotopes (2728 mg/kg by Aqua Regia
and 1738 mg/kg by peroxide fusion) is consistent with the uranium concentration measured by

ICP-ES (< 2470 mg/kg by Aqua Regia and < 2507 mg/kg by peroxide fusion).
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Table 6. Cations Analysis of Tank 6F Process Sample*

Agua Regia Peroxide Fusion
Sample AD Blank Sample AD Blank
Species mg/kg mg/Kg mg/Kkg mg/kg
Al 3300 <298 3980 < 862
Ba 1860 <24 1338 <29
Ca 446 89 b ®
Cr @ @ 535 <431
Fe 166,667 230,000 121,000 2,900
Li 344 <169 <643 < 647
Mg 579 <71 415 <22
Mn 23,700 <984 16,700 <37
Na 1,820 <357 b b
Ni 104,000 <115 81,000 <138
Si 8 8 1600 < 226
Sr 72 <4 55 <10
U <2470 < 2050 < 2507 < 2500
Zr 770 <28 b b
Hg 7040 185 b b

& Peroxide fusion better method for this species
® Aqua regia better method for this species
¢ Uncertainty is + 10%, except for Hg which is + 20%

Table 7. ICPMS Analysis of Tank 6F Process Sample?

Agua Regia Peroxide Fusion
Sample AD Blank Sample AD Blank
Species mg/kg mg/kg mg/Kkg mg/kg
2INp 9 <5 6 <5
29y 74 <9 49 <9
24y <5 <5 <5 <5
2y 10 <5 8 <5
28y 2713 <31 1725 <31
Total U 2723 <41 1733 <41

% uncertainty is = 20%

Table 8 shows the concentration of radionuclides in the process sample collected following
chemical cleaning in Tank 6F. The largest contributors to radioactivity remaining in Tank 6F
(excluding total alpha and total beta) are *Sr, *¥'Cs, 2! Am, and ***Cm.

Table 9 shows the analysis of the free liquid collected from the process sample. The table shows
the composition of the Wash Water sample for comparison. Since no material was added to the
tank after the Wash Water sample was collected, the composition of the two samples should be
the same. The anion concentrations, except for oxalate, are consistent and less than the detection
limit. The oxalate concentration in the process sample liquid is approximately one-third the
concentration in the Wash Water sample. The same ratio between concentrations is observed in
the radionuclides measured by ICPMS. The concentrations of **’Cs, 2*?%py, ***Am'2**Am, and
%4Cm are higher (by ~ 2X) in the process sample. The concentrations of **Sr and beta are higher
in the wash water sample (by ~ 2X). These differences are larger than the uncertainties in the
measurements. We are uncertain of the reason for these differences.
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Table 8. Radionuclide Analysis of Tank 6F Process Sample

Species
GOCO
QOSr
99TC
137C5
Alpha
nonvolatile beta
239/240Pu
238Pu
241Am
243Am
242mAm
243Cm
245Cm
247Cm
249Cf
251Cf
242Cm
244Cm
241Pu
154Eu
155Eu
94Nb
134CS

Peroxide Fusion

Agua Regia
Sample AD Blank
mCi/kg mCi/kg
26.4+0.8 <11
3091 + 168 <186
0.068 + 0.003 0.0091 + 0.0023
81.8+23 <118
<450 <20.9
7700 £ 450 <455
8.18 +0.26 <0.28
6.36 £ 0.20 <0.10
159+7 <0.15
25+0.2 <0.10
0.21 +£0.04 <0.021
<15 <0.73
<11 <0.59
<0.31 <0.24
<0.32 <0.25
<0.25 <0.21
0.18 +0.03 <0.017
155+ 14 0.10+0.031
16.8+25 <0.041
455+ 1.3 <1.23
105+£0.9 <2.23
<15 <091
<15 <1.00

4.2 MASS BALANCE

Sample AD Blank
mCi/kg mCi/kg
17.7+0.5 0.59
2545 + 141 <100
0.033 + 0.0015 <0.0033
63.6+1.8 <0.55
<323 <105
5455 + 314 <227
5.45+0.17 <0.023
414 +0.13 0.039
100+3.1 <0.10
1.68 £0.12 0.039+0.012
0.18 +0.023 <0.002
<0.864 <0.10
<0.546 <0.086
<0.155 < 0.064
<0.159 < 0.064
<0.114 <0.11
0.146 + 0.019 <0.0017
2105+9.1 0.10+£0.017
8.18+1.18 <0.042
32.3+0.91 <0.59
8.18+0.73 <1.14
<0.77 <0.45
<0.82 <0.50

SRNL performed a mass balance of the radionuclides and nonradionuclides measured in the
cleaning samples and process sample. Equation [2] describes the mass balance.

initial amount = amount removed + amount remaining

ViXi = V1X1 + V2Xo + VsprayXspray + VwaterXwater T Vproc-soiXproc-sol + Vproc-ligXproc-li [2]

where Vi is the initial volume of sludge in the tank, x; is the initial concentration of the
component in the sludge, V; is the volume of material removed from the tank following Acid
Strike 1, x; is the concentration in the liquid sample following Strike 1, V; is the volume of
material removed from the tank following Acid Strike 2, x; is the concentration in the liquid
sample following Strike 2, Vgpray is the volume of material removed from the tank following the
Spray Wash, Xspray IS the concentration in the liquid sample following the Spray Wash, Vyager IS
the volume of material removed from the tank following the Water Wash, Xuatr IS the
concentration in the liquid sample following the Water Wash, Vpoc.sol 1S the volume of sludge
remaining in the tank following the Water Wash, Xproc-sor 1S the concentration in the sludge
process sample, Vproc.iig 1S the volume of liquid remaining in the tank following the Water Wash,
and Xproc-lig 1S the concentration in the liquid remaining in the tank following the Water Wash
(assumed equal to the concentration in the Water Wash sample where analyses were not
performed). The initial concentration of the component in the sludge (xi) is unknown. Equation
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[2] can be solved to determine x;. Table 10 shows the volumes of sludge and liquid used to
perform the mass balance.

Table 9. Analysis of Free Liquid Collected from Process Sample

Species Tank 6F Process Sample  Tank 6F Water Wash Sample Ratio

(mg/L) (mg/L)
F < 466 < 334
formate < 466 <334
Cl < 466 <334
NO2 < 466 < 334
NO3 < 466 < 334
PO4 < 466 <334
SO4 < 466 <334
Oxalate 596 1884 0.32
Hg 2.33+0.47 n.m.
Br < 466 <334
35y 1.1+0.22 3.56 +0.71 0.31
“Np 0.1+0.02 < 0.406
238y 248.0 + 50 905 + 180 0.27
29y <0.075 <0.676
Z4y <0.075 n.m.

(dpm/mL) (dpm/mL)

gy 1.1x10"+1.2x 10° 2.1x10"+4.1x 10 0.52
®1¢ <22x10° < 4.2 x10?
1¥7cs 7.0x10°+35x 10° 43x10°+2.2x10° 1.63
Alpha <2.7x10° <3.3x10°
nonvolatile beta 3.5x10"+3.5x 10° 6.3x 10" +6.3x 10* 0.56
2391240py 7.3x10°+2.6 x 10° 3.5x 10%+1.8 x 10? 2.09
238py, <16x10° 2.7x10%+ 1.5 x 10? <0.59
21Am 1.3x10*+2.0x 10° 5.6 x 10°+ 9.4 x 10? 2.32
23Am 3.8x10%+6.8x 10° <847 > 45
22MAm <18x10! <18.0
Cm <3.0x10° < 2.5x10?
5Cm <2.4x10° <3.1x10?
27Cm <4.7x10° <3.1x10?
29¢f <4.4x10° <3.5x 107
it <22x10° <2.3x10?
220m <15x10! <14.9
24Cm 1.1x10*+2.8x10° 9.5 x 10% + 2.7 x 102 11.6
241py, <1.6x10* n.m.

n.m. not measured

Table 10. Volumes of Sludge and Liquid in Tank 6F during Chemical Cleaning
V1 439,000 L

Vs 122,000 L
Vepray 85,500 L
Vaater 427,000 L
Voroc-sol 13,000 L
Vorociig 30,772 L

Table 11 shows the amount of each component removed during the acid strikes and washes, as
well as the amount remaining in the sludge and liquid. The data show a significant decrease
(> 90%) in the amount of “°Sr and *’Cs removed during Strike 2, the Spray Wash, and the Water

-9-



SRNL-STI-2009-00493, REV. 0

Wash compared to Strike 1. The data show less of a decrease for plutonium. Comparing the
amount of iron removed with the amount expected to be released from corrosion (85 kg, see
equation [1]) shows most of the iron in the samples following Strike 1 is from sludge dissolution
rather than corrosion. The iron in the Strike 2, Spray Wash, and the Water Wash samples is of
the same order as the amount expected from oxalic acid corrosion. The table also shows most of
the activity remaining in the tank is in the sludge rather than in the liquid.

Table 11. Amount of Material Removed from Tank 6F

Species Strike 1 Strike 2 Spray wash Water wash Remaining Remaining
Solid Liquid

| (ka) (ka) (ka) (ka) (ka) (ka)
A 452 22.8 1.13 9.1 48.1 0.2
Ba 4.8 0.6 21.1 n.d.
Ca 119 7.2 0.21 2.0 13.3 0.05
Cr 7.2 0.5 0.03 45 n.d.
Fe 5153 299 18.4 91.7 1898.2 2.2
Li 29.6 2.0 0.07 6.5 n.d.
Mg 14.8 1.1 0.06 0.7 6.6 0.02
Mn 260 12.2 0.54 11 266.6 0.3
Na 1315 112 5.17 281 24.1 6.6
Ni 21.5 0.9 0.04 1219.0 n.d.
Si 119 5.0 0.17 16 16.3 0.4
Sr 14.8 0.7 0.03 0.8 n.d.
u 2164 150 9.17 387 329 9.1
Zr 88 33 0.15 0.8 10.2 0.02
Hg n.m. n.m. n.m. n.m. 93 n.m.
Sum 9760 618 35.2 800 3661.1 18.8
234

] <0.1 <0.001
5y 9.2 0.7 44.5 15 0.2 0.01
ZINp 0.5 0.2 0.001
238y 2100 138 8.74 386 58.6 25
239

Pu 0.4 1.6 <0.001

(dpm) (dpm) (dpm) (dpm) (dpm) (dpm)

Co 1.3x10%
gy 1.0x10% 6.9 x 10% 2.8 x10% 8.7 x 10% 1.6 x 10 1.2 x 10*
®1¢ 2.5 x10% 3.4 x10% 2.9 x 10* 2.2 x10°
1¥7cs 2.4 x10% 1.9x10% 8.4 x 10" 1.8 x 10 4.1x10% 7.2x10%
Alpha 5.6 x 10* 4.6 x 105 2.3x10% 2.8x10%
Beta 7.7 x 107 1.4 x 10 5.8 x 10% 2.7 x 10% 3.8 x 10" 3.6 x 10"
2391240py 6.2 x 10% 2.2 x 10* 1.3 x 10%? 1.5x 10%? 3.9x 10% 3.6 x 10%
238py, 4.8 x 10" 1.3 x 10%? 9.5 x 10 1.2 x 10%? 3.0x 10% 1.6 x 10%°
21Am 5.3 x 10% 2.4 x 10* 7.5x 10% 7.2 x 10%
23Am 9.1 x 10* 1.2 x 10*
242MAm 9.1x 10" 1.1x10%
Cm 6.9 x 10%
5Cm 4.8x 108
247 13

Cm 1.3x10
29¢f 1.4 x 10"
251 13

cf 1.0x 10
22C0m 7.7 x 10" 9.4 x 10*
24cm 5.3x 10" 6.1 x 10" 4.1x 10" 7.5x 10"
241py, 7.2 x 10% 1.5x 101
=l 2.3x10%
gy 5.4 x 10%
Sum 1.8x10% 2.1 x 10" 8.8 x 10% 3.8x10% 6.0 x 10% 6.5 x 10*

-10 -
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Table 12 shows the fraction of each species removed from Tank 6F and the amount remaining in
the tank following chemical cleaning. The table shows more than 90% of the aluminum,
calcium, sodium, and uranium has been removed from the tank. The fraction of lithium,
chromium, iron, magnesium, manganese, silicon, and zirconium removed was 50 — 90%. The
fraction of barium removed was 20%. Only 2% of the nickel was removed. Table 12 shows a
difference in the removal of cold strontium (95%) compared to *°Sr (87%). This difference is
due to analytical uncertainty.

Table 12. Fraction Removed and Amount Remaining in Tank 6F

Species Fraction Removed Amount Remaining
(%) (kg)
Al 91.0% 48 n.m. not measured
Ba 20.3% 21 % all samples less
Ca 90.6% 13 than detection limit —
Cr 63.4% 4 fraction removed should
Fe 74.5% 1900 be the same as other
Li 83.0% 7 isotopes
Mg 71.8% 7 ball samples less than
Mn 51.5% 267 detection limit
Na 98.2% 31
Ni 1.8% 1219
Si 89.4% 17
Sr 94.9% 1
U 98.5% 42
Zr 90.1% 10
Hg n.m. 93
(%) (Ci)
234U a < 01
25y 99.6% 0.001
2INp 73.0% 0.137
28y 97.7% 0.021
29y 19.2% 100.2
co b 577
0g¢ 87.2% 74,147
®Tc 2.0% 1
Bcs 87.2% 1,905
Alpha 2.5% 10,518
Beta 72.1% 174,986
289/240py 14.6% 178
28py, 14.5% 138
Am 6.6% 3,421
23Am 6.9% 56
242mAm 7.1% 5
Cm n.m. 31
5Cm n.m. 22
21Cm n.m. 6
249t n.m. 6
Blct n.m. 5
220m n.m. 4
24Ccm 7.5% 3,421
2py 6.5% 327
B4Ey n.m. 1,023
185y n.m. 243
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Most of the mass remaining in the tank is iron and nickel. The remaining sludge contains 21 kg
of barium, 4 kg of chromium, and 93 kg of mercury. If the Tank 6F liquid samples contained
2.33 mg/L of mercury (as measured in the Tank 6F process sample liquid), the amount of
mercury dissolved and removed in the oxalic acid strikes, Spray Wash, and Water Wash
(1,000,000 L total volume), would be 2.36 kg (2.6%).

The chemical cleaning removed more than 90% of the uranium isotopes. It removed ~ 73% of
the 2’Np, ~ 87% of the *°Sr, and ~ 87% of the *’Cs. The cleaning removed ~ 2% of the
technetium. The chemical cleaning removed less than 15% of the plutonium, americium, and
curium isotopes." The chemical cleaning removed a larger fraction of the plutonium, americium,
and curium in than in Tank 5F. This improved removal could be from the lower pH in Tank 6F
following Strike 1 or to the plutonium, americium, and curium being present in different
compounds in Tank 6F. Most of the activity remaining in the tank is from beta-emitters and *°Sr.

4.3 COMPARISON WITH CHEMICAL CLEANING DEMONSTRATIONS

Table 13 shows the fraction of select species dissolved during the first oxalic acid strike in

Tank 6F and compares it with the results from the SRNL demonstrations with Tank 5F samples
or simulated waste.**® (No Tank 6F was obtained prior to mechanical cleaning and no separate
laboratory demonstrations were performed for that tank waste. Hence, the only comparison
available is with the demonstrations for Tank 5F.) In general, there is good agreement between
the chemical cleaning in Tank 6F and the demonstrations. The iron dissolved in Tank 6F shows
better agreement with the demonstration results than samples from Tank 5F.°> The likely reason
for the improved agreement is the pH following the first acid addition (i.e., pH 2 in Tank 6F
versus pH 4 in Tank 5F). Another plausible explanation is different iron compounds in Tank 6F.
The plutonium removal is better in Tank 6F than in the demonstration.

Table 13. Comparing Oxalic Acid Dissolution in Tank 5F with SRNL Demonstrations

Species Tank 6F Actual Waste Demonstration®  Simulant Demonstration*?
Fe 69% 62% 99%

U 79% 73% 100%

Mn 47% 40% 43%

Ni 1.7% 0.1% n.m.

Na 75% 96% 96%

Al 85% 84% n.m.

238py, 13% 2.9% n.m.

289/240py 14% 3.2% n.m.

n.m. not measured

In comparing the results from chemical cleaning with the results from the demonstrations, one
assumes that the iron is present as the same compounds in both. If the iron is present as different
compounds in Tank 6F than in the demonstrations, the dissolution rate and fraction dissolved
could be significantly different.* The iron in the simulant demonstration was added as ferric
hydroxide (Fe(OH)3).*? The iron in the actual waste demonstration (with Tank 5F sludge) and

" Plutonium removal based on PUTTA analysis rather than ICPMS analysis. PUTTA more accurate and had lower
uncertainty.
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Tank 6F likely contained a variety of iron compounds. SRNL analysis of Tank Farm sludge
samples shows the iron to be primarily magnetite (FesO4) and hematite (Fe,O3). Larsen and
Postma investigated the dissolution of iron oxide compounds and found the dissolution rates to
vary as much as two orders of magnitude between different iron compounds.** Torres et al.
investigated the dissolution of hematite and magnetite by oxalic acid and found magnetite to
dissolve more readily than hematite with oxalic acid.” Lee et al investigated the dissolution of
iron oxide by oxalic acid and found that goethite (FeOOH) and lepidocrosite (FeOOH) dissolve
more rapidly that hematite.'® Taxiarchou et al. investigated the dissolution of hematite in oxalic
acid solutions and found the dissolution to occur faster under visible light.” The sludge in the
demonstrations was exposed to visible light, while the sludge in Tank 6F was not. Therefore, if
Tank 6F sludge contained iron in the form of hematite, then this would explain the reduction in
the fraction of iron removed when compared to the simulant demonstration.

The mixing in the simulant demonstration differed from the mixing in Tank 6F. In the simulant
demonstration, the mixing started ~ 2 days after oxalic acid addition began. Reviewing the data
from Test 2 and Test 3 shows a significant increase in the amount of iron and manganese
dissolved after the mixing started.*” The mixing improves contact between the acid and sludge
and increases the mass transfer rate. Both effects should increase the sludge dissolution rate.
Mixing in Tank 6F will also improve the suspension of solid particles that are not dissolved by
the oxalic acid.

Performing a sludge wash prior to oxalic acid addition will reduce the ionic strength of the liquid
in the tank, which will increase the oxalate solubility. In addition, the washing will reduce the
total base in the tank and help ensure the pH is less than 2 after acid addition.

Oxalic acid effectively removed uranium from Tank 5F, and removed ~ 70% of the **’Np from
the tank.

The oxalic acid was not effective at removing the **Tc from the tank. This result is different
from Tank 5F, where the acid was effective at removing technetium. The difference could be
due to different technetium compounds in the two tanks or to the sludge heel not being
homogeneous in one or both of the tanks.

The oxalic acid was not effective at removing plutonium, americium, and nickel from the sludge
heel. It was marginally effective at removing manganese. Since mercury was not measured in
the liquid samples collected following the oxalic acid strikes, spray wash, and water wash, we
cannot assess the effectiveness of oxalic acid at removing mercury. However, comparing the
mercury concentration in the liquid process sample with its concentration in the solid process
sample suggests that the oxalic acid was not effective in removing mercury.

SRNL did not measure the **C in the process sample.
If more **°Pu, 2!Am, **Tc, Hg, Mn, or Ni needs to be removed from the tank, a cleaning agent
other than oxalic acid needs to be selected. Nitric acid is a plausible acid to dissolve “*Pu,

*Am, 9Tc¢, Hg, Mn, and Ni, but it readily corrodes carbon steel. Sodium carbonate is a
plausible chemical to dissolve the plutonium and americium.
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When performing chemical cleaning on other waste tanks, ensure the pH of the acid is less than 2
before removing the acid from the tank. Prior to performing chemical cleaning, collect a sludge
sample and analyze it for key contaminants to better evaluate the efficiency of chemical

cleaning.

5.0 CONCLUSIONS

The conclusions from this work are as follows.

The dissolution of sludge components in Tank 6F agreed well with the expected behavior
as projected from the 2007 actual waste demonstration for Tank 5F. The iron removal
from Tank 6F (70%) agrees better with the demonstration results (62%) than the iron
removal from Tank 5F (30%).

The chemical cleaning removed more than 95% of the uranium isotopes.

The chemical cleaning removed ~ 73% of the neptunium, ~ 87% of the *°Sr, and ~ 87%
of the “*Cs.

The chemical cleaning removed less than 15% of the technetium, plutonium, americium,
and curium isotopes.

Most of the activity remaining in the tank is from beta emitters and *Sr.

The chemical cleaning removed more than 90% of the aluminum, calcium, sodium, and
uranium from the tank.

The fraction of chromium, iron, lithium, magnesium, manganese, silicon, and zirconium
removed was 50 — 90%.

The fraction of barium removed was 20%.

Only 2% of the nickel was removed.

Most of the mass remaining in the tank is iron and nickel.

The remaining sludge contains ~ 21 kg of barium, ~ 4 kg of chromium, and ~ 93 kg of
mercury.

Chemical cleaning in Tank 6F showed better removal of iron, plutonium, americium, and
curium than in Tank 5F. The likely causes of the better removal is the lower pH
following Acid Strike 1 and different chemical compounds in Tank 6F than in Tank 5F.

SRNL makes the following recommendations to remove the remaining sludge and activity in
Tank 6F and to improve sludge heel removal in other tanks.

When performing chemical cleaning on future waste tanks, ensure the pH of the acid is
less than 2 before removing the acid from the tank. The lower pH will increase iron
solubility.

Prior to performing chemical cleaning for future tanks, collect a sludge sample and have
it analyzed for key contaminants. This provides a baseline for comparison, which allows
a better evaluation of the efficiency of future chemical cleaning activities.

Future work should include analysis of the solid samples by a method such as X-ray
diffraction (XRD) to identify the specific compounds of the key contaminants.

Mix the tank as soon as it contains sufficient liquid. The mixing will promote contact
between the acid and sludge, improving the dissolution rate. The mixing will also
suspend particles not dissolved by the acid.
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e The sludge heel should be washed to reduce the liquid ionic strength prior to starting
chemical cleaning. Reducing the ionic strength will increase the oxalate solubility.
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