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process disclosed, or represents that its use would not infringe privately owned rights. Refer-
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ABSTRACT:

The underground storage tanks at the Hanford Complex contain wastes generated
over many years from plutonium production and recovery processes, and mixed
wastes from radiological degradation processes. The chemical changes of the
organic materials used in the extraction processes have a direct bearing on several
specific safety issues, including potential energy releases from these tanks. The major
portion of organic materials that have been added to the tanks consists of tributyl
phosphate, dibutyl phosphate, butyl alcohol, hexone (methyl isobutyl.ketone), normal
paraffin hydrocarbons (NPH), ethylenediaminetetraacetic acid (EDTA),
hydroxyethylethylenediaminetriacetic acid (HEDTA), other complexants, and lesser
quantities of ion exchange polymers and minor organic compounds. A study of how
thermal and radiologicai processes that may have changed the composition of organic
tanks constituents has been initiated after a review of the open literature revealed little
information was available about the rates and products of these processes under
basic pH conditions. This paper will detail the initial findings as they relate to gas

generation, e.g. H2, CO, NH3, CH4, and to changes in the composition of the organic
and inorganic components brought about by "Aging" processes.

INTRODUCTION:

Organic containing wastes have been stored in Hanford underground storage tanks
for tens of years and durin_ that time have been exposed to high levels of radiation,
temperatures of 60 to 140 C, and to a reactive chemical environment having high
levels of active chemicals including hydroxide, nitrate, and nitrite, and in some cases
the oxides of manganese. In addition to the organics themselves, the tanks contain
transition m_tals, including some noble metals, which could act as catalysts and affect
the decomposition pathway.

The organic-containing tanks are a safety concern because organic compounds react
exothermically with inorganic oxidants in the tanks (nitrate, nitrite, high valent metal
oxides, e.g. of Fe, Mn, U, etc.) (1) and under certain conditions, reactions could be
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vigorous enough to break containment and release radioactivity to the environment
(2,3). To assess this hazard, knowledge of the organic compounds in the tanks is
needed. Historical records can be used to identify the organics originally present in
the wastes, thus allowing experimental determination of the reactivity of mixtures of
these materials with nitrates and nitrites as a first estimate of the hazard associated

with these wastes. However, only postulated degradation products or analyses of
individual tanks can be used for evaluation of the current hazard associated with the
organic wastes. Because of the need to evaluate the true hazard of these wastes,
experimental studies are required to determine aging products.

A literature review has been performed to assemble a bibliography (4) containing
literature relevant to understanding the chemical transformations that have occurred in
the tanks (5). The bibliography focused on the hydrolytic, radiolytic and free radical-
mediated chemistry of normal paraffinic hydrocarbons (NPH), tributyl phosphate
(TBP), hexone, and other minor constituents. Aging mechanisms of
ferro/ferrocyanides and the ethylenediaminetetraacetic acid-type complexants were not
addressed in this effort because these have been examined recently (6-10). The
review found that no attempts had been made previously to determine the chemical
aging of wastes under conditions similar to those in the Hanford tanks. Some work
had been specifically targeted at degradation pathways in 3 M or greater nitric acid to
understand effects of processing conditions. It was concluded that the literature did
not contain sufficient information needed to characterize how and to what degree the
organics have changed while stored in the Hanford tanks. Much uncertainty exists
regarding the pathways and products for radiolytic-mediated reactions of organic
compounds in alkaline conditions with high concentrations of nitrate and nitrite.
Synergistic and inhibitory effects of oxide surfaces, metal ion catalysts, mass transfer,
and solid-liquid interfaces have received little study. Until sampling and analysis of the
tanks become a routine procedure, a viable approach to assessing the current
organic content of the tanks is to simulate the chemical conditions of the tanks and
elucidate mechanistic pathways that are key to knowing if the hazards have increased,
decreased or remained constant with time.

This project has been divided into two portions to facilitate studies of the "Aging"
phenomena. Individual effects of thermal, radiological and oxidative degradation of
the organic compounds known to be or suspected in the tanks will be examined on
an individual chemical basis. In parallel, a simulated waste will be subjected to a
range of aging conditions to ascertain general and competitive rates of change for the
individual organic components in the simulated waste.

The studies with simulated wastes use simulants that are formulated with non-

radioactive chemicals based on knowledge of tank waste composition. Tank waste
composition information derives from process flow sheets and limited prior sampling.
As actual tank waste composition data (core samples) become available, the
formulations of the simulants are modified to more accurately reflect tank composition.
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MACROSCOPIC AGING:

To facilitate studies of radiolytic-induced chemical aging, external radiation from a y
source rather than use of radioactive chemicals are used. Sufficient irradiation and
temperature ranges will be utilized to produce accelerated aging reactions. The
disappearance of reactants and appearance of products will be followed over times
ranging from a few weeks to several months. This work is proceeding in three
sequential steps: 1) simulant selection and preparation, 2) scoping studies, and 3)
long term aging studies. The simulant compositions are determined by consensus of
Pacific Northwest Laboratory and Westinghouse Hanford Company investigators
involved with tank safety programs and having knowledge of the chemical process
streams that were fed to the "Organic Tanks." Scoping Studies with the simulant are
planned early this year to optimize experimental procedures and parameters for long
term aging studies.

Waste Composition:

Each of the 149 waste tanks at Hartford has a unique composition of organic,
inorganic and radioactive elements. A gross description of the organic components,
exclusive of the ferrocynaides, that were introduced into the waste system from the
Uranium Recovery (tributyl phosphate), REDOX(hexone), and PUREX(normal paraffin
hydrocarbons and tributyl phosphate) processes was prepared in 1990 (11). The
description includes a number of complexants for di-, tri-, and tetravalent cations that
were added to the wastes stream from the Waste Fraction/Encapsulation process
(12). Table I lists the seven most used organic chemicals and the approximate
amounts of each (12). For simplicity, the mass of tributyl phosphate represent a
compilation of the quantities of tributyl phosphate, dibutyl phosphoric acid, di-(2-
ethylhexyl) phosphoric acid, dibutyl butyl phosphonate, etc.

Compound Weight (Metric Tons)

GLYCOLIC ACID 324.0
CITRIC ACID 317.5
HYDROXYETHYLENEDIAMINETRIACETIC ACID 372.5
TRIBUTYL PHOSPHATE 101.5
ETHYLENEDIAMINETETRAACETICACID 83.0
NORMAL PARAFFIN HYDROCARBONS 73.5
HEXONE 32.5

Table I. Organic compounds added as waste or as complexant to the tanks
in metric tons.

For complexants such as ethylenediaminetetraacetic acid,
hydroxyethylethylenediaminetriacetic acid, glycolic acid and citric acid, extensive
studies of degradation mechanisms (aging) have been performed by Georgia Institute



of Technology, Pacific Northwest Laboratory, Westinghouse Hanford Company and
Argonne National Laboratory. Significant aging studies on nonradioactive complexant
studies are discussed in papers by the Georgia Institute of Technology group (13).
Although significant quantities of ethylenediaminetetraacetic acid,
hydroxyethylethylenediaminetriacetic acid, glycolic acid and citric acid, were added to
the tanks, analysis of core samples from 101-SY has shown that a significant portion
of the organic carbon is contained the sodium salts of oxalic, succinic, formic and
acetic acid (14). Determination of the organic aging products is non-trivial requiring
many different analytical methods. In general the process entails extraction of the
organic salts and neutral species under basic conditions, derivatization, and analysis
by gas chromatography/mass spectrometry (GC/MS) coupled with high pressure
liquid chromatography analysis(HPLC) for lower molecular weight water-soluble acids.

The inorganic portion of 101-SY tank waste has been analyzed and results published
(15). It is representative of a typical inorganic waste. Sodium nitrate, nitrite and
hydroxide comprise the largest share of the mass of the inorganic and non-radioactive
species (15). Also, significant amounts of aluminum are present in the tanks as
sodium aluminate and not, aluminum oxide due to high levels of sodium hydroxide in
the tanks.

Preliminary y-irradiation studies will use a tank waste simulant comprised of a
representative subset of the ma!or inorganic and organic process chemicals excluding
radioactive elements. The simulant composition is shown in Table II.

A long chain carboxylic acid and dibutyl phosphoric acid are included in the simulant
to reflect partial oxidation of normal paraffin hydrocarbons and hydrolysis of tributyl
phosphate under plutonium extraction process conditions. Glycolic acid and
hydroxyethylenediaminetriacetic acid were excluded to simplify analysis and because
their breakdown has been well elucidated by Meisel (9).

Scoping experiments have begun. The simulant is being dosed with 125 Mrad at 90

°C in an O2/Ar and Ar atmospheres. The use of an O2/Ar atmosphere facilitates
determination of noncondensible gases, e.g., 02, H2, N2, NH3, N20, CO, CO2.
Sampling intervals and temperatures will then be selected for long term aging studies
based on the observed chemical conversions. The aged simulant will be analyzed for
changes in the following: composition of nitrate/nitrite, concentration of carbonate, free
alkali, composition of the organic fraction, and total organic carbon(TOC).

Up to twelve long term experiments of 3-5 weeks duration will be run. Three levels of
radiation (75, 100, 125 Mrad of y-radiation) and temperature (50, 70, and 90 °C)
probably will be used in the study. The y-radiation dose for the eight tanks on the
watch list was estimated to be about 100 Mrad (12). The y flux would be chosen to
provide these doses in 3-5 weeks (25 Mrad/week). Unirradiated control samples
would be obtained for each temperature. The data from the organic composition will
be use to determine the individual rates of aging for each of the organic components
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as well as the rates of generation. Additionally, a single experiment at 70 or 90 °C run
to 75 Mrad over the course of 6 or more months is planned to gain insight to relative
effects of dose rate and time.

COMPONENT Molarity Wt%

Na4EDTA 0.10 2.24
HEXADECANOIC ACID 0.10 1.43
CITRIC ACID 0.10 1.74
TRIBUTYL PHOSPHATE 0.10 1.57
DIBUTYL PHOSPHATE 0.10 1.24
HEXONE 0.10 1.01
NORMAL PARAFFIN HYDROCARBONS 0.10 1.01

Na3PO 4 • 12H20 0.11 2.42
NaNO 2 3.65 14.90
NaNO 3 2.46 12.33
Na2CO 3 0.84 5.26
Na2SO 4 0.07 0.56
NaC! 0.36 1.23
NaF 0.03 0.06

Ce(NO3) 3 ° 6H20 3.0E-03 0.08
Ca(NO3) 2 ° 4H20 0.01 0.13
KNO 3 0.13 0.80
ZnCI 2 5.0E-04 0.00
CsNO 3 2.0E-04 0.00
Sr(NO3) 2 1.1E-05 0.00
NaOH 2.35 5.55

Cr(NO3) 3 ° 9H20 0.13 2.98
Fe(NO3) 3 ° 9H20 0.01 0.19
Ni(NO3) 2 ° 6H20 4.1E-03 0.07
RuCI4 • 5H20 1.0E-07 0.00
Rh(NO3) 3 ° H20 1.0E-07 0.00
PdCI,, 1.0E-08 0.00

NaAI_)2 • 0.21NaOH • 1.33H20 1.90 13.00
H O 29.0 30.70
T_TAL 41.6 100.00
TOTAL ORGANIC CARBON 5.0

Table !1. SY1-SIM-94A simulant for preliminary organic aging studies.



MICROSCOPIC AGING:

The other portion of the "Aging" studies planned at Pacific Northwest Laboratory will
elucidate reaction mechanisms relevant to currently identified safety/treatment issues.
Some of these issues pertain to the rates of alkaline hydrolysis of nitrate and
phosphate esters under tank conditions, effects of oxygen and radical initiators on
degradation of nitroalkanes, production of organic nitro compounds via reaction of
nitrite/aci anions with organic radicals, decomposition pathways of tributyl phosphate,
normal paraffin hydrocarbons, and hexone, pathways for succinate production, and
the fate of methyl radicals. We expect this list will expand as the aging studies and
the Tank Safety program progresses. Pertinent information on these subjects is
presented below.

Alkaline Hydrolysis of Butyl Nitrate and Nitroalkanes:

Concern whether Hanford waste might contain nitroalkanes and/or organic nitrates
which might be potentially more energetic than the original compounds is leading us
to evaluate these classes of compounds. Nitro containing derivatives may be formed
either in the acidic PUREXprocess, or more directly by aging mechanisms in the
alkaline tanks. Red oil, normal paraffin hydrocarbon that contains some amount of
nitrated alkanes has received considerable research into its formation since 1951 (16)
through this year (17). Watkins's found only small amounts of nitrocompounds in a
study of their formation with acid present under conditions more drastic than
encountered in the PUREXprocess (17).

We have recently examined the literature on hydrolysis of nitrate esters and
nitroalkanes. Boschan, Merrow and Van Dolah (18) have reviewed the chemistry of
alkyl nitrate esters. March (19) reported on both of these reactions and cited leading
references. The following three reactions dominate the alkaline hydrolysis of alkyl
nitrates:

Nucleophilic substitution:

HO + RONO2" -. ROH + NO3 (1)

Elimination of p-hydrogen

HO + RCH2CH2ONO2 -, RCH=CH 2 + H20 + NO3 (2)

Elimination of e-hydrogen

HO + RCH2ONO2 _ RCH=O + H20 + NO2 (3)

The rates for hydrolysis of alkyl nitrates are said to be relatively slow compared to the
analogous alkyl halides, although solvent and alkyl structure effects are the same.
However, the long exposure of wastes to alkaline conditions (10-30yrs) lessen



concern that these materials are presently in the tanks. Thus, it seems that if butyl
nitrate were produced during the PUREX process, then the long exposures to a!kaline
conditions during storage should remove this concern. This point will be tested by
experiments that measure the rates of hydrolysis in two-phase systems consisting of
normal paraffin hydrocarbons/tributyl phosphate/butyl nitrate and concentrated sodium
hydroxide/sodium nitrate.

The hydrolysis of nitroalkanes is know as the Nef reaction. It generally is performed
by treating the nitroalkane with base to make the aci anion and acidifying with sulfuric
acid to obtain the aci form of the nitroalkane. Subsequent protonations by the strong
acid lead to C-N bond scission and carbonyl products.

R2CH-NO 2 + HO _ R2C=N02 + H20 (4)

R2C=NO 2- + H+-, R2C=N02 H -, R2C=O + N20 + H20 (5)

Whether the latter steps can proceed in strong base at kinetically significant rates is
questionable•

When oxygen is present the aci anion is oxidized to ketone and nitrite ion (20). In the
absence of oxygen, radicals add to the aci anion to give alkylation products.

R'o + R2C=N02 _ R'R2C-N02-° -, R'R2C-NO2 + e- (6)

Alkyl radicals might also add to nitrite ion to produce nitroalkane aci anions via
equations 7 and 5 (21).

R2CH° + NO2 -, R2CH-NO 2 _ R2CH-NO 2 + e (7)

Nitrocompounds having the nitro group attached to tertiary carbon (product of
equations 6), are stable to hydrolysis, could accumulate in the hydrocarbon phase,
provided the above reaction mechanism is competitive with other aging pathways.
Thus, the exposure history of the normal paraffin hydrocarbon phase to air appears
critical to assessing the possible presence of nitroalkanes. Experiments to assess
better the relative importance of reactions leading to the formation and degradation of
nitroalkanes seem warranted.

Origins of Succinate in Tanks:

Uncertainty exists over the origin of succinate found in samples from 101-SY. The
production of succinate in tank 101-SY is interesting because it is a compound having
four linearly connected carbon atoms. None of the ethylenediaminetetraacetic acid-
type chelators thought to be the dominant organics stored in the tank contain four
carbon atom chains. Thus, it has been variously suggested it might derive from
tributyl phosphate, normal paraffin hydrocarbons or from dimerization of acetic acid. If
succinate comes from tributyl phosphate or normal paraffin hydrocarbons and not



chelators, then the inventory of chemicals placed in the tank is called into question.
To obtain succinate from tributyl phosphate and normal paraffin hydrocarbons, one
must explain how the terminal methyl group in tributyl phosphate and every fourth
carbon in normal paraffin hydrocarbons are selectively oxidized. It turns out that the
kinetics of 1,5-hydrogen shifts in free radicals are favorable. The kinetics of C-to-O
shifts are especially facile due to a reaction exothermicity of several kcal/mol even for
a primary C-H.

H eO HO

Thus, numerous examples exist in the literature for alkoxy radicals abstracting
y-hydrogens intramolecularly. Depending on conditions, this rearrangement leads to
1,4-substitution products such as 1,4-diols or tetrahydrofurans. These compounds
would probably oxidize under forcing conditions to succinate.

As mentioned above, succinate could be formed by recombination of cz-carboxymethyl

radical anions, oCH2C02, which form by radical attack on a C-H bond of acetate ion
or scission of C-N bonds in ethylenediaminetetraacetic acid-type chelators.

Ro + 0H3002-, R-H + oCH2CO2 (9)

Transition metals can also play a role in generating carboxymethyl radicals. Some
precedent exists for Mn(lll) and Co(Ill). The degradation of complexants to acetate ion
followed by dimerization via radiolytic and transition metal mediated pathways could
well explain the observation of succinate.

Fate of Methyl Radicals in Tanks:

The radiolysis of normal paraffin hydrocarbons and radiolysis and Kolbe-type
oxidations of acetate ion ought to be generating (or have generated) methyl radicals
in the tanks. Abstraction of H by methyl is exothermic for almost all types of saturated
C-H bonds and a reaction rate22 of 103 Mls 1 is estimated for attack on dodecane.

For methane not to be produced in the tanks, requires that the radicals be scavenged

by 02, NO2 or NO2. If by 02, then methylperoxy radicals would form and lead to
methanol, formaldehyde and eventually formate (if the methanol and formaldehyde do

not escape the tank first). If by NO2 or NO2, then nitromethane and methyl nitrite
would be produced. Nitromethane would be partially converted in the basic medium
to the aci-anion which would be alkylated by radicals or oxidized by 02 (if present).
Methyl nitrite would hydrolyze to methanol or escape the tank as a gas.

Radical Reactions of Tributyl Phosphate.



Bentrude's chapter on phosphorous radicals in Kochi's book provides insight to the
reactions of trialkyl phosphate with free radicals. Hydrogen atom and alkyl radicals
readily add to the P=O bond to give a phosphoranyl radical intermediate (23). This
intermediate subsequently cleaves one of the O-R bonds to reform the P=O bond.
This pathway probably best explains the formation of dibutyl phosphate during
y-irradiation of tributyl phosphate (24) and lauryl dibutyl phosphate (25) during
PUREXprocesses using dodecane for normal paraffin hydrocarbons.

Ro + O=P(OBu)3 -_ ROP(OBu)3° -, (RO)(BuO)2P=O + Buo (10)

CONCLUSION:

The experimental plan to investigate possible mechanisms that occur during the
"Aging" of the organic wastes in the tanks at the Hanford complex has been
developed and is in the initial stages of implementation. The completed study will
form the basis of further presentations and open literature publications.
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