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ABSTRACT 

We focus in this report on three issues that are of central importance 
in the management of radioactive high-level liquid waste (HLLW. 

We show that the only reducing radical that lasts longer than a few 
ps in typical HLLW, and is capable of generating hydrogen, is NO$-. We 
measured the lifetime of this species across the whole pH range (3 I pH I 
14) and found it to be shorter than =15 ys, before it dissociates to give 
strongly oxidizing NO2 radicals. We found that it reacts with many proton 
donors (H+, phosphate, borate, NH4+, amines) in a reaction that is not 
merely an acid-base equilibrium reaction. Using high-level ab initio calcula- 
tions we estimate its redox potential and pKa. 

We have developed methodologies to study the degradation of 
organic additives to the HLLW (to C02 or carbonate) by N02. Relative 
rates of degradation of several complexants were determined using competi- 
tion kinetics and 13C NMR and proton NMR detection techniques. 

Direct absorption of the radiation (low-energy electrons as well as 
photons above the ionization threshold) in NaN03 single crystal at the 
solid/vacuum interface led to production of NO, 0, and 0- as the major 
products. 

INTRODUCTION 

High-level liquid waste, stored in large waste tanks in the U.S., invariably contain 
high concentrations of nitrate and nitrite. Because of the high-efficiency scavenging of the 
primary radicals from water radiolysis by NO3-/NO2-, the majority of the radiolytically 
generated radicals, shortly after the deposition of energy in the waste (psec range or 
shorter), are of the NOx family. Specifically, one can show that most of the radicals (OH 
radicals and e-aq, reactions 1 and 2) are eventually converted to NO2 (1-2). 

OH + N02- - NO2 + OH- kl = 1.0 x 1010 M-1 S-1 111 



In basic solutions: 

0- + N02- (+ H20 ) - NO2 + 20H- kl, = 3.1 x 108 M-1 s-1 [la1 

N032- (+ H20) - NO2 + 20H- k2a = 5.5 x 104 S-1 Pal 

In ideal solutions one expects a yield of G(N02) = 6 molecule per 100 eV of deposited 
energy. H atoms are converted to NO via reaction 3, with an ideal yield of 0.6 molecule 
per 100 eV, 

H '+ N02- - NO + OH- k3 = 7.1 x 108 M-1 s-1 r31 

Once the radicals are converted into NO2 (EQ(No2/No2-) = 1.04 V) and NO, only oxida- 
tion processes can occur. Therefore, the role of the early events that follow the absorption 
of radiation and the persistence of the reducing N032- are of major importance. 

Another component of concern in HLLW is its organic content. A variety of organ- 
ics, complexants and solvents, were added to the waste during various processing opera- 
tions. In the waste they degrade to lower molecular weight fragments, which may in tum 
generate hydrogen or raise other safety concerns in mixtures that contain high-nitrate/nitrite 
levels. On the other hand, the degradation processes, if the analysis above is correct, 
should eventually lead to complete mineralization of the organics. Therefore, it becomes of 
much relevance to develop the mechanisms, and their rates and efficiencies, for the 
reactions of NO2 radicals with these cornpowids 

The third issue of concern is the heterogeneity of the waste. All of the HLLW is 
essentially a concentrated suspension of colloidal solid particles. The particles include inert 
solids (aluminate, silicate, nitrate, nitrite, and low-solubility organics, mostly oxalate). 
Two questions arise in this regard: a. What is the fate of the radiation energy that is 
absorbed by the solid, even when it is an inert solid? Can energy or charge that is hitially 
generated in the inert solid appear in the liquid (and thus, perhaps, contribute to safety con- 
cerns such as hydrogen generation)? b. What are the products that result from the absorp- 
tion of energy in active components such as nitrate? Are they the same as those that are 
obtained from the irradiation of the aqueous solution or from the direct absorption of the 
radiation by the high concentrations of dissolved molecules. 

REDUCING RADICALS IN m T E  SOLUTIONS 

The radical dianion was generated by pulse radiolysis according to reaction 2, in 
solutions containing 0.02 M NO3-, and its lifetime was determined across a broad pH range 
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by following its characteristic absorption at 270 nm. The half-lives are shown in Fig. 1 
along with simulation results obtained using the Chemical Kinetics Simulator (CKS) from 
IBM. The CKS allows a Monte Carlo computation of an unlimited number of chemical rate 
laws; in our case, it includes over 40 reactioins, and their presently known rate constants, 
that describe the radiolysis of the nitrate solution. 

The simulation describes the observations reasonably well. The results of Fig. 1 
extend the observations to the very basic pH range, relevant to waste tanks, and we also 
verified that the lifetimes of NO$- are not dependent on ionic strength. However, in the 
pH range of 9-10, where borate buffer was used, the half-life of the radical is inversely 
proportional to the buffer concentration. With the published pKa for NO3*- at 7.5 (reaction 
4), while that of borate is 9.2, only a few percent of NO32- could protonate, and only a 
negligible effect of bra te ]  on N032- decay rate can be expected. 

HNO3- H+ +NO+ 141 

One concludes that the reaction withi boric acid at pH 9.2 is not simply a proton 
transfer equilibrium. This turns out to be a general observation and was observed at pHs 
as high as 1 1.  It holds for other acid forms of various buffers including NHq+ and amines 
(specifically cyclohexylamino-propyl sulfonate, labeled CAPS and CAPSH+ for its basic 
and acid forms, respectively; pKa = 10.4). Table I shows the rate of the reaction that we 
depict in eq. 5 as a dissociative proton transfer. Implied in eq. 5 is the conclusion that the 
protonated form of the dianion is too short-lived to be detected, if it exists at all. 

HA + NO32- := NO2 + A- + OH- 

(where HA = H2PO4, NH4+, CAPSH+, etc.) 

[51 

Table I Rate constants for proton transfer from various "acids" to NO$-. a 

HA 
H+ 
H2P04 
NH4+ 
NOW3 
CAPSH+ 
NH3 
MeOH 

H2O 
t-BuOH 

k, M-1 s-1 pKa 
4.50 x 1010 
5.27 x 108 7.21 
3.60 x 108 9.25 
8.40 x 107 9.24 
1.10 x 107 10.4 
3.40 x 106 

( 1 . 2 ~ 2 )  x 104 15.0 
52x104 16.9 

1.24 x 103 15.7 
(6.80 x 104 s-1) 

aAll were determined in this study. Some of the same rate constants were previously 
determined under various conditions with similar results. 



From the HLLW perspective, the implication is that reduction processes can only occur 
during the fiist few ps. The reaction with general acids, described above, accelerates the 
conversion to the NO2 oxidizing radicals. In order to convert the NO+ redox equivalents 
to H2, a multielectron redox catalyst (e.g., Pt, Pd) is necessary. Whereas these elements 
might be present in trace amounts in HLLW, as daughter products of some of the radio- 
nuclide decay chains, their concentration is extremely small. Therefore, it is highly 
unlikely that NO+ could live long enough to produce hydrogen. 

THEOIU5TICAL COMPUTATIONS OF THERMODYNAMIC PROPERTIES 

In many cases, experimental determination of redox potentials, pKa's, and other 
thermodynamic constants are either impossible or extremely difficult, and are consequently 
unavailable in the literature. Often, radical species such as NOx are very short lived due to 
their high reactivity, making such measurements unfeasible. In order to assist in our 
understanding of the chemistry of NO32-, we have calculated both its redox potential and 
PKa using a combination of ab initio (3) and semiempirical (4) methods. For example, the 
redox potential of NO$- was calculated as shown in Scheme I. 

-6.23 eV 

1-12.34 eV 1 -2.77 eV 

SCHEME I 

The gas phase reaction free energy was fiist calculated using Gaussian 2 (G2) theory, 
which is well established for the calculation of high-accuracy reaction energies (5-6). The 
solvation energies of NO32- and NO3- were then estimated using the AM1-SM1 method, 
which is parameterized for the calculation of accurate solvation energies. Using the cycle 
of Scheme I, the free energy change of the reaction in solution, AGOaq, is 3.34 eV, which 
places the redox potential of NO:- at -1.116 V vs. NHE. Thus, N032- is a powerful 
reductant. In a similar calculation, we estimate the PKa of N032- at 5.9, somewhat below 
the value of 7.5 reported elsewhere in the literature (1). 

INTERFACIAL PROCESSES 

Previous work (7) has demonstrated that excitation of NaNO3 interfaces with 193 
nm photons results in the stimulated desorption of mainly NO(2n) and O(3P~).  These 
products were detected via state-resolved laser ionization spectroscopy and the yields show 
monophotonic laser fluence dependence. The O(3P) J-state distribution is nonthermal, and 
the O(3P) and NO(*n) velocity distributions are bimodal, with thermal and nonthermal 



components, consistent with near-surface dissociation events. The 193 nm (6.4 eV) 
valence band excitation in NaNO3 solids/interfaces has been correlated with the NO3- n*7n 
band, and is below the nominal bandgap (8) energy of ~8 eV (see Fig. 2). Excitations of 
this band create localized excitons, which couple to phonons and trap at surface and/or 
defect sites. Decomposition of these excitons results in the direct desorption of NO(*H) 
and O(3P). A mechanism in which surface excitons decay to produce NO(g) + O(g) + 0- 
(sf), either in one step or via an N02*- intermediate seems preferred. This intermediate is 
consistent with the observation of N02- as a primary bulk radiolysis product. 

Radiolysis studies were carried out using pulsed, low-energy electron beams to 
simulate the secondary cascading effects typically produced by high-energy radiation. In 
these studies, we also observe NO(2n) and O(~PJ)  as the primary neutral products. In 
addition, some 02(g) and a small amount of N02(g) are produced. The latter products are 
probably produced indirectly from recombination of 0 atoms with 0 and NO at the surface 
and in the bulk. The electron energy thresholds for 0 and NO production are between 6 - 8  
eV, which correspond to the n*7n band but also overlap the charge-transfer/conduction 
band-transition in NaNO3. In addition to the above mentioned exciton dissociation chan- 
nels, removal of an electron from the NO3- valence band results in the production of NO3*, 
which can then dissociate to the neutral products detected. At incident energies above the 
conduction band, localization of secondary electrons at nitrate defect sites could result in the 
production of an excited species N03*2- that, though stable in the bulk, can decay at the 
surface via a process known as dissociative electron attachment to form N02*- + 0 + e- and 
NO + 02*- + e-. The N02*- and 02*- can further dissociate to form 0 - 7  which can trap at 
the surface or in the bulk. 

Pulse radiolysis studies at the silicdwater interface indicate that absorption of the 
radiation in the solid may lead to appearance of charge at the liquid phase. Figure 3 shows 
histograms of the absorption of solvated electrons in the aqueous phase following pulse 
irradiation of a sample containing 50% w/w Si02 particles. The decrease in the amplitude 
of the solvated electron absorption is minimal. Preliminary results seem to indicate that the 
yield of electrons in the liquid phase decreases with the size of the particles in the range of 
3-10 nm in diameter. 

OXIDATION OF ORGANIC SUBSTRATES 

As indicated in the Introduction, NO2 is the dominant oxidizing radical in HLLW 
stored in underground storage tanks. A thorough review of the literature shows that few 
rate data are available for reactions of NO2 radicals with organic species such as those 
stored in HLLW. To aid in the design of experiments to measure NO2 rate constants, we 
have used the CKS simulator to analyze recent data on the yield of mineralization of organic 
substrates. Assuming that G = 7 radicals per 100 eV for NOx radicals (6 for NO2 and 1 
for NO) and a stoichiometry of 2 NOx per organic species, the maximum yield for dis- 
appearance of organic species should be -3.5 molecules/100 eV. From the CKS we esti- 
mate an approximate rate constant for NO2 reactions necessary to cause the observed yields 
in degradation experiments. The rate constants obtained, sl-10 L/mole/s, are relatively 
small, which explains the paucity of solution rate constants in the literature. An implication 



of such a small rate constant is that oxidation of HLLW species by NO2 can only compete 
with hydrolysis of N2O4 when steady-state concentrations of NOx radicals are small, that 
is, at low dose rates. Because aging studies are typically performed with dose rates that are 
>lo0 times those encountered in tank wastes, this condition is readily met in the HLLW. 
Another observation obtained from the modeling of these results is that rate constants for 
N@ attacking formate and oxalate probably are similar to attack on the complexants. Oxa- 
late is not very soluble in tank wastes. So, its rate of oxidation to carbonate is limited by its 
low concentration in solution. However, as formate and other intermediate species accu- 
mulate with aging, they compete with the cornplexants for NO2 and slow their degradation. 

EARLY EVENTS 

Because of the prevalence of NO,- ions in HLLW, scavenging of the precursors to 
the primary radicals, in particular scavenging of thermalized electrons prior to their solva- 
tion, needs to be considered. In fact -63% of the initially generated electrons react with 
nitrate at 0.4 M NaNO3 prior to their solvation (9). The concentration of this salt in HLLW 
is often an order of magnitude larger than that. Therefore, it is essential to determine 
whether the products of the reaction of the precursor to e-,q upon reaction with nitrate are 
the same as those of e-aq. To address this question, we irradiated solutions of increasing 
concentrations of NaNO3 in the presence of methylviologen (MY2+). The yield of MY+, 
radicals that are produced by reactions 6 and 7, is shown in Figure 4. 

e-h+NO3- - NO32- 

NO$- + MV2+ - MV+ + NO3- 171 

No change in the yield of MV+ could be o'bserved up to 5 M of nitrate. We, therefore, 
conclude that the precursor to e-,? labeled e-h in eq. 6, produces a reducing radical, pre- 
sumably the same NO$- radical dianion. 
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Figure 1 : ,The dependence of the half-life of the 
NO$- radical on PH. Circles: .experimental 
determination; triangles: simulation using the 
Chemical Kinetics Simulator from IBM. 
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Figure 2: Products of interfacial excitation into 
localized nitrate state (A) and localized excitons 
(B) at the sodium nitrate/vacuum interface. 
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Figure 3: Histograms of the decay of the sol- 
vated electrons in suspensions of Si02. Solid 
points: no silica. Open points: 50% w/w silica. 
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Figure 4 : Yield of MV+ at high nitrate concen- 
trations. Triangles: measured at 394 nm; circles: 
measured at 600 MI. Open points: observed 
absorbance; solid points: corrected for change in 
electron density of the solutions. 


