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INTRODUCTION

The management of nuclear wastes, particularly highly radioactive mixed wastes, is
extremely hazardous and complicated. In addition to their high radiation and severe inorganic
chemistries, e. g., pH and ionic strength, their organic chemistries can be extremely complex.
Analyses of actual mixed wastes indicate that they may contain complex mixtures of organics,
many of which appear to be degradation products (1, 2). Laboratory studies on simulants of
mixed wastes confirm that the chemodynamics of organic degradation is indeed complex and
varied (3-5).

Enormous stockpiles of mixed wastes at the U.S. Department of Energy's Hanford
Site, the original U.S. plutonium production facility, await permanent disposal. The effort,
already underway, is expected to last for another 75 years, or so, and to consume $50-plus
billion dollars (6). Considerable effort and resources are already being spent in characterizing
the wastes, certainly a prerequisite for their optimal management.

One mixed waste, in particular, a complex concentrate waste derived from
reprocessing spent fuel at the Hanford site 20-plus years ago, was found to contain numerous
nuclear-related organics (2). Compounds identified include chelating agents like EDTA, NT A,
and HEDTA and complexing agents like citric acid, which have been used extensively in the
nuclear industry as decontamination agents, etc. Other mixed wastes analyzed also contain
chelating and complexing agents (1). Considerable research indicates that such compounds
may complicate the management of nuclear wastes by destabilizing waste forms, e. g.,
cementitious grouts, or by enhancing the subsurface migration of radionuclides in the
environment (7).

Analyses of mixed wastes also reveal the presence of myriad, structurally related
chelator and complexor fragments, occasionally at relatively high concentrations, presumably
derived from the degradation of the chelating and complexing agents (1, 2). For example, 38
different chelator and complexor fragments were identified in the complex concentrate waste
(2). Their presence in actual mixed wastes indicates that the organic content of nuclear wastes
is dynamic, not static, which may, in turn, complicate waste management efforts. For
example, some of the fragments may destabilize waste forms or enhance the environmental
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mobility of radionuclides even more than the parent compounds themselves.
Our laboratory is studying the chemodynamics of organic degradation in mixed

wastes by characterizing the degradation of chelating and complexing agents in simulants of
the complex concentrate waste. Recent studies confirm that both radiolysis and waste
chemistry do indeed mediate the degradation of mixtures of ethylenediaminetetraacetic acid
(EDTA), nitrilotriacetic acid (NTA), N-(2-hydroxyethyl)ethylenediaminetriacetic acid
(HEDTA) and citric acid into chelator and complexor fragments like those identified in the
actual mixed waste (3). However, the use of organic mixtures in the simulants in these studies
precluded elucidating the specific degradation of each parent organic.

Subsequently, a series of studies was begun on the degradation of specific parent
organics in so-called single-component simulants of the complex concentrate waste. In the
first study, the radiolysis and chemo-degradation of citrate were explored (4). Gamma
irradiation resulted in extensive citrate degradation, but yielded only one complexor fragment.
In contrast, chemo-degradation of citrate in the simulant was slower, but was more diverse,
yielding several complexor fragments, along with traces of other mono- and dicarboxylic acids.
In another study, which will be described in more detail later, the y-radiolysis of EDTA
generated 7 chelator fragments and 3 dicarboxylic acids (8). A recent study on the radiolysis
of an NTA simulant yielded very dramatic results (9). Gamma radiolysis resulted in total
NTA degradation by a y-dose of 7.5 x 106 ± 10% R, but some organic content remained.
Four chelator fragments and 2 carboxylic acids were formed, all at different rates.

The subject of this report is the chemo-degradation of EDTA degradation in a
simulant of Hanford's complex concentrate waste. The simulant was prepared by adding
EDTA to an inorganic matrix (without any radioactivity), which was formulated based on
past analyses of the actual waste (2). To carry out the chemo-degradation study, the EDTA
simulant was stored in the dark at ambient temperature for up to 115 days. Aliquots of the
EDTA simulant were withdrawn at different time points, derivatized via methylation and
analyzed by gas chromatography and GC/mass spectrometry (GC/MS) to monitor the
disappearance of EDTA and, most important, the appearance of its' degradation products.
This report also compares the results of EDTA's chemo-degradation to the g-radiolysis of
EDTA in the simulant, the subject of a recently published article (9). Finally, based on the
results of these two studies, an assessment of the potential impact of EDTA degradation on
the management of mixed wastes is offered.

EXPERIMENTAL

Experimental Design
The EDTA simulants of the organic complexant waste from Hanford were prepared

by combining an inorganic waste matrix and EDTA.
Inorganic Waste Matrix Preparation. The inorganic matrix of the simulated waste

was prepared according to the following composition, based on past inorganic analyses of an
actual complex concentrate waste (10): HNO3, 2.60 M; A1(NO3)3'9H2O, 210 mM;

Fe(NO3)3*9H2O, 38 mM; Ca(NO3)2'4H20, 25 mM; Cr(NO3)3«9H20, 4.5 mM; KNO3,

46 mM; La(NO3)3'6H2O, 0.28 mM; Nd(NO3)3'5H2O, 0.98 mM; Mg(NO3)2«6H2O, 11

mM; Mn(NO3)2, 7.2 mM; Ni(NO3)2'6H2O, 8 mM; Zn(NO3)2*6H2O, 7.4 mM; Na2HPO4,
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22 mM; NaCl, 41 mM; Na2B4O7, 21 mM; Cu(NC"3)2'3H2O, 0.42 mM; Pb(NC«3)2, 1.8

mM; (NH4)6Mo7O24'4H2O, 0.45 mM; Cd(NO3>2«4H2O, 0.55 mM; NaOH, 6.75 M;

NaNO3, 2.04 M; Na2CO3, 1.22 M; NaNC>2, 800 mM; and Na2SO4, 7.2 mM.

Concentrated nitric acid was added to half the final volume of deionized water
followed by sequential addition of the above inorganics. Most of the salts were added, in the
order specified above, to an acidic solution to maximize their initial solubility. The solution
was then neutralized with sodium hydroxide. Sodium carbonate and sodium nitrite were
added to a basic solution because they decompose in an acidic environment, releasing volatile
species. The waste matrix was very alkaline (pH 13.5), biphasic (-31% solids), and amber in
color.

EDTA Simulant. EDTA was added at a concentration of 11.8 mM to 15 mL
aliquots of the inorganic waste matrix in glass scintillation vials for each time point. This
concentration was selected to match that determined in the earlier analyses of the actual
complex concentrate waste (2,10) and earlier simulation studies (3, 5).

Chemo-Degradation Study. The scintillation vials containing the EDTA simulants
were then individually wrapped in aluminum foil to exclude light, and stored at ambient
temperature for 0,17,41, 65, 82 and 115 days to study the effect(s) of chemical energy on
EDTA degradation. An aliquot of each waste sample was immediately prepared for organic
analysis.

Analytical Procedure
Preparation of Analytical Samples. Triplicate 0.5 mL aliquots of each time point

were carefully transferred to 5 mL reaction vials and dried on a heating block under N2 at 50
°C. Given the high solids content of the simulated waste, samples had to be vortexed and
quickly pipetted to insure uniform sampling. The resulting dried residue of each sample was
methylated in the sealed vial with 1 mL BF3/methanol (14% w/v) at 100 °C for 20 min. After
cooling, 1 mL of chloroform was added to the methylation mixture in the reaction vial. The
mixture was vortexed and transferred to a test tube containing 3 mL of 1 M KH2PO4 buffer
solution (pH 7), with a 0.2- mL chloroform rinse. The mixture was vortexed and then
centrifuged on a low-speed, tabletop centrifuge to separate the two phases. Part of the
chloroform layer (0.6 mL), which contained the methylated hydrophilic organics, was
transferred to a reaction vial and frozen prior to gas chromatography (GC) and combined
GC/mass spectrometry (GC/MS) analysis.

GC Analysis. Capillary GC analyses were performed on a Hewlett-Packard (HP)
5890 Gas Chromatograph equipped with a flame ionization detector (FID). The instrument
was was also equipped with a splitless injection system attached to a 30 m x 0.25 mm inside
diameter (I. D.) fused silica capillary column coated with a 0.25-UMn film of DB-5. From an
initial value of 40 °C, the column temperature was programmed at 5 °C per minute to 300 °C,
and finally maintained isothermally at 300 °C for 10 minutes.

GC/MS Analysis. GC/MS analyses were performed on Hewlett Packard 5989A
instrument in the electron-impact (El, 70eV) mode. The gas chromatographs were equipped
with 30 m x 0.25 mm I. D. fused silica capillary columns coated with 0.25 ujn of DB-5; each
column was programmed from 40 °C to 300 °C at 5 °C per minute, where it was maintained
isothermally for 10 minutes. Splitless injection systems were used to introduce the sample.
A mass range of 50 - 400 amu was scanned by the GC/MS instrument's computer.

- 577 -



JAERI-Conf 99-004

Quantitation. Hydrophilic organics identified in the simulants' methylated
hydrophilic extracts were quantitated using external standards as described previously (3, 10).
A response factor, expressed as nanograms of analyte per Total Ion Chromatogram (TIC) area
counts, was computed for each methyl ester of commercially available standards (EDTA and
IDA, identified in the EDTA simulant, as listed in Table 1; and N-(2-Hydroxyethyl)imino-
diacetic Acid [HEIDA]) under analytical conditions identical to those of the sample analyses.
Using these standards, estimated response factors were assigned to the other chelator
fragments, which are not commercially available.

Materials
Simulated Waste Components and Analytical Standards. The parent organic

EDTA and the commercially available chelator fragments, HEIDA and IDA, used as GC
standards, were purchased from Aldrich Chemical Company (Milwaukee, Wisconsin). The
chemicals used to prepare the inorganic waste matrix were purchased from a variety of
sources.

Chromatographic Columns. The DB-5 fused silica capillary columns used in the
GC and GC/MS analyses were purchased from J & W Scientific (Folsom, California).

Reagents, Solvents, and Glassware. The BF3/methanol (14% w/v) used in the
methylation reaction was purchased from PIERCE (Rockford, Illinois). All of the solvents
used in the analytical procedure, described previously, were redistilled-in-glass solvents
purchased from Fisher Scientific (Fair Lawn, New Jersey). Deionized water, pre-purified for
laboratory use, was further purified on a SYBRON/Barnstead NANOpure® system
(Bamstead) containing two ion-exchange resins and one charcoal filter. All glassware was
cleaned in an RBS 35® detergent/deionized water solution (20 mL RBS 35 concentrate/ L
water, v/v) followed by NANOpure® water rinses.

RESULTS AND DISCUSSION

EDTA Degradation
EDTA degraded steadily throughout the duration of this chemo-degradation study

(Table 1 and Figure la). Nearly all of the EDTA originally added to the simulant, or 97.5%,
was detected in the zero day time point, but 59.2% of the original EDTA had disappeared by
115 days.

Formation of Degradation Products
The only class of degradation products formed via the chemo-degradation of EDTA in

the simulant are chelator fragments. Traces of two carboxylic acids, palmitic and stearic acids,
were detected in many of the time points. However, analysis of a system blank revealed their
presence, so they are undoubtedly trace contaminants.

Chelator Fragments. Eleven chelator fragments were formed via the chemo-
degradation of the parent compound EDTA (Table 1). The compounds range from relatively
small species like HMMIA to much larger species like EtDMAPD'A (see Table 1 for

©NANOpure is a registered trademark of The Barnstead Company, Boston, Massachusetts.
® RBS 35 is a registered trademark of PIERCE, Rockford, Illinois.
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Table 1

Organics Identified in EDTA-Mixed-Waste Simulant over Time

Concentration (mM)(a) after n Days

Compound(b) 0 17 41 65 82 115

Parent Organic
Ethylenediaminetetraacetic Acid (EDTA) 11.45 9.73 8.40 7.92 6.70 4.81

Chelator Fragments
N-Hydroxymethyl-N-methyliminoacetic Acid

(HMMIA) 0.08 1.04 2.22 3.34 4.12 5.06
Iminodiacetic Acid (EDA) 0.93 2.11 3.02 2.85 4.80
N-(Ethyl)ethylenediamine-N-acetic,N'-carboxy

Acid (EtEDCA) (c) 0.01 0.02 0.05 0.06 0.08
N-(Methylamine)iminodiacetic Acid (MAIDA) 0.10 0.12 0.20 0.29 0.42 0.51
N-(Carboxy)ethylenediamine-N1,NI-diacetic Acid

(CEDD'A)(e) 0.02 0.03 0.04 0.06 0.06
N-(Carboxy)ethylenediamine-N,N'-diacetic Acid

(CEDDA) trace trace trace trace
N-(Ethyl)-N,N'-(dimethylamine)propylenediamine-

N'-acetic Acid (EtDMAPD'A) trace trace trace trace 0.01
Ethylenediaminetriacetic Acid (ED3A) (c) trace 0.02 0.05 0.07 0.09 1.20
N-(Methylamine)-N'(methyl)ethylenediamine-

N,N'-diacetic Acid (MeMAEDD'A) 0.04 0.09 0.21 0.27 0.37
N-(Hydroxy,carboxy)ethylenediamine-N',N'-

diacetic Acid (HCEDDA) trace 0.01 0.02 0.04 0.05
N-(Methylamine)ethylenediaminetriacetic Acid

(MAED3A) trace 0.10 0.25 0.36 0.46 0.56

TOC Recovery (%)(<*) 97.5 89.1 86.1 84.5 82.1 84.1

a) No entry indicates compound is below detection level, b) Methylated (BF3/Methanol),

acids identified as methyl esters, c) Identified as a lactam by GC/MS and past GC/FTIR
analyses (1-3, 5). d) Percent total organic carbon (TOC) computed as the ratio of the
concentration (mg C/L) of organics identified vs. nominal concentrations of source-term
organics added to the simulated waste.
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complete nomenclature). Collectively, their formation rate is steady throughout the duration
of the study (Figure la). Their combined rate of formation appears to be much slower than
the rate of EDTA degradation.

Examination of the individual rates of chelator fragment formation in Figure lb reveals
that the chemodynamics of their genesis varies substantially, depending on the chelator
fragment. HMMLA and IDA form much more rapidly than the rest of the chelator fragments.
As a matter of fact, by the end of this study these two fragments both exceed the remaining
EDTA. ED3 A, MAED3A, MAIDA and MeMAEDD'A formed at much slower rates, but at
greater rates than the remainder of the chelator fragments.

Organic Recoveries and EDTA Degradation
The mass balance for the organic content of each time point was computed as the

percent total organic carbon (TOC) recovery, relative to the concentration of the parent
organic EDTA (11.8 mM) originally added to the simulated waste. The TOC content of the
original EDTA and each time point was, in turn, computed by quantitating each organic
species as g C/L.

The TOC recoveries in the chemo-degradation of EDTA declined steadily from 97.5%
to approximately 84%, where the values seem to plateau. Thus, there appears to be a
maximum of 16 -18% TOC loss due to chemo-degradation, at least over the duration of this
study. Based on past analyses and methods validation studies (1, 10), not to mention the
high TOC recovery of the zero day time point, the loss does not appear to be due to inherent
deficiencies in the analytical procedure used, or to artifactual EDTA loss, e. g., precipitation.

A likely explanation for the TOC loss is dispersive degradation, the formation of
degradation products, e. g., gases, which lie outside the "scope" of the analytical procedure
used in this study. The methylation reaction, combined with GC and GC/MS analysis, has
worked very well, even quantitatively, for analyzing source-term organics like EDTA, as well
as chelator and complexor fragments (1-5). However, no single analytical procedure is
capable of isolating and characterizing the complex mixtures of organics often present in mixed
wastes. Based on solution studies in the literature, gases like CO2, volatile organics, and polar
compounds like amines are among the likely candidates for the missing organics (11-13).

Comparisons with EDTA Radiolysis
Comparison of the results of this chemo-degradation study with those of a recently

published study on the y-radiolysis of EDTA reveal some very interesting contrasts (9).
Chemo-degradation of EDTA is certainly appreciable (59.2% in 115 days) but is not

nearly as vigorous as EDTA radiolysis, where 89.1% of the EDTA disappeared by 100 hr of
y-irradiation, corresponding to a y-dose of 7.5 x 106! 10% R (9). Radiolysis clearly yields
much greater EDTA degradation. The TOC recoveries in the chemo-degradation remain fairly
high throughout the duration of this study, suggesting that the process is fairly conservative.
The maximum TOC loss amounted to only 17.9%. In contrast, radiolysis resulted in an
eventual loss of 65.3% of the organic content, indicating that EDTA radiolysis is a dispersive
process. On the other hand, chemo-degradation yields more chelator fragments, 11 in total,
compared to 7 fragments via radiolysis. In contrast, radiolysis also yielded small-to-moderate
amounts of three dicarboxylic acids, whereas chemo-degradation yielded none.
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Figure 1. Chemo-degradation of EDTA in a simulated mixed waste stored at ambient
temperature in the dark for 0-115 days. la. Disappearance (-e-) of the parent EDTA
and appearance (-*-) of its degradation products, or chelator fragments, vs. storage time
(days). Concentration (%) values were computed as the % ratio of EDTA (mM) remaining
or total degradation products (mM) formed vs. the original EDTA (11.8 mM). The % total
organic carbon (TOC, -o-) remaining was computed as the ratio of organics identified vs. the
original EDTA (expressed as mg C/L). lb. Individual genesis of EDTA's chemo-degradation
products vs. storage time: HMMIA (-B-), EDA (-*-), ED3A ( — ) , MAED3A ( - o ) ,
MeMAEDD'A (-*-) MAIDA (-•-) , CEDD'A (-*-), HCEDDA ( — ), EtEDC'A (-o-),
EtDMAPD'A (-»-) and CEDDA (-e-) vs. irradiation time. Species ratios were computed
as the % ratio of each chelator fragment, (mM) formed vs. the original EDTA (11.8 mM).
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Potential Impact of EDTA Degradation on Mixed Waste Management
Understanding the degradation behavior of EDTA and the products formed should

assist engineers in managing mixed wastes which contain EDTA. This results of this
simulation study not only agree well with but also amplify information obtained from past
analyses of the actual mixed waste (2, 10). For example, EDTA degradation accounts for
many of chelator fragments formed in the radiolysis or chemo-degradation of the simulant
containing the mixture of chelating and complexing agents (2, 5). To be completely rigorous,
specific assessments will require reconfirmation studies on actual wastes. One approach
might be to spike actual mixed waste samples with 14C-labelled EDTA and follow the labeling
pattern in the degradation compounds.

A few tentative assessments can be offered on the basis of this simulation study. The
loss of TOC may well result in the formation of gases like CO2, CO, and H2. Such gases may
destabilize wastes by causing volume expansion, slurry growth, increasing the risk of
explosion, etc. Detailed laboratory studies of gas evolution in mixed wastes certainly need to
be carried out and are being initiated (14). Another source of concern is the chelating capacity
of the simulant. Many degradation products of chelating agents may have considerable or
even higher affinities for metals and radionuclides than the parent compounds (12). As noted
earlier, a high chelating/complexing capacity may destabilize a waste form and increase the
environmental mobility of toxic metals and radionuclides in groundwater leachates of buried
wastes. To resolve this issue, the chelating capacities of the simulant will have to be
measured.

Concluding Remarks
Based on this study, combined with past analyses of actual and simulated wastes, it is

clear that the chemistry of mixed wastes, excluding their radiation, can cause extensive EDTA
degradation. The high radiation field, ~1 Ci/L, of the actual complex concentrate waste is
probably responsible for much of the degradation (3, 10). However, it is also likely that the
actual waste's harsh chemical environment and thermal energy, heat produced by B-emitting
radionuclides, which typically ranges from 100-150 °C, all contribute to the organic
degradation (2, 10).

The use of simulants to study actual mixed nuclear wastes appears to be very
promising. Recent studies in our laboratory indicate that well-designed simulants mimic
actual wastes very well (3, 5). The results of this simulation study indicate that the source of
a number, but not all, of the chelator fragments detected in the actual mixed waste is clearly
EDTA degradation. The other chelating agents, NTA and HEDTA, detected in the actual
waste still need to be studied. Moreover, the use of nonradioactive simulants permits the
systematic study of the chemodynamics of organics in mixed wastes in a controlled
laboratory setting, without the hazards of radiation exposure. Finally, it is hoped that the
findings of such laboratory studies on simulated wastes are beneficial to engineers charged
with the daunting task of managing actual mixed wastes. A priori assumptions based on
paper studies may not always match actual observations.
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