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ABSTRACT

Aging of chemicalsin stored wastes at the Hanford Site in southeastern Washington State has a
direct bearing on several safety issues, including gas generation and chemical-behavior hazards
associated with fuel-nitrate combustion accidents. This paper summarizes research [i] directed at
determining the fate of organic chemicals added to the tank wastes, in particular with respect to
learning how the energy content changes [ii]. The results show that radiation and heat promote
redox reactions between organic compounds (reducing agents) and nitrates/nitrites (precursors to
oxidizing agents) in the wastes. We find that production of Hz, N2, and NO by radiolysisis
significant and that it occurs concurrently with the disappearance of organic species and
appearance of oxidized fragments of the original species. The observations are consistent with
progressive degradation to species with more C-O bonds and fewer C-H and C-C bonds,
resulting in an overall lower energy content of the organic inventory. The results of studies using
both simple and complex waste simulants show quantitatively that the energy content of the
wastes should decrease due to aging. However, the lifetimes and aging rates of organic
complexants strongly depend on radiolytic and thermal exposure, and therefore the degree of
aging varies from tank to tank. Since much of the waste was concentrated by passing through
high-temperature evaporators, little of the original chelators remain. Thisis seen in analyses of
actual waste in which significant fractions of the total organic carbon is sodium oxalate.
However, some organic waste did not go through high-temperature evaporators and still contains
original organic complexants and their remnants. Most of this waste is too wet to sustain
runaway reactions and not likely to dry out in the foreseeable future. Two high-heat tanks with
the potential to dry out have significant total organic carbon content. However, the combined
effects of heat and radiation are expected to degrade the energetic carbon before the waste
evaporates to dryness.

INTRODUCTION

Uranium and plutonium production at the Hanford Site produced large quantities of radioactive
byproducts and contaminated process chemicals (stored in underground tanks) that are awaiting
treatment and disposal. Having been made strongly alkaline and then subjected to successive
water-evaporation campaigns to increase storage capacity, the wastes now exist in the physical
forms of saltcakes, metal oxide sludges, and agueous brine solutions. In the 1990s, issues were
raised over concern that tanks containing organic process chemicals mixed with nitrate/nitrite
salt wastes might be at risk for fuel-nitrate combustion accidents. Resolution of the issues
required a multifaceted approach because of the complexity of tank wastes and alack of detailed
information on waste composition[iii]. It included reviewing historical records, developing new
methodologies, retrieving waste samples for |aboratory analyses, testing waste simulants, and
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studying the underlying phenomena. Here we summarize efforts on one facet of the problem,
understanding the chemistry of waste aging.

Organic-containing wastes have been stored in underground storage tanks at Hanford for nearly

half a century, during which time they have been constantly exposed to radiation and heated to
temperatures of up to 140°C (284°F). The wastes contain hydroxide, nitrate, nitrite, aluminate,
oxides of transition metals, including noble metals, radioactive elements (e.g., uranium,
plutonium, cesium, strontium), and many other substances, such as organic complexants,
solvents, and extractants. Many of the single-shell tanks had been sampled and the total organic
carbon (TOC) contents measured. However, knowledge of the TOC in a particular storage tank
was insufficient to bound the safety risk.

The organic compounds that were added to the tanks are divided into two main classes:
complexants and solvents. The major organic complexants believed to have been added to the
tanks are glycolate, citrate, hydroxyethylethylenediaminetriacetate (HEDTA), and
ethylenediaminetetraacetate (EDTA). Allen [iv] estimated the approximate quantities that were
used at Hanford:

glycolic acid, 8.810° kg

citric acid, 8.5%10° kg
hydroxyethylethylenediaminetriacetic acid, 818° kg
ethylenediaminetetraacetic acid, 212" kg.

Process extractants and solvents of concern that were used in chemical processes and stored in
the tanks are tributyl phosphate (TBP), normal paraffin hydrocarbons (NPHs), and methyl
isobutyl ketone (hexone). Other processes also used organic solvents and organic phosphate
extractants. Di(2-ethylhexyl)phosphoric acid diluted with hydrocarbon solvent was used in the
waste fractionation and encapsulation process. The reflux solvent-extraction process used
TBP/carbon tetrachloride [v] and dibutyl butyl phosphonate/carbon tetrachloride for extraction
solvents [vi]. Considerable quantities of hexone were used in the Reduction-Oxidation Process,
the initial solvent-based reprocessing flow sheet at Hanford.

Energetics and reactivity tests performed by Fauske & Associates, Inc. [vii,viii] showed that
complexants and organic salts pose the greatest risk of propagating reactions. Despite the high
potential energy content of test compounds (dodecane, mineral oil, tributyl phosphate, and
sodium di-2-ethylhexyl phosphate, calcium dibutyl phosphate [DBP], and sodium stearate), the
compounds did not ignite when heated with NaM@NO, mixtures. Instead, the solvent

components vaporize away from the ignition source and TBP and DBP decompose, liberating
hydrocarbon gases, before ignition temperatures are attained.On the other hand, the complexants
and low-molecular-weight carboxylic acid salts (e.g., acetate, butyrate, and succinate) have
sufficiently high thermal stability to keep them in contact with an ignition source until melt
temperatures (~200 to 250°C) are attained, and propagating reactions ensue. Therefore, the focus
of concern was on aging of the organic complexants.
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Mechanisms of Organic Aging

Complex mechanisms are involved in the degradation of organic chemicalsin tank wastes. This
section summarizes some pertinent literature on radiolytically and thermally induced reactions.
For a primer on the wide range of chemistry organic reactions that may occur, the report by
Stock and Pederson [ix] is recommended. Passage of ionizing radiation through the wastes
generates highly reactive radicals that either oxidize the organic species directly or induce
production of other radicals that subsequently oxidize the organic species. Little temperature
dependence is observed because the oxidizing radicals react with relatively low energies of
activation. Reaction rates are controlled by the rate of generation of radicals, which is controlled
by the radiation dose rate and the selectivity of the radicals for various organic functionalities.
Products depend on how the radicals attack the organic species and on how the resulting organic
radicals convert to products, e.g., combination with NO, NO,, O,, or oxidation by NO, .

Oxidizing and Reducing Radicals Gener ated by Radiolysis of Wastes

Pathways for radiolytic aging are expected to involve the generation of O  amdd\@ls that,

in turn, attack and oxidize the organic complexants [x]. Although primary intermediates of water
radiolysis are e , H, and OH, Equations 1-4 show that these species will convertaalibids

in wastes that are high in nitrate and nitrite ions.

OH+NQ, - NO,+OH™ (Eq. 1)
H+NO, - NO+OH (Eq. 2)
€ g+ NO; - NO” (Eq. 3)

NOs® (+ H,0) - NO, + 20H™ (Eq. 4)

Essentially all of the electrons are scavenged by nitrate to make the reducing raditalt SO
short-lived, dissociating to NOn less than 15 psec [xd]. The ptor HO is 11.8. In highly
alkaline solutions, HO may convert to O , which also reacts with nitrite to prodyce®NG@t a
rate that is significantly below the diffusion limit.

OH+HO - H,O+0O (Eq. 5)
O +NQ@ (+HO)- NO,+20H (Eq. 6)

Reactions of O  with many organic species have rate constants that are equal to or greater than
the rate constant for reaction with nitrite ion [xi,xii]. Thus, the radiation-induced degradation of
organic complexants is expected to be dominated by reactions of O  amdtiN@rganic

species.

Quenching reactions exist for N@nd NO, namely recombination and hydrolysis to nitrate and
nitrite ion, as shown in Equations 7 and 8. Overall rate constants for Equations 7 and 8 are about
106® M*st [xiii,xiv].
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2NO, = N,O4 (+ 20H )= NO,  +NQ +HO (Eq. 7)

«—

NO, + NO - NyO3(+2OH )- 2NO, +HO (Eq. 8)

The oxidation potential of NO (E°~-0.35 V) [xv] is not great enough for it to oxidize organic
species. N@is a much better oxidizing agent (E=1.0 v) [xv]. However, since reactions 7 and 8
are bimolecular in NQradicals, rates of N{attack on organic substrates need not be large. As
we show later, rate constants on the order of 1sMwill be sufficient. Given the moderate-to-
low dose rates common to single-shell tank wastes [xvi], steady-state concentrationsaoé NO
much lower, so oxidation of organic species should be more efficient.

Thermal Aging of Organic Complexants

Workers at the Georgia Institute of Technology [xvii,xviii] studied the thermal reactions of the
major complexants in aqueous solutions. The studies show that citrate degrades to acetate and
oxalate in the presence of hydroxide alone. glycolate and HEDTA degradations require nitrite

and are catalyzed by aluminum and hydroxide ions, and EDTA is essentially inert. The reaction

of citrate produced little gas and was not catalyzed by aluminate. Therefore, the reaction can be
formulated “classically” as a “reverse Claisen” reaction. The overall reaction (Equation 9) shows
that 2 C-C bonds are converted to 2 C-H bonds and a C=0 bond. Consequently, the enthalpies of
the organic species change little.

HOC(CQ™ )(CHCO, ), + H,O + OH - 2 CHCO, +  GCCO,~ (Eq. 9)

The thermal oxidation of glycolate and HEDTA is a complex reaction for which the fundamental
mechanism is unknown. The oxidation kinetics is complex. Inhibition®n@ autocatalysis

has been observed. Ashby et al. proposed the mechanism by which aluminum catalyzed the
nitrosation of alcohol functional groups. However, Camaioni and Autrey [xix] have ruled out this
mechanism, showing that aluminate ion does not catalyze nitrosation of primary alcohols such as
ethanol and glycolate.

RESULTS

Accelerated waste aging studies were performed to explain waste-characterization data and
determine the effect of organic aging on combustion hazards of high-level wastes (HLWS).
These studies simulated waste aging-byadiating non-radioactive waste simulants. The

studies included work with simple homgeneous simulants containing 1 or 2 organic components
in concentrated alkaline solutions of nitrate and nitrite as well as complex simulants that
contained the majority of organic chelators and a mix of inorganic components that predominate
in the wastes. Results from the former are described first.

Radiolytic Aging of Organic Species

Table | shows the relative rate constants for disappearance of the major complexants and
remnant molecules in simulant solutions during radiolysis. These were obtaipaddolating
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aseries of solutions that contained complexant and formate-**C. After irradiation, the solutions
were analyzed by nuclear magnetic resonance (NMR) to obtain the change in concentration of
complexant relative to the yield of carbonate-*C.

Table I. Relative Rates of Disappearance of Organic Chemicals in
Waste Simulant$? by y Radiolysis

Substrate® Kee SQubstrate Kee
u-EDDA 13 Glycine 7
s-EDDA 13 Glycolate 5
IDA 12 EDTA 6
NTA 10 | Formate 1©
HEDTA 14 Citrate 0.7

Acetate 0.7

(& In3.75M NaNQ;, 1.25 M NaNO,, 2 M NaOH and at 20°C. (b) u-
EDDA = unsymetrical ethylenediaminediacetic acid, s-EDDA =
symetrical ethylenediaminediacetic acid, iminodiacetic acid (IDA),
nitrilotriacetic acid (NTA). (c) Defined value.

The results show that glycolate and nitrogen-containing complexants are more reactive than

formate by factors of 5 to 20. Compounds such as citrate and acetate are slightly less reactive

than formate. Preliminary work on DBP, butyrate, and succinate suggest these compounds have
reactivities similar to acetate and citrate. The reactivities of ethylenediaminetriacetate (ED3A)

and ethylenediaminemonoacetate (EDMA) have not been measured, but by analogy to related
compounds, smilarly high reactivity is expected.

Table Il shows results of a study of the radiolytic yield of carbonate from formate in the

simulants. The yield increases with the concentration of formate, reaching a maximum val ue of

~2 molecules/100 eV. Meisdl et a. [xa] described a chemical kinetic model for radiolysis of

alkaline solutions of nitrate and nitrite. This model was adapted by adding reactions necessary to
describe the oxidation of formate [i]. Results for the model are compared with experimental
observationsin Tablell.

Table Il also lists estimates of the fraction of carbonate resulting from attack by OH, H, O and

NO,. The model shows that O  is the dominant oxidant of formate in the high radiation fields
used in the experiments. However, the dose rates in tank waste are much smaller; in range
between 18to 1¢ Rad/h [xvi].The last line in

Table Il shows that reducing the dose rate increases the yield of carbonate and the fraction of
oxidation by NQ. This behavior is expected since Néxidation of formate competes with
second-order radical recombination reactions.
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Table 1. Yields and Fractions of Carbonate lon Produced from H, OH, O , and N
During y-Radiolysis of HLW Simulants® Containing Formate lon

Concentration| Dose G(COs”) | % Distribution of COs*
M Rate
OH | HCQ | Rad/h| Model Expt OH Q@ NOH
2 0.1 1x10° | 1.0 | 0.8 |4 92 [3 1
2 1.0 1x10° | 21 | 2.0 [15 71 |9 4
0.1 0.1 1x10° | 0.3 32 51 (14 | 4
2 0.1 1x10* | 1.4 3 74 (22 1
2 0.1 1x10° | 1.8 2 56 |42 1

(@ Simulant: 1.25 M NaNO,, 3.75 M NaNOs, 2 M NaOH; experimental
dose rate was 0.5 x 10° Mrad/h.

Products of Degradation

When possible, products from competition experiments were identified from the chemical shifts
of NMR peaks that appeared after yirradiation (Table Il1). Irradiated, oxidized samples were
spiked with authentic materials to corroborate assignments (see Table I11) based on chemical
shift information. The chemical shifts of compounds of interest depended on ionic strength such
that they had to be specifically determined for the highly caustic and high-ionic-strength
solutions used in these studies.

Formate was almost always a significant product. More than two moles of formate are produced
per mole of EDTA consumed, ~1 mole formate is formed per mole of glycolate consumed, and
for citrate, acetate, and HEDTA, ~0.5 mole formate is formed per mole of species consumed.
Oxalate is aso produced and presumably carbonate.

The pathway for NTA degradation is better understood. Readily identifiable products are IDA,
glycine, and formate. In one experiment, 45% of the starting NTA remained, 17% was IDA, and
29% was glycine. These products accounted for 91% of the nitrogen originally present in NTA.
We presume the missing N is due to inorganic N, including NH3. This progression of productsis
consistent with the reactivities measured for NTA, IDA, and glycine by competition with
formate-*C (see TableI). Theyield of formate-'“C was 83%, which suggests that cleavage of
R:NCH,CO, by oxidative decarboxylation is a significant pathway for NTA and IDA.

The major products of EDTA radiolysis besides formate are ED3A, s-EDDA, and NTA. Peaks in
the “after radiolysis” proton NMR spectrum consistent with products such as IDA, glycine, u-
EDDA, and glycolate were identified. Resonances for hydroxyethyl groups such as HEDTA
were not observed in the NMR spectra.
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Table 11l. Products Identified by NMR from Radiolytic Oxidation of Complexants
in Nitrate/Nitrite/Hydroxide Solutions ©

Substrate | Rel. Amt. Positively Identified® Possibly Present | Not Present®

EDTA maj or ED3A, ssEDDA, IDA, Formate HEDTA
minor Acetate, Glycolate, Glycine | u-EDDA, NTA®

HEDTA major s-EDDA, IDA, Formate NTA® EDTA, ED3A
minor Glycine u-EDDA

u-EDDA major IDA, Formate © NTA
minor Glycine

S-EDDA maj or IDA, Formate EDMA
minor Glycine ©

NTA major IDA, Formate
minor Glycine

IDA maj or Glycine, Formate

(a) In all cases, carbonate (and oxalate) is assumed to be a product based on the results with **C labeled
glycine. In addition, almost all substrates yielded trace amounts of glycolate and acetate upon prolonged
radiolysis. (b) Assigned based on proton and **C NMR experiments. (c) Proton NMR resonances of
unidentified products are present. (d) NMR resonances of these compounds were not detected.

The EDDA product mixtures contained IDA and formate as the major products. A major product
tentatively identified as EDMA was found in the ssEDDA but not u-EDDA mixture. Glycine was
aminor product, and only trace quantities of acetate and glycolate were formed. No products
other than formate could be identified from the *H NMR spectra of irradiated solutions of citrate,
succinate, butyrate, butanol, and DBP.

Radiolytic Aging of Waste Simulants

Aqging tests were performed using a simulant that was developed for Fauske Associates,
Incorporated (FAI) energetics and reactivity tests [xx]. The simulant, designated SIM-PAS-95-1c
for FY 1996 studies and SIM-PAS-95-1d for FY 1997 studies, is amodified version of the SIM-
PAS-94 simulant, which Scheele [xxi] developed from B-plant chemical inventories and process
flow sheets.

The simulant (Table IV) is a heterogeneous mix of metal oxide/hydroxide precipitates and
agueous solutions containing a variety of inorganic anions, but mainly nitrate, nitrite, and
hydroxide, and the organic complexants, HEDTA, EDTA, citrate, and glycolate. The density is
~1.27 g/mL, and the carbon content is 21 g/L or 4.5 wt% (dry basis). The SIM-PAS-95-1d
simulant has the same components as SIM-PAS-95-1c, although the concentration of EDTA was
lower, and the concentration of glycolate was higher.
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Table IV. Composition of Simulant

Soecies mg/g Soecies | mg/lg | Species mg/g
HEDTA® |17 A% 1.5 ca* |0.08
EDTA* 3.1 F 1.3 Mn® | 0.07
Citrate™ 17 Pb** 1.1 crt | 0.04
Glycolate |11 PO,~ 0.5 Cl 0.004
NO;s 109 Sg 0.5 Pd" |0.003
Na’ 107 BF 0.4 RK* | 0.003
OH 39 ce** 0.4 Ru* |0.003
NO, 38 Ni* 0.1 H,O |640
Fe’ 2.6

Aging tests were performed over a variety of radiation doses, temperatures, and cover gas

compositions of either pure Ar or 20/80 O,/Ar. The simulant was also heated at 90°C for up to

eight months under cover gases that started out as either pure Ar or 2&B0rG foster

reproducible results, the simulant was prepared before each irradiation by measuring exact
guantities of 3 homogeneous stock solutions into the reactor vessel. The same vessel was used
for each irradiation, and it was placed in the same location relative to the radiation source. The
radiation flux was 810° rad/h. After irradiation, the contents of the vessel were quantitatively
transferred, and analyzed for organic compounds, carbonate, nitrate, and nitrite. In addition,
another sample of the simulant was mixed and then analyzed without having been irradiated. We
present analytical results showing how organic aging is affected by temperature, time, radiolytic
dose, and @in the cover gas. Gases analyzed in the headspace above the aged mixtures include
Ar, Oz, No, N,O, Hy, CO, CQ, and CH.

Effect of Radiation Dose on Aging

Figure 1 shows the disappearance of starting organic species and appearance of oxalate, formate,
and carbonate as a function of radiation dose and time at 70°C. The results show that all the
complexants and their remnants are susceptible to radiolytic degradation. The kinetic lifetimes
obtained from fitting species concentrations to exponential decay functionseg€)=tiggest

that the reactivities of the complexants decrease in the order: HEDTA>EDTA>glycolate >citrate.
Similar results were obtained for runs at 40 and 90°C. The results also show that highly oxidized
products grow in without delay. Nitrate decreases with increasing dose, while nitrite and
ammonia increase. And, gaseous producisNeD, and N accumulate in the headspace above

the aged simulant. These reaction products are all consistent with radiolysis-induced redox
chemistry in which organic species are reductants and radiolytically generated species (O and
NO,) are oxidants.

The amounts of missing carbon goes through maximum values of ~25 and ~15% at ~100 Mrad
at 70 and 90°C, respectively. The lower amounts of missing carbon in 90°C experiments are
probably due to the more rapid consumption of intermediate compounds and the fact that less
EDTA was used in the simulant. Carbonate production at 90°C is nearly twice as fast as at 70°C
(see Figure 1). The disappearance of carbon in starting species appears biexponential at 70° and
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exponential at 90°C. This behavior may be due to the higher fraction of glycolate in the 90°C,
PAS-95-1d simulant.
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Figure 1. Disappear ance of Complexants and Appearance of Productsin a Radiation Field
of ~3x10° rad hr™* at 70°C; headspace gas is initially 20/80Ar.

Effect of Temperature on Radiolytic Aging

Aging tests were run at 40, 70, and 90°C to evaluate the effect of temperature on radiolytic

aging. Table V lists results for samples that receywedses of 40 to 50 Mrad. The effects on
disappearance of the chelators seem small and may be masked by experimental scatter. Amounts
of glycolate, citrate, HEDTA, and EDTA found at 40 and 70°C are similar. At 90°C, less

glycolate is present compared to 70°C, but the amounts of HEDTA and citrate present at 90°C

are greater than at 70°C. The formate, oxalate, and carbonate products show a trend of increasing
yield with increasing temperature. The results imply that rates of disappearance of chelators are
controlled by the intensity of the radiation field (i.e., dose rate), whereas formation of products
depends on thermally activated “ionic” processes (e.g., hydrolyses) that convert intermediates to
end products. Consistent with this view, the fraction of unidentified carbon (subtract total carbon
values in lines 2, 3, or 4 from line 1, Table V) decreases with increasing temperature. Gas
analyses show an increase in the yield pbH going from 70 to 90°C.
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Table V. Effects of Temperature on Radiolytic Aging of SIM-PAS-95-1d Simulant

T, Dose Reactants/Products, mg C/g
°C, Mrad
For- | Oxa-| Gly- | Citrate| HEDTA| EDTA| C& | OrgC | Total
mate | late | colate
20°,0 0.00| 0.00 3.7 5.6 6.5 0.80 0.1§ 16,5 16.7
40°, 43 0.14| 0.34 3.3 4.7 1.9 036 1.1 10,8 12.0
70°, 47 0.21 | 0.41 3.3 5.0 1.8 038 14 110 12.5
90°, 50 0.52| 1.0 2.7 5.7 2.6 037 1.7 129 14.7

The yield of B increases from G~0.03 at 40°C to G~0.1 at 90°C. A similar trend,for H

production was noted in radiolytic aging of simulant SY1-SIM-94C [xxii]. This trend may

indicate that reaction paths te-dHroducing aldehyde intermediates are favored by higher
temperatures. Formaldehyde and glyoxal degrade in alkaline solutions with irradiation producing
[xxiii,xxiv]. Finally, we mention that yields of fHare relatively unaffected by either the presence

or absence of £n the headspace gas or Fe in the simulant.

Thermal Aging of the Simulant

Figure 2 shows how the organic composition of the simulant changed with time at 90°C in the
absence of radiation. Note that the time scale for thermal aging (Figure 2) is significantly

longer than that for radiolytic aging (Figure 1): 120 days in the former; 20 days in the latter.

Even after heating for three months at 90°C, negligible EDTA has reacted. Thus, the degradation
of organic species observed is mainly caused by radiolysis.

Figure 2 also shows the effect of havingi®the headspace above the simulant. Wheis O

initially present glycolate decreases, rapidly consuming about 20% of the initial amount. Then
the decrease is gradual. Thgi®the cover gas was maximally 0.2 mmol. There was 2.5 mmol
of glycolate in condensed phase. Cover gas analyses showed that 71%_oivdscOnsumed

after 1236 hours at 90°C. This probably is why consumption of glycolate (0.19 M at t=0) slowed
down after 20% was consumed. In the absence,djl¢xolate degradation appears to be
autocatalytic or initially inhibited. Effects of,@n citrate and HEDTA disappearance rates are
negligible. The effect on carbonate production is more pronounced: carbonate formsanearly

as fast in the presence of. EDTA reactivity does not appear to be different, although heated
samples in either case were routinely found to contain ~30% higher concentrations of EDTA
than were measured in unaged samples of the simulant. Reasons for this anomalous behavior
are unknown. One possibility is that degradation products of HEDTA interfered with EDTA
analyses.

Headspace gas analyses were obtained from samples that had been heated for 1330 and 2330
hours respectively. The analyses show th& Bind H were generated at comparable rates

when Q was initially present, but XD was generated faster thapwhen Q was initially

absent. Similar observations about the effects,afrOgas production have been reported for
simulants [xviii] and real wastes [xxv]. However, our observations of the effects on organic
aging contrasts with recent observations for HEDTA in a much simpler simulant (sodium nitrite,
aluminum hydroxide, sodium hydroxide) in which consumption of HEDTA was inhibited by O
[xviiib].
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Figure 2. Disappearance of Starting Organic Compounds and Appearance of Products
Versus Time at 90 °C in the Absence gfRadiation; key: (filled symbols) headspace gas
initially 20/80 O2/Ar, (open symbols) headspace gas initially 100% Ar

The relative reactivities of organic species towards thermal degradation are significantly
different than those observed for radiolytic aging. Thermal rate constants for disappearance show
the following trend (relative reactivities in parentheses):

Glycolate(1.6) > HEDTA(1.1) ~citrate(1) >> EDTA(<<1).
Whereas radiolytic reactivities (see Table 1) decrease in the order:
HEDTA( 8.6) > EDTA (7.1) > glycolate (1.5) > citrate (1)

Thermal reactivities of citrate and EDTA are the inverse of their radiolytic reactivities. Under
actual tank waste storage conditions, radiolytic dose rates are ~1000 times smaller than those
used to obtain the results shown in Figure 1. Therefore, the time to achieve similar doses in tank
wastes will be about 1000 times longer; i.e., severa decades. Tank waste storage times are about
100 times (17 years = 6200 days) longer than times shown in Figure 2. Thus, thermally activated
processes may contribute to organic aging of tank wastes and cause complexants to age more
uniformly than might be indicated by Figure 1. The results suggest that lifetimes and aging rates

of organic complexants will strongly depend on the radiolytic and thermal history of individual
tank wastes.
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DISCUSSION

We focus our discussion on applying the above results and literature information to understand
aging of tank wastes. We start by reviewing analytical data of actual wastes. Then we discuss the
key factors that control rates of aging and we go on to estimate the contributions that radiolytic
and thermal aging have made and are likely to make in the future toward reducing the organic
carbon and energy content of organic tank wastes.

Organic Species Found in Tank Wastes

The preceding sections show that oxalate ion is a product of organic aging. Oxalate ion and TOC
concentrations have been measured on samples from 52 single-shell waste storage tanks (SST).
The data have been compiled in the Organic Complexant Topical Report [iii]. The resultsfor 7
tanks are inconclusive; the TOC concentrations are below 0.1% in 13 tanks; the results for the
other 32 are shown in Table VI. Seven SST's had oxalate concentrations sufficient to account for
more than 75% of the TOC (Tanks BY-109, BY-102, BY-105, BY-107, BY-110, BY-111, BY-
112, and C-106); 18 tank wastes had oxalate concentrations sufficient to account for 25 to 75%
of the measured TOC (Tanks A-101, AX-101, AX-103, BX-110, BY-101, BY-104, BY-108,
BY-110, S-101, S-102, S-106, S-107, SX-101, SX-106, S-111, U-107, and U-108). Seven tanks
had less than 25% of the TOC identified as oxalate (Tanks A-102, AX-102, C-104, C-105, U-
102, U-105, and U-106).

Samples from a number of waste tanks have now been speciated for organic compounds. In
genera, the analyses clearly show the wastes have aged to the same compounds found in aging
studies performed here and at Georgia Tech [xvii]. Some tanks have significant TOC that is not
oxalate, e.g., AX-102, U-105 and U-106. Analyses of samples from these tanks show that the
organic inventory is consistent with partial aging of these wastes. Table VI lists organic results
for several tanks iii]. Theinventory of organic species includes the original complexants, a
variety of intermediate degradation products, formate and oxalate.

The quantitative analyses shown in Table VI and Table VIII are consistent with laboratory aging
studies showing degradation of complexants to chelator fragments and carboxylate salts such as
oxalate and formate. Oxalate ion appears to persists in the wastes, attaining higher concentrations
than formate and many other aging intermediates. Oxalate ion probably has low reactivity
compared with the chelators and other fragments. Also, the solubility of oxalate ion in tank waste
supernates is very low [xxvi]. Since oxidation of the organic species mainly occursin the
agueous solution phase, these conditions favor the accumulation of oxalate ion in the solid
components of the wastes.
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Table VI. Fractions of TOC that are Oxalate in Tank Wastes [iii]

Tank TOC %TOC Tank TOC %TOC
wt%, wet | as Oxalate wit%, wet | as Oxalate

A-101 0.31 44 BY-112 0.71 96
A-102 111 22 C-104 1.00 11
AX-101 0.62 38 C-106 1.34 >99
AX-102 1.87 12 S101 0.22 52
AX-103 0.52 43 S-102 0.33 57
BX-110 0.15 62 S-106 0.23 58
BY-101 0.48 74 S-107 0.20 67
BY-102 0.33 >99 S111 0.17 71
BY-104 0.67 52 SX-101 0.53 56
BY-105 0.73 95 SX-106 0.39 36
BY-106 0.51 75 U-102 0.74 18
BY-107 0.52 79 U-103 0.64 9

BY-108 0.39 46 U-105 1.23 22
BY-109 0.33 85 U-106 2.16 12
BY-110 0.64 43 U-107 0.18 38
BY-111 0.55 86 U-108 0.42 27

TOC concentrations are mean values calculated from the best basis inventory
and % carbon as oxalate ion evaluated from inventory or sampling data.

Radiolytic Contribution to Organic Aging in Tank Wastes

Rates of radiolytic aging are primarily governed by the dose rate. It determines the rate of
production of oxidizing radicals. Complex computer models are needed to describe the details.
However, the overall effects on energy content can be understood and quantified with simple
models.

Predicting Radiolytic Aging in Wastes

From datain Figure 1, we found that the energy content and TOC of the PAS-95-1 simulant

declined linearly with accumulated dose. The rates of change in energy are 1.0 JJg/Mrad at 40

and 70°C, and 1.3 J/g/Mrad at 90 °C, and in terms of TO®1@%32.0<10°, and 3.210° wt%

C/Mrad at 40, 70, and 90°C, respectively. The rates provide a means for estimating the change in
energy/organic content of waste due to absorbed radiation dose. From fundamental principles,
one can estimate comparable rates of aging.

Typical values for oxidation reactions of complexants are summarized in Table VII. In general,
we find that the aging coefficients for reactions cluster between 0.3 and 1.6 J/g/Mrad with values
of ~1 predominating.
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Table VII. Changes in Nitrate Reaction Enthalpies Due to Aging Reactions

Reaction Type ?7H; Aging Coefficient.
kJ/maol (J/g/Mrad)

G=2 G=3
R,NCH,-CH.,NR, - 2HCO, + RNH -540+60 1.1 1.6
R,NCH,-CH,NR, - R.NCH,CO, + RNH -410+30 0.8 1.2
R,NCH,CO, - R,NH +HCO, +CQ~ -330+207 0.7 1.0
R,NCH,CO, - R,NH + C,0,~ -350+20% 0.7 1.1
HOCH,CO, - C,0,” or HCO, +CQ” -330 0.7 1.0
HCO, or GO,” - 1or2 CQ~ -170+10 0.3 0.5

(a) Valuefor sodium salt of glycineis ~50% greater than average

Contributions to radiolytic aging up to the present and into the future can be estimated with

knowledge of the waste dose rates. Stauffer [xvi] reports current y dose rates, historical y doses,

and past and current temperatures for SST wastes. For many tanks, contributions from *Sr, a8

emitter, are negligible. However, in tanks with high Sr sludge loading, contributions to the dose

rate from *°Sr are significant. Stauffer’s data [xvi] is conservative for these tanks. For example,
the total dose rated in tank AX-102 (TOC ~5.7 wt% C, wet), is ~2300 rad/h, 7-fold greater than
they dose rate [xvi]. Best-basis inventories¥8r and*’Cs are listed in the Tank Waste

Inventory Network System (TWINS) [xxvii]. This data can be used to obtain finer estimates of
aging rates in tanks that contain high Sr sludge loadings.
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Table VIII. Analyses of Organic Species (wt%) in Tank Waste Samples [iii]

Tank Sample Acetate | Citrate | Glycolate | Formate | Oxalate | epta” | HEDTA® | IDA” | NTAY | TOC
A-101 C154 S10 UH 0.2 0.3 3.8 0.02 1.2
A-102 96-AUG-3 0.2 0.1 0.2 14 1.0
AW-101 C139 S21 UH 0.09 0.02 0.05 0.1 1.0 0.006 15
AX-102 95-AUG-007 0.5 0.8 0.5 1.8 0.3 0.1 12 3.5
B-106 C93 S1 UH 0.003 0.01 0.2
BY-102 C157 4 0.01 0.004 6.8 1.9
BY-104 C116 SLG 3.0 5.4 1.8
BY-105 C108 S1 DL 0.1 0.2 0.09 0.2
BY-107 C161 S1 0.14 0.06 2.6 0.9
BY-110 C101 S7 0.09 0.04 9.5 2.1
BY-110 C103 $4 UH 0.04 3.7 0.8
BY-110 C113 S8 0.07 0.01 0.04 0.2
C-104 C162 S2 UH 0.3 0.2 0.2 0.9
C-105C76 S1 DL 0.2 0.4 0.05 0.05 0.10 0.4
C-201 TNK COMP 0.1 0.02 3.7 0.11
U-105 C136 S7UH 0.07 04 0.4 0.7 0.8 04 0.5 2.2
U-106 C148 S2UH 0.04 0.6 0.4 0.3 0.5 0.6 0.7 24
U-107 C134SLG 0.04 0.09 0.1 0.2 0.2
U-108 C141 SA UH 0.06 0.2 0.2 0.5 0.1 0.03 0.6
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Thermally-Activated Organic Aging

Non-radiolytic (thermal) decomposition reactions contribute to aging. When tank temperatures

are high, thermally-activated processes can rapidly age the organic constituents. The results for

thermal aging of the PAS-95 ssimulant shows that TOC and energy content decreases with

increasing time of exposure at 90°C. Analytical results show that HEDTA, glycolate, and citrate
were degraded and that carbonate grew in approximately linearly with time. The initial rates of
carbonate production were 0.6 wet wt% C/y in the presence afd0.3 wet wt% Cly in the
absence of © Extrapolated over several years, this rate of production could yield significant
reductions in TOC.

Tank wastes at higher temperatures show more aging than wastes at lower temperatures. For
example, of Tanks A101, AX-102, U-105, and U-106, only A-101 has a significant fraction
(44%) of its TOC as oxalate. The dose rate for U-105, U-106, and A-101 are relatively low.
Stauffer [xvi] estimates the g dose rate for A-101 is 301 rad/h. The amolist af A-101 is ~8
times smaller than the amount'3fCs so that the b dose rate is inconsequential. Stauffer [xvi]
lists the historical temperatures of A-101, AX-102, U-105, and U-106 as 79, 46, 35, and 36°C,
respectively; current temperatures are 66, 27, 34, and 35°C [xvi]. Review of temperature
measurements for U-1@&hows that in or about 1976, U-106 was filled with waste that was only
~50°C; it then cooled rapidly to ~30°C. Under such conditions little thermal aging would have
occurred. The fraction of TOC that is oxalate in U-106 is only 12% (see Table VI). What aging
that has occurred may be attributed primarily to radiolytic effects. Tank A-101 waste was ~80°C
when it was filled; current temperature is ~66°C. Accordingly, a significant fraction (44%) of the
TOC in this waste is oxalate (see Table VI). We conclude that the degree of aging depends
strongly on the temperature history of the waste.

Predicting rates of Aging in High Heat-L oad Waste Tanks

Certain tanks such as AZ-101 and AZ-102 have significant enough radionuclide inventories that
dose rates and temperatures are elevated more than other tanks. These tanks must be actively
ventilated to maintain supernatant temperatures below bulk waste or supernate boiling points. If
active ventilation were interrupted, the wastes could dry out within several years and perhaps
heat these wastes causing bulk runaway reactions. However, if the complexants in these wastes
are substantially aged already, or age rapidly during the time that water is boiled off, then the
propagation hazard will be mitigated.

The results and discussion in previous sections provide information that may be used to estimate
rates of thermal and radiolytic aging for these tanks. The PAS-95 aging experiments performed
with and without irradiation provide baseline data for estimating complexant aging to acetate,
succinate, formate, oxalate, and carbonate. Table IX lists the thermal rate of formation and the
radiolyic yields measured at 90°C. Multiplying the radiolytic yield by the dose rate (Mrad/y)

gives a rate of formation that can be combined with the thermal rate of aging to obtain an overall
rate.
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Table 1X. Radiolytic Yield and Thermal Rates of Formation of Aging
Products from PAS-95 Simulants at 90°C

Aging Product Radiolytic Yield (gC/kg/Mrad) Thermal®
(9C/kgly)
Formate 0.007
Acetate 0.0003 1
Succinate 0.008 5
Oxalate 0.001 3
Carbonate 0.036 2.3

(@) In the absence of O,.

The AZ-101 and AZ-102 wastes may be similar to the PAS-95 simulants, but they certainly are
not identical. Therefore, the ratesin Table IX must be scaled to correct for differences. For
thermal aging, studies [xvii,xxviii] suggest that rates of aging depend on TOC, aluminate,
hydroxide and nitrite concentrations. Also, gas-production rates show large temperature
dependencies with Eg;~ 90 kJ/mol [xvii,xxv,xxix].

As discussed previoudly, the radiolytic rate depends mainly on dose rate and radiolytic yield of
oxidants. If concentrations of organic complexants are sufficiently high, then the yield of
products may approach or even exceed one-half the yield of oxidants. If TOC concentrations are
not sufficiently large to scavenge oxidants competitively with disproportionation reactions
(Equations 5 and 6), then smaller yields may occur.

Table X lists characterization data taken from a quarterly report on the status of double-shell
tank composition [xxx]. Data are provided for liquid and sludge fractions of the wastes, and a
third entry for each tank shows data taken from the best Basis Inventory/Best BasiSTCR Tank
Inventory database. These data are used to obtain average total dose rates and TOC
concentrations for entire tank wastes.

Thermal aging is assumed to occur only in the liquid fraction because the complexants, except
oxalate [xxvi], are very soluble. So the liquid thermal rates are combined with the entire waste
radiolytic rates to obtain the total entire waste aging rate. Because *Sr islargely in the sludge
fraction and *¥'Cs mainly in the liquid fraction, the entire waste-rate estimates effectively
combine the radiolytic effects of both **’Cs and *°Sr decay. For this reason, the rates are higher
than the liquid aging rates. Since the supernates will concentrate over time, these aging rates may
increase as the radionuclides and reactants concentrate.
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Table X. AZ-101 and AZ-102 Characterization Data

Tank Vol [HO| G| TOC | TOC | NO, | AI® | OH™ D5y B’Cs
Waste® | kL | % gL | wt% M M M Cilkg Cilkg
AZ-101-L | 3230]70.7| 222 | 113 | 0093| 135 | 003 | 0.75 0.0011 1.4
AZ-101-S| 132[431]| 148 | 1350 091 139 [ 003 | 075 | 33 15
AZ-101© | 3280 1.22 | 185 15 1.6 1.9
AZ-102-L | 3000|829 111 | 162 015| 065 | 006 | 0.12 0.0017 1.0
AZ-102-S| 357(538]| 141 | 6.35 045 059 | 006 | 0.13 7.0 0.81
AZ-102° | 3360 114 | 17 15 0.97 1.1

() L =liquid; S= dudge. (b) From sample analysis datain the Tank Waste Inventory database. (¢)
Values derived from Best Basis Inventory database, except that specific gravity (SpG) isweighted
average of values for liquid and sludge fractions.

In conclusion, the results suggest that if the wastes were allowed to heat up to boiling, then much
of the existing inventory of TOC would convert to carbonate and oxalate within2to 5y. The
results for AZ-101 sum to ~0.6 g C/kg/y (average of the sum for liquid and entire waste aging
rates to carbonate and oxalate ions) so that the TOC would oxidize in 2 to 3 years. The estimated
drying timefor AZ-101is 4y [iii]. The AZ-102 rates sum to ~0.3 g C/kgly so that the TOC in
this tank would convert to oxalate and carbonate ionsin ~5y. The estimated time for AZ-102 to
dry out [iii] is10y. Therates of conversion to carbonate ion are ~2 times the rates to oxalate ion.
However, the PAS simulant measurements model the disappearance of the more reactive, more
energetic carbon remaining in the waste, i.e., the higher energy carbon of the original
complexants and their immediate remnants such asNTA and IDA. The AZ-101 and AZ-102
wastes are already aged [xxxi,xxxii]. Therefore, if one-third of the TOC is now oxalate, then the
TOC in these tanks may age to equal amounts of carbonate and oxalate ions during the times it
would take the wastes to dry out in the event that active cooling is interrupted. Significant
production of formate, acetate, and succinate is also predicted by the PAS-95 [i]. These
compounds are less reactive thermally [xvii] and radiolytically (see Table 1) than the nitrogen-
containing complexants and their remnants. However, as they build up and more reactive species
disappear, radiolytically-generated oxidants may be expected to degrade these remnants to
oxalate and carbonate ions as well.

CONCLUSIONS

The Waste Aging Studies task has shown that radiation and heat promote redox reactions

between organic compounds (reducing agents) and nitrates/nitrites (precursors to oxidizing

agents) in the wastes. Radiolysis and heating of waste simulants causes conversion of NOs;  to

NO, , N, and NO and probably Nklconcurrent with the disappearance of organic species and
the appearance of highly oxidized fragments of the original species. The observations are
consistent with progressive degradation to species with more C-O bonds and fewer C-H and C-C
bonds, resulting in an overall lower energy content of the organic inventory.

Effects of Aging on Organic Nitrate-Reaction Enthalpies

The simulated-waste aging studies using the PAS-95 simulants show quantitatively that the
energy content of the wastes should decrease because of aging. The energy content of the
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simulants declined steadily with increasing radiolytic dose; a radiation dose of 100 Mrad at 70°C
decreased the energy content of the waste simulant by ~25% from a starting value of ~1300 J/g
dry simulant. Much of the remaining enthalpy is due to undegraded glycolate, citrate, and
chelator fragments. We also established that the decline in energy content is temperature
dependent, declining more rapidly at 90°C than at 40 or 70°C. Aging occurs at a much slower
rate in the absence of radiation, but for long storage times at elevated temperatures, certain
species, namely HEDTA, citrate, and glycolate, are susceptible to thermal degradation [xxviii,
xvii, xviii]. The results suggest that lifetimes and aging rates of organic complexants strongly
depend on radiolytic and thermal histories. This partly explains the tank-to-tank variations in
organic aging (based on organic analyses) observed in actual waste samples (see Tables Table VI
and Table VIII).

TOC measurements have been obtained from a significant number of tank wastes. These results
have been used to screen for tanks that could have sufficient fuel to undergo propagating

proportionality factor, i.e.,
AH, (kJ/g waste) = TOC (mg/g waste\H (kJ/g C) (Eq. 10)

Presently, the conversion factor is taken to be the reaction enthalpy of sodium acetate. Our PAS-
95 simulants aging tests suggest that the actual conversion factor decreases as a consequence of
aging. Recent analytical data (see Tabl) Yor actual waste samples enables thaction

enthalpy of the samples to be calculated. We estimated the enthalpies per gram of carbon in the
samples and found that the energy was only ~70% of the energy for pure acetate. Thus, as
currently used, TOC is a conservative and therefore a useful initial screen for problem tanks.

M echanistic Under standing of Organic Aging

Mechanistic and kinetic results of Waste Aging Studies corroborate the hypothesis [x] that NO

Is the dominant radical responsible for radiolytic oxidation of complexants. We note that the
reactivities of citrate, glycolate, EDTA, and HEDTA measured in simple homogeneous

simulants are comparable to those observed in the more complex heterogeneous simulants
studied (see Table IV and Figure 1). This suggests that the same oxidizing species are acting in
homogeneous and heterogeneous systems. The modeling results for formate and glycine suggest
that the oxidizing species in alkaline systems are primarily @ O . However, under

conditions likely to be encountered in actual wastes, i.e., low dose rates, the dominant oxidizing
species is N@(see Table 11).

The modeling effort provides the first measurements of rate constants for reactionsvatiNO
carboxylates and complexants. The absolute rate constant for formate is'si@nd, for

glycine, 70 M's™. The ratio of these rate constants agrees well with the relative reactivities listed
in Table I. Thus, rate constants for the other complexants may be estimated from newly
determined relative rate constants.

The multiple roles that nitrite plays are noteworthy. Firstly, it reduces OH/O  and forims NO
Secondly, nitrite ion combines with organic radicals, thereby facilitating the conversion of
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complexants to simple innocuous products such as oxalate, formate, and carbonate. Absent this
step, the products from compl exants would be complicated, and perhaps more troublesome
issues would be raised for storage, retrieval, and pretreatment activities. Lastly, nitriteaso is
required for thermal degradation of complexants.

Finally, although the safety issue surrounding safe storage of organic wastesis closed, studies
[xxxiii] that elaborate the fundamental science continue under the Environmental Management
Science Program because of the impact that increased understanding can have on other issues
that involve high-level organic mixed wastes. These issues include the resolution of flammable
gas safety issues and answers to questions about the impact of organic chemicals on retrieval and
pretreatment activities.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the effort over the years of Pacific Northwest National
Laboratory staff W. D. Samuels, J. C. Linehan, AK Sharma, S. T. Autrey, M. A. Lilga, M. O.
Hogan, S. A. Clauss, K. L. Wahl, and J. A. Campbell for their able and dedicated contribution to
the research summarized in this document. The authors also thank Leon Stock (Portland,
Oregon) and Dan Meisel (Notre Dame Radiation Laboratory, Notre Dame, Indiana) for helpful
discussions. Pacific Northwest National Laboratory is operated for the U.S. Department of
Energy by Battelle under Contract DE-AC06-76RLO 1830.

REFERENCES AND NOTES

i. Camaioni D.M., W.D. Samuels, J.C. Linehan, SA. Clauss, A.K. Sharma, K.L. Wahl, JA.
Campbell. 1998. Organic Tanks Safety Program Waste Aging Studies Final Report. PNNL-
11909 Rev 1, Pacific Northwest Laboratory, Richland, Washington.

li. Thereader isdirected to the Organic Tanks Safety Program Waste Aging Studies Final
Report [i] and references cited therein for a full account of work performed and supporting
details of information presented here.

iii. Meacham J.E., A.B. Webb, N.W. Kirch, JA. Lechelt, D.A. Reynolds, G.S. Barney, D.M.
Camaioni, F. Gao, R.T. Hallen, and P.G. Heasler. 1998. Organic Complexant Topical
Report. HNF-SD-WM-CN-058 Rev. 2, DE& S Hanford, Richland, Washington.

iv. Allen G.K. 1976. Estimated Inventory of Chemicals Added to Underground Waste Tanks,

1944 Though 1975. ARH-CD-610B, Atlantic Richfield Hanford Company, Richland,
Washington.

v. Cleveland J.M. 1967. “Plutonium recovery and waste didgd3aitonium Handbook, Vol.
Il, OJ Wick, ed. Gordon and Breach, Science Publishers, New York.

vi. Kingsley R.S. 1965olvent Extraction Recovery of Americium with Dibutyl Butyl
Phosphonate. RL-SEP-518, Hanford Atomic Products Operation, Richland, Washington.

vii. (a) Fauske H.K. 1995. Summary of Laboratory Scoping Tests Related to Organic Solvents
Combustion by Nitrate Oxidation and Organic Solvent Ignitability. Fauske & Associates,
Burr Ridge, lllinois. (b) Fauske H.K. 1998n Update of Requirements for Organic-Nitrate
Propagating Reactions Including RSST and Tube Propagation Test Results with Smulants.
FAI/96-48, Fauske & Associates, Burr Ridge, lllinois. (c) Fauske H.K. and M. Epstein.
1995.The Contact-Temperature (CTl) Criteria for Propagating Chemical Reactions



WM’'00 Conference, February 27 — March 2, 2000, Tucson, AZ

viil.

Xi.

Xii.

Xiil.

Xiv.

XV.

XVi.

XVii.

XViil.

Including the Effect of Moisture and Application to Hanford Waste. WHC-SD-WM-ER-
496 Rev 0, Westinghouse Hanford Company, Richland, Washington.
Webb A.B., J.L. Stewart, D.A. Turner, M.G. Plys, G. Mainovic, J.M. Grigsby, D.M.
Camaioni, P.G. Heasler, W.D. Samuels, and J.J. Toth. 1995. Preliminary Safety Criteria
for Organic Watch List Tanks at the Hanford Ste. WHC-SD-WM-SARR-033 Rev. 0,
Westinghouse Hanford Company, Richland, Washington.
Stock L.M. and L.R. Pederson. 1997. “Chemical Pathways for the Formation of Ammonia
in Hanford Wastes,” PNNL-11702 Rev. 1, Pacific Northwest National Laboratory,
Richland, Washington.
(a) Meisel D., H. Diamond, E.P. Horwitz, M.S. Matheson, M.C. Sauer Jr, J.C. Sullivan,
F. Barnabas, E. Cerny, and Y.D. Cheng. 198&&diolytic Generation of Gases from
Synthetic Waste. ANL-91/41, Argonne National Laboratory, Argonne, lllinois. (b) Meisel
D., H. Diamond, E.P. Horwitz, M.S. Matheson, M.C. Sauer Jr, and J.C. Sullivan. 1991.
Radiation Chemistry of Synthetic Waste. ANL-91/40, Argonne National Laboratory,
Argonne, lllinois. (c) Meisel D., C.D. Jonah, S. Kapoor, M.S. Matheson, and M.C. Sauer
Jr. 1993 Radiolytic and Radiolytically Induced Generation of Gases from Synthetic
Wastes. ANL-93/43, Argonne National Laboratory, Argonne, lllinois. (d) Meisel D., A.
Cook, D. Camaioni, and T. Orlando. 1997. “Chemistry, Radiation, and Interfaces in
Suspensions of Nuclear Waste Simulanftibtoel ectrochemistry, K Rajeshwar, L.M.
Peter, A. Fujishima, D. Meissner, M. Tomkiewicz, eds. The Electrochemical Society Pub.,
97-20:350-7.
Neta P. and R.H. Schuler. 1975. “Rate Constants for the Reaction of O Radicals with
Organic Substrates in Aqueous Solutiod.Phys Chem 79:1-6.
Buxton G.V., W.P. Greenstock, W.P. Helman, and A.B. Ross. 1988. “Critical Review of
Rate Constants for Reactions of Hydrated Electrons, Hydrogen Atoms, and Hydroxyl
Radicals (OH/O ) in Aqueous Solutiod.’Phys. Chem. Ref. Data, 17:513.
Lee Y.-N., and S.E. Schwartz. 1981. “Reaction Kinetics of Nitrogen Dioxide with Liquid
Water at Low Partial PressureJ’Phys Chem, 85:840-848.
Park J.-Y. and Y.-N. Lee. 1988. “Solubility and Decomposition of Kinetics of Nitrous Acid
in Aqueous Solution.”J Phys Chem 92:6294-6302.
Stanbury D.M. 1989. “Reduction Potentials Involving Inorganic Free Radicals in Aqueous
Solution.” Adv Inorg Chem 33:69-138.
Stauffer L.A. 1997Temperature and Radiation Dose History of Sngle-Shell Tanks. HNF-
SD-WM-TI-815, Lockheed Martin Hanford Corporation, Richland Washington.
Ashby E.C., A. Annis, E.K. Barefield, D. Boatright, F. Doctorovich, C.L. Liotta, H.M.
Neumann, A. Konda, C.-F. Yao, K. Zhang, and N.G. Duffie. 199ahetic Waste
Chemical Mechanism Sudies. WHC-EP-0823, Westinghouse Hanford Company, Richland,
Washington.

(a) Barefield E.K., D. Boatright, A. Deshpande, F. Doctorovich, C.L. Liotta, H.M.
Neumann and S. Seymore. 198%&echanisms of Gas Generation from Smulated SY Tank
Farm Wastes: FY1994 Progress Report. PNL-10822, Pacific Northwest Laboratory,
Richland, Washington. (b) Barefield E.K., D. Boatright, A. Deshpande, F. Doctorovich,
C.L. Liotta, H.M. Neumann, and S. Seymore. 1996chanisms of Gas Generation from
Smulated SY Tank Farm Wastes: FY1995 Progress Report. PNNL-11247, Pacific
Northwest Laboratory, Richland, Washington.



WM’'00 Conference, February 27 — March 2, 2000, Tucson, AZ

xix. Camaioni, D.M, and S.T. Autrey. 2000. ACS Symposium Series on the First
Accomplishments of the Environmental Management Science Program, to be published.

xX. Carlson CD and H Babad. 1996. Test Plan for Fauske and Associates to Perform Tube
Propagation Experiments with Smulated Hanford Tank Wastes. PNNL-10970 Rev 1,

Pacific Northwest National Laboratory, Richland, Washington.

xXi. ScheeleR.D., J.L. Sobolik, RL Sell, and L.L. Burger. 1995. Organic Tank Safety Project:
Preliminary Results of Energetics and Thermal Behavior Studies of Model Organic Nitrate
and/or Nitrite Mixtures and a Smulated Organic Waste. PNNL-10206, Pacific Northwest
Laboratory, Richland, Washington.

xxii. Camaioni D.M., W.D. Samuels, J.C. Linehan, SA Clauss, A.K. Sharma, K.L. Wahl, and
J.A. Campbell. 1996. Organic Tanks Safety Program FY96 Waste Aging Studies. PNNL-

11312, Pacific Northwest Laboratory, Richland, Washington.

xxiii. Ashby E.C., F. Doctorovich, C.L. Liotta, H.M. Neumann, E.K. Barefield, A. Konda, K.

Zhang, and J. Hurley. 1993. “Concerning the Formation of Hydrogen in Nuclear Waste.
Quantitative Generation of Hydrogen via a Cannizzaro Intermediaéeri’Chem Soc
115:1171.

xxiv. Karpoor S., F.A. Barnabas, M.C. Sauer, Jr., D. Meisel, and C.D. Jonah. 1995. “Kinetics
of Hydrogen Formation from Formaldehyde in Aqueous Solutiords Phys. Chem.
99:6857-6863.

xxv. Person J.C. 199&ffects of Oxygen Cover Gas an NaOH Dilution on Gas Generation in
Tank 241-Sy-101 Waste. WHC-SD-WM-DTR-043, Westinghouse Hanford Company,
Richland, Washington.

xxvi. Barney G.S. 1993 he Solubilities of Sgnificant Organic Compoundsin HLW Tank
Supernate Solutions. WHC-SA-2565-FP, Westinghouse Hanford Company, Richland,
Washington.

xxvii. TWINS 2 database is on the World-Wide Web (http://twins.pnnl.gov:8001/).

xxviii. Delegard C.H. 1987dentities of HEDTA and Glycolate Degradation Productsin
Smulated Hanford High-Level Waste, RHO-RE-ST-55P, Rockwell Hanford Operations,
Richland, Washington.

xXiX. Pederson L.R. and S.A. Bryan. 199&tus and Integration Studies of Gas Generation in
Hanford Wastes. PNNL-11297, Pacific Northwest National Laboratory, Richland,
Washington.

xxx. Stauffer L.A. September 2, 1997. “Double Shell Tank Composition Status—Quarterly
Report.” Interoffice Memo 74650-97-013, Lockheed Martin Hanford Corporation,
Richland, Washington.

xxxi. During sludge characterization and washing tests on AZ-102, TOC was noted to be five
times higher in the sludge than in the supernate [xxxii]. Indeed, characterization data [xxx]
compiled in Table X shows that a disproportionate amount of TOC appears in the sludge
fractions: AZ-101 sludge is 5% of the waste mass, but contains 33% of the TOC; AZ-102
sludge is 13% of the waste mass, but 32% of the TOC. Considering the low solubility of
sodium oxalate [xxvi] in supernates, it is probable that the TOC in the sludge is mainly
oxalate, which would indicate that significant aging of the complexants in these wastes has
already occurred.

xxxii. D.L. Herting. 1995Caustic Washing of Sudge Samples from Tank AZ-102. Internal
Memo 75764-PCS95-086, Westinghouse Hanford Company.
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XXXili. Camaioni, D. M., “Mechanisms and Kinetics of Organic Aging in High-Level
Nuclear Wastes,” Environmental Management Science Program project no. 65408.



