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INTRODUCTION

This report summarizes advances of the above-mentioned EMSP project during the period July 1,
2001-June 30, 2002. The project focuses on the dfects of organic chemicas in sored nuclear waste and
ther impact on pretrestment and tank closure issues. Managing the tank wastes and Ste cleanup
activities requires underdanding of the chemigtry of organics in agueous basc solutions that contain
high nitrate and nitrite concentrations under the fidd of g and b irrediaion. The god of this EMSP
project is to quantitatively characterize the important chemica processes that are induced by radiolyss
of the organic complexants, and their degradation products, during the storage in tanks. Furthermore,
concerns that arise from pretrestment and tank closure issues, eg., Tc Speciation, can be rationaized
with the mechanistic knowledge provided here. Recognizing that experiments cannot reproduce every
conceivable redigic scenario, the project emphasizes computational methodologies. None of the
Hanford tanks is currently on a watch ligt, partidly due to the predictive undersanding of the tanks
chemigtry that was developed by these projects and their predecessor activities. The project is closdy
coupled to another EMSP project (81883) and exchange of information between the two related studies
is frequent.

During the report period we developed a computational approach that can describe the fate of
organic complexants in HLW. This includes sdection of an appropriate computationd modd,
improvement of existing solvation trestments for anions, and development of a theoretical procedure to
account for high ionic drength. The modd will provide an accurate evduation of the extent of



hazardous materid, including flanmable gases, generaion. Experiments to outline pathways and verify
computational predictions are dso described. Degradation of aminocarboxylate-chelates shows a rich

radical-chemigtry that results from oxidation by NOp, OH and O radicas. Preiminary results indicate,

contrary to prior assumptions, that many radicas react with nitrite, NOy', by addition (preferentidly to

the nitrogen) rather than via eectron-transfer redox processes.

RESULTSAND DISCUSSION

Reactions of NO, radicalss We have shown earlier that NO radicd is the dominant oxidizing

gpecies in typicd waste compodtions. The interactions of this radica with multifunctional complexants,
such as glycolate, and amino-carboxylates were investigated. Initia work focused on smple reections of

NO»,. Rdative rate constants were measured and reaction products were identified. Electron transfer and

H-atom abdraction pathways were identified and the relative importance of a subditution/dimination
route was assessed. In highly basic agueous solution calculations predicted and experiments verified that
the oxidizing NO; is readily converted into NOs®, a strong reductant. A survey of the expected radicals
from the smplex multifunctional complexants was used to cdibrate the efficiency and accuracy of the
chosen computationa procedure using a dendty functiond theory approach. A detalled computationa
sudy of the radiolytic oxidation of sdected aminocarboxylates in basc agueous solutions predicted the
formation of a number of radica species not reported in earlier experimenta work. The caculations o
reveded the mechaniam for generation of carbon dioxide and the carboxyl radica, CO,~ and offered a
route to the unusua rearrangement products experimentaly observed during long-time radiolyss of

waste Smulants.

Following ealier obsarvations from NO, “contact” and radiolyss experiments with waste
dmulants that contaned glycine, we found that glycine degrades to 2-amino-3-hydroxysuccinate
(hydroxyaspartate), oxalate, formate and carbonate ions. We adso observed that high concentrations of
nitrite ion suppress the production of hydroxyaspartate during radiolyss or contact of glycine with NO».
These obsarvations are of concern because they indicate that fud-rich organics do not necessarily
degrade to less energetic and innocuous products. Therefore, we are interested in understanding how
hydroxyaspartate forms and why is it suppressed by nitrite ion. Recent work now shows that the
hydroxyaspartate forms by ddol condensaion of glycine with glyoxylate ion. Glyoxylae is an



intermediate in the oxidaion of glycine and other complexants (HEDTA, EDTA, NTA, glycolate) that
were commonly used at Hanford and stored in the tanks. We, and others & Georgia Tech, have shown

that glyoxylate convertsto Hp and oxdate in highly basic solutions.

HoNCHoCO» ® O»CCH=0® ~0,CCO, +Ho
glyoxylate
Our observation of efficent condensation of glyoxylate with glycine under these very same conditions
was not known. We have proven it by showing that hydroxyaspartate is generated in good yields when

glycine is added to akdine (1 M NaOH) solutions of glyoxylate in the absence of radiation or NO». The
following adol condensation mechanism is proposed:

HoNCH,COy +OH ® HoNCH=CO,> + Ho0
HoNCH=CO,% + 0,CCH=0® ~0,C(H,N)CHCH(O )COy
" 02C(HoN)CHCH(O )CO, +HoO® OoC(HoN)CHCH(OH)CO, + OH

The mechanism for suppresson of the condensation reaction by nitrite ions is not clear yet.

Possible reactions include addition of NOy to glyoxylate that dows the rate of the aldol condensation:

0oCCH=0+NO; ® OCCH(ONO)O (+OH )® ~0,CCO» +NO +Hy0

Alterndtively, nitrite ion may oxidize glycine radicas directly to oxadate without forming glyoxylate, as
in the following:

HoNCHCO, +NO, ® HoNCH(NOs )CO» ® HoNCH(NO, )COp (+NO)®® 0,CCOp +
N-O + NH»

Both pathway's require addition to nitrite, a theme that increasingly becomes evident in its reactions.

Reactions of O radicals: At the high pH of nudear-waste solutions, radiolysis of water leads to the

formation of O radicals, rather than OH (pK, = 11.8 in dilute solution, but see below). The O radical-



ion, in turn, reacts with the organic complexants and their radiolyss fragmentation products. Analogous
reections of OH with the anionic forms of these aminocarboxylic acids were sudied earlier and were
found to be close to diffuson controlled. The rates and pathways of these reactions with O° have not

been well characterized, but indications are that they are dso rapid. Both OH and O ae strong

oxidizing radicds, but are generaly acknowledged to react differently because of the charge on the basic
form. The latter dso responds differently to the high ionic strength.

Fate of the organic radicals. We use time-resolved dectron spin resonance (TRESR) detection to
identify and to follow the evolution of radicds formed in these radiolytic reactions. Monitoring radicas
from the radiolyss of the modd chdator, 2-aminobutyrate anions, HoN-CH(C;Hs)CO,’, we detected
identic TRESR spectra a pH 10 (from OH) and pH 135 (from O). Thus, both radicas produce the
same st of trangents from aminobutyrate in spite of their characteridicaly different modes of oxidative
attack. Ethyl radicds, CH,CHs, which were directly observed, and CO," radicds, which were identified
by spin-trapping, are formed by b-scission of theinitidly produced N-centered aminyl radica:

NH-CH(CoHs)-CO ® CHoCHg + HN=CH-CO5’ (1)

Formdly, the initid reaction of O (and OH) is an Hatom abstraction reaction from the amino center of
the substrate, HoN-CH(C2Hs)-CO2". An andogous mechanism may lead to the scisson of an (amino)

acid resdue from chdlators, EDTA for example.
Formal electron transfer aso occurs and was observed in the oxidation of HpN-C(CH3) 2-CO» to
give the trangent zwitterionic radica H2N+-C(CH3) 2-CO7 . The later decarboxylates to give HoN-

C(CHg)2 radicds. A possble pathway for further evolution of complexant fragmentation is through

reactions of organic radicas with high nitrite concentrations in nuclear-waste tanks, e.g.:

HoN-C(CHg), + NOy ® Products )



We have measured the rate constant, k = 7 10’ M s using the TRESR technique. Although the value
is smdler then diffuson controlled, this reaction can be a dgnificant evolutionary pathway for organic
radicals because of the high nitrite concentrations in the tanks. We suspect that the product is addition to

the nitrite. Several other reactions of reactive radicals with NO, that are presently under investigation
show esr spectraof the addition products and will be discussed in later reports.

Solvation Models: Chemicd interactions in the Hanford waste tanks are influenced by the presence
of high dectrolyte concentrations, typicaly ranging from 1-5 M. In particular, pKs vaues and redox
potentils may be substantidly affected by the ionic amosphere. Uncertainty in the pK, governing the
OH/O™ equilibrium a high ionic drength in HLW is a mgor obdtacle to quantifying the reactions of
primary radiolytic species with NOy". To help resolve these questions, we are developing a capability to
incorporate high ionic strength effects into the reaction field theory of solvation. Our gpproach utilizes a
new and efficient iterative boundary dement method adapted for accurae solution of the full nonlinear
Poisson-Boltzmann equation. The method is now being implemented and tested in a generd computer
program for eectronic structure calculations of chemical propertiesin solution.

We use solvation modds based on a continuum dielectric representation of the solvent with the
solute molecule ingde a molecule-shaped cavity embedded in the continuum (in collaboration with M.
Dupuis of PNNL). In these modds, the interaction of the solute with the solvent is smulated by means
of effective charges induced by the solute dectron dendty at the cavity boundary. Important results of
benchmark comparisons of experiment and theory have been the finding that anions are not trested well
by most dandard didectric continuum modds. A powerful semi-empirical protocol that alows
computationd results to be directly equated with experimenta measurements and correlation of cavity
shape with quantum mechanica descriptors was developed. Severd approaches were tested to determine
the shape of the embedded molecule. We findly focus on the interlocking spheres approach Table 1
ligs hydration energies for common species in the wade solutions O3, NO,', HCO,, NO3™ and CIOy
adong with the radii, which reproduce wel the experimenta vadues. The radii for the centrd aom ae
well predicted by two parameters, the atomic charge Q and the X-O bond distance, Dx.o. We anticipate
that our gpproach can be extended to anions outsde the training set, eventudly to systems for which
solvation data are lacking.



Table 1: Gibbs Free Energies of Hydration, Cavity Radii, Bond distance and Atomic charges.

-?2G*s Ro | Dxo Rx Qx
Species | kca/mol A A A %Ea%;G

o 100 1.46
Oy 82 1.56
O3 70 159 | 1.352 |212 |0.076
NOy 69 1.6 | 1.264 |204 |-0.087
HCO, 75 147 | 1252 |219 |0.860
NO3 65 153 | 1.260 |2.42 |1.180
coy 64 153 | 1634 |271 |0.432

FUTURE DIRECTIONS

The quantitative contribution of the various species (i.e, OH/O™ and NO,/NOs?) a the high ionic
drength of the wagte awaits the development and verification of new theoretical gpproaches. Smilarly,
the role of dectrontrandfer vs. radica-addition reactions of the reective radicas is now under

investigation. These processes may transform an oxidizing (i.e, decreasng fud content of the waste) to

a reducing environment (i.e, fud generating). Addition of O to NO2 has dready been communicated

and recent results show that H atoms as well as carbon-centered organic radicads dso add to nitrite. This
is dgnificant as it opens new routes for the generation of organic products via N-H and N-C bond
formation. The rate and yield of these reactions will be quantified and free energies of reections as well
as activation energies for these addition processes will be computed. NO, contact experiments will
examine the nitrilotriacetic acid and iminodiacetic acid systems in amulated dkadine waste solutions to
determine their reactivity with NO, and assess their potentia to undergo condensation reactions. The
reason for nitrite suppression of glycine- glyoxylate condensation will be eucidated.



